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AN APPLICATION OF PHOTOGRAMMETRIC TECHNIQUES

TO THE MEASUREMENT OF HISTORIC PHOTOGRAPHS

ABSTRACT: The application of the collinearity sbtn by resection of the interior and exterior
orientation parameters of historical photographevsstigated. The spatial coordinates of seven
or more identifiable control points in the fieldwaéw of an historical photograph, combined
with image coordinates of the control point imagd&w solution of all nine unknown
orientation parameters. Once the orientation patars are known, image coordinates of
unknown points can be solved by intersection, mhog a means for accurate location of those
points in space. A form of the collinearity eqaas is derived that is generally applicable to
solutions of terrestrial photograph parametersthagrocess of solving for the orientation of an
historical photograph is demonstrated.

Introduction

Photography has provided a record of past landsoayer the 150 years since its
invention, documenting change due to the naturadesssion of vegetation, cultural development,
environmental evolution, and other inexorable psses, both uniformitarian and catastrophic.
These images of past landscapes can be a richrcedou the study of the processes and effects
of change in the environment, at least for procetisa operate on the time scale of hundreds of
years. An effective tool to utilize this resoursehe technique of rephotography or repeat
photography, in which historic photographs areeatzd so that changes in the landscape that
have occurred in the intervening time can be rgatitected and studied (Figures 1, 2).

Rephotography involves taking a new photograpHasetly as possible from the same
point in space, with the same camera axis orienmtats the original photograph. This can be
challenging when, as is often the case, the ofig@aera position and such parameters as
camera focal length, or even image format sizédforiginal negative is not available, are all
unknown. Fortunately, much of this information denderived directly from the geometric
properties of the image itself. In addition, inist necessary for comparative purposes to
reproduce the original focal length and image fdrsize, since the same geometric properties
will be inherent in any photograph taken from thene point in space with the same orientation.

It is also valuable in the repeated photograpletoeate other environmental parameters
of the original photograph, such as season of ¢ae fmportant for vegetation comparisons) and
time of day (affecting shadow length and orientaiso that the new image duplicates as many
original parameters as possible making true changjee environment more evident. This is not
difficult to do once the spatial orientation of ghieotograph is established, although recreating
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the precise time of day might involve considergidgence. Fortunately, the provenance of
much archival photography does record the datemdsure, and further clues can be derived
from the geometry of shadows in the image.

There are many advantages to using historic phapbgras evidence. The popularity of
photography as a recording medium almost sindadegption means there is an abundance of
images taken for personal, commercial, and sciemgurposes that have survived and are
available for study. It is a remarkable informatspurce that has not been fully utilized. A
valuable characteristic of a photographic imageesimmense amount of data that is recorded in
the emulsion. At the moment of exposure a perntareeord is made of the reflectance values
of every object in the field of view. This recadists in great detail as microscopic chemical
changes in the emulsion can be resolved to at 1€asticrons in the original image scale. The
emulsions of even the earliest photographs hagddkel of resolution, which combined with
the large formats common in earlier times, recdnderedibly fine detail. This detail allows
researchers to glean information from these im#ggswas unrecognized by the original
photographer.

Rephotography as a Record of Landscape Change

Repeating photography over time has been recogfizexer 100 years as a technique
to record and study landscape change. SebastiateRvalder pioneered the application of
photogrammetric techniques to the measurementmh@lglaciers as early as 1889 (Hattersley-
Smith 1966). The sometimes rapidly changing maqunoof glaciers has inspired many
researchers to advocate the use of repeated phaptegsince then. G.K. Gilbert, in the 1899
Harrison expedition to Alaska, made photographgladiers with the specific purpose of
recording scenes for future comparison. He alpeated in 1903 a glacier photograph in the
Sierras taken twenty years earlier (Rogers, Madd, Turner 1984, 37).

There have since been many studies of landscapgehailizing repeat photography.
Rogers, Malde, and Turner (1966) provide a bilshpdy of over a hundred pages of references
collected during their own repeat photography neteaHart and Laycock (1996) have
published an updated annotated list of referentstudies that have utilized repeat photography
for the study of vegetation change, cross refeibgearea of study and type of vegetation.

Several examples of these studies are Hasting$ amer (1965), Rogers (1982), and
Sallach (1986), documenting landscape change fierdift habitats of southeast Arizona, the
Central Great Basin of Utah, and part of New Mexrespectively. These studies all utilized
historic photographs gleaned from many source$) asenuseums and archives, recreated the
photos, and used them to deduce environmental esasgrurring in the intervening years. In
these studies, the only quantitative measuremectiaige was by Sallach, who covered the
photos with a grid to measure relative coveragdiftérent vegetation types.

Several studies have been made to assist in thagaarent of landscapes by
investigating the effects of potentially manageabfiiences, such as fire, disease, grazing, and
other human interactions. Two examples are Skarith Thomas (1995), and United States
Department of Agriculture (1993), which use reggaitography to document changes in the
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Blue Mountains of Oregon and the Boise NationakBgrrespectively. The Blue Mountain

study recognized the value of recording the passtiof the repeat photographs with the idea of
continuing them in the future. Many of these régdetographs included calibrated stakes in the
foreground, which could be used in scale measuranalthough most of the comparisons were
made through subjective description.

Some studies have used the rich legacy of earltoghaphic coverage of many scenically
spectacular areas of the western United Stateppildor posterity, much of the west has
inspired considerable photographic coverage sinwas first explored, during a time when
photographic field techniques, while cumbersomegweell developed. Stevens and Shoemaker
(1987) and Webb (1996) are two examples that cineespectacular landscape of the Colorado
River. Stevens and Shoemaker recreated, as ano@iltproject, many of the photographs taken
on the second Powell expedition. Webb organizeexgedition to retrace the steps and recreate
photographs from the Stanton expedition of 188&9@ basis for a study of existing and past
ecosystems along the Colorado River. The photbgray Meagher and Houston (1998) of
Yellowstone National Park are also in this categadriie interest in the park at the turn of the
twentieth century led to very extensive photogramgaverage which provides many
opportunities for repeat photography. The autharge gone one step further in this study by
continuing their own earlier repeat photography enigidthe 1970's into the 1990's. This allowed
comparison of change rates across two differerg titervals and recorded the change wrought
by the large intervening episodic event of the digltone fires of 1988.
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Figure 2. Virginia City, Nevada, 1868 and 1979nirKlett, Manchester, and
Verburg
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Techniques

The primary challenge in recreating a photograpgb getermine the exterior orientation
of the original image, that is, the point in spaceupied by the camera (strictly speaking the
focal node of the lens) and the orientation in spafdhe image (emulsion) plane. Note that the
focal length is not strictly necessary to this otation since any image taken from the same
perspective point in space, at the same orientatidhbe identical to any other image with the
same exterior orientation, as long as they areedadkntically and cropped to the same field of
view. The usefulness of the repeat photograplrectyr depends upon the accuracy of the
recreation of the original, particularly if the iges are to be compared in a quantitative manner.
If an area of interest exists in the near foregdoohthe photos, a slight change in orientation can
significantly change the proportions in the respedtields of view (Harrison 1974, 471). Some
studies have only been concerned with approximahagamera position, which limits their
comparisons to subjective analysis (Goin 1992).

Several methods have been used to reproduce tfiradiimage orientation. By far the
simplest and most often used, judging from theistutkviewed, is to merely move the camera
position (or initially, the eyeball of the photogteer) around until the image in the viewfinder or
on the ground glass at the image plane matchestlia¢ original image. A further step in
sophistication is to compare actual measurementamaflax between identifiable objects in both
images. This method has been applied as an tenatocess, where after a photograph is taken
measurements between objects in the image are cedhfmathe original; any differences
indicate needed changes in the orientation. Altmethod, common to terrestrial
photogrammetric applications, is to plot lines frobjects that lie on lines of intersection with
the camera station on a plan view. To locate #meera station by the intersection of such lines
is only possible when the image contains a vetyfigld of identifiable objects (Borchers (1977,
16). Another method, proposed in this paper, sutgiect measurements of the original image to
photogrammetric analysis, in order to directly soler the exterior orientation.

The trial and error, “eyeball,” method has certaioéen the most popular, probably
because of its simplicity, but can still involveuns of moving about in search of the illusive
point of perspective (U.S. Department of Agricu#ti993, 48). This method can yield very
accurate results for images that contain a goodahigentifiable objects throughout the depth of
field of the view, and particularly when objectge éined up in one or two ranges that define
unique lines terminating at the point of perspetey condition which is not often encountered.
In the above conditions, once near the originasjpective point, deviations of only a few
centimeters may be readily perceived. This procasshe systematized by first lining up with
objects along the original image center line, thr@ving in and out along the center line until the
parallax of objects to either side match (Malde3,9B8).

The method proposed by Harrison (1974) and cleaqbfained and applied by Klett,
Manchester, and Verburg (1984) is a considerabpgamrement in terms of accuracy and
repeatability. Harrison points out that there @ireunknown elements of the orientation of the
original image: three coordinates in three dimemsi space to define the camera position, and
three angular displacements about three orthogow of the image plane. These unknown
elements can be reconstructed theoretically by emmg six or more independent
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measurements. Harrison uses the measurementga@é idistances between identifiable points.
To satisfy the requirement for at least six indejggt measurements, at least five points are
needed (since independent lengths between n pagotss 2n-3). To remove the element of
scale between photos, the distances can be noaddlizdividing all measurements in each
photo by a common measurement in the respectiviphbboth photos have the same exterior
orientation, all normalized measurements will beesbame.

Harrison further recommends constructing axesearptiotos perpendicular to one of the
photo distances. This is exemplified in FigurevBh EE’ perpendicular to the distance AB, and
lines CC’ and DD’ perpendicular to EE’. In this yhe ratios between the line segments
created by the perpendicular axes provide a quaigf measurement of the relative parallax of
different objects, which can be readily compareiveen photos. If the axes are constructed
approximately perpendicular and parallel to thegenhorizon, the differences in the ratios
between photos can clearly indicate what relatio@ement is necessary.



Figure 3. Pyramid Lake, Nevada, from Klett, Maratke and Verburg.
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Analytical Orientation Solution

Analytical photogrammetry is the application of henatical principles to measurements
in photographic image planes in order to modelrasdnstruct both the original spatial
orientation of the image and the relative and aliedbcations of imaged object points. While
the principles of spatial geometry basic to anefytphotogrammetry were seriously investigated
as early as the 15th century by such polymathsasdrdo da Vinci and Albrecht Durer, their
application to the measurement of photographs llatgegan with the work of Sebastian
Finsterwalder at the beginning of the twentiethtesn The development of analog measuring
devices that recreated the geometry of aerial ghapihs for the purposes of topographic
mapping dominated the practical application of pgeammetry for the first half of the twentieth
century. The solution of the same problems analicequires an amount of computation that
precluded practical application before the advémbmputer processing. Otto von Gruber, who
derived the projective equations fundamental to eno@nalytical photogrammetry, is famously
guoted as saying that their application was “a vastime and is of minor importance.”
(Thompson 1966, 461-64).

In photogrammetry the orientation of an image in@el by several parameters. The
interior orientation elements are the focal lengftthe camera, which is the perpendicular
distance from the film plane to the focal nodeh& kens, and the location on the image where
that perpendicular line intersects the image pleaked the Principal Point (PP in Figure 4).
Knowledge of these parameters is important if thage is to be used for photogrammetric
measurements. In a non-metric camera, definedyasaamera not specifically designed for
photogrammetry (Atkinson 1980, 64), the interiargmeters are not necessarily known with
any precision (Faig 1976, Karara 1972) . Thisagainly the case for nearly all historic
photographs. The exterior orientation is defing&ilx parameters, the three spatial coordinates
of the camera station and three angular measursrttattdefine the spatial orientation of the
image plane. In the United States it is convemtion use the terms, f, andk to indicate the
rotation around respectively and in order, the,»>and z axes of an orthogonal coordinate system
parallel to the space coordinate system in usedardo transform a plane parallel to the x, y
axes of the space coordinate system into a plaradigddo the image plane. These rotations are
considered to be positive in a right-handed seglsdive to their respective axes (Figure Al).
These six parameters of exterior orientation nedszetknown to recreate an historic photograph.
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Figure 4. The Collinearity Condition, C, a, andié\on a straight line.

The basic problem in analytical photogrammetrpistathematically relate the positions
in space of imaged objects to the positions of tineage points in the plane of the image, and
vice versa. The most basic geometric conceptiatlin developing solutions to this problem is
the collinearity condition which is that the camstation, the image point, and the imaged object
all lie on a straight line (Figure 4). This contepused to develop the collinearity equations,
usually in the form where the image coordinatearobbject are expressed as functions of the
interior orientation parameters, the exterior aiation parameters, and the space coordinates of
the object. These equations are derived in AppeAdind shown below:
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In these equations, y, are an objecA’s image coordinatesX,, Y, Z, are the object’s
coordinates in object space;, Y., Z. are the object space coordinates of the cameréqusi

m, -y, are the coefficients of the orthogonal transfororatietween the image plane orientation
and object space orientation, and are functiorikefotation anglew, f, andk; x,, y,, andf are

the interior orientation parameters of the image,itnage coordinates of the photo principal
point and the camera focal length, respectively.

In the conventional situation where the elemenisteiior orientation are known the
collinearity equations can be used to solve forsirainknown elements of exterior orientation
by developing two equations for each of at leastdttontrol points of known location. Since
these equations are non-linear they are first tined by the use of a Taylor series expansion of
the function with respect to each of the unknovamants. This results in a linear function of
the general form, for equation (1):

Ya

TF F TF F
-F= — Dw+ — Df+ — Dk+ DX
T T T T ko X S o
TF TF
+ — DY, + DZ.=0
”Yc . C ”Zc o C
whereF, is the evaluation of the original functiérwith estimated values of the unknowns, the
TF
coefficients of the form —— are partial derivativdsforelative to the unknown elements
(6]

“a” and evaluated using original estimates of the unkisp and théa’s are corrections to the
original estimated values for unknowrednd which are solved for as unknowns for the
combination of linear equations. The solution maVveeugh several iterations, applying the
resulting corrections from each iteration to thevosus estimates, running until the corrections,
hopefully, approach zero (Burnside 1985, 331-34|d&twg 1997, 767). This approach also
usually incorporates an unknown variance factghélinear functions, so that in the case where
more equations can be developed than there areowmlsy a least squares solution can be
performed, by first normalizing the system of equad, to solve for a best fit with the given
measured control point coordinates.

Several reduction methods have been developedtasdecifically with the non-metric
camera situation, where the interior orientationngnown (Karara 1979, 35-38; Atkinson 1980,
64-72; Faig 1975; Bopp and Krauss 1978). The Ditewar Transformation of Abdel-Aziz and
Karara (1971, 1974) provides a direct transfornmatietween measured image coordinates and
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object space coordinates, bypassing entirely ttegior and exterior orientation elements of the
image. While these methods have advantages of datigmal efficiency when used for
photogrammetric measurements using non-metric asnergeneral, they do not directly
address recovering the exterior orientation elemtrst are needed for rephotography.

In adapting the collinearity solution to the stiaa of recovering the original orientation
of historical photographs, it is necessary to adihé linearized equations terms for the
additional unknowns of the original interior oriation, x,, y,, andf. This results in the following
linear versions of equations (1) and (2) (derivedppendix B):

X - Fotv, =d,Dw+d,DFf+ dDk+ dD X+ dD ¥+ dD £
+d;;,Dx, + dgDy, + dgDF

Ya- Got Vi, = d.Dw+ d,Df + d;Dk+ dD X+ dD ¥+ dD <
td,,DX; + dygDY, + dygDf

(4)

(5)

These equations use the shorthand notatiah ob indicate the partial derivatives of the oridina
equations for the respective unknowns. In additowvariance term has been added to allow
the least squares solution when there are mordiegsahan unknowns. (In the situation of a
unique solution, the terms become zero.)

A system of linear equations based on the develapofg4) and (5) for our nine
unknowns based amcontrol points can be described in matrix notaaerfollows:

2n|—1 + 2nV1 = 2nD99Xl (6)

whereL is the matrix of the values of differences betwealculated and measured image
coordinatesx, - F5 andy, - Gy), V is the matrix of variancef is the matrix of the partial
derivative coefficients, any is the matrix of corrections to the estimated unkmeoalues. It

can be demonstrated that the nine normal equatiecesssary for a least squares solution can be
expressed as (Wolf 2000, 510-12; Thompson 196G%7-

(D'D)X=D'L (7)
whereD'" is the transpose of matrix. Solving forX yields:
X = (O'D)YD'L) (8)

with (D'D)* indicating the inverse of matri{D).

Initial estimates are made of all of the nine unkn@lements, which are used to
calculate the elements of matrid@s&ndL in equation (8), which is then solved for tKenatrix,
which gives the corrections to apply to the inigatimated values. This process is iterated, using
the corrected estimate values from each successration, continuing until the correction
values approach zero. The process of estimatmgthal values is important, since values
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differing too greatly from actual could lead toigetgent solution. Dewitt has proposed a
method of computing initial values addressing tfierodifficult visualization of orientation
angles in terrestrial photography. It is antioguhathat estimates of sufficient accuracy may be
made from empirical inspection of the image antiahiocation of the camera station.

The described solution assumes that measuremetit® amage accurately represent true
positions on the focal plane of the image at thetof exposure. This is almost surely not
strictly the case. Factors that could affect tteueacy of these points include departure from
true flatness of the emulsion at exposure, subsealistortion of the emulsion, and lens
distortions. Further disruption to the collinegsituation results from atmospheric distortion
and the departure caused by the curvature of title isethree dimensional space versus that
modeled by the space coordinate system in useleWbt addressed in this project, it should be
understood that all of these factors could be nmemtlehd added as corrections toxhey, image
coordinates in the collinearity equations. Theselue treated as additional unknown elements
which can be solved for, given a sufficient numdsiecontrol points.

Karara and Abdel-Aziz (1974) have demonstratedftiras wide range of non-metric
cameras (including a Kodak Instamatic!) unless Vegh precision is needed, most of the
corrections to image coordinate measurements maynoeed. Therefore, for this
demonstration, the measurements from the photognaphbe used without correction.

Demonstration

A photograph from the Benjamin Gifford collectianthe Oregon State University
Archives was chosen to demonstrate the applicatignotogrammety to a historic photograph.
The chosen photograph was taken sometime ca. 184G -dnd depicts the Shepperd’s Dell
Bridge on the Columbia River Highway in the west€alumbia River Gorge of Oregon (Figure
5). This photograph contains images of pointstiqdarly on the bridge structure, which can be
identified and located today relatively easily.
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Seven points were located in the field of viewld briginal image that were
subsequently located in the current landscape aaduned with some precision as to their
positions in space. This was done by first settimmge base survey points, located relative to
each other by triangulation and distance measureusamg a Nikon DTM-A20LG total station,
off of the east end of Shepperd’s Dell bridge (i, B, C in Figure 6). Then the positions in
space of the control points were located by tridgaigan from the base points, using the
theodolite function of the total station. Thisoalled measurement of the control points remotely,
without having to physically occupy the pointsheTltotal station field measurements are
tabulated in Appendix D.
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Figure 6. Plan view of control points

In order to tie the base survey points into a gareference system (UTM zone 10, NAD 1983),
their positions were measured by occupying thenalbmut 5 minutes each with a Trimble
GeoExplorer Il code-phase GPS receiver. On theotlapservations, constellation and terrain
geometry limited solutions to points B and C. Tae& GPS data were reduced with Trimble
software by postprocessing to differentially cottbe observations. The reduced data points
were generally distributed about the mean for gexht within about 5 meters,with several
outliers as much as 20 meters from the mean (Figur&hese results are consistent with the
precision expected with this type of receiver. Tbezontal distance BC calculated from mean
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GPS positions was about 5 meters less than trendstmeasured by total station. Therefore, the
local coordinate system was tied only to the meBS @osition of point B, and the grid azimuth
from A to B was set at 174which was calculated from the grid azimuth betwte GPS

positions of B and C. This results in a local ddoate system which only approximates true
UTM coordinates. The field data were then reduceekpress the control point locations in this
local coordinate system (Table 1).
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Table 1. Control point spatial coordinates

point E N Z point E N Z

A 646.181 4025.567  50.901 608.17 3973.78 52.79
B 647.967 4005.151  53.988 600.74  3976.90 52.72
C 625.579 4016.985  55.767 633.38  4008.09 51.32
1
2

639.16 4005.30 52.78 608.14  3974.27 50.98
631.70 4008.36 52.79 612.52 3978.38 51.68

O N bW

Note: Coordinates are meters in local coordinapgsoximately equal to UTM zone 10, NAD
83. Zis meters MSL. Add 562000m to E and 5040000 N coordinates.

Control point descriptions:

N road shoulder, E of NE end of bridge

Top of Rock, SE of NE end of bridge

Top of Rock, N of NE end of bridge

Apex, SE pillar of bridge

Apex, NE pillar of bridge

Apex, SW pillar of bridge

Apex, NW pillar of bridge

Bottom SE corner of NE pillar, intersection wiidesvalk
Bottom NE corner of SW pillar, intersection witlkdeswalk
Center of ridge (N face) on column, near colunp) 80th column from W pillar, S
rail of bridge

O~NODMNWNEFRPROT>
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Figure 7. GPS positions, points B and C

The original Gifford photograph was representea I6y5x8.5 inch glass positive, which
presumably was contact printed from the origingatire. This plate was digitized using a flat
bed scanner at a resolution of 300 pixels per inidhs digitized image was then measured using
Macromedia Freehand software. All measurements vaferenced to a coordinate system
parallel to the the scan grid with an origin at liheer left corner of the image. The resulting
control point image locations are tabulated in &bl
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Table 2. Control point image coordinates

Gifford Photo New Photo
point X y X y
1 109.745 54.550 80.305 39.766
2 88.490 55.140 62.170 40.636
3 153.340 57.355 112.365 40.832
4 82.730 59.810 57.795 43.390
6 89.655 49.807 62.940 36.154
7 149.015 40.632 108.86 28.311
9 137.185 48.658 99.55 34.540

Note: Coordinates are in millimeters, coordingtgtesm for each photo is
parallel to the pixel grid, origin at the lowertlebrner of the grid.

Next, estimates were made of the camera interidreaterior orientation parameters.
The location in space was estimated by offseteerdcal coordinate system from control point
4. Image plane orientation was estimated by calmgw, f, andk from an assumed camera
view direction with the focal axis horizontal. TRencipal Point was assumed to be in the
center of the image, and the focal length was asdumbe 6 in. (approx. 150 mm.).

The control point image and space coordinates, thiisitial parameter estimates, were
used to solve for the actual orientation parametsirsy a macro program written in a Quattro
Pro spreadsheet. The results are shown in Tabld8.details of the Quattro Pro program are
given in Appendix C.
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Table 3. Resection solutions for orientation pastars

Xc Y Zc f Xy Yo
Gifford photo
est. 585.7 3964.9 52.3 90 -40 0 150 106.07 82.33
solved 592.10 3967.30 52.27 161.88 -55.21 68.45 112.09 7%76125.21
New photo
est. 585.7 3964.9 52.3 90 -40 0 105 76.2 46.8

solved 591.30 3966.47 52.35 167.30 -55.09 75.87 85.24 340.94.82

Note: Space coordinates are meters, angles arealetegrees, interior orientation parameters
are millimeters.

It was hoped that the orientation information coogdused to rephotograph the original
scene, using a 4x5 view camera, yielding an imhagedould be compared photogrammetrically
to the original. This proved to be impracticahcg the camera position turned out to be located
in the middle of a highway, still open to automeltilaffic, on a blind curve with no shoulders.
However, at some risk to life and limb, a quick 3Brenapshot was taken from the approximate
camera position (Figure 8). Measurements werentakéhe image coordinates of the same
control points on a digitized print of the resultiphotograph. Table 3 gives the results of the
resection solution for the external orientationgpaeters of this photograph.
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Applications

The most direct application of a photogrammetriatson of historic photograph location
and orientation would be in repeating the origptabtograph. A modern camera set up with
identical orientation parameters will duplicate traginal photographic perspective and field of
view on the first attempt, at least theoreticaljthout having to take several photographs,
progressively homing in on the orientation at thgional point in space. In exchange, the
researcher would have to spend time in the fiebdtiflying and surveying control points.
Whether this would practically take more or lessaithan traditional methods would depend on
the individual situation, but certainly, the proggdeing made in the precision, accuracy, and
speed of GPS surveying instruments will contriliatéhe practicality of applying this direct
method. In addition, the calculations involved,jathare dauntingly tedious, can easily be
programmed in a personal computer; the matrix dpesinvolved can even be handled by
many handheld calculators, a consideration fortmaldield application.

Once the interior orientation of the original imagé&nown with some precision the
historic image can be used to take direct measurenoé objects in the field of view. This is
accomplished through the obverse solution to tiienearity situation, using the now known
elements of exterior and interior orientation ttvedor the unknown space coordinates of points
whose image coordinates can be measured. The foreaof the two collinearity equations for
this situation are:

Xy - Fo+an = Qlea'I' QzD !'I' l?aD Zd 9
Ya- Go+ Vya = thDXa'I' QzD !+ 93[) é (10)

in which the all of the terms involving the knowarpmeters which are held fixed drop out since
their respectivl® terms become zero. The new unknown terms ar¥,tiVeandZ space
coordinates of the object in question. In theses&gnsb has been used as shorthand for the
partial derivatives of the original equations wiéispect to the new unknowns in order to avoid
confusion with thel coefficients of equations (4) and (5). Since the image coordinates of a
point contribute two equations, a solution forthiee unknown space coordinates is not possible
from one photo image. The two equations solvetercollinearity line in space that satisfies the
eqguations; the object position of the point coigdainywhere on the line. Without some other
information, such as some scale dimensions inréiffiepoints of the depth of field of the image,
where the object lies on the collinearity line cainipe resolved.

The situation is completely soluble, however, ibder overlapping image of the same
object is available. In this case two more equeatican be developed from the collinearity
situation of the second image. In this way anypii the field of view of both photographs can
be resolved in all three dimensions of object spddeere are many situations where more than
one contemporary image exists with the requiredlapgping fields of view. In such cases, a
three dimensional model of the overlapping areabsaoonstructed and measurements taken
anywhere in that space.
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Images that would provide such coverage could bgweduable to researchers in many
fields who are concerned with changes in the laaoisover time. Several studies surveyed
demonstrated possible applications. McDonald’seu(1995) of mass changes to Collier
Glacier, Oregon, over nearly one hundred yearzetilboth aerial and terrestrial historic
photographs. This study might have benefitted femturate measurements of the terrestrial
images used. In these images there may have h#emesit fixed control points to provide
fairly accurate space coordinates for changingi@glamensions even though the coverage was
limited to a single photograph. Graf's study (1p@Bthe changing morphology and dynamics of
a stream channel in a mining environment also agdric photographs, but mainly as a
subjective guide to mapping vegetation patterhgs possible that the photographs could also
have been applied to accurate stream channel she@surements had the orientation geometry
of the photos been calculated.

The utility of applying non-metric camera imagesteurate stream channel
measurement was demonstrated by Welch and Jor@88)(lusing a 35mm camera and enlarged
and digitized images, which yielded results comipl@ran accuracy to measurements developed
on images from metric cameras measured on a caowehphotogrammetric comparator. The
improvements in digital technology since this stbdye made these photogrammetric
techniques even more available to researchers witioxess to technical photogrammetric
equipment and software.

Many research applications can benefit from exinggbrecise landscape measurements
from the wealth of detail preserved in historic fgraphs. Inventories of vegetation, with
measurements of spatial extent, tree bole sizelssecies distribution, can increase confidence
levels of statistical analyses. Geomorphologiatsguantify mass movements, creep,
landslides, erosion, and other landscape changés itemporal dimension, at least as far back in
time as photography records. For reconstructiodigs, archeologists can measure structures
and artifacts that have either been displaced domger exist. All these applications can benefit
from very precise positioning in cases where twamore overlapping photographs are available.
Even with one photograph, however, precise oriemtah space of the collinearity line upon
which an object lies can still allow fairly precigesitioning of that object if other existing
geometric elements, such as the ground surfacehwhay be modeled from the existing
landscape, can be used as another constraint bpabject’s position.

Suggestions for Further Research

To facilitate the practical application of photogwaetric measurement techniques to
historical photographs it would be useful to depedaresection solution program that could run
on a personal computer. Such a program wouldm@dommon environment such as Microsoft
Windows, without needing any other software, andiigrovide a simple interface in which to
input control point and parameter data, and woulghat the parameter solutions in a tabular
and/or graphic display. In addition, the same m@oycould be used to solve by space
intersection the space coordinates of unknown pdiotm the their measured image coordinates
in two or more photos with solved orientations.
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In order to be practically applied by researcharsimple method of rapidly measuring
the spatial coordinates of control points needsetdeveloped. It is assumed that this will be
facilitated in the near future by the increasingikbility of carrier-phase GPS receivers that can
provide rapid solutions of sub-centimeter accuiaayear real time. Total station measurements
will still be necessary to locate points not easitgupied.

The accuracy of image coordinate measurements oradagitized images depends on
the accuracy of the equipment used to digitize ftbenoriginal medium. It would be useful to
analyze the accuracy and consistency attainabdeifoynonly available flat bed scanners. This
could be done by scanning a calibrated reseawpgith image on a stable medium with control
point coordinates known from measurements in aeotenal calibrated photogrammetric
comparator. The results could be used to devedbbpration coefficients that could be used in
an affine transformation that could be appliedtpiiove the accuracy of measured image
coordinates.

Conclusion

The principles of photogrammetry, applied to thedgtof historic photographs, can yield
many benefits to researchers interested in stugyasg landscapes. These techniques are also
becoming more practical and accessible to non-gl&tsi with the continuing development of
precision digital scanners, which can render hisfainotographs into a medium in which they
can easily be measured with high precision. THemmous calculations necessary in the
application of analytic photogrammetry, so longrapediment even in the profession of
photogrammetry, can now practically be applied toyome with a personal computer. The
practice of repeat photography can be facilitatedikectly calculating the original image’s
spatial orientation. Precise knowledge of thigioal orientation can enhance the value of
historical images much beyond their recognized ingnze as subjective snap shots of long past
landscapes.



REFERENCES

Abdel-Aziz, Y.I. and H.M. Karara. 1971. Directrigar Transformation from Comparator
Coordinates into Object Space Coordinates in CReege Photogrammetry. Papers
from the 1971 ASP Symposium on Close-Range Phatagedry Falls Church, VA:
American Society of Photogrammetry.

Abdel-Aziz, Y.I. and H.M. Karara. 1974. Photograetric Potentials of Non-Metric Cameras
Urbana, IL: University of lllinois at Urbana-Chaaign.

Atkinson, K.B., Ed. 1980. Developments in ClosBe Photogrammetry - 1.ondon:
Applied Science Publishers.

Bopp, Hanspeter and Herbert Krauss. 1978. Ann@ai®n and Calibration Method for Non-
Topographic Applications. Photogrammetric Engimeeand Remote Sensidg:
1191-96.

Borchers, Perry E. 1977. Photographic Recordfr@uitural ResourcesWashington, DC:
U.S. Department of the Interior.

Burnside, C.D. 1985. Mapping from Aerial Photgara New York: John Wiley & Sons.

Dewitt, Bon A. 1996. Initial Approximations foné¢ Three-Dimensional Conformal Coordinate
Transformation._Photogrammetric Engineering anth&e Sensin@2: 79-83.

Faig, Wolfgang.1976. Photogrammetric PotentialSlof-Metric Cameras, Photogrammetric
Engineering and Remote Sens®y 47-49.

Faig, Wolfgang.1975. Calibration of Close-RangetBgrammetric Systems: Mathematic
Formulation. _Photogrammetric Engineering and RenS@nsingll: 1479-86.

Goin, Peter. 1992. Stopping Time: Rephotografiicrey of Lake TahoeAlbuquerque:
University of New Mexico Press.

Graf, William L. 1979. Mining and Channel Respeng\nnals of the Association of American
Geographer§9: 262-75.

Gullberg, Jan. 1997. Mathematics: From the BifthNumbers New York: W. W. Norton &
Co.

Harrison, A.E. 1974. Reoccupying Unmarked Canstagions for Geological Observations.
Geology2: 469-71.

26



27

Hart, Richard H. and William A. Laycock. 1996. geat photography on range and forest lands
in the western United States. Journal of Rangeddemen#9: 60-67.

Hastings, James Rodney and Raymond M. Turner. .1966 Changing Mile: An Ecological
Study of Vegetation Change With Time in the Lowe&ltehbf an Arid and Semiarid
Region Tucson: University of Arizona Press.

Hattersley-Smith, G. 1966. Symposium on Glaciapping. _Canadian Journal of Earth
Sciences3: 737-41.

Karara, H.M. and Y.I. Abdel-Aziz. 1974. Accura&gpects of Non-Metric Imageries.
Photogrammetric Engineerid): 1107-17.

Karara, H.M. 1972. Simple Cameras for Close-Rafg@aications. _Photogrammetric

Engineering38: 447-51.

Karara, H.M., Ed. 1979. Handbook of Non-Topogiagthotogrammetry Falls Church, VA:
American Society of Photogrammetry.

Klett, Mark, Ellen Manchester, and JoAnn Verbul@84. Second View: The Rephotographic
Survey Project Albuquergque: University of New Mexico Press.

Malde, Harold E. 1973. Geologic Bench Marks byr@strial Photography. Journal of
Research U.S. Geological Survey 193-206.

McDonald, Gregory D. 1995. Changes in mass ofi€@dElacier, Oregon, 1910-1994. M.S.
Thesis, Department of Geosciences, Oregon Stateetsity.

Meagher, Mary, and Douglas B. Houston. 1998. ofedtone and the Biology of Time:
Photographs Across a Centuorman, OK: University of Oklahoma Press.

Moffitt, Francis H. 1970._Photogrammetr$cranton, PA: International Textbook Co.

Rogers, Garry F., Harold E. Malde, and Raymond Mné&r. 1984._ Bibliography of Repeat
Photography for Evaluating Landscape Chan§elt Lake City: University of Utah
Press.

Rogers, Garry F. 1982. Then and Now: A Photdumbistory of Vegetation Change in the
Central Great Basin DeserSalt Lake City: University of Utah Press.

Sallach, Barbara Kay. 1986. Vegetation Changé&&eiw Mexico Documented by Repeat
Photography. M.S. Thesis, Department of Biologgw\Mexico State University.



28

Skovlin, Jon M., and Jack Ward Thomas. 1995.rjméting Long-Term Trends in Blue
Mountain Ecosystems from Repeat PhotograpRgsearch Paper PNW-GTR-315.
Portland, OR: U. S. Department of Agriculture, ésirService, Pacific Northwest
Research Station.

Stephens, Hal G., and Eugene M. Shoemaker. 188he Footsteps of John Wesley Powell:
An Album of Comparative Photographs of the Greesh @nlorado Rivers, 1871-72 and
1968 Boulder, CO: Johnson Books.

Thompson, Morris M, Ed. 1966. Manual of Photognagiry, Third Edition Falls Church, VA:
American Society of Photogrammetry.

United States Dept. of Agriculture. 1993. Snapsimdime: Repeat Photography on the Boise
National Forest 1870-19924J. S. Department of Agriculture, Boise NatioRalest,
Intermountain Region.

Webb, Robert H. 1996. Grand Canyon: A Centur€ladnge Tucson: University of Arizona
Press.

Welch, R., and T. R. Jordan. 1983. Analytical Nvetric Close-Range Photogrammetry for
Monitoring Stream Channel Erosion. Photogramméingineering and Remote Sensing
49: 367-74.

Wolf, Paul R., and Bon A. Dewitt. 2000. Elemeot$hotogrammetry: With Applications in
GIS. Boston: McGraw Hill.




APPENDIX A
DERIVATION OF THE COLLINEARITY EQUATIONS

The ultimate goal is to express the coordinateee@image pointg, andy, in Fig. 4, in
an arbitrary orthogonal coordinate measuremenésyst the image plane, in terms of the space
system coordinate¥,, Y,, andZ,, of the object. In this derivation the measurememé related
to the positive image plane, analogous to the maigiegative plane on the other side of the focal
node, but geometrically more straightforward. Nbe it is important to relate all
measurements in the image plane to the Principat,F@P, which is where a line perpendicular
to the image plane and passing through the foa# b the lens, C, intersects the image plane.
The arbitrary coordinate system used is relatedg¢aoordinate system parallel to the arbitrary
system but centered on the Principal Point byridwestation offsetg,, y,, which are the arbitrary
system coordinates of the Principal Point.

The first step is to transform the image p@moordinates from the coordinate system
based on the image plane to an intermediate systdnthe same origin, the camera position in
space, but with axes parallel to the object spgstes (Fig. A1). This is accomplished by
rotating the camera system axes around the inteateeakesx' ,y' ,Z, in order, by the angles,

f, k until the original axes are parallel to the spatigtem coordinate axes. This is
accomplished mathematically by the transformatiqua¢ions below, the derivation of which is
detailed in Wolf (535-39), Thompson (46-48), orf8¢B9-92):

Xa= %X = My X+ My, Yot M7 (A-1)
Yam Yo= My xa+ g, ya+ ), Z (A-2)
Z= n%l Xa+ n32 ya+ r@s Z (A's)

Note thatzis equal tof, the focal length of the measured image. meoefficients are
shorthand for the transformation matrix coefficgenisted below:

m,; = cod cok

m,, = sinvsinf cok + coswvsink
m,; = -cosvsinf cok + sinwsink
m,, = -co$sink

m,, = -sinwsinf sink + cosvcok
m,; = cosvsinf sink + sinvcosk
my, = sirf

m, = -sinvcod

m,; = cosvcod

From Fig. A1 we see that the line connecting theera station C, the image poatand
the object point A forms the common side of simiteangles so that:
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X. ya —_ Za
XA' Xc YA' Yc ZA' Zc

Expressing the coordinates in termgakesults in:

Xla: XA- XC Zla
ZA' Zc

y.a: YA' Yc Z'a
ZA' ZC
Z -

7= L%,

(A-4)

(A-5)

(A-6)

(A-7)
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Figure Al. Orthogonal image coordinate system

Substituting into the rotational transformation atjens, (A-1)-(A-3):

X,- X Y,- Y Z,
X, - %= My S zCC Z,rm, A= 7, ZCC fms 2 2 (A-8)
A A
) - ><A' ><c ' YA' Yc Z Zc
ya yo_ rril ZA' ZC Za+ rrkZ ZA' ZC rnZ3 Z ZC a (A_g)
- XA' Xc 1 YA' Yc ' Z Zc
z ml ZA ZC Za n}Z ZA_ ZC Za rnSS ZA ZC a (A-].O)
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Dividing (A-8) and (A-9) by (A-10), and cancelliige common terra /(Z, - Z.) on the right
sides:

Xt % o Mu(Xaw X)*+ My(%- Y+ m( Z 2 ALD)
z o omy(Xy- X))t m (X Y m((Z 2
Ya - yo: rnZl( XA- XC)+ naz( YA- @-I- %( ; Q (A-12)
z My (Xa- Xt m(%- O m( £ 9
more commonly expressed as below, recognizingzthat :
X =% - fulXar Xt Ml ¥ WL & (A-13)
My (X - X))t m(%- ¥ m( 2 9
yozy,- fulXar )t W% O W £ & (A-14)
M (Xa- Xt mu(%- ¥t m( £ 4



APPENDIX B
LINEARIZING THE COLLINEARITY EQUATIONS

Since the collinearity equations are non-lineacfioms with respect to most of the
variables, it is necessary to linearize them sottiey can be simultaneously solved for the
several unknowns. In addition, in their lineamfothey can be developed into a set of normal
equations enabling a least squares solution.

The Taylor power series expansion can be usedpaneka continuous monotonic
function of the general form, for a function of arxablex, f(x):

¥ 1090

f9= 0

(x- 0F (B-1)

wherec is the point around which the series is centeretf@ denotes théth derivative off(x),

evaluated at. It would be rather tedious to evaluate thisesedut to infinity. Fortunately, as
can be seen, for valuesx¥ery close ta, all but the first couple of terms become insigaift.
Therefore a very good approximation can be madegusly the first two terms:

fF(x)» f(g+ f'(9(x- 9 (B-2)

For a function of more than one variable, the sappmroximation applies, with the first
derivative term being replaced by terms represgritie partial derivative dfx) with respect to
each variable:

f(a,b,c...)= f(g ,Q,Q,...ﬁ% a-a,)
i ft (&2)
+%(b- bo)+ %(C- Co)ih

wherea,, etc. represent the convergent, or initial, estatiaalues, the partial derivatives being
evaluated at those values (Burnside 331; Gullbéi.7

The two collinearity equations, (A-13) and (A-1d3n be similarly expanded, usikRgo
denote the expression feyandG for y,, with terms for the 9 unknowns of the interior and
exterior orientation:
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P Rt g (0w %O(f F0% g ek
+ ﬂxﬁc O(XC- X.)+ %C O(YC- Y.) + ﬂzﬁc O(ZC Z.) (B4
. ,%O(xo X,) + %Oo(yo ) + %O(f )
G=y= Gyt g (wm)r S (- 70r gl k)
+ ”Z(—i O(XC- X) + ”Wi O(YC- Y) + ’;/Z—(i O(ZC- Z) (B-5)
R CRRNRE SRUERARIE SRR

Here each of the partial derivatives is evaluatadgithe convergent or initial values of the
variables and each of the terms of the fown {,) can be considered the corrections to be
applied to the initial values, and are the unknotinas are solved forF, andG, represent the

full respective functions evaluated using all af thitial values, both fixed and estimatedote

that only unknown variables of the functions appedhe partial differential terms, since any
known values are held fixed, and so their correctaxtors become zero. These linear equations
can more simply be expressed, including a variéacier to allow for a least squares solution,
as:

X, - Fotv, = dDw+ d,Df + dDk+ dD X+ dD ¥
tdDZc +d,Dx + dgDy + dDf

Ya- Go+Vya: d21DW+ dsz'l' dstk+ Q4D >é+ qp é(
tdyDZ; + dy;Dx + dhgDy + ChgDF

(B-6)

(B-7)

where we use thé&s as shorthand for the derivative expression8id) and (B-5) and thB's to
represent the differences to be solved for.

It will be convenient in evaluating the partial Watives to use the following expressions
in representing the collinearity equations:
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Lot Femy(Xe- X+ Mm% W+ m( % D
s=my( Xa- X))t mu(X- D o £ 4
q=m,(Xy- X))+ mu(X- ¥+ m( 2 49

So that the collinearity equations become:

F=x,=x- f— (B-7)

a (0]

S
G=y,=Y,- fa (B-8)

In order to solve the equations we need to evakinate terms, which are the partial
derivatives of the collinearity equations with respto the unknown variables in question. As an
example, we will evaluate treg, term, which relates to the unknown

. fa
= -
dll:W:O- f fw q2 fw

by the derivative of quotient functionsandq being the only functions that contain but

r=m,(Xy- X)+ my(Y%- D+ m( 2- 2
=cosf cob K,- X.} (sim sih dost aos kinY)¢- ¥ )

+ (- cow sinf cos+ sim sin X,- Z. )
\ L

W:m(coswsirf cos sim sin Y- Y. )

+ (sinw sinf cok + cos sin X, - Z. )
=-my(Ya- XF m( 4 2)

similarly we can find that

T _

W - rrbs(YA' %)"’ r@z( A %)



substituting and simplifying

d11 =

0-
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cdmne ¥ m(z 2} oWy ¥ Wz 4

2

q

:%[r[- M- Y m(z 2} b om(y ¥ w-z d

The remaining partial derivatives are similarly éieyped. The following is a list of all the
necessary coefficients for the equations solvimgtfe nine unknowns, using the shorthamd

elements where possible:

d11 = %[r[ m33(YA' %)"’ msz( Zx %)} ‘h f&( X '@Ef Eﬁi 'AZ cj]

dlzzé[r[cosf (Xp- X siw sif Y- Y.) cos sin & Z )]

- g sinf cog (Xj

XY siw cds dos Y ¥ )

- cow cos$ cas 4,- Z. )]

f
d13 = - a[mzl( XA' Xc)"' r@z( X’ X){' T’Q( Z«- @]

f
d14 = - ?(rmsf qmm)

f
d15 =" ?(rmsz' qmtz)

f
d16 = ?(rmss' qmle)
d17 =1
dg=0
d19 = a

d21 = é[s{ r@s(YA' %)"’

m(z 2} o my & m-z H
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dzzzé[s[cosf(x,\- X )t siw sif (Y,- ¥) cos sin & Z )]

- q[sinf sirk (X,- X.¥} simw cas sin Y- ¥ )
+ cosw cog sih £, - Z. )]

f
d23 = a[mll( XA ) Xc)"' I'le( K' ¥)+ TE( ; @]
d24 = - qf_z(snh' qnil)

f
dys = - ?(Sn}z' qn,)

f
26 '?(3%3' qn,)

O oo o
N
I 11
)

o R N7,



APPENDIX C
QUATTRO PRO RESECTION PROGRAM
Initial Condition Sheet

Collinearity Resection Solution

Zan Strausz, 30 March 2001

Solving for interior and exterior orientation (9 unknowns)
INITIAL CONDITION

measured coordinates

Photo Ground

Cont. Pts Xp yp X Y Z
A 109.745 54.550 639.16 4005.30 52.78
B 88.490 55.140 631.70 4008.36 52.79
C 153.340 57.355 608.17 3973.78 52.79
D 82.730 59.810 600.74 3976.90 52.72
E 89.655 49.807 633.38 4008.09 51.32
F 149.015 40.632 608.14 3974.27 50.98
G 137.185 48.658 612.52 3978.38 51.68
H
|
J
K
L
nocp X 7

initial estimates iofixed? no
omega 90
phi -45 nounk 9
kappa 0
XCO 585.7
YCO 3964.9
ZCO0 52.3
f 80
x 0 180
y 0 120

maximum diffs
dangle 0.0001
dcoord 0.01

maximum iterations
imax 50
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Iteration Sheet

ITERATIONS
it_no 28
initial estimates deg. rad.
omega 161.876 2.82526 XC 592.104 foc 112.088
phi -55.205  -0.9635 YC 3967.3 PPx 176.752
kappa 68.4518 1.19471 ZC 52.2709 PPy 125.206
alpha  77.8025 solved diffs. rad. deg.
tilt . 122.842 do 1.3E-06 7.3E-05
swing _ 0.18334 dp 4.8E-07 A 2.7E-05
dk 9.2E-07 5.3E-05
dXxc 3.2E-06
rotation matrix dyc 3.3E-06
m_11  0.20959 dzC 2E-07
m_12  -0.9778 dx_0 1.7E-05
m_13  0.00269 dy O 1.8E-05
m_21  -0.5308 df -0.0001
m_22  -0.1115
m_23  0.84016
m_31  -0.8212 max diff test
m_32 | -0.1775 maxtst | 1

m_33  -0.5423

D_matrix -31.574 16.5993 -70.651 -1.7192 2.13966 -0.8022 1 0 -0.5977
-110.25 -99.364 66.9922 0.03225 -0.0011 -2.9013 0 1 -0.6303
-50.991 15.1757 -70.34 -2.4103 2.33969 -1.2123 1 0 -0.7945
-135.53 -86.873 89.0511 0.04311 0.00016 -3.3008 0 1 -0.6275
-9.3455 30.1158 -67.544 -2.8833 7.21762 -0.864 1 0 -0.2029
-57.974 -120.68 22.7436 0.27512 0.03438 -8.9435 0 1 -0.6026
-59.038 19.0857 -65.423 -11.132 10.2794 -5.6688 1 0 -0.838
-137.73 -80.326 93.9346 0.63778 0.09727 -14.343 0 1 -0.5837
-45.033  11.727 -75.2 -2.3208 2.3214 -1.1581 1 0 -0.769
-135.54 -92.774 86.1903 -0.0557 -0.0211 -3.3223 0 1 -0.6709
1.89701 23.8835 -84.827 -3.4083 7.63002 -1.1409 1 0 -0.2523
-71.527 -137.28 28.2783 -0.7419 -0.1872 -10.227 0 1 -0.7568
-9.9185 21.0487 -76.506 -3.0561 5.56764 -1.1921 1 0 -0.3561
-81.675 -120.54 39.9153 -0.1812 -0.0591 -7.3681 0 1 -0.6826

Blocks containing matricds, D', D'D, D'L, and(D'D)"are also included on this sheet, but not
shown here.
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Control Point Calculation Sheet

CONTROL POINT SOLUTIONS
Control points cp_nho

Ground Coord. Diffs

DX £ 20.4162

DY £ 11.0802

DZ _-0.5909
rs,q

r _ -6.5567

s -12.567

q -18.412

d coefficients

d 11 _ -9.9185
d 12 21.0485
d 13 _ -76.506
d 14 _ -3.0561
d 15 _5.56763
d 16 _ -1.1921
d_17 1
d_18 0
d 19 _ -0.3561
d21 _ -81675
d 22 _ -120.54
d 23 399153
d 24 _ -0.1812
d 25 _ -0.0591
d 26  -7.3681
d_27 0
d_28 1
d 29 _ -0.6826

Current Pt
Xp yp X Y
137.185 48.658 612.52 3978.38

P coord diffs.
xp_F . 0.34808
yp_G | -0.042

Z
51.68
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Residual Calculation Sheet

RESIDUALS

V_Xxa . 0.014984
v_ya . 0.005451
v_xb . -0.78895
v_yb . -0.27371
V_XC _0.668646
vV_yc . 0.306884
v_xd . 0.08764
v_yd . -0.02732
v_xe . 0.906888
v_ye . 0.19949
v_xf . -0.54113
v_yf . -0.25281
V_Xg . -0.34808
vV_vyg . 0.042025
v_xh 0
v_yh 0
V_Xi 0
V_yi 0
V_Xj 0
V_Yj 0
v_xk 0
v_yk 0
v_xl 0
vyl 0

DXX

8.7E-07 L _res
-2.2E-05
4.7E-07
-2.8E-05
-9.9E-07
-1.2E-05
1.7E-07
-2.9E-05
-1.1E-06
-2.8E-05
5.5E-07
-1.5E-05
9.4E-09
-1.6E-05

-0.01498
-0.00547
0.78895
0.273687
-0.66865
-0.3069
-0.08764
0.027294
-0.90689
-0.19952
0.54113
0.252798
0.348079
-0.04204
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List of Cell Formulae

Cell Address Formula

nocp initial:B22 @COUNT(C10..C21)

orad iteration:D7 @RADIANS(omega)

prad iteration:D8 @RADIANS(phi)

krad iteration:D9 @RADIANS(kappa)

iteration:C11 @DEGREES(@ATAN((-m_31)/(-m_32)))
iteration:C12 @DEGREES(@ACOS(m_33))
iteration:C13 @DEGREES(@ATAN((-m_13)/(-m_23)))

dodeg iteration:H12 @DEGREES(do)

dpdeg iteration:H13 @DEGREES(dp)

dkdeg iteration:H14 @DEGREES(dk)

maxtest iteration:G24 @AND(@ABS(dodeg)<dangle, @ABS(dpdeg)<dangle, @ABS(dkdeg)<dangle, @ABS(dXC)<dcoor
d,@ABS(dYC)<dcoord, @ABS(dZC)<dcoord, @ABS(dx_0)<dcoord, @ABS(dy_0)<dcoord, @ABS(
df)<dcoord)

m 11 iteration:C17 @COS(prad)*@COS(krad)

m 12 iteration:C18 @SIN(orad)*@SIN(prad)*@COS(krad)+@COS(orad)*@SIN(krad)

M 13 iteration:C19 -(@COS(orad)*@SIN(prad)*@COS(krad))+@SIN(orad)*@SIN(krad)

m 21 iteration:C20 -@COS(prad)*@SIN(krad)

m 22 iteration:C21 -(@SIN(orad)*@SIN(prad)*@SIN(krad))+@COS(orad)*@COS(krad)

m 23 iteration:C22 @COS(orad)*@SIN(prad)*@SIN(krad)+@SIN(orad)*@COS(krad)

m 31 iteration:C23 @SIN(prad)

m 32 iteration:C24 -@SIN(orad)*@COS(prad)

m_33 iteration:C25 @COS(orad)*@COS(prad)

DX ContPt:C7 +X-XC

DY ContPt:C8 +Y-YC

DZ ContPt:C9 +Z-72C

r ContPt:C15 +m_11*DX+m_12*DY+m_13*DZ

S ContPt:C16 +m_21*DX+m_22*DY+m_23*DZ

q ContPt:C17 +m_31*DX+m_32*DY+m_33*DZ

d 11 ContPt:C21 (foc/(g"2))*(r*(-m_33*DY+m_32*DZ)-q*(-m_13*DY+m_12*DZ))

d_12 ContPt:C22 (foc/(g™2))*(r*(@COS(prad)*DX+@SIN(orad)*@SIN(prad)*DY-@COS(orad)*@SIN(prad)*DZ)-q*(-
@SIN(prad)*@COS(krad)*DX+@SIN(orad)*@COS(prad)*@COS(krad)*DY-@COS(orad)*@COS
(prad)*@COS(krad)*DZ))

d_13 ContPt:C23 -(foc/q)*(m_21*DX+m_22*DY+m_23*DZ)

d 14 ContPt:C24 -(foc/g"2)*(r*m_31-g*m_11)

d 15 ContPt:C25 -(foc/g"2)*(r*m_32-g*m_12)

d 16 ContPt:C26 -(foc/g"2)*(r*m_33-g*m_13)

d_17 ContPt:C27 1

d_18 ContPt:C28 0

d 19 ContPt:C29 -r/q

d 21 ContPt:C30 (foc/g"2)*(s*(-m_33*DY+m_32*DZ)-g*(-m_23*DY+m_22*DZ))

d_22 ContPt:C31 (foc/g"2)*(s*(@COS(prad)*DX+@SIN(orad)*@SIN(prad)*DY-@COS(orad)*@SIN(prad)*DZ)-g*(
@SIN(prad)*@SIN(krad)*DX+@SIN(orad)*@COS(prad)*@SIN(krad)*DY+@COS(orad)*@COS(p
rad)*@SIN(krad)*DZ))

d_23 ContPt:C32 (foc/g)*(m_11*DX+m_12*DY+m_13*DZ)

d 24 ContPt:C33 -(foc/g"2)*(s*m_31-g*m 21)

d 25 ContPt:C34 -(foc/g"2)*(s*m_32-g*m_22)

d 26 ContPt:C35 -(foc/g”2)*(s*m_33-g*m_23)

d_27 ContPt:C36 0

d_28 ContPt:C37 1

d 29 ContPt:C38 -s/q

xp_F ContPt:G21 +xp-PPx+(foc*r/q)

yp_ G ContPt:G22 +yp-PPy+(foc*s/q)

Residuals:B3 +DXX-L res
Residuals:B4 +E4-G4
Residuals:B5 +E5-G5
Residuals:B6 +E6-G6
Residuals:B7 +E7-G7
Residuals:B8 +E8-G8
Residuals:B9 +E9-G9
Residuals:B10 +E10-G10
Residuals:B11 +E11-G11
Residuals:B12 +E12-G12
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Cell Address Formula
Residuals:B13 +E13-G13
Residuals:B14 +E14-G14
Residuals:B15 +E15-G15
Residuals:B16 +E16-G16
Residuals:B17 +E17-G17
Residuals:B18 +E18-G18
Residuals:B19 +E19-G19
Residuals:B20 +E20-G20
Residuals:B21 +E21-G21
Residuals:B22 +E22-G22
Residuals:B23 +E23-G23
Residuals:B24 +E24-G24
Residuals:B25 +E25-G25
Residuals:B26 +E26-G26
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Macro Commands

Name

Code

_initialize

;set initial parameters}

;set counters to 0}

let it_no,0}

;no of unknowns, control pts}

IF iofixed?="yes"}{let nounk,6}

IF iofixed?<>"yes"{let nounk,9}

;size and name matrix blocks}

sizmat}

;clear diffs}

blank diffs}

;put starting estimates in iteration}

let omega,omega0}

let phi,phiO}

let kappa,kappa0O}

Tet XC,XCO}

Tet YC,YCO}

let ZC,ZC0}

let foc,f 0}

let PPx,x_0

let PPy,y 0

_iteration

;iteration loop}

;increment iteration counter}

letit_no,it no+1}

;reset control point counter}

let cp_no,0}

;control points, loop until done}

conpt}

;matrix calculations}

;find D transpose}

BlockTranspose D_matrix,D_trans}

;calc DtXL}

multiply.matrix_1 D_trans}

multiply.matrix_2 L_matrix}

multiply.destination DtXL}

multiply.go}

;calc DtXD}

multiply.matrix_1 D_trans}

multiply.matrix_2 D_matrix}

multiply.destination DtXD}

multiply.go}

;calc DtXD inverse}

invert.source DtXD}

invert.destination DtXD1}

invert.go}

;now calc diffs.}

multiply.matrix_1 DtXD1}

multiply.matrix_2 DtXL}

multiply.destination diffs}

multiply.go}

;apply diffs to estimated values}

let omega,omega+dodeg}

let phi, phi+dpdeg}

let kappa,kappa+dkdeg}

Tet XC XC+dXC}

let YC,YC+dYC)

let ZC,ZC+dZC}

let foc,foc+df}

let PPx,PPx+dx 0}

let PPy,PPy+dy 0}

;test solution}

IF_ maxtst=1Hquit}
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Name

Code

IF it_no>=imax}{quit}

branch _iteration}

quit}

_conpt

;control point calculations}

;increment cp counter}

let cp_no,cp_no+1}

;get control pt. measured values}

IF cp_no=1}blockcopy cpA,xp

IF cp_no=2}blockcopy cpB,xp

IF cp_no=3}blockcopy cpC,xp

IF cp_no=4}blockcopy cpD,xp

IF cp_no=5}blockcopy cpE,xp}

IF cp_no=6}{blockcopy cpF,xp}

IF cp_no=7¥blockcopy cpG,xp}

IF cp_no=8Hblockcopy cpH,xp}

IF cp_no=9¥blockcopy cpl,xp}

IF cp_no=10Kblockcopy cpJ,xp}

IF cp_no=11}blockcopy cpK,xp}

IF cp_no=12Kblockcopy cpL,xp}

fillD}

fillDiff}

IF cp_no<nocpKBranch _conpt}

return}

~HID

;place d coeff's in D Matrix}

put D_matrix,0,(cp_no-1)*2,d_11

put D_matrix,1,(cp_no-1)*2,d_12

put D_matrix,2,(cp_no-1)*2,d_13

put D_matrix,3,(cp_no-1)*2,d_14

put D_matrix,4,(cp_no-1)*2,d_15

put D_matrix,5,(cp_no-1)*2,d_16

IF nounk=6}branch _endfl1}

put D_matrix,6,(cp_no-1)*2,d_17

put D_matrix,7,(cp_no-1)*2,d_18

put D_matrix,8,(cp_no-1)*2,d_19

_endfll

put D_matrix,0,(cp_no-1)*2+1,d 21

put D_matrix,1,(cp_no-1)*2+1,d_22

put D_matrix,2,(cp_no-1)*2+1,d_23

put D_matrix,3,(cp_no-1)*2+1,d 24

put D_matrix,4,(cp_no-1)*2+1,d_25

put D_matrix,5,(cp_no-1)*2+1,d_26

IF nounk=6}branch _endfl2}

put D_matrix,6,(cp_no-1)*2+1,d_27

put D_matrix,7,(cp_no-1)*2+1,d_28

put D_matrix,8,(cp_no-1)*2+1,d_29

_endfl2

return}

_fillDiff

;place photo coord diffs in matrix}

put L_matrix,0,(cp_no-1)*2,xp F}

put L_matrix,0,(cp_no-1)*2+1,yp G}

return}

_sizmat

;subroutine to size matrices}

blockname.delete D_matrix}

blockname.create D_matrix,+@cell("address",D_matrixi)&".."&@indextoletter(@cell("col",D_matrixi)+(nounk-

blockname.delete L_matrix}

blockname.create L_matrix,+@cell("address",L_matrixi)&".."&@indextoletter(@cell("col",L_matrixi)-

blockname.delete D_trans}

blockname.create D _trans,+@cell("address",D_transi)&".."&@indextoletter(@cell("col",D_transi)+(2*nocp-

blockname.delete DtXD}

blockname.create DtXD,+@cell("address",DtXDi)&".."&@indextoletter(@cell("col",DtXDi)+(nounk-

blockname.delete DtXD1}

blockname.create DtXD1,+@cell("address",DtXD1i)&".."&@indextoletter(@cell("col",DtXD1i)+(nounk-

blockname.delete DtXL}
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Name Code
{blockname.create DtXL,+@cell("address",DtXLi)&".."&@indextoletter(@cell("col",DtXLi)-
_resid ;subroutine to calc residuals}
;calc DXX}

multiply.matrix_1 D_matrix}

multiply.matrix_2 diffs}
multiply.destination DXX}

multiply.go}

;copy L_matrix}

blockcopy L _matrix,L _res}




Name Block Address

conpt Macros:B71

fill Macros:B93
_fillD Macros:B93
fillDiff Macros:B117
_initialize Macros:B5
iteration Macros:B25
_sizmat Macros:B123
Cont. Pts Initial:C9..G9
cp_no ContPt:D4

CpA Initial:C10..G10
cpB Initial:C11..G11
cpC Initial:C12..G12
cpD Initial:C13..G13
CcpE Initial:C14..G14
cpF Initial:C15..G15
cpG Initial:C16..G16
cpH Initial:C17..G17
cpl Initial:C18..G18
cpJ Initial:C19..G19
cpK Initial:C20..G20
cpL Initial:C21..G21
d 11 ContPt:C21
d 12 ContPt:C22
d 13 ContPt:C23
d 14 ContPt:C24
d 15 ContPt:C25
d 16 ContPt:C26
d 17 ContPt:C27
d 18 ContPt:C28
d 19 ContPt:C29
d 21 ContPt:C30
d 22 ContPt:C31
d 23 ContPt:C32
d 24 ContPt:C33
d 25 ContPt:C34
d 26 ContPt:C35
d 27 ContPt:C36
d 28 ContPt:C37
d 29 ContPt:C38
D_matrix Iteration:B29..J42
D matrixi Iteration:B29

D trans Iteration:B90..098
D _transi Iteration:B90
dangle Initial:C37
dcoord Initial:C38
df Iteration:G20
diffs Iteration:G12..G19
dk Iteration:G14
dkdeg Iteration:H14
do Iteration:G12
dodeg Iteration:H12
dp Iteration:G13
dpdeg Iteration:H13

Dt Iteration:B90..Y98
DtXD Iteration:B101..J109
DtXD1 Iteration:B111..J119
DtXD1i Iteration:B111
DtXDi Iteration:B101
DtXL Iteration:B121..B129
DtXLi Iteration:B121
DX ContPt:C7
dx 0 Iteration:G18
dXC Iteration:G15

ContPt:C8

a7

List of Block Names

dy 0 Iteration:G19
dYC Iteration:G16
DZ ContPt:C9
dzC Iteration:G17
f0 Initial:C32
foc Iteration:J7
imax Initial:C41
iofixed? Initial:F25
it no Iteration:C4
kappa Iteration:C9
kappaO Initial:C28
krad Iteration:D9
L_matrix Iteration:B63..B76
L_matrixi Iteration:B63
m 11 Iteration:C17
m 12 Iteration:C18
m 13 Iteration:C19
m 21 Iteration:C20
m 22 Iteration:C21
m 23 Iteration:C22
m 31 Iteration:C23
m 32 Iteration:C24
m 33 Iteration:C25
maxtst Iteration:G24
nocp Initial:C22
nounk Initial:F27
omega Iteration:C7
omega0 Initial:C26
orad Iteration:D7
phi Iteration:C8
phiO Initial:C27
PPx Iteration:J8
PPy Iteration:J9
prad Iteration:D8
q ContPt:C17
r ContPt:C15
resids Residuals:B3..B26
S ContPt:C16
X ContPt:H8

X 0 Initial: C33
XC Iteration:G7
XCO Initial:C29
Xp ContPt:F8
xp_F ContPt:G21
Y ContPt:18

y 0 Initial:C34
YC Iteration:G8
YCO Initial: C30
yp ContPt:G8
yp G ContPt:G22
Z ContPt:J8
ZC Iteration:G9
ZC0 Initial:C31
YCO Initial: C30
YL Iteration:G8
YLO Initial: C30
yp ContPt:G8
yp G ContPt:G22
Z ContPt:J8
ZC Iteration:G9
ZC0 Initial:C31
ZL Iteration:G9
ZL0 Initial:C31




APPENDIX D

FIELD DATA

Date - 7 April 2001

Total Station - Nikon DTM-A20LG, ser. no. 820688
EDM corrections - 12 deg. C, 29.9 in.Hg

Distances in meters, Angles as deg.min.sec

Location of Control Points Relative locations of Base Points
To Az Zenith Angle Total Station at pt. A (H.l. - 1.395)
To Tgthgt Az Zenith Angle Horiz. Dist.

From A (H.I. - 1.395) B 1.620 359.59.30 80.32.25 20.494
B  00.00.00 - C 1.620 72.23.25 76.54.00 22.318
1 24.06.00 88.22.55
2  45.05.35 88.25.40
3  41.16.55 89.28.30
5 25.22.50 93.12.00
6  44.08.45 93.04.25
7  41.34.05 91.05.15
9  40.30.05 90.30.20

From B (H.I. - 1.385)
A  00.00.00 -
1 2755752 106.24.18
2 286.10.27 98.51.02
3 236.45.10 92.38.40
4 2440658 92.43.18
6 286.22.42 105.14.32
8 243.05.25 94.40.50
9

From C (H.l. - 1.405)
A  00.00.00 -
3 134.33.35 95.22.55
4 1442412  95.19.55
7 134.4952 97.39.00
9 131.18.22 97.40.30
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