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A critical need exists among coastal researchers and policy-makers for a precise method to obtain shoreline
positions from historical maps and aerial photographs. A number of methods that vary widely in approach
and accuracy have been developed to meet this need. None of the existing methods, however, address
the entire range of cartographic and photogrammetric techniques required for accurate coastal mapping.
Thus, their application to many typical shoreline mapping problems is limited. In addition, no shoreline
mapping technique provides an adequate basis for quantifying the many errors inherent in shoreline
mapping using maps and air photos. As a result, current assessments of errors in air photo mapping
techniques generally (and falsely) assume that errors in shoreline positions are represented by the sum
of a series of worst-case assumptions about digitizer operator resolution and ground control accuracy.
These assessments also ignore altogether other errors that commonly approach ground distances of
10 m.

This paper provides a conceptual and analytical framework for improved methods of extracting geo-
graphic data from maps and aerial photographs. We also present a new approach to shoreline mapping
using air photos that revises and extends a number of photogrammetric techniques. These techniques
include (1) developing spatially and temporally overlapping control networks for large groups of photos;
(2) digitizing air photos for use in shoreline mapping; (3) preprocessing digitized photos to remove lens
distortion and film deformation effects; (4) simultaneous aerotriangulation of large groups of spatially
and temporally overlapping photos; and (5) using a single-ray intersection technique to determine geo-
graphic shoreline coordinates and express the horizontal and vertical error associated with a given digitized
shoreline.

As long as historical maps and air photos are used in studies of shoreline change, there will be a
considerable amount of error (on the order of several meters) present in shoreline position and rate-of-
change calculations. The techniques presented in this paper, however, provide a means to reduce and
quantify these errors so that realistic assessments of the technological noise (as opposed to geological
noise) in geographic shoreline positions can be made.

ADDITIONAL INDEX WORDS: Aerial photography, cartography, coastal erosion, photogrammetry,
shoreline change.

critical need has developed among coastal re-

This paper is the first of two in which we discuss
principles of historical shoreline mapping and their
application. In this paper, we present cartograph-
ic and photogrammetric techniques that can be
used to determine geographic shoreline positions
from maps and aerial photographs. The second
paper (THIELER and DANFORTH, 1994, this vol-
ume) presents the application of a new approach
to historical shoreline mapping we have devel-
oped based on the techniques presented here.

As shoreline mapping has come into increased
use as both a scientific and management tool, a

93052 received 6 May 1993; accepted in revision 14 July 1993.

searchers and policy-makers for a widely appli-
cable, accurate method to obtain shoreline posi-
tion data. Historical shoreline erosion rates, for
example, presently are used in several U.S. states
to locate oceanfront building setbacks. Recently,
the National Research Council (NATIONAL RE-
SEARCH CounciL, 1990) and the Federal Emer-
gency Management Agency (CROWELL et al., 1991)
have discussed the potential application of ero-
sion rate-based setbacks at a national level. May
et al. (1982) and DoLAN et al. (1985) observed
that the lack of a standard method among coastal
scientists for analyzing shoreline changes has re-
sulted in the publication of data utilizing a variety



550 Thieler and Danforth

of measurement techniques and rate-of-change
calculations, which can be a significant problem
when comparing coastal changes at regional to
national scales. MorTon (1991) states that shore-
line mapping “has progressed from an exercise of
scientific curiosity to a primary basis for coastal
management and planning. Mapping shoreline
changes and predicting future shoreline positions
are currently worldwide scientific and coastal
management objectives.”

A number of methods have been developed to
produce shoreline change data from maps and
aerial photographs (e.g.. Srarrorn and Lancre.-
peR, 1971 Dotan et al., 1978; Crow and Leath-
ERMAN, 1984: McBrioek, 1989; McBrine et al.,
1991; Stiostany and Dicant, 1992), T'hese meth-
ods vary widely in approach and accuracy, and
none address the entire range of cartographic and
photogrammetric techniques needed for precise
coastal mapping, thus limiting their application.
In addition, no extant method provides an ade-
quate basis for realistically quantifying its inher-
ent errors. Hence, current assessments of the er-
rors in shoreline locations determined from maps
and air photos typically lack a quantitative treat-
ment of the errors contributed by each data source
and the measurements made {rom them. In many
instances, a “best guess” estimate is made, or er-
rors are ignored altogether.

Given the expanded need to map coastal changes
for scientific and planning purposes, it is crucial
that coastal researchers understand the applica-
tion and underlying limitations of the methods
and source materials used to obtain shoreline po-
sition and rate-of-change data. This paper reviews
the basic cartographic and photogrammetric re-
lationships and techniques that provide a foun-
dation for obtaining shoreline position data (rom
historical maps and aerial photographs. We also
present a new approach to historical shoreline
mapping using air photos that extends traditional
spatially-oriented photogrammetric techniques to
the temporal domain. The application ol these
techniques to a typical shoreline mapping prob-
lem is the subject of a companion paper ('THIELER
and Danrowrn, 1994, this volume).

Maps and aerial photographs comprise the two
basic sources of data used in historical shoreline
change studies. There are inherent differences,
however, hetween maps and aerial photographs
that require them to be treated diflerently to ob-
tain geographic data. This paper deals primarily
with those aspects of cartography and photogram-

metry that concern the accurate determination of
shoreline positions from maps and aerial photo-
graphs. Snvoir (1987) and Snvbik and VoaLasn
(1989) furnish a discussion of the characteristics
and derivation of map projections. AMERICAN
SociETy or PoorockaMmMeTry (1980) provides a
detailed discussion of the fundamentals of pho-
togrammetry and derivations of the photogram-
metric formulae and technigues discussed here.

MAPS

The electronic digitizers used hy most coastal
researchers to digitize historical shoreline maps,
such as National Ocean Service (NOS) T-sheets,
produce Cartesian coordinates (x, v) that must
be converted to geographic coordinates (u, v) to
be incorporated into a Geographic Information
System (GIS) or cartographic database with other
shoreline data. This conversion requires an in-
verse transformation function of the form

T "(x,y)—u, v (1)

(Evinnin, 1991). Two bivariate polynomial func-
tions can be used for this conversion, such that

u = S 2 a PPy
0= 3 3 b PP 2)

where the function P is a monomial series or the
Tchebychetf polynomial and the coefficients a,
and b, are determined by least squares methods.
The degree or order of the transformation, N, is
limited by the number of calibration points (a set
of known (u, ') coordinates and their correspond-
ing (x, v} values). For example, three calibration
points are needed for a first degree transtorma-
tion; at least six points are needed for second
degree equations. Thus, Kquation 1 can be re-
wrilten as

Ty "(lw, vk [x 3k ox,v) w0 (3)

The bracketed pairs represent arrays of k cali-
bration points where

k= (N DN+ 2)/2 4

Higher order polynomials can be used in formu-
lating the coetlicients of Equation 2 to model
curved projections more closely and map the dig-
itizer coordinates to a geographic svstem. This
technique requires additional calibration points,
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ideally balanced in both the x and v directions,
so that the requirement of Equation 4 is met.

The procedure used (o obtain shoreline data
from a map, using the above relationships, con-
sists of three steps: (1) digitizing a series of known
geographic coordinates such as the latitude-lon-
gitude ticks around the map graticule; (2) digi-
tizing the shoreline shown on the map (e.g., the
Mean High Water Line); and (3) converting the
digitizer output to geographic coordinates.

Various forms of Equation 3 are typically used
either interactively during digitizing or in post-
processing to establish a correspondence hetween
digitizer coordinates and the geographic coordi-
nates of the calibration points. The procedure is
fairly straightforward; most GIS software used
today employs similar methods for digitizing and
converting map data to ditferent coordinate svs-
tems (e.g., McBripi, 1989).

In most cases, a simple Cartesian conversion
from the digitizing table’s coordinate system to
another rectangular coordinate system is ade-
quate. This conversion is best suited to maps of
limited extent (r.g., U.S. Geological Survey 7.5-
minute quadrangles), maps of low-latitude areas,
and map projections with only minor curvature
or scale change (¢.g.. Universal Transverse Mer-
cator, State Plane). T'o the extent that the digi-
tized map has these qualities, application of
Equation 3 produces a set of shoreline coordinates
that are in the same projection {e.g., U'TM or
Polyconic) and retlect the same ellipsoid con-
stants (e.g., the Clarke 1866 ellipsoid) and datum
as the digitized map.

Where non-rectangular projections are used, as
is the case with most maps, or where greater trans-
formation accuracy is desired, the reduction of
the digitized coordinates to an intermediate co-
ordinate system, followed by projection of those
coordinates into a map projection substantially
reduces the error in the digitizer-to-geographic
transformation. A transformation of the form

F 1T, "([FQe, )]k, |x,

v Rx, ) —u, e (H)

is presented by Evenpen (1991), where F and F
are the respective forward and inverse mathe-
matical descriptions of a particular map projec-
tion. Here, the function T performs a Cartesian
transformation {to remove axis olfset, scaling and
rotation) that reduces the digitizer coordinates to
an intermediate coordinate system.

Erenpey (1990) provides a UNIX -based car-
tographic procedure similar to Equation 5 for the

forward and inverse projection of geographic co-
ordinates to various map projections using dif-
ferent ellipsoid constants and datums. This pro-
cedure can be used in conjunction with Equation
3 to convert digitized map data to a desired pro-
jection and datum.

When comparing shorelines digitized from maps
with different projections and reference datums,
they must be converted to a common projection
and datum. McBribie (1989) describes the im-
portance of referencing shoreline change data to
a common projection and datum. As noted by
EyvenpeN (1991), it is also critical that the car-
tographic characteristics of a map are known. This
includes the projection, ellipsoid shape and geo-
detic datum used in the production of the map,
and an adequate graticule. The graticule, for ex-
ample, is usually the only source of calibration
data that can be used in digitizing.

AERJAL PHOTOGRAPHS

The basic principles involved in the extraction
of geographic data from air photos are derived
from the geometric relationships between image
space and object space. Image space refers to the
world inside the camera (i.c., the photographic
image and measurements obtained from it). Ob-
ject space refers to real-world geographic coor-
dinates outside the camera.

In distortion-free space, points in image space
are related projectively to points in object space.
This relationship is based on the principle of col-
linearity: the perspective center of the camera lens,
which is considered a point, an image point and
its corresponding ground point all lie on the same
straight line (Figure 1). Air photos, however, are
subject to a number of distortions introduced at
various stages in the photographic process that
perturb the collinearity condition. These pertur-
bations atfect both image space and object space.
Image Space

The image space coordinate system is defined
by the locations of the fiducial reference marks
on a photograph, the calibrated focal length, and
the geometric distortion characteristics of the lens
svstem in an aerial camera (AMERICAN SOCIKTY
oF ProtoaraMMETRY, 1980). Image space is a
three-dimensional, rectangular Cartesian coor-
dinate system with the origin located at the prin-
cipal point. The x-axis is typically positive in the
direction of flight. The z-axis corresponds to the
optical axis of the camera.
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<«—— Camera station

Photograph

<— Ground

Figure 1. In distortion-free space, a projective relationship ex-
ists between image space (points on a photo) and object space
(points on the ground). The camera station, an image point (a,
b, ¢), and its corresponding ground point (A, B, C) all lie on the
same straight line.

The distortions affecting image space result from
lens distortion and film deformation. All aerial
camera lenses have measurable distortions and
optical defects that affect the representation of
image points on film. Lens distortions can be ra-
dial or tangential. Radial distortion is symmetric
around the principal point and is caused by op-
tical defects in the lens. Tangential distortion is
symmetric along a line through the principal point
and results from the lens being slightly off-center
in the camera. In a well-adjusted camera, how-
ever, only radial distortions are present.

The magnitude of lens distortion is highly vari-
able. Some lenses used today have up to 0.110 mm
radial distortion (AMERICAN SOCIETY OF
PHOTOGRAMMETRY, 1980), which translates to a
ground displacement of over 2 m in the position
of image points for a 1:20,000 scale photograph.
Similar and sometimes greater amounts of lens
distortion commonly are present in photographs
taken prior to World War II, which brought an
increased demand for accurate photography and
improved lens manufacturing techniques. In most
modern camera systems, however, lens distortion
is fairly small (0.010 mm or less).

Two types of film deformation exist. Defor-
mation can be introduced in the camera during

the aerial survey or in subsequent processing. Film
buckling, for example, may occur during the pho-
tographic survey due to irregularities in temper-
ature, humidity or film spool tension in the cam-
era. Further deformation is introduced not only
in the development of the original negatives, but
also in each generation of prints and transpar-
encies (typically used by coastal researchers) made
from the original negatives. The end result of these
deformations is a photograph that no longer rep-
resents accurately the true geometric relation-
ships between the fiducial reference marks and
image points in the photo.

In addition to deformation occurring in the
camera, the amount of film deformation present
in a given photograph depends upon the age and
type of material (glass, film or paper); processing
techniques used; and the temperature and hu-
midity at the time measurements are made. Stan-
dard diapositive (transparency) film is generally
stable within 0.005 mm (AMERICAN SOCIETY OF
PHoTOGRAMMETRY, 1980). Photographic paper,
however, is far less stable and may change in size
up to 1 percent during processing along (AMERI-
CAN SOCIETY OF PHOTOGRAMMETRY, 1980). We
have observed shrinkage and expansion of 1-2
mm in some paper prints due to differences in
age, paper quality and changes in laboratory en-
vironmental conditions. At photo scale, these are
nontrivial errors and represent ground distances
of 10 m.

Object Space

The characteristics of object space cause image
points on film to be displaced (as opposed to dis-
torted) from their true positions as a result of
three factors: relief displacement, tilt displace-
ment, and atmospheric refraction. Relief dis-
placement is caused by changes in ground ele-
vation within a photo that cause objects closer to
the camera to be larger (i.e., at a larger scale) than
those farther away. Relief displacement takes place
radially from the nadir. Objects higher than the
ground elevation at the point where the nadir
intersects the ground (the ground nadir; Figure
2) are displaced outward; objects lower than the
ground nadir point are displaced inward.

Tilt displacement occurs due to the inability to
keep the aerial camera perfectly level during pho-
tography. Some degree of tilt is always present in
an aerial photograph. On a tilted photograph, the
sense of displacement depends on whether the
image point is on the low or high side of the iso-
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metric parallel (Figure 2). Points on the low side
of the ixometric parallel are displaced outward
from the isocenter; on the high side, they are dis-
placed inward. Points on the isometric parallel
are not displaced. The determination and mag-
nitude of relief and tilt displacements have been
widely discussed in the context ot shoreline map-
ping (e.g., ANDERs and Byines. 19915 Crowerl,
et al., 1991) and are not reproduced here.

The bending of light rays through the atmo-
sphere (atmospheric refraction) also causes pho-
tograph image points to be displaced. The dis-
placement occurs radially outward from the nadir.
The magnitude of the displacement depends on
the aircraft flight height, direction of the optical
axis relative to the ground, and the focal length
of the camera. T'he displacement of image points
due to atmospheric refraction is generally less than
0.006 mm for photographs commonly used in
shoreline mapping (AmMERICAN SociTy oF
ProToGranMETRY, 1980).

Analytical Methods for Air Photo Data Reduction

The “traditional”™ approach to analytical pho-
togrammetry is composed of three steps (Ki.ass\1.
and Mavruorra, 1987) that remove the pertur-
bations described above, and exploit various geo-
metric relationships between overlapping air pho
tos to extract geographic data: (1) preprocessing:
(2) triangulation; and (3) postprocessing. Pre-
processing reduces measured (digitized) image co-
ordinates 1o the image space coordinate system
described above. as well as removes systematic
errors such as lens distortion and Nilm deforma-
tion etfects. Triangulation is used to solve simul-
taneously for the camera position of each pho
tograph in a large group ol overlapping
photographs (also called a block), as well as the
coordinates ol unknown ground points. Postpro-
cessing typicallv involves transforming the cam-
era position mformation into instrument setiings
used in analytical stereoplotters or other photo-
grammetric equipment in order to compile base-
maps or generate rectitied orthophotographs.

A NEW APPROACH TO SHORELINE
MAPPING USING AIR PHOTOS

For historical shoreline mapping. the steps in
the analvtical approach are easilv extended and
modified so that a single person in a small labo-
ratory can rapidly execute them using basic com-
puter equipment, including an electronie digitiz-
ing table, a computer, GIS software, and a plotting

-

_/’/ )\
N 7V Negative
L ~_7 1 \
« U\\L N
\ /\ [IAEAN
\ { v ~a
A\ / 2
\ / Vol -
\ / \\\I -
/ Ve
\\ / X
-7
{ _ Al
\ \

. \ Optical axis and
Perspective center—»

photograph perpendicular

¥

Upper side of
photograph

-« Fiducial mark

- Principal point

SO/
/})

O,

G/e //@/ Ua

Positive
Lower side of Isocenter .
photograph X photographic
I Nadir point print

Vertical or plumb line

Ground nadir

Ground
Figure 2. Detinition sketch of terms used to describe the var
jots elements of a tilted acewl photograph. Some degree of tile
i always present in an acrial photograph, which causes image
pomts to be displaced (rom their true positian (see text tor
SociE iy i

discussiony, (Moditied affer Ao

Pricrocn o ry . 19800

device. A shoreline mapping process using pho-
togrammetric techniques can he defined by six
steps: (1) establish a control network for a group
of photos, (2) digitize teatures on the photos, (3)
remove image space distortions from each photo,
(1) establish the absolute orientation of the group,
(H) calceulate the geographic shoreline position for
each photo, and (6) compile the shoreline posi-
tions.

Establish a Control Network

A control network, a set of points that appears
in one or more photographs, provides the basic
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Figure 3. A properly controlled group of three overlapping air
photos furnishes balanced control in all direetions. Note that
only three ground control points are used to orient the group
with respect to the ground. The other points, known as pass
points, are used to orient the photos with respect to each other.
(After LS, Devarrviene or AGrict) 1ok, 1981,

means of establishing a correspondence between
photos and the ground. In other words, a control
network is used to orient the photos with respect

to the ground. There are essentially two types of

points used in photogrammetry: ground control
points and pass points. A point appearing in one
or more photos for which information about its
location is known (¢.g., latitude, longitude, ele-
vation) is called a control point or ground control
point. The image space coordinates of ground con-
trol points and their corresponding geographic co-
ordinates are used to establish the collinear re-
lationship between image space and object space
shown in Figure 1.

There are a number of ground control data
sources, including maps, field surveys and geo-
detic control tables. The locations of well-defined
points shown on maps can be digitized, converted
to geographic coordinates and used as ground con-
trol points. These points are sometimes called
“secondary control points™ (Cr.ow and LEATHER-
mMaN, 1984). but more properly are called “‘sup-
plemental control points” because they are ob-
tained from a map rather than by field survey.
Supplemental control points. consisting primarily
of buildings and road intersections, are the pri-
mary source of ground control for many historical
shoreline mapping projects because other dataare
unavailable.

A pass point is defined as a point appearing in
two or more photos, for which a corresponding
ground position is not known. Pass points are used
to “pass” or extend control between overlapping
photos. These points are used in addition to ground
control points to establish the relative orientation
of photos to each other, such as done when viewing
a pair of overlapping photos through a stereo-
scope. Pass points commonly include features such
as trees, buildings and road intersections.

For most applications, at least four and pref-
erably six to nine points are needed to provide
adequate control for a given photograph. These
points should be distributed throughout the pho-
tograph. Figure 3 shows a hypothetical control
network with these characteristics. Only a few
control points are needed o establish the geo-
graphic orientation of a group of photos in object
space; most points used {o control a photograph
may simply be pass points. A well-controlled group
of 20 photos, for example, might include 140 points,
of which 10-15 are ground control points and the
rest are pass points.

Ideally. the exact planimetry (latitude, longi-
tude, elevation) is known for a large number of
spatially and temporally well-distributed ground
control points throughout all photographs. This
is never the case, however, and ground control
points of varying quantity and quality must be
used when constructing the control network for a
given mapping project. I'he issues relevant to es-
tablishing ground control in historical shoreline
mapping include quantity, distribution, quality,
and recoverability.

In historical shoreline mapping, it is often prob-
lematic to furnish an adequate quantity and dis-
tribution of ground control and pass points due
to the nature of photography along the shoreline

Journal of Coastal Research, Vol. 10, No. 3, 1994
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and changes in coastal environments over time.
Most photographs that include the shoreline, for
example. are typicallv devoid of control seaward
of the shoreline. Coastal areas may also change
rapidly over time, due to natural processes or hu-
man development, which reduces the number of
stable points that can be used as ground control
or pass points. In these situations, it is often nec-
essary to use additional overlapping photos taken
of more landward areas in order to balance the
control network for the shoreline photographs.
Used here. the quality of a ground control point
refers 1o the amount of information known about
a given point (e.g.. latitude. longitude, and ele-
vation; horizontal only; elevation only; etcetera),
as well as the accuracy of the survey that deter-
mined the point’s location. For a location digitized
from a map. control point quality is also affected
by its representation on the map and the map
scale. T'he scale of the photos used also atfects the
accuracy with which ground points (and the
shoreline) can be identified. Eiris (1978) dis-
cusses the resolution obtainable from maps and
photos at scales that commonly are used in coastal
mapping. Most coastal researchers consider
1:20.000 air photos the usable upper limit for
shoreline change studies {'ANNER, 1978; BYRNES
et al., 1991; CrowkgLL, ¢t al., 1991).
Recoverability refers not only to the ability of
the photo interpreter to identify accurately a giv-
en point, but also how well an image point shows
up in one or more sets of photographs. It is fairly
common, for example, for buildings and roads used
as ground control points to be destroyed or re-
located between aerial surveys. Loss of control
points can be a significant problem in historical
studies and mapping after large storms.
Adequate ground control is a fundamental re-
quirement in photogrammetric mapping, and thus
has received much attention in terms of the de-
velopment of graphical and analytical solutions
for extending ground control for map production.
The process of extending geographic control
among a group of air photos is generally referred
to as aerotriangulation. Aerotriangulation ex-
tends ground control by using measurements de-
rived from the spatial relationships between sev-
eral overlapping aerial photographs. Control
extension usually entails digitizing a pass point
on two or more photos and determining the point’s
planimetry based on the intersection of rays from
each camera station through the pass point. Egngr
(1972) provides a discussion of the theoretical ac-

curacy of control extension by analytical methods.
Control derived by aerotriangulation is generally
accurate to within 5-10 m (AMERICAN SOCIETY OF
PrHorocramMeTry, 1980).

Fully analytical methods of aerotriangulation
have been employed since the 1960’s, when the
advent of digital computing made it possible to
compute rapidly and economically the calcula-
tions required to process many photographs si-
multaneously. The primary attributes of this ap-
proach are the abilityv te input initial
approximations of various parameters, and en-
force control of camera positions, image coordi-
nates and ground control to reflect prior knowl-
edge of their precision. Several aerotriangulation
compuler programs {(¢.g., Erassal and Marno-
TRA, 1987) permit a variety of ground control data
to be used in constructing and extending a control
network.

In historical shoreline change studies, when
several sets of photos spanning several years of
the same geographic area are used, the common
points of both tvpes (ground control and pass
points) form a relatively oriented model that ef-
fectively “ties” the photos together (Figure 4).
This establishes correlations between images, in
space and through time, that are readily exploited
in aerotriangulation and error analysis.

The approach shown in Figure 4 also provides
an important feature when working with several
sets of photography. Specifically. it 1s possible to
use one set of photography as the primary source
of ground control and tie other sets of photog-
raphy to the primary set using pass points. This
attribute can be particularly useful when using
supplemental ground control points derived from
a historical map and a set of photographs that
correspond closely in time to the survey date of
the map. For example, supplemental control fea-
tures shown on a U.S. Geological Survey 7.5-min-
ute quadrangle surveyed in 1950 may provide ex-
cellent control for a set of photographs taken in
1951, but only a ftew points shown on the map are
suitable for controlling earlier or later photogra-
phy. It is then possible to tie other sets of pho-
tography (for example, from 1940, 1960, 1970 and
1980) to the 1951 photos predominantly using pass
points.

Digitize Photo Data

Three pieces of information must be measured
(digitized) on an aerial photograph for use in
shoreline mapping: the locations of (1) the fiducial

Journal of Coastal Research, Vol. 10, No. 3, 1994
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Figure 4. When several sets ol photos of the same arca are
used to determine historical shoreline changes. the common
image points on the overlapping photos lorm a relativels ort
enled model that elfectively “ties™ the photos together in space
and time. The eight-photo group shown here represents three
different sets ol photography taken of the same coastal area at
different times A throogh ' te ¢ - months o decades apart) and
constals of only six common pomts Inopractee, it s conimon
Lo have a dense nelwork of 60 or maore points tor the same
number ot photographs. This madel establishes correlations be
tween photos in space and through time that are readily ex
ploited m later slages of data reducon and error analysis.

reference marks, (2) image points (ground control
and pass points), and {3) points along the shore-
line. The fiducials are usually indicated by marks
around the perimeter ol the photo. Ground con-
trol and pass points should be readily identifiable
in each photo.

The wet/dry line on the beach, which is gen-
erally assumed to approximate the High Water
Line (Doran et al., 1980: Crowenl, et al., 1991),
is the most frequently used shoreline for digitizing
because it is easily identified by the tonal differ-
ence between wet and dry sand. However, {rom a
geological standpoint, the wet/dry line may not

be the best shoreline indicator for determining
shoreline positions or rates-of-change. On low-
sloping beaches, for example, the displacement of
the wet/dry line due to wave, tide or wind effects
can easily approach several tens of meters. Vari-
ations in wet/dry line position due to seasonal
beach erosion/accretion patterns (e.g., SMiTH and
ZariLLO, 1990) or the timing ol aerial surveys rel-
ative Lo changes in the trend of shoreline behavior
(e.g., DoLan et al., 1991) may also affect the geo-
logical significance of the shoreline position at a
given moment in time. Clearly, other shoreline
indicators such as the vegetation line or bluff line
may be more useful, depending on the nature of
the coastal system under mvestigation.

Remove linage Space Distortions

The errors in image point locations introduced
by film deformation and lens distortion are typ-
ically addressed by preprocessing. The goal of pre-
processing is to transform measured image data
from a photograph to an idealized image space in
which distortions do not exist. In other words, the
digitized coordinates are refined to remove image
space distortions before the data are used in sub-
sequent processing.

Camera calibration data are used to remove er-
rors in the image space coordinate system. Most
aerial cameras are {requently tested; calibration
reports produced according to accepted standards
(e.4., U.S. Geological Survey) provide camera sys-
tem data that are used in preprocessing. This in-
formation includes the calibrated focal length, ra-
dial lens distortion characteristics, and the
locations and distances between fiducial marks.
For older photography dating from the 1930’s to
aboul 1960, calibration data are frequently un-
available. In this situation, however, it is often
possible to make realistic simplifying assump-
tions to reconstruct the image space coordinate
system.

To correct for film deformation, the coordinates
of the calibrated fiducial system and the fiducial
system measured (digitized) on each photo are
compared. This gives the image deformation at
each reference mark; the deformation pattern is
then used to correct the measured image points
for film deformation. If four fiducials are digi-
tized, a first degree transformation such as Equa-
tion 2 can be used to map the digitized coordinates
into the calibrated coordinate system.

Equation 2 can also be used to minimize and
examine errors made in digitizing aerial photo-
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graphs, as well as normalize the image space co-
ordinate system for all photos from a given aerial
survey. For example, calibrated or estimated fi-
ducial coordinate locations can be used to map
all photos using the same camera system to a
common image space coordinate syvstem, and pro-
vide residual errors that measure the accuracy and
consistency of the digitizer operator in image space
units. This transformation also permits the use
of full-frame photo enlargements in mapping pro-
jects, by furnishing a means to scale digitized co-
ordinates to the desired image space system.

The lens distortion characteristics ol a camera
system typically are provided in two forms that
provide a sufficient basis for removing radial lens
distortion by analytical methods: a table of radial
displacements at intervals of a given distance from
the point of lens symmetry across the image area,
or an odd-powered polynomial of the form

Ar=Kr + Kr t Kr +... (6)

Because the instruments used to make mea-
surements on aerial photographs are never error-
free, some machine error is introduced in the dig-
itizing process. Frequent testing and adjustment
of this equipment, however. can generallv keep
these errors to a minimum. A digitizer with an
accuracy of 0.025 mm is generally considered ad-
equate for mapping shoreline positions on aerial
photographs (Axprers and Bykrnes, 1991; Cro-
WELL et al.. 1991). Machine errors are normally
very small, particularly compared to errors intro-
duced by human misinterpretation of features in
a photograph. Hence, they are frequently disre-
garded in preprocessing.

Establish Absolute Orientation

As discussed above, a well-assembled control
network establishes the relative orientation of a
group such that the photos are tied to each other
by the ground control and pass points (see Figure
4). In an aerotriangulation adjustment, the ab-
solute orientation of the group is performed. That
1s, the coordinates of ground control points are
used to orient the group in object space. Typically,
aerotriangulation involves solving for the position
and attitude of the aerial camera. known as the
camera station, at the instant of exposure for each
photo in the group, as well as the ground coor-
dinates of unknown points such as pass points.
The widely used General Integrated Analytical
Triangulation (GIANT) program (Erassar and
MavLnorka, 1987), for example, furnishes these

-
i

apabilities. Simultaneous adjustment programs
do not treat the relative and absolute orientations
separately. Thus, the relative orientation of the
group exists primarily as a conceptual framework
for developing a good control network.

The absolute orientation performed in a si-
multaneous adjustment is basically an extension
of the technique of space resection, which deter-
mines the six elements of exterior orientation for
a photograph, including the position (latitude,
longitude and elevation), and attitude (voll, pitch,
and vaw: designated w. ¢, and ». respectivelv) of
the aerial camera. Atmospheric refraction effects
can also be removed during space resection or
aerotriangulation by applying a correction func-
tion each time the orientation of the camera is
updated in the solution process.

Calculate Shoreline Positions

Once the absolute orientation of a group of pho-
tos has been established and the camera station
for each photo is known, the geographic coordi-
nates of the shoreline in each photo can be cal-
culated on photo-by-photo basis using the com-
puted camera stations and the image space
coordinates of the digitized shoreline. A proce-
dure known as single-ray intersection can be used
to determine the intersection of a ray from a cam-
erastation through shoreline image point with the
ground.

As shown in Figure 5. a ray from the camera
lens through a shoreline image coordinate inter-
sects with the ground at a specific latitude and
longitude, for which there exists a corresponding
elevation. In most instances, the desired shoreline
elevation is at or near mean sea level, but any
shoreline indicator with a known, relatively uni-
form elevation, such as a lake or reservoir shore-
line, or bluff edge can he used if an appropriate
elevation is estimated. A single-ray intersection
is performed iteratively for each digitized shore-
line point in each photograph to produce a series
of geographic shoreline coordinates, based on a
geocentric (x, v, z) coordinate system. The solu-
tion is extended easily to account for earth cur-
vature, and to use different geodetic datums and
ellipsoid shapes to determine geographic shore-
line coordinates (Daxvorerit and Thinwner, 1992h).

The error in determining the geographic loca-
tion of any point in a photograph depends almost
entirely on the camera station; essentially, the
computed camera position reflects all of the errors
described above. To quantify the horizontal and
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Figure 5. Once the exterior orientation of a photograph has
been established, asingle-ray intersection technique can be used
to calculate the geographic coordinates of digitized shoreline
points. This technique uses the collinear relationship hetween
the camera station, photo and ground shown in Figure 1 to
determine the intersection with the ground ot a ray trom a
camera station through a diginized shoreline point. A single ray
mtersection solution is performed iteratively for each digitized
shoreline point in cach photograph. Four rays are shown here.
In practice. a digitized shoreline may consist of several hundred
points.

vertical error of any digitized shoreline point, the
error in camera orientation can be propagated
back to the ground when performing the single-
ray intersection. The standard deviations for a
given camera station, for example, can be calcu-
lated from the diagonal terms in its covariance
matrices (Erassal and MaLnotrira, 1987). Two 3
% 3 covariance matrices per camera station are
used: one for position and one for attitude. These
matrices can be incorporated into the single-ray
intersection solution to express the horizontal and
vertical error in any shoreline point as a single 3
x 3 matrix of partial derivatives for each com-
ponent of latitude, longitude and elevation.

An alternative approach to single-ray intersec-
tion is presented by KeLLER and TrwiNkgr (1966),
in which an orthogonal rotation matrix is calcu-
lated based on the camera position and attitude
for each photo. The matrix is composed of direc-
tion cosines that can be used to map image points

to a reclangular coordinate system. The appli-
cation of this technique to shoreline mapping is
described by Crow and LEaThrRMAN (1984). The
implementation described by Crow and Lears-
FRMAN (1984), however, apparently does not ac-
count for earth curvature or ditferent datums. is
limited to a rectangular (State Plane) coordinate
system, and does not propagate camera station
errors back to the ground.

Compile Shoreline Positions

The final step in the air photo mapping process
is the compilation, ediling and presentation of the
shoreline data. Typically, the shoreline position
data are imported into a GIS, where several pho-
tos from a single date are overlaid to {form a con-
tinuous shoreline. A shoreline for a given date is
usually assigned to a specific overlay or coverage
in the GIS (e.g., McBrine, 1989; WiLLiAMs et al,
1992). When all shorelines have been compiled
from both maps and photos, they are usually out-
put as composite shoreline change maps on a plot-
ting device using different line colors or symbols.

Once the shoreline positions have been com-
piled into a digital GIS database. shoreline rates-
of-change can be calculated. Danrowrry and THig-
LER (1992a). for example, present an automated
method whereby a number of different measures
of shoreline change can be calculated using a time
series ol historical shoreline positions residing in
a GIS. Other techniques are presented by Crow
and LearnreMan (1984) and McBrine et al
(1991).

DISCUSSION

In this paper, we are concerned only with the
accuracy of the calculated shoreline positions rel-
ative to their actual positions on the date of pho-
tography. Thus, we do not address errors in shore-
line position or rates-of-change due to the timing
of aerial surveys relative to seasonal or storm-
induced changes in shoreline position. For
example, the shoreline shown in an aerial pho-
tograph is commonly assumed to represent the
average seasonal shoreline position. Morron
(1979, 1991), DoraN et al. (1980) and Snirri and
ZAR1.LO (1990), however, point out that this is not
always a reasonable assumption. CrowkLL et al.
(1991) furnish an extensive discussion of the ac-
curacy of shorelines digitized from maps.

An important question in shoreline change
mapping is the accuracy of the maps produced
and the resolution of the rates-of-change deter-
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mined from them. Until this question Is answered,
we cannot ask geologically important questions
about what exactlv we are measuring when we
measure shoreline change. It is first necessary to
reduce the technological noise to a reasonable lev-
el in other words, to increase the signal/noise
ratio. Shoreline mapping accuracy is limited fun-
damentally by the techniques and materials used
to obtain shoreline position data. Thus, tech-
niques must be used to reduce and quantify er-
rors, and source materials must be checked as (o
their accuracy and suitability for a particular pro-
ject. Only then can realistic accuracy assessments
be made of shoreline change maps and rate-of-
change measurements.

Limitations of Existing Techniquces

The methods developed by coastal researchers
to obtain geographic data from aerial photographs
vary widely, ranging from manual point mea-
surements to electronic raster scanning. Some
methods crudely employ some photogrammetric
techniques (e.g., Crow and Lizvrneraan, 1984).
Others manipulate aerial photographs in wayvs that
are inappropriate (e.g., SHOsHANY and Drcani,
1992) because the photos are treated as map pro-
jections, which they are not. An aerial photograph
is produced by central projection through a lens
onto a plane, while a map is constructed by radial
projection onto a sphere (or ellipse) and then
transferred to a plane. This characteristic intro-
duces the distortions described above and pre-
cludes the direct compilation of accurate maps
from aerial photography.

Most historical shoreline mapping techniques
have been developed under ideal circumstances,
such as those found along the developed shore-
lines of the U.S. East Coast. This is a data-rich
environment for shoreline mapping: large-scale
photos bracketing long time frames are available,
photographs are taken by several government
agencies on a fairly regular basis, there is a pleth-
ora of ground control, several accurate historical
maps for an area often are available, and historical
shoreline changes are either qualitatively under-
stood or easily veritied by supplementary field
evidence and cultural records.

Some shoreline mapping methods may produce
acceptable results under these ideal circumstanc-
es, such as when applied to at least qualitatively-
understood and generally well-documented sys-
tems. These methods, however, typically require
more information than is actually necessary to

achieve comparable or better accuracy, and fail
to take advantage of techniques that can reduce
and quantify errors. This problem precludes their
broad application to shoreline mapping in the
typically data-poor world outside of the U.S. East
Coast. The following example illustrates this point.

One of the methods presently used to determine
shoreline positions from air photos is the single-
frame space resection approach (Crow and
Learnrryan, 1984). This method requires at least
three fully known control points be used for each
photograph to determine the position of the aerial
camera. Not only does this method require a sub-
stantial amount of control for a given group of
photographs. but also introduces an unnecessarily
large and complex series of errors resulting from
the independent orientation of each photo to fit
a given sel of ground control points. The require-
ments of this technique have several important
implications.

Firsi, when using a single-frame space resection
approach, photos lacking a sufficient number or
distribution of fully known control points cannot
be used. This significantly limits the application
of the technigue for mapping undeveloped coast-
lines. Second, errors are introduced that result
from the independent orientation of each photo
to fit a set of ground control points. This can result
in shorelines not matching properly in adjacent
photos from the same strip, and may introduce
serious errors in rate-of-change-calculations when
comparing photos from two or more dates. The
errorinherent in using supplemental control points
digitized from a map compounds these problems
because they commonly have a low accuracy.
Third, the amount of information contained in a
photograph is drastically underutilized. For ex-
ample, correlations between overlapping images
in space and through time are ignored.

A rigorous analysis of the errors inherent in
shoreline positions obtained using the single-frame
resection method is ditficult to perform, not only
because each photo is independent of the others,
but also, and perhaps more importantly, because
the error in the space resection solution for each
photo is not propagated to the ground and thus
is not known. For example, current error assess-
menis (e.g., CroweLi, et al,, 1991, ANDERs and
Byrnes, 1991) of the space resection technique
assume that errors in shoreline positions are rep-
resented by the sum of a series of worst-case as-
sumptions about digitizer operator resolution and
ground control accuracy. This is only partly true.
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Figure 6. This shoreline map shows the distribution of shoreline positions resulting from a single-ray intersection solution for one
photograph using the camera parameters in Table 1. The distribution of hypothetical shorelines represents differences in calculated
shoreline position, for one photo, that encompass nearly 350 m. Clearly, the effects of even small errors in camera orientation have
dramatic implications for shoreline mapping accuracy, as well as shoreline rate-of-change and shoreline orientation studies.

As discussed above, the error in a given shoreline
position is almost entirely dependent on the cam-
era station used to compute the shoreline posi-
tion. To the extent that errors in photo digitizing
and ground control point accuracy affect the cam-
era station solution, shoreline positions are af-
fected by ground control. But the interaction of
these errors often profoundly affects the camera
station, which can result in incorrect height, po-
sition and roll, pitch and yaw parameters. For
both the single-ray intersection and direction co-
sine methods described above, the error in camera
orientation is propagated back to the ground when
solving for the shoreline position. Expressing the
magnitude of the error, then, is extremely im-
portant.

The importance of accurately determining the
camera stations for aerial photographs cannot be
overstated. The effects of even small errors in
camera orientation have dramatic implications for
shoreline mapping accuracy, as well as rate-of-
change and shoreline orientation studies. Figure
6 shows the range of shoreline positions that can
result from a poor or incorrect camera station for
a typical 1:20,000 photograph. The camera sta-
tions used to compute the position of each shore-

line are shown in Table 1. Except for the observed
solution, the parameters shown in Table 1 are
arbitrary, but within realistic values for roll, pitch
and yaw. The same digitized data are used in each
case, only the camera attitude used to compute
the single-ray intersection is varied. The distri-
bution of hypothetical shorelines in Figure 6 rep-
resents differences in calculated shoreline posi-
tion, for one photo, that encompass nearly 350 m.
Clearly, errors of this magnitude are unacceptable
for most shoreline mapping applications.

There are significant advantages to using a group
of relatively oriented photos rather than the sin-
gle-photo approach when calculating shoreline
positions. It is far easier, for example, to develop
a network ground control and pass points for a
group of photos than to provide full ground con-
trol for many single frames. Ground control re-
quirements are significantly reduced for a well-
controlled, relatively oriented group, and more of
the information in the photos is utilized. In fact,
far greater accuracy in shoreline rate-of-change
calculations can be achieved if only a relatively
oriented model is used to calculate distances be-
tween shorelines. The additional errors inherent
in the absolute orientation of the model to the
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Table 1. Input camera station parameters for one aertal photograph used to determine the shoreline positions shown in Figure 6.

Case Roll

Observed

A (—1°roll)

B (-3 roll)

C (+3°roll)

D (+ 1° pitch)

E (—1° yaw)

F (A, D and E combined)

P2V 48.647
1°20r48.64"
3220°48.64”
A2V 4R 647
0°20'48.64"
0°20°48.64"
1°20Y48.64"

Note: Onlv the camera attitude is varied; position atitude, longitude, elevation) is constant in cach case.
12700547, elevation

position for the photo is. longitude 65°06°17.68” Jatitude

ground are excluded, and the error in calculating
a rate of change hetween two shorelines reduces
to the error in photo measurements. When a high
accuracy stereo- or mono-comparator is used (o
digitize the photos, this error may approach 1 ~

10 ' of the flight height (Ei.assai, personal com-
munication), or about 0.3 m for 1:20,000 photog

raphy using a 153 mm lens. While this level of
accuracy may be attractive from a theoretical
standpoint, the application and interpretation of
shoreline changes typically requires the model to
be oriented in object space so that geographic data
can be extracted.

Limitations of Maps and Photos

There are several areas in which improvements
in the accuracy of shoreline map data can be re-
alized. For example. careful selection and testing
of maps for use in shoreline change studies. such
as those reported by CrowsLi et al (1991) in the
development of historical map databases for parts
of the U.S. East Coast, can keep potential errors
to a minimum.

The accuracy of air photo data can be improved
by increasing the fidelity of measurements made
on air photos, using more precise ground control
point locations, and using photos with a large scale.
Recent technological advances in aerial surveying
techniques can also be used to improve accuracy.

Increasing the fidelity of the measuremenis
made on aerial photographs can significantly im-
prove the accuracy of shoreline positions. Pre-
processing digitized photos to remove film defor-
mation and lens distortion, for example, reduces
the residual errors caused by bad image coordi-
nates. This results in more accurate relative ori-
entations and has a positive etfect on the adjust-
ments made during aerotriangulation to ground
control points and camera stations to fit them to
image coordinate data.

Pitch Yaw

O°17'20.497
O°17'25.497
O°17725.497
(17720 497
1°17'25.49”
(17720 497
1°17°25.49"

1°49'42.50"
1°49°42.50”
1°49°42.50"
17497422 50"
1°49742.50"
274974250
2°49°42.50"

The observed camera
3.085.45 m.

To decrease the potential error in absolute ori-
entation of a group of photos, the accuracy of
ground control point positions can be increased.
For example. rod-and-transit or ditferential Glob-
al Positioning Svstem (GPPS) surveys can be used
to locate accurately control points used in a map-
ping project. Control coordinates determined hy
these methods are typically more accurate than
ground control points digitized from a map. Geo-
detic control tables are also available for most

basemaps used as sources of ground control lor
photogrammetric mapping (c.g., NOS and USGS
maps). Such tables provide descriptions of control
points and their curveyed coordinates that can be
used in digitizing air photos. These control points,
however, are commonly not recoverable (identi
fiable) at the scale of photos used in shoreline
mapping. For areas that are inaccessible, have
been developed only recently, or that periodically
have control points destroved by new construc
tion or coastal staorms, surveved positions may not
be available. In that case, historical maps and
analytical triangulation must be used to deter-
mine ground control coordinates. with a corre-
sponding decrease in accuracy.

Using photos with a scale of 1:20.000 or larger
increases the ability of the photo interpreter to
accurately identify image points, including the
shoreline. While there is a gain made in the pre-
cision of measurements from large-scale photos,
it must be balanced against the following factors.
First, a large-scale photo covers less geographic
area per frame than one at a smaller scale. This
reduces the potential number of ground control
and pass points appearing in a photo, which may
prohibit identification of an adequate number and
distribution ol points. Large scale photography
also requires that more photographs be used to
cover a given length of coast. Second, if control
is determined using a small-scale map, the error

Journal of Coastal Research, Vol 10, No 3, 1991



562 Thieler and Danforth

associated with the ground control point coordi-
nates has a relatively high standard deviation of
measurement compared to the precision obtain-
able in photo measurements. The magnitude of

the error can significantly reduce the quality of

the aerotriangulation solution. In an extreme case,
it causes the solution to fail or diverge. Thus, a
mapping project requires that a balance be struck
between the scale of the photos used, and the
density and quality of image points.

Recent advances in aerial surveying techniques
may improve future shoreline mapping accuracy
by signiticantly reducing the ground control re-
quirements for individual photographs. For ex-
ample, high-resolution (centimeter-scale) kine-
matic GPS receivers are presently being used to
determine camera station parameters during pho-
to surveys. This approach permits the direct use
of the single-ray intersection solution for ground
coordinates based only on the camera station
(Lveas and Manrg, 1989). Preprocessing is still
required. however, to remove film deformation
and lens distortion etfects from the digitized pho-
tos.

CONCLUSIONS

The increasing need to quantity historical
shoreline changes requires more accurate meth-
ods than are currently available. Existing shaore-
line mapping techniques suffer from incomplete
implementation or apply inappropriate methods
to determine shoreline positions. They also fail to
exploit fully the large amount of geometric infor-
mation provided by spatially and temporally
overlapping imagery or employ the range of tech-
niques that can be used to obtain accurate shore-
line position information. Thus, their application
is limited to data-rich environments such as the
U.S. East Coast.

The application of existing methods in their
present form also contributes to the inability to
guantify the many errors inherent in shoreline
mapping using historical maps and aerial pho-
tographs. For example, current assessments by
coastal researchers of the errors in historical
shoreline locations lack a quantitative treatment.
In many instances, a “best guess” estimate is made;
other errors are ignored altogether. Frequently
ignored sources of error commonly represent
ground distances of 10 m at photo scale.

This paper provides a conceptual and analytical
framework based on standard cartographic and
photogrammetric techniques for improved meth-

ods of extracting geographic data from maps and
aerial photographs. These methods provide a
means to reduce errors, and quantify the remain-
ing error so that realistic assessments of the shore-
line position data can be made. The design and
implementation of a new shoreline mapping sys-
tem that uses these methods is described in a
companion paper (THigLER and DanvorTH, 1994,
this volume).

Historical shoreline change studies are funda-
mentally limited by the accuracy of the tech-
niques and materials used to acquire geographic
shoreline position data. The magnitude of poten-
tial errors in shoreline mapping depends upon the
fidelity, accuracy, scale and temporal distribution
of the map, photo and ground control data used,
as well as the accuracy of the equipment and the
human operator used to make measurements. The
degree to which techniques are applied to reduce
these errors also affects the accuracy of shoreline
positions and rate-of-change calculations. As long
as historical maps and aerial photographs are used
in shoreline change studies. there will be a con-
siderable amount of technological error (as op-
posed to geologic or oceanographic error), on the
order of several meters, present in shoreline po-
sition and rate-of-change calculations.
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