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.ens Characteristics as Related to

Todel Flatness

.P. KATIBAH, Supervising Photogrammetrist, California Division of Highways

Stereomodel deformations which are directly attrib-
utable to optical characteristics of any part of a lens
system are notably of a systematic nature. Although
these errors may be within the usual specifications
for contours (90 percent within % contour interval),
their systematic trend can conceivably have a signifi-
cant influence in the calculation of earthwork quanti-
ties from highway design maps.

An analytical study has been conducted to ascer-
tain the effect of individual optical elements of the
lens system, including camera lenses, projection
lenses, and diapositive glass. Because of its ex-
tensive use in highway design mapping, the study
hinges on Kelsh-type plotting instruments. In con-
junction with these instruments, such camera lenses
as the Metrogon, Aviogon, Pleogon, and Planigon are
discussed. Procedures for testing plotting equipment
and isolating causes of deformation are outlined. Data
are derived for compensation of combined distortion,
within minimum tolerances, for the restitution of
stereomodels relatively free from deformations caus-
ing systematic errors.

USE of photogrammetric data and maps for highway location and design is generally
cepted by most highway departments. Whether or not photogrammetric surveys are
fficiently reliable for payment of earthwork quantities is a topic of current interest,
 there are great potential savings in manpower which can be realized by obtaining
rthwork quantities from photogrammetric data. Research work by the California
vision of Highways has shown that the most important factor in the accuracy of
rthwork quantities is the vertical accuracy of the survey measurements (§). In-
stigation of photogrammetric map accuracies (é) had demonstrated that photogram-
etric measurements can be of an accuracy which justifies statistical analysis, es-
cially if systematic errors and blunders are eliminated.

The causes of errors in the photogrammetric system are extremely difficult to
olate. Perfect restitution of the stereomodel, point for point, is undoubtedly an ideal
uation which is not attained in everyday practice. Every stereomodel is deformed
some extent, and it is the degree of deformation which determines whether or not it
1 be detected. In this country, where film-base photography is the accepted medium
stead of glass-plate photography, there is a tendency to dispose of all deformation

a function of instability of the film-base. Although the film-base perhaps remains
> most important single cause of model deformation, other causes should not be

2 rlooked or quickly branded as playing a relatively minor roll in the over-all prob-
m. By analyzing the cause of individual errors, the necessary data can be compiled
a basis for distortion compensation. After compensation is accomplished, the
 idual errors would tend to be of a random nature rather than systematic. The re-
Its, then, would lend themselves to valid statistical analysis, which in turn would
ke the science of photogrammetry more useful for detailed engineering studies.
There are two broad sources of error which can be accounted for to some extent
the photogrammetrist; namely, instrument calibration and the characteristics of

1
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the lens components in the total system. The scope of this study encompasses only th
latter considerations, especially those associated with Kelsh-type plotters because the
instruments are undoubtedly far more important in the production of highway design
mapping than any other type. There is adequate literature dealing with instrument
calibration (1, 9), and no particular need exists at this time to elaborate on the subje
There is also considerable literature covering cameras and camera lenses, as well a:
plotting equipment, but there is a lack of coverage, available to the practicing photo-
grammetrist, which includes all the lenses in a photogrammetric system, relating
them to the final product; that is, the stereomodel.

The significant feature of the Kelsh-type plotter is the formation of the stereomode
by direct projection of the 9- by 9-in. diapositive. This solution of the photogramme
problem was first made by Harry T. Kelsh in the years immediately following World
War II. The best known instrument of this group is the Kelsh plotter as manufacture
by the Kelsh Instrument Company. A variation of it is the Nistri-Photomapper, manu
factured by the O. M. 1. Corporation of Rome, Italy. Other commercial makes have
appeared on the market, but regardless of manufacturer they all share the identical
feature of direct projection of the original negative size. This solution permitted
simplification of instrument design, thereby making it possible to produce a relativels
inexpensive instrument capable of forming a large-size model. In common with all
direct projection instruments, the model scale is a function of the magnification facto
of the projection lens.

The perfect restitution of the model depends entirely on whether or not the cone
of rays emerging from the projection lens is angularly identical with the cone of
rays received by the camera lens. Any deviation whatsoever of the projected rays
from their original entrance paths will contribute to model deformation. Causes for
deviations may be divided into three broad independent groups, as follows:

1. Mechanical—imperfections in instrument fabrication and/or unsatisfactory cali
bration;

2. Photographic—any shift of the image position on the aerial film or on the dia-
positive after exposure; and

3. Optical—lack of data pertaining to lenses, or failure to compensate for radial
distortion.

Because this paper is concerned with only optical causes, mechanical and photo-
graphic causes will not be dwelled on in further discussion.

ANALYSIS OF MODEL ERRORS

A mathematical analysis of a stereomodel provides a method of predicting model
deformation in terms of vertical error. The usual assumptions are that the photo-
graphs are truly vertical, and that any two exposures comprising a stereo pair are
identical in scale. In addition, a base-height ratio and a width-height ratio must be
assigned to determine the size of the neat model. The data for analysis are the dis-
tortion values of any lens component in the system. These are customarily given in
the calibration report.

Of the various methods of computation, the one devised by J.G. Lewis (6) has bee
used in this report. Lewis' method analyzes vertical errors of 16 points that are we.
distributed in 52 locations in the total model area, with 32 of them being in the neat
model area. The distribution of the points in relation to a 25-mm grid model is shov
in Figure 1 and similar figures referred to in the text. The neat model in Figure 1
is the rectangular area with the corners marked by triangles. The base-height ratio
is 0.62 and the width-height ratio is 1. 12, which corresponds to a neat model size of
3.72 by 6.72 in. at photo scale. Thisisa realistic size for large-scale design map-
ping. Another method of computation is given by Friedman (3) which also is satis-
factory providing base-height and width-height ratios are modified to fit conditions
usually associated with larger scales.

The distortions in a system accumulate algebraically. One may begin an analysi:
with the algebraic sum of all the known distortions to determine the resulting vertic:

’




rror in the model, or the known dis-
) rtions can be separated according to
ns component, analyzed individually,
nd the separate results at each point
| ded to arrive at the final vertical
rror. Either way will yield the same
1swers. However, if calibration data
re available for the camera lens only,
1e components will have to be separated
or analysis, and the final results in the
.odel determined by adding the separate
rors. This makes it necessary to re-
rt to methods of analysis other than
athematical to determine errors by the
rojection lens of the plotting instrument.
_calibration report is very seldom avail-
ble for a projection lens.

Probably the most effective method for
sting performance of a projection lens
 the "'grid model”" method. Precise
'ids on glass are used as diapositives
| the formation of a grid model with a
ase-height ratio equivalent to the value

ed in mathematical analysis. Vertical .
rrors are determined by reading the o \
0

odel at the optimum projection distance. -- N a 07
perfectly restituted model would read N \.._/.g\_,//
5 a truly plane surface, whereas any - 5\\g\ CH=— N W7

§/\\///4 L

formation would show as a vertical L89% - o Tes
parture from this criterion. Grid Assumptions: Camera and projection
odel deformations are a result of all lenses distortion-free

rrors associated with the plotter, and

rve as a final test of the over-all per- Ins;‘[gg’:'lengé a?ﬁ:pfoi:‘ftiogop%.gtter
rmance of the instrument. The instru- Contour Interval: 0.1 ft

ent, therefore, must be carefully cali- B/H = 0.62 W/H = 1,12

ated and tested to minimize the influ- 25 mm grid at model scale

ce of mechanical sources of error. As-

ming that all other sources of errors Figure 1. Model deformation caused by

. 0.06-in. thick glass.
ve been accounted for, the resulting gl

rtical errors in the grid model are at-
. butable to the distortion in the pro-
 tion lens.

CAMERA CALIBRATION

Most mapping projects require the use of nominal 6-in. photography, with several
signs of lenses available in cameras of different manufacture. The calibration re-
rt which accompanies a cartographic camera assures the user that the camera was
signed and manufactured to certain standards, and further provides detailed data
rtaining to focal length, distortion pattern, and resolving power of the lens as mount-
‘in the camera. Cameras which have not been certified by a qualified testing agency
uld not be used for cartographic photography.

Although calibration reports contain basic data important to the user, there is a

concerting lack of uniformity among reporting agencies in the manner of presenta-

n, which may occasion doubt as to the consistency of results. To illustrate, the
lowing four agencies present data in varying ways and to different tolerances:

U.S. Bureau of Standards: Lists both equivalent and calibrated focal lengths to a
ted tolerance of * 0.10 mm. Six distortion values are given to a stated tolerance
¥ 0.02 mm, based on both E.F.L. and C.F.L.




Fairchild Camera and Instrument Corporation: Lists both equivalent and calibratec
focal lengths to a stated tolerance of ¥ 0.10 mm. Eleven distortion values are given t
a stated tolerance of * 0.01 mm, based on both E.F.L. and C.F.L.

Zeiss-Aerotopograph: Lists calibrated focal length to a stated tolerance of £ 0.02
mm. Fourteen distortion values are given to a stated tolerance of ¥ 0,002 mm, pre-
sumably based on C.F. L.

Wild-Heerbrugg Instruments, Inc.: Lists calibrated focal length with no stated
tolerance. Eight distortion values are given with no stated tolerance, presumably
based on C.F.L.

The apparent confusion in data presentation is noted here because it is a situation
with which the practicing photogrammetrist must cope. It does not necessarily mean
the data are not usable: it does mean, however, that dataarenottransferablefrom the
terms of one agency into the terms of another agency, so that two cameras reported
individually by two agencies cannot be compared on a uniform basis. This is particu-
larly annoying because the photogrammetrist is forced to regard any camera report
as absolute, unless of course evidence exists to the contrary.

Procedures for camera calibration are explicitly explained by Sewell (1 ), and Wast
and Case (14). The latter reference applies to U.S. Bureau of Standards methods.
Washer has further enumerated and described the various sources of errors associate
wigh camera calibration and their effect on the accuracy of the calibration (10, 11, 12
13).
~ The calibration data with which the photogrammetrist is mainly concerned are the
resolution, distortion pattern, and the focal length. A "high performance lens' is one
which exhibits high resolving power and low distortion. These terms imply that a
high performance lens is capable of producing photographs of exceptional clarity and
detail, and at the same time can be used for photogrammetric measurements without
correcting for displacement of images caused by deviations in the light rays passing
through the lens. Because all lenses exhibit distortions, however small, no lens can
be labeled "distortion-free," and the effect of the residual distortions must be analyz
to verify the ultimate effect on the stereomodel. The focal length, of course, is nece
sary to correctly adjust the principal distance of the projectors in order to recover
the proper perspective geometry of the exposures.

RESULTS OF INVESTIGATIONS
Diapositive Glass

Kelsh plotter procedure normally requires only two lens components in completin
the optical path from the exposure of a ground area to the projection of it onto the
platen. The lenses involved are the camera lens and the projection lens, It is cur-
rently normal procedure to make the diapositives by contact printing through the film
base, using a point-source light, in order to register a reverse image. This permit:
the diapositives to be placed emulsion-surface down in the projectors. This produce:
the same results as a one to one ratio projection printer, but eliminates an optical
step.

If the diapositive is made emulsion to emulsion in a contact printer the photo-imag
will have to be projected through the glass. This procedure introduces an optical
step because the glass is actually a lens, each surface being of infinite radius. The
light rays transmitting the image through the glass will be refracted, causing a dis-
tortion which will result in model deformation. Distortion values can be readily de-
termined for glass of any particular thickness considering the angular distance from
the axis of the lens system according to the tabular values on page 47 of the "Manual
of Photogrammetry"” (2).

Printing diapositives emulsion-side up on 0.06-in. thick glass is still in practice,
mostly because of the lower costs of materials and the facility of conventional printi
methods. The 0.06-in. thick glass does not measure up to the quality of the thicker
glass currently available for diapositive materials, as indicated in the brochures of
the commercial outlets. Experience shows that it requires support in the middle to
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revent sag, and there is the possibility of wedge effect caused by the lack of parallel-
3 m between the two planar surfaces.

The distortion values for 0, 06-in. thick glass are given in Table 1. Using these
istortion values, 16 points distributed in 52 locations in the stereomodel can be com-~
uted, yielding results in terms of vertical errors, or deviations from a truly plane
urface. Computational results are given in Table 2 at model scale in millimeter units,
nd in equivalent feet at a scale of 1 in. =50 ft, the usual design mapping scale required
y the California Division of Highways.
he location of the points in relation to
'25-mm grid model (5-mm diapositive

rids enlarged 5 diameters) is shown in TABLE 1
igure 1. The contours have been in- DIAPOSITIVE GLASS DISTORTION?
 rpolated between computed values to
2 pict the expected model deformation, Angle Off Axis Distortion
hich is a "dished" effect approaching (deg) (mm)

ft in equivalent value at the model 5 0. 000
' nter. °

The close agreement between com- ig 8 88%
 ted and actual values demonstrates the 20 0' 013
alidity of the computational approach, 25 0' 026
nd of course is a tribute to the skill- 30 0. 048
- ness of the instrument operator inas- 35 0. 081
wch as he had no prior knowledge of the 40 0' 130
omputed values. The biggest spread 45 0'202

etween computed and actual values
ccurred at points H and S, both far out- *Emulsion surface up on 0.06-in. thick glass.
de the neat model area within about %

. from the margin of a corresponding

10tograph. Point P was so far outside the neat model area that it was beyond the phy-
cal limitations of the instrument, and therefore could not be read. Inasmuch as

TABLE 2
VERTICAL ERRORS IN MODEL?

Actual

Comp. Vert. Error Average Reading

Point (mm)P (£t)° (et)d
A -0.415 -0.82 -0.85
B -0.320 -0.63 -0.75
C -0.180 -0.36 -0.55
D -0.015 -0.03 0.00
E -0.465 -0.92 -0.90
F -0.330 -0. 65 -0.60
G -0. 145 -0.29 -0.10
H -0.040 +0.08 +0.55
M -0.360 -0.71 -0.170
N -0.195 -0.38 -0.45
o 0 0.00 0. 00
P -0.170 -0.34 -

Q -0.175 -0.35 -0.45
R +0.015 +0. 03 +0.05
S +0.230 +0. 45 +0.75
T -0.485 -0.95 -0.95

aused by 0.06-in. thick glass, emulsion surface up.

t model scale = 5 times scale of diapositive.

t model scale = 1 in. = 50 ft.

t 1 in. = 50 ft in grid model as set up in Nistri-Photomapper.
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parallax is cleared at point O, the datum plane for the measurements is established
as passing through these four points, which are the corners of the neat model. Withir
this area the biggest spread in readings is 0.2 ft, which is actually 0.1 mm.

Although it may be physically possible to compensate for the large distortion value
exhibited by 0. 06-in. thick glass, the use of thicker plates with emulsion down is
generally considered to produce noticeably improved results. The latter plates eli-
minate an optical step in the projection system as well as remove for all practical
purposes the possibility of variations caused by sag, wedge, and glass quality.

Projection Lenses

Hypergon. —The conventional Kelsh plotter uses a Hypergon lens for projection.
These lenses have a nominal focal length of 127 mm, or 5 in. When set with a princi]
distance of 6 in. in the projector, the optimum focal plane is formed at a projection
distance of 30 in. The magnification factor of the lens in this specific situation is 5
diameters, and will vary directly with a change in projection distance. Thus, if the
relief in a model, such as a high hill, causes a projection distance of 27 in., the re-
sulting magnification will be 4.5 diameters.

There is considerable variation in Hypergon lenses with respect to focal length anc
distortion patterns. A variation in focal length does not alter the geometry of pro-
jection, therefore has no influence on model deformation. It is desirable, however,
to incorporate matched lenses in a plotter, in order to assure satisfactory model de-
finition. For instance, a variation of 0.05 in. in focal length produces a change of
almost 2 in. in optimum projection distance. The important consideration is that eac
of the two lenses have essentially the same focal length.

The variation in distortion patterns of Hypergon lenses directly influences expecte
model deformation. It is customary to separate Hypergon lenses into two groups,
relative to results in the model. The first group includes lenses which produce mod
with little or no measurable deformation, whereas the second group includes lenses
which do produce models of measurable deformation. A calibration report similar
to those associated with aerial cameras would be inconclusive because of the construc
tion and assembly of the projector unit.

The distortion pattern of a Hypergon lens is typically negative; that is, light rays
are distorted inward radially toward the principal point. As an example, Table 3
gives the values of a lens which would produce a model of measurable deformation.

A combination of two Hypergon lenses
characterized by the distortion values

TABLE 3 given in Table 3 would produce a stereo-

model as shown in Figure 2. The undula
POSSIBLE HYPERGON DISTORTION configuration of this deformed surface
generally rises above the ideal datum

Angle Off Axis Distortion
( djg ) (mm) pla.ne.
Not all Hypergon lenses produce a

5" 0.00 model surface as illustrated in Figure 2.
10 0.00 As previously mentioned, it is impractic
15 0.00 to attempt calibration of a Kelsh projectc
20 0.00 in the same manner that a camera is cali
25 -0.01 brated. The distortion of a Hypergon ler
30 -0.01 must therefore be determined by optical
35 -0.01 bench procedures for the unmounted len:
40 -0.03 In the final analysis, the only important
45 -0.03 consideration is model deformation and

not lens distortion: rather than rely sole
ly on lens calibration, a more practical
solution is the test of over-all performance by the grid model method.

Omigon. —The Omigon lens is a wide-angle type of nominal 6-in, principal distan
used in the Nistri-Photomapper. The entire projector cone is an integral unit, with
the lens permanently mounted and the fiducial marks designed to establish the focal
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, mera Lenses Figure 2. Model deformation caused by

possible Hypergon distortion.
The four camera lenses commonly

sed in this country for mapping photo-~
raphy are all of nominal 6-in. focal length, and are considered to be wide-angle lenses
r use with the 9- by 9-in. format size. Each of the four designs have individual
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Figure 3. Omigon distortion curve.




Ls ! ITE 1d [
LA +H
AT T NG
0
oé 5 30
l{—‘ -t ‘JFG <= SR [ ¥\
_Ro.__—___—f?_-l— G } I T \\ er—
TTATT BESENNENE
N e e T Ter T o
HERNEREN RN [T
T TN T
ERNNEREE IS RLAL T e H
— 4 o\ N l—_* _: - A\ X I N
T 1‘/_)5"—'}1 ed 3T ,dLl_af__i H)
1{|ﬁo '—T —ﬁ—f t r++2
—5? _ﬁl-H——”— - 1tjuo{}1-cp—
N TR o
SN e TR T ST e T
L TNL A / i
_L_IQ%:' E;} Al ‘7,’ ! 1 Q—
O P T T NG jispsgbntn
i EEEE mm
4 |
ol e H e o L
[NOTT] | ]
_RI"J;;' }'{"\ :__c__{ E an Tor
T ToA— ST T 3 ZoL1
N e e T
NN e Ry SRS
ST PEH T H et e

Assumptions: Camera lens distortion-free
Diapositives emulsion down

Instrument: 5X projection plotter
Model Scale: 1 in. = 50 ft
Contour Interval: 0.1 ft
B/H = 0.62 W/H =1.12
25 mm grid at model scale

Tigure 4. Model deformation csused by
typical Omigon lens.

characteristics with respect to radial dis-
tortion. The four designs are discussed
separately.

Metrogon. ~The Metrogon is probably
the oldest design of mapping lens current-
ly in use. The distortion characteristics
follow a general curve as shown in Figur:
5. Considering that this is 2 mapping len
the distortion pattern is quite extreme
and mustbe compensated for in the restitu-
tion of a reliable stereomodel. Figure 6
shows the expected model configuration
if Metrogon distortion is not compensated
Not all lenses will duplicate this nominal
or average curve. As an actual curve de-
parts from the average curve, model de-
formations will result from the lack of
compensation of the residual distortion.
Aspheric cams in the Kelsh Plotter for
compensation of Metrogon distortion are
usually ground for the average curve but
may be ground specifically for an individ
lens or a group of lenses if each lens in
the group exhibits a similar distortion
pattern.

Planigon. —The Planigon lens is a
post-World War II design of American
manufacture considered to be nominally
distortion-free. The alternate name of
Cartogon is used for the commercial ver-
sion of the Planigon, and the two terms
are used interchangeably.

Photogrammetrists have been aware
for many years that distortion character-
istics of Planigon lenses vary consider-
ably (§_). Examples of the variations are
shown in Figure 7, where each of the
curves was derived from calibration data
for three different cameras. The dis-

similarity of the three curves makes it virtually impossible to arrive at an average
curve for the purpose of distortion compensation. Compared with Metrogon distortio

+0l0 mm

+005 mm

0.00 mm -

—005 mm -

—Q0I0 mm

0° 5° 10° 15° 20°

Figure 5.

25° 30° 35° 40° 45

Nominal Metrogon distortion curve.




lanigon distortion does not cover a wide IE%I Q}if- b e8]
ange and individual lenses may not even FABNUERYAY Lrid
equire compensation. The nominal — VEAY ' =k
fetrogon distortion curve shows a maxi- 77 ‘ o
ium value about 10 times greater than R% / 'REI
e maximum value of Planigon curve C. / "y L

Model surfaces resulting from curves %% ' 0]
,» B, and C are shown in Figures 8,9, na774 f ) 11
1d 10, respectively. AR ' L\ -1

Aviogon. —The Aviogon lens is an ex- ;jL b il b
mple of a nominally distortion-free de- R J
gn of Swiss manufacture, and is assoc- rl

ted with the Wild RC5A and the Wild RC8
ameras.

+
- —l—-—-—l l—

RS-

l[[T}_hT
T ol

The pattern of Aviogon distortion is A —_1
articularly consistent, as indicated in N T L
igure 11-a showing curves for three BN -+
ifferent lenses. Aviogon distortion _'*_%i%\\ a a
haracteristically produces "humped" ; 1\\". o
odels (Figs. 12, 13, 14) derived from NN o
arves D, E, and F in Figure 11-a. This AN AN a G[*/{, 7 AR
haracteristic "hump" suggests the pos- 048 it _S%/ 2 07 ;j
bility of compensation using an average RN 1 B iyt
 iogon distortion curve. s T _f}j 11t L?It_lhj ‘LTr_%_E’

Pleogon. —The Pleogon lens is a Ger-

5 . . . Assumptions: ProjJection lens distortion-free
an contribution to the list of nominally P maposiiives emulsion down
stortion-free lenses, and is associated Inst &: 5X projecti Lott
‘ . strument: projection plotter
th the Zeiss RMK 15/23 cameras. Nodel Seaie: 1 in. = 50 £t

Pleogon distortion is shown in Figure Contour Interval: 0.1 ft
5-a. It is noted that Pleogon distortion B/H = 0.62 W/ = 1.12

. 25 mm grid at model scale
nds to be consistent, at least as in- &

cated bycurves G, H, J, and that the Figure 6. Model deformation -caused by
neral shape of the curves is opposite nominal Metrogon distortion.

 the general shape of the Aviogon curves

Figure 11. Pleogon models exhibit a

ightly "dished" effect as illustrated in Figures 16, 17, and 18 which have been com-
ited from the distortion values taken from curves G, H, J, respectively, of Figure 15~a.

mera Calibrator Tests

The foregoing computational results pertaining to Metrogon, Planigon, Avio-
1 , and Pleogon lenses are based entirely on calibration data derived from

—_—T
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.
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Figure 7. Variation in Planigon distortion.
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Figure 8. Model deformation caused by Figure 9. Model deformation caused by
Planigon curve A. Planigon curve B.

camera reports. The distortion values tabulated in a camera report are merely
averages of values taken at specified radial points along four radii within the
format area, using the point of symmetry for center, as obtained from camera cali~
brator tests (14). The resultant distortion curve is presumably representative of the
distortion curve along any radii. This is a basic assumption and produces symmetri
deformations in the computed model. Thus, the foregoing figures depicting model de-
formations are somewhat idealized. Deviations of computed values from actual value
at any point in the model are directly related to the magnitude of residual distortion
resulting from curve averaging. For the purpose of computing aspheric surfaces as
2 means of distortion compensation, the average curve representing the lens must be
the starting data, just as it is the starting data for computing model deformations.

A camera calibrator test procedure developed by the U.S. Geological Survey eli-
minates the derivation of distortion data by analysis of comparator measurements.
In this calibrator the collimators are arranged so that nine of them will be combined
to produce conjugate images for stereomodel testing. The arrangement of the nine
discrete points in the model is shown in Figure 19. The real advantage of the USGS
method is that the optical performance of a camera can be translated directly in ter
of model deformation. Any camera can be rapidly tested for acceptance or rejection
for use with a particular plotting instrument.

The values shown in Figure 19 apply to the same camera analyzed in Figure 14.
Note the lack of symmetry in the deformation pattern in the stereo-performance test
data, undoubtedly due to asymmetric distortion distribution of the camera lens. As




n average curve is used in mathematical
nalysis, computational results will not
ndicate asymmetric characteristics.

~ombinations of Optical Components

The investigation of individual optical
:omponents can be extended to include
ombinations of components in the over-
11 photogrammetric system. If the

»3 ' D
-

v
/ - oQ
erformance of the plotting instrument Li. ‘} —d
y the grid model method has been deter- §1‘ S o 11
1ined, and assuming other things being . E}{ ;*_’r"l .
qual, vertical errors may be attributable 90— ¢- -
ntirely to the projection lenses. The V= = 2T
ompatibility of a particular camera with - .\érf TR YT

he plotting instrument can be ascertain- TN R I A
d by combining grid model results with '

omputed results of the camera lens at
ach discrete point in the neat model area.
he total errors represent the expected
nagnitudes of model deformation, In-

T

rpolated contours in any desired unit _\'\ .
nay be drawn in order to visualize the Fhe ST T
nodel surface. Assl_xm;;tior_:s ;’rz:,je It~1o; 1-ens_dis-t;o_tio_n f‘ ee
. . 2 sas H [+ T =1
The discussion on diapositive glass Diapositives emalsion down
rovides an example. When the deforma- Inst - Jooti Lott
, . -3 : nstrument: projection plotter
ion (Fig. 1) caused by 0. 06-in. thick Model Seate: 1 im. L Bor o
lass, emulsion up, is combined with Contour Interval: 0.1 ft
ypical Aviogon deformation (Fig. 12) géﬂn; 01-33 at m%g;siﬁs
e total expected deformation is shown &
1 Figure 20, Note that vertical errors
re relatively equalized along the line Figure 10. ﬁ?&lgogeigrr::tém caused by
etween principal points, but the total )

eformation describes a dished model.
similar manner, a combination of

ypergon (Fig. 2) with Aviogon (Fig. 14) will aggravate the hump in the model center,
proximating +0.6 ft at model scale of 1 in. =50 ft.

nalysis of Errors Under Operational Conditions

Photography obtained under operational conditions is not a particularly reliable
ledium for camera testing. The analysis of errors in routine mapping projects often
rns out to be an illusive job of detective work with inconclusive results. The photo-
‘ammetrist seldom has time to make a systematic analysis, and even if he did, many
lind alleys would be encountered. He may decide that if a test area were located on
ie ground, all the necessary data could be gathered with two overlapping exposures, a
imple remedy for innumerable frustrations.

With this thought in mind, an area within a routine mapping project near Sacramento

s premarked with a general distribution of limed points just prior to the taking of
e photography. The resulting model area showing the point distribution is illustrated
. Figure 21. The premarked points shown as crosses had been established by the
apping contractor in conformance with the contract specifications. The premarked
ints shown as dots had been established by Division of Highways personnel, with the
levation of each point determined by spirit levels.

The four corner points, A, B, C, and D, were used to level the model, and the
evations of all other points read accordingly. The model was actually set in four
fferent instruments, with each instrument operated by a different individual. The
2sulting errors were averaged and compared with the known field elevations. These
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Figure 11. (a) Variation in Aviogon distortion. (b) Average of Aviogon curves D, E, F

average errors are noted along side the individual points in Figure 21.

The camera used in this test was a Wild RC8 with an Aviogon lens, in fact the samd
camera analyzed in Figure 14 and in Figure 20. The observed errors in the opera-
tional test model do not duplicate either of the other two test results point for point,
but do show the trend of deformation and the asymmetric distribution. Some unexplai
able variations exist in the operational model. For instance, a test point happened to
fall adjacent to the lower left-hand corner point D, but an error of 0.2 ft was observe
in the photogrammetric elevation. Other examples of this anomaly are evident. Pho-
togrammetric elevations of premarked points are frequently difficult to determine,
probably due to variations in image quality. Among the possible reasons for variatior
are: premarked images tend to halate; the premarking may be on sloping ground; sur:
rounding ground cover may obscure part of the premarking.

Observed errors under operational conditions may not agree with computgd errors
based on distortion data for reasons other than image quality. It was previously poin
out that certain assumptions were made relative to the geometry of the overlapping
photographs, as follows: the base-height ratio and width-height ratio was assigned to
determine the size of the neat model; both photographs comprising the stereo pair ha
identical scale values; both photographs were tilt-free. It is obvious that these speci-
fications cannot be applied to operational photography, and it follows, therefore, that
the geometry of actual exposure probably will differ from the assumed geometry used
in mathematical analysis. Because varying geometric conditions are bound to occur,
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sumptions: Projection lens distortion-free Assumptions: Projection lens distortion-free
Diapositives emulsion down Diapositives emulsion down
Instrument: 5X projection plotter Instrument: 5X projection plotter
Model Scale: 1 in. = 50 ft Model Scale: 1 in. = 50 ft
%ntogthnterva};‘ 0.1 f¢ %ntour61nterva};‘ 0.1 ft
B, = 0,62 W, = 1,12 B, = 0.62 W, =1,12
25 mm grid at model scale 25 mm grid at model scale

igure 12. Model deformation -caused by Figure 13. Model deformation caused by
Aviogon curve D. Aviogon curve E.

omparison of observed results with computed results will only verify the trend of
10del deformation. One cannot hope to definitely repeat point for point the identical
rrors.

The operational test introduces other variables not related to the distortion charac-
ristics of the various lens components, It must be remembered that each variable
ontributed to some extent, however small, to model deformation. These considera-
ons are beyond the scope of this paper, but are mentioned here as a reminder that
verational testing will not always produce the concrete evidence the photogrammetrist
asires,

DISTORTION COMPENSATION
andards for Compensation

The standards for compensation of distortion in the photogrammetric system depend
' a large extent on photogrammetric measurement requirements. The tolerances for
rotriangulation throughout many models demand a different standard than for com-
lation of individual models. Tolerances for compilation of highway design maps
mand a different standard than compilation of military maps. Standards for com-
1 sation are not well defined and are usually resolved according to the best that can
> done, because it is virtually impossible to compensate all the distortion in the sys-
m. The "best that can be done" is dependent not only on the ability of the optical
>signer and the machinist, but also on the type of plotting instrument and the ability
‘the gndividual operating it.
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A logical starting point is the plotting

H instrument, specifically the direct pro-
i . jection 5X Kelsh-type plotter. As indicat
99 e in Table 2 by the close correlation betwee
RO 7 h R computed values and values determined wi
1 a Nistri-Photomapper, the direct projec-
tion instrument is capable of very satisfac
1 ot a tory results, Within the neat model area
/- the largest discrepancy is 0.2 ft at 1 in.
=50 ft, or 0.1 mm, which when comparec
T to the optimum projection distance of 760
! mm represents an accuracy of in
Ceb {10 oL H—4P— 7,600
ESNTRT TS fo terms of flying height. Grid model tests
with this instrument using 0.250-in. thick
i diapositives, emulsion-surface down, in-
dicate that the neat model area is flat wit

. in 0.05 mm, or 15000 Readings smal
sumv, than this cannot be’made with any degree

AN S .4 b of certainty even by the sharpest sighted
5 . operators.
3 The value of 0.05 mm, defining the
NN H t1 ra plane of grid model flatness, has been us
Assumpt1 A — ti‘ I e distortienot by the California Division of Highways as
8 ons: Projection lens distortion-free 5 gpecification for a Kelsh plotter ordere:
Diapositives emulsion down from the Kelsh Instrument Company. Th
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I“;:‘;’e"i“; : agz_pgog:cticgopgtter delivered instrument was carefully tested
Contour Interval: 0.1 ft by two operators, with the joint conclusic
B/H = 0.62 W/H = 1.12 that the projected model did not exceed tt

25 mm grid at model scale specified tolerance. This value is sugge:

ed as a standard for 5X projection instru-
ments.

The second consideration is the aerial
camera. Because all camera lenses ex-
hibit some distortion, a decision must be made as to whether or not the camera is
compatible with the plotting instrument. For this purpose the computed model will
quickly reveal the expected vertical errors. In the foregoing section on camera lenst
a total of nine Planigon, Aviogon, and Pleogon lenses were analyzed. The greatest
deformations are shown in Figures 10, 13, and 14, amounting to 0.3 ft at 1 in. =50
ft, or 5000 Assuming that an operator can level on the control within 0.1 ft, resi

dual model errors attributable to camera lens distortion will occur, but will not be
detected unless control is arranged to locate the maximum range of errors. The Nis.
tri- Photomapper has no provision for compensation and, therefore, the residual erro
represent "the best that can be done." (The Nistri-Photomapper is also available wi
projectors designed to accommodate nominal Metrogon photography. ) At this time it
is not definitely known whether or not these residuals can be compensated by the cus-
tomary procedures associated with Kelsh plotters. This is discussed later in this
paper.

Figure 1I. Model deformation caused by
Aviogon curve F.

Compensation Methods

There are, in general, three possible ways to compensate distortion: (a) compen
sation in diapositive printing by optical means, (b) compensation in projection by
optical means, and (c) compensation in projection by mechanical means.

The first method would be applicable if diapositives were made witha 1 to 1 ratio
printer. It would be possible to locate an aspheric glass corrector plate in the optic
path within the printer, designed to introduce distortion values equal to the camera
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ens but opposite in direction. The resulting diapositive would be free of distortion.
This method is incorporated in the reduction printer for making of ER-55 diapositives
rom Metrogon photography. Ratio printers for contact size diapositives are not com-
mercially available.

The second method suggests the use of aspheric glass corrector plates located in
he projectors, similar to the arrangement in the Wild Autographs. As cost of the
orrector plates undoubtedly would be out of proportion to the initial cost of the pro-
ection plotter, this does not appear to be a practical solution. It is also possible to
lesign the projector lens to compensate for the camera lens distortion, in the manner
Lssociated with the Nistri-Photomapper designed to accommodate nominal Metrogon
listortion. Cost of the projector units is approximately the same as for aspheric
lass plates, which is about $1, 000 for one pair.

The third method is employed in the Kelsh plotter. It offers a practical, low-cost
olution, and is described in the following section.

heory of Distortion Compensation by Aspheric Cams

Figure 22 represents the geometry of distortion compensation for 5X Kelsh-type
lotters. The ray 1, which emanates from some object A on the ground, is directed
yward the perspective center of the camera lens and incident to it at the angle a mea-
ured from the axis of the lens system. In the ideal lens, the refracted ray 2 would
merge likewise at the angle a, recording the image in the undistorted position a'.
owever, in the event of distortion the refracted ray 3 emerges at the slightly different
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ure 15. (a) Variation in Pleogon distortion. (v) Average of Pleogon curves G,
H, J.
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angle p, recording the image in the distorted position a. The difference between a'
and a is a measure of radial distortion D on the negative. The distorted point a will
be recorded in turn on the diapositive and ultimately projected through the projection
lens. Assuming the projection lens is distortion free, point a will emerge along ray
4, coming to focus at A'. Because the lens has a magnification factor of 5 diameters,
point A' will be displaced 5D from the correct position A. The next step would be to
attempt to compensate for the distortion by changing the principal distance of the pro-
jector; that is, by moving the lens vertically the amount D {(cot a). Point a would be
projected along ray 5 parallel with the original ray 1, coming to focus at 5". In this
position it is displaced from position A by the amount D. In order to make point a
focus at position A, the principal distance is varied by 5/6 D(cot 8). This can be veri-
fied by inspection of the geometry illustrated in Figure 22.

Because the magnitude of distortion in modern camera lenses is very small, the
difference between the angles a and 8 is also very small. Sufficient accuracy will be
attained by substituting a for 8, modifying the expression for change in principal dis-
tance, accordingly:

AP.D. =5/6 D(cot a)

This equation serves as a basis for computing the aspheric surface of the distortion
correction cam, which actuates the mechanical linkage imparting vertical movement
AP.D. to the projection lens.

Figure 23 is a diagram of the lens assembly showing the linkage between the cam
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Figure 16. Model doformation caused by Figure 17. Model deformation caused by

Pleogon curve Ge. Plecogon curve H.
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and the lens barrel. The design of the F THH §] |
0 lotter permits the orientation of the cam el L1 =
stem to be made parallel with any ray A TS o
) rojected from the perspective center of CTIL “LG; I
the lens. For example, if the projected - 1 PN { 1 PR
ray defines an angle of 22 deg, the cam g BN -
stem also defines an angle of 22 deg. In -8 T ;( : .
this way the cam is rotated in the bracket I BN
so that the cam follower moves up or down 'r_ T ]

8 it rides the aspheric surface. The N AR 901
orce applied to the lever at the cam fol- f 19T FY: {
ower transmits a reaction to the pin fixed - ERRE T°:E_ 2 1 o]
o the lens barrel. In most commercial o ey +
1 odels of the Kelsh plotter the lever e Nl T PR -+ - HT
atio is 3.5:1 (Fig. 23), thereby making RN a-H5 : [ RBSe
he vertical motion of the cam follower 1= EYNEE _t__ﬁ JrpT
3.5 times greater than the vertical mo- ‘ -
ion of the lens barrel. The lens barrel & H- BT 1
s actually encased in a sleeve rigidly — > ]
ixed to the bracket. The spring applies . e -oR:

- constant downward force to the pin in JHI 1 ~-§[ﬁ e

the lens barrel, which in turn is applied o °-T ST g [ 0T
0 the lever to assure positive contact . 'Li‘ T,]'[ [ _f; j?t Fu Z;/fti }F*
yetween the cam follower and the cam P -1 ke I Littiitet+s 4’5_:]
surface. Assumptions: Projection lens distortion-free

Diapositives emulsion down

Instrument: 5X projection plotter

).0 { TTT] fH 0.0 Model Scale: 1 in. = 50 ft
EABREE B - 062 W/ o115
-4l t [l ARgs 25 mm grid at model scale
T _J':d_: trtt Figure 18. Model deformation caused by
ekl -T—‘— 0.29 .1 Pleogon curve J.
ER RSP
suanyybduannalnanat
% F R . The surface of the cam is expressed
- ! I in terms of the vertical movement of the
T 0.29 7 1] cam follower:
.15 R+ 1 - 0.15
T Cam follower drop = (3.5) 5/6 D(cot a)
C This is simply 3.5 times greater than
[EEEn AP.D. K also represents a variation in
. 0.15 L length of selected radii to describe an
aspheric surface of revolution (Fig. 24).
The value of the distortion D in the
17 | formula for "cam follower drop" is the
} algebraic sum of all the known distortions
0O O in the system. As an example, assume
o ,I } 0.0 Photography taken witha Metrogon lens,

' ’ diapositives printed emulsion up on 0. 06-
Approximate locations of test in. thick glass, and projected with a Hy-
points in relation to 25 mm grid. pergon lens. A ray passing in turn through
Readings in ft at model scale of each optical component receives some de-

1 in. = 50 ft, converted from mm

gree of deviation from its original path,

The distortion introduced by each com-

gure 19. USGS stereo-performance test  Ponent will contribute to model deforma-
model. tion. Rather than treat each independently,

readings by ER-55
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Figure 21. Stereo-performance test results

Assumptions: ProjJection lens distortion-free under operational conditions (readings in
Diapositives emulsion up ft at model scale of 1 in. = 50 ft).

Instrument: 5X projection plotter
Model Scale: 1 in. = 50 ft
Contour Interval: 0.1 ft
B/H = 0.62 W/H = 1.12 their total distortion is used in cam com-

25 mm grid at model scale putations. A typical computation is given
in Table 4 showing how the data is handlec

Relief in a model also has an effect on
cam performance (9). Because the cam
is designed and computed to compensate
at the optimum plane of focus, or 30 in.
(760 mm) from the lens, a departure from this plane will introduce a vertical error
in the model. This error may be evaluated, for any point, from the approximate e-
quation:

Figure 20. Model deformation, Aviogon
curve F plus 0.06-in. thick glass.

AZ = (z) (AP.D.)
Optimum Projection Distance

in which AZ is the vertical error, and Z is the departure from the optimum plane of
focus. It is possible, therefore, to predicta systematic error under certain cir-
cumstances. As an illustration, suppose flat valley land was photographed with a
Metrogon lens, and that the flying height was too great, causing the projection distanc
to be about 36 in. The optimum projection plane will be 6 in. above the terrain in the
model, or 152 mm. From Table 4, the maximum AP.D. is 0.222 mm at 35 deg. The

AZ = 1-52—29(%22—) = +0. 044 mm.

At the model scale of 1 in. = 50 ft, this error amounts to +0.09 ft. In ordinary situa-
tions this can be safely ignored, but it is present and could conceivably be added to
other deformations existing at that point in the model. With the diapositives printed
emulsion down, maximum AP.D. would be 0. 126 mm, ultimately making AZ equal to
0.05 ft at 1 in. = 50 ft for the same point.
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Plane of negative or Q' ]
Plane of diapositive
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Projection plane
A A A at 5 diameters

Figure 22, Geometry of distortion compensation, 5X Kelsh Plotter.

pplication of Cams

Kelsh plotters come equipped with cams for compensation of Metrogon distortion.
ithout the cams Metrogon photography would not be usable in the Kelsh, just as it
5 not usable in the distortion-free Nistri-Photomapper. A cam surface may be

ound to compensate distortion of a particular Metrogon, or it may be ground to com-
‘nsate a group of Metrogons exhibiting distortion patterns within a specified tolerance
 an average curve. As demonstrated by the sample computation (Table 4), known dis-
rtion other than Metrogon may be compensated by the cam.

The application of cams to Planigon, Aviogon, or Pleogon photography is not stand-
rd practice. A provision is made in the recent models of the Kelsh plotter to dis-
Lgage the cam follower whenever low distortion photography is to be used, with the
esumption that the residual distortions will not adversely affect the model datum.

I most mapping requirements this procedure is justified and the resulting accuracies
1l be well within usual specifications. The new demand for photogrammetric data

 a basis for deriving final pay quantities for earthwork makes it necessary to in-

ire into the possibility of using cams to correct the existing distortions in the nomin-
Ly distortion-free lenses.

Aviogon lenses exhibit fairly uniform and consistent distortion patterns causing
>asurable deformations in Kelsh models. A cam computation correcting for the
erage Aviogon distortion (Fig. 11-b) ig given in Table 5. The average curve is
lected in this example with the idea that any of the three cameras may be used to
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a - Lens barrel in fixed sleeve
b - Aspheric correctlion cam
¢ - Lever
d - Fulcrum of lever
e - Pin fixed to lens barrel
f - Cam follower
g - Spring
h - Bracket
i - Cam stem
Figure 23. Diagram of lens assembly.

photograph a mapping project. Depart-
ure of an actual curve from the 3-curve
average will leave residual distortions.
Table 6 gives the computed vertical er-
rors, due to residual distortion, for each
of the three Aviogon cameras. In no in-
stance does any value exceed 0.1 ft,
which demonstrates that from a purely
academic standpoint cam compensation
based on the average curve should be
adequate. The column listing cam fol-
lower drops (Table 5) reveals that the
cam surface requires a very high degree
of machining quality.

Pleogon distortion curves follow a
fairly uniform and consistent pattern
(Fig. 15-a). The average curve (Fig.
15-b) provides the necessary data for
cam computations. At this point it must
be decided whether or not compensation
is actually justified because of the small
model errors caused by the Pleogon lens.

distortion may be expected to be less than 0.004 mm.
distortion values not exceeding this should be flat within 0.05 mm,

40° 30° 20° 10° Q° 10° 20° 30° 40°
350\ 23° l$°\ 5\° IS° I725° 35°
\( i /
7/
/
A, \I
|
@
3
I
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I
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Figure 24, Vertical section of aspheric

cam (cam follower drop is the difference
along selected radii between dashed sur-
face (radius R) sand aspheric surface).

The average curve indicates that Pleogon
Models from photography with
or 0.1ftat1lin,

=50 ft. It does not seem feasible to attempt compensation of errors which cannot be

definitely read in the Kelsh model.

Planigon distortion does not follow a uniform and consistent pattern (Fig. 7) and m

or may not require compensation.

With the cameras currently available for furnishir

mapping photography, it may be difficult to group them according to similarity of dis-

tortion curves.

If distortion compensation is desired for any particular camera, a

separate set of cams would have to be made specifically for it.

Limitations of Cams

Photogrammetrists are not in agreement concerning the virtues of cams as a meai
of distortion compensation. In recent years there has been a definite trend towards
their elimination from Kelsh plotters, especially since low distortion photography ha.
been readily available. It would appear, that the suggestion of returning to cams at

this late date is an anachronism.
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TABLE 4
SAMPLE CAM COMPUTATIONS
Angle off axis, a (deg) 5 10 15 20 25 30 35 40 45
Metrogon? 0.001 0.003 0.018 0.042 0.071 0,103 0.116 0.073 -0.116
Hypergon® 0.000 0. 000 0.000 0. 000 -0.010 -0.010 -0.010 -0.030 -0, 030
Total lens 0.001 0. 003 0.018 0.042 0.061 0,093 0,106 0. 043 -0.146
0.08-in, glass 0.004 0. 009 0.013 0.020 0.028 0.048 0.081 0. 130 0.202
2distortion® 0. 005 0,012 0.031 0. 062 0,089 0,141 0.187 0.173 0,056
Cota 11.43 5.67 3.7 2.75 2,15 1.73 1.43 1,19 1.00
Total distortion D 0. 005 0.012 0.031 0. 062 0.089 0,141 0.187 0.173 0.056
Dx cota 0.057 0.068 0.118 0.171 0.191 0.244 0.267 0.208 0.056
Lens drop 5/6 D x cota
mm 0,047 0.057 0.097 0. 142 0.159 0.203 0.222 0.172 0.047
., 0.0019 0. 0022 0.0038 0, 0058 0.0063 0.0080 0.0088 0,0068 0, 0018
Cam follower drop 5/6
Dx cota
mm 0.166 0.198 0.338 0.499 0.557 0.712 0,779 0.601 0.0163
in, 0. 0085 0.0078 0.0133 0.0196 0.0219 0.0280  0,0307 0.0237 0. 0064
EAJ.l distortion values in millimeters.
TABLE 5
CAM COMPUTATIONS?
Average Lens Drop Cam Follower
Angle Off Axis, o Distortion D __ 5/6DxCota 3.5)5/6Dx Cot a
(deg) Cota (mm) DxCot a (mm) (in.) (mm) (in.)
5 11,43 0. 0035 0.040 0.033 0,0013 0.117 0.,0046
10 5.87 0. 006 0.034 0. 028 0. 0011 0.099 0. 0039
15 3.73 0. 007 0.026 0.022 0. 0009 0.076 0,0030
20 2.75 0. 006 0.017 0.044 0. 0006 0.050 0. 0020
25 2.15 0.025 0. 005 0.004 0. 0002 0,015 0. 0006
30 1.73 -0, 003 -0. 005 ~0, 004 -0, 0002 -0, 015 -0, 0008
35 1,43 -0,008 -0, 011 ~0, 009 -0. 0004 -0.032 -0, 0013
:g i 19 -0.005 -0. 008 -0, 005 =0,0002 -0.017 -0, 0007
.00 - - - - - -

or average Aviogon distortion curve, Figure 11-b.

The vertical motion of the lens (lens drop) in Table 5 covers a very small range of
ravel from -0. 0004 in. to +0. 0013 in. » a total distance of 0.0017 in. Within this dis-
nce the lens barrel must travel freely without binding and without lateral play. An
esistance to free travel will tend to cause stress in the mechanical linkage (Fig. 23{
esulting in wear. Itis very easy to overstress the bearings between the lens barrel
nd the sleeve, ultimately making grooves in the lens barrel. This could cause the
ns to "hang-up," or at least ""chatter” in the sleeve. The adjustment of the bearings
t the fulcrum of the lever is also eritical.
The machining tolerance for grinding the surface of the cam is particularly de-
randing. The maximum difference in cam radii, according to cam follower drops,
from +0.0046 in. to -0.0013 in., or a total of 0. 0059 in. This difference can be
icreased by using a lever ratio greater than 3.5:1, A lever ratio of 4:1 will in-
rease the difference to 0.0068 in. Adoption of a new lever ratio would require modi-
cation of the lens assembly to accommodate the new relative positions of the fulerum,
'ns, and cam.,
There are undoubtedly other reasons which tend to offset the effectiveness of cams,
ut the main point is that mechanical compensation is not always reliable enough to
' depended on, The Kelsh operator must be constantly alert to the possibility of mal-
nction of the mechanism, and he should also be aware that projector calibration is
irectly affected by the adjustment of the entire lens assembly.

CONCLUSIONS

From this study some conclusions can be drawn and some opinions offered. First
[ all, one should realize that the question of lens distortion is not by any means the
weakest link" in the photogrammetric system. The principal concern is that it does
ontribute to systematic vertical errors which may or may not be significant depending
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TABLE 6
RESIDUAL MODEL ERRORS?

Aviogon D Aviogon E Aviogon F
(ft) at (ft) at (ft) at
Point {mm) 1in. =50 ft (mm) 1in. =50 ft (mm) 1lin. =501t

A -0.032 -0.06 0.036 0.07 0.033 0.06
B 0.002 0.00 0,027 0.05 0.014 0.03
C -0.008 -0.02 0.012 0.02 0. 010 0.03
D 0. 000 0.00 0.015 0.03 0. 005 0.01
E -0.020 -0,04 0.039 0.08 0.027 0.05
F -0.025 -0.05 0.024 0.05 0. 022 0.04
G -0.008 -0.02 0.021 0.04 0.011 0.02
H 0.002 0.00 0.001 0.00 -0.002 0.00
M -0,015 -0.03 0. 024 0.05 0. 022 0.04
N -0.010 -0, 02 0.028 0.06 0,016 0.03
o) 0. 000 0.00 0. 000 0.00 0. 000 0.00
P 0. 000 0.00 0.031 0.06 0.013 0.03
Q 0.000 0.00 0. 026 0.05 0.013 0.03
R 0.000 0.00 -0. 002 0.00 0. 000 0.00
s - - - - - -

T -0.045 -0.09 0. 042 0.08 0.037 0.07

&) fter compensation of average distortion of Aviogon D, E, F.

on the purpose of the measurements. The magnitude of errors under consideration
would not be important in a reconnaissance map or in a general purpose map of any
type. These errors may possibly influence earthwork quantity calculations, especiall
in flat terrain, and for this reason they are significant in large-scale highway design
maps.

At this point the photogrammetrist is at a crossroads. I he is working under the
customary specification for vertical accuracy; namely, that 90 percent of contour ele-
vations shall be correct within one-half contour interval, he is relatively certain
that by following established procedures the maps will meet the specifications. On
the other hand, if he is working under specifications also requiring that 90 percent
of all spot elevations be within one-quarter contour interval, and that the mean error
shall not exceed a certain value, he is not at all certain that the routine established
procedures will produce the additional accuracy requirements. He is forced to re-
evaluate all the procedures step by step, and to determine the possible effect that vari-
ations on procedure will have on map accuracy, substantiated by a program of accura
testing.

The following steps are recommended as a starting point in an over-all inspection
program:

1. Carefully check calibration of the plotting equipment in order to account for an
eliminate mechanical sources of error.

2. Arrange for the printing of diapositives on glass which is at least 0.130 in. thi
with the emulsion surface down.

3. With the use of precise grids as diapositives, analyze the projected grid model
for vertical errors, with cam action disengaged. A suggested standard is 0.05-mm
maximum error. If errors larger than this are observed, the cause may be found in
the projection lenses.

4. If cams are used, the grid model should also be analyzed for the effectiveness
of cam compensation with cam action engaged.

The foregoing steps provide an adequate check on the geometry of projection and
in no way involve other sources of error which occur prior to projection. These ste
are entirely within the control of the photogrammetrist.
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The calibration data furnished with the various camera lenses provide information
relative to operational planning procedures. Distortion values for Aviogon and Pleogon
enses are seldom given beyond 140 mm radially from the indicated principal point,
vhich describes a cone of coverage of about 85 deg at the perspective center of the
ens. The model deformation diagrams for the various lenses show that beyond the
1ssigned limits of the neat model the variations in model datum tend to change rather
suddenly, expecially on the extreme edges away from the flight line. The reading of
'rid models also indicates that plotting instruments tend to produce unreliable ele-
ations at the extreme edges of projection. These facts confirm that the compilation
nit should be the neat model area. For a 60 percent overlap the dimensions of this
rea on the photograph are 3.6 by 7 in. This area presumes a cone of coverage of
0 deg, or 40 deg off axis, which allows a margin of safety because overlaps are bound
o vary, thereby affecting the dimensions of the neat model. If the 7-in. dimension
s held constant, then the cone of acceptable coverage must be allowed to vary with
hange in overlap. For instance, with an overlap of approximately 54 percent the
imensions of the neat model would be about 4. 1 by 7 in., and would be equivalent to
~cone of 85 deg, or 42.5 deg off axis corresponding to the calibration limits of the
Amera lens. Inasmuch as highway design mapping ordinarily covers a strip of terrain
[ uniform width, it is reasonable to limit this width to a fixed dimension on the photo-
raph. This will insure that the optical limitations of the photogrammetric system
re not exceeded.

The model deformation diagrams also serve as a guide to the planning of vertical
 ntrol. The datum of the models illustrating Planigon, Aviogon, and Pleogon deforma-~
on remain fairly constant within the neat model in the immediate vicinity of the cor-

rs, with the greatest deviation tending to occur at the model center. The charac-
eristics of model datum lead to the conclusion that:

1. Vertical control should be planned so that at least one point is located in the
pproximate center of the neat model and the wing point control located within the
ounds of the neat model, one near each of the four corners.

2. Vertical control should not be planned beyond the limits of the neat model, es-
ecially on the extreme edges away from the flight line. It is a safe rule to restrict

e outer limits of the control so that no point is nearer than 1 in, from the edge of
e photograph.

The planning and selection of vertical control points as a function of operational
anning within the limitations of the photogrammetric system are very important
ctors influencing map accuracies. The effectiveness of cams designed to compensate
w distortion values needs to be investigated, because it is not a foregone conclusion
2 t cams will be successful in eliminating systematic errors. Furnishing the in-
rument operator with a well-planned project, and with definite control data, is the
sitive approach to the solution of the map accuracy problem, for the success of the

pping is ultimately a product of his training and ability.
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Use of Aerial Surveys and Topographic Maps
For Projecting Highway Alignment

). E. WINSOR, Supervising Highway Engineer, U.S. Bureau of Public Roads, Denver,
~olorado

By introducing modern methods of highway projec-
tion and the efficient use of topographic maps de-
veloped from photogrammetry, the location engineer
can establish alignment and grades which complement
the topography and eliminate nearly all of the unde-
sirable aspects of the older accepted methods of
ground location,

In order to project accurage highway alignment,

a coordinate grid system must be established over
the area through which the location is to pass. The
final results of any line projected through this area
will be no more accurate than the original control
used to establish the grid system.

The present paper is based on the assumption
that the topographic map through which the highway
alignment is to be projected is accurate both hori-
zontally and vertically, that pre-established hori-
zontal and vertical control points are in usable posi-
tions, and planimetric features are well defined.

Simple and accurate methods of calculating curve
positions by coordinates, simple procedures for
projecting centerline where grade or land use prob-
lems exist, the effective use of the spline, simpli-
fied use of spiral transitions and a simplified, ac-
captably accurate but approximate, method of intro-
ducing transitions between compound curves are
discussed.

Through intelligent use of the coordinate method
of centerline projection, employing an accurate topo-
graphic manuscript, compiled by photogrammetric
methods, better highway locations can be achieved
along with a substantial savings in man-hours.

ONE of the greatest factors contributing to the building of America was the original
ilroad and highway location surveys through the wilderness and mountainous areas
western United States. This stupendous achievement was performed under condi-
n s that would now discourage the most energetic of modern-day engineers. During
few short years, the work was extended over half a continent, uncharted except for
etches drawn by optimistic (and oftentime imaginative) explorers, mountain men,
my scouts, and superstitious Indians.

Thousands of miles of railroads and primitive highways were located by sheer deter-
nation, either on foot or on horseback, exploring the box canyons, river drainages,
game trails. From some high knoll or other vantage point, the pioneer locator
uld determine a favorable position for his course to the next plateau and/or vantage
nt. These positions became the point of intersection between two straight lines

ding in the general direction of the setting sun or a distant peak. With simple
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instruments he would scribe a curve of some known radius to ease the abrupt change
in direction as he wandered through the natural valleys and mountain passes. Civili-
zation that followed with wagons and wood-burning locomotives became impatient to
reach eternity and began to develop high-speed vehicles for transportation. The old
roadways which had been developed through the sweat of the pioneer locator became
obsolete. Enterprising emigrants began to construct heavy earth-moving equipment
to level the hills and fill the ravines to accommodate their desire for high speeds and
heavy loads. Taking advantage of this new earth-moving equipment, the locator lengt
ened the radii of his curves to give a smoother transition between his tangent sections,
then relaxed, well satisfied with the results of his accomplishments. Today, as this
modern earth-moving equipment is biting deeper into the hills and filling higher the
valleys, some of the modern location engineers are still relaxed, standing on top of
the knoll, admiring their newly established point of intersection between two tangents.
Generally, because this point is on the crest of a hill, they will return to the design
office and establish a grade intersection at the summit, usually from a standpoint of
economics or habit. The present day driver, traveling the highways of the west, can
most assuredly expect, as he reaches the crest of nearly every hill, that the road wil
change in direction both horizontally and vertically. Those with the clearest crystal
ball and the best brakes will live the longest.

By introducing modern methods for highway projection and the efficient use of
topographic maps (developed from photogrammetry) the location engineer can establis
alignment and grades which complement the topography and eliminate nearly all of the
undesirable aspects of the older accepted methods of making highway locations by
surveys on the ground. The locator no longer has an excuse for being unprepared at
every change in topography.

Photogrammetry is the tool which will provide the topographic map. The map in
turn must be superimposed with planimetric control system. To effect this, a plane
coordinate grid system over the area through which the location is to pass must be es
tablished. The results of any highway centerline projected through this area will be
no more accurate than the original control used to establish the grid system.

Through the intelligent use of the plane coordinate method of centerline projection,
employing an accurate topographic map manuscript, as compiled by photogrammetric
methods, better highway locations can be achieved with substantial savings in man-
hours in preliminary engineering. Lasting dividends accrue through higher benefit-
cost ratios, etc., as compared to achievements by other methods.

Without accurate ground control to insure proper orientation of a stereoscopic
model in a plotter, it is impossible to secure maps to the accuracy required for loca-
tion and design of highways. Both horizontal and vertical controls are required in
large-scale engineering mapping by photogrammetric methods. Control points should
be well defined photographic images that are easily and accurately identified on the
ground. Points of precise horizontal control should be appropriately preserved by
station markers positioned near the center of the proposed location corridor. Cente
by each station marker there must be a photographic target of proper size and shape:
before the mapping photography is taken. The interval between the photographic targ
ed station markers used for ground control should be such as to insure at least two
targets per stereoscopic model, but the interval should not exceed 1,000 ft depending
of course, on map scale.

A traverse or triangulation net run through all station markers centering photo-
graphic targets provides the horizontal control required for the mapping, and bench
levels run through the same targets provide a very necessary portion of the vertical
control through the center of the stereoscopic models. In addition to the vertical cor
trol thus obtained through the center of each stereoscopic model, elevation of photo-
graphic image points easily identified on the ground and lying near the corners of eac
stereoscopic model are also required. Use of a 12-ft subtense bar in conjunction wit
a precise theodolite has proven to be an accurate and efficient method for obtaining t
horizontal distances in the traverse as well as the elevations of the model corner poi

Compilation of topographic maps by photogrammetric methods should be based on
a system of plane rectangular coordinates. Wherever possible, this system should
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e tied to the state system established by the U.S. Coast and Geodetic Survey. The use
f plane coordinates increases precision and eliminates cumulative plotting errors.

argeted control points, for which plane coordinates are determined, may be accurately
lotted on the map manuscript on which a plane coordinate grid has been scribed.
Positioned under the stereoscopic plotter, the model may then be oriented to these
lotted positions to obtain proper horizontal scale.

The photogrammetrically compiled maps along with the photographs offer the design
| gineer the topographic information he needs to accomplish the design. With the
erminal controls for the proposed location already established, intermediate topo-
raphic controls may be easily determined, and the design completed with the usual con-
ideration given to earthwork quantities, minimum radius, maximum grade, exposure,

nd use, sight distances, rise and fall, etc.

Where grade is the controlling factor, a grade contour may be sketched on the map
8 2 guide to position in projecting the highway centerline on the maps. A grade con-
our may be developed by setting dividers to "walk down" the contours on a uniform
rade. Where grade is not the controlling factor, the best alignment consistent with
ost, exposure, and use is selected. A flexible spline is an excellent tool for estab-
ishing the preliminary alignment on the map. It will naturally assume the shape of
ircular curves, spirals, and joining tangents, and is easily position shifted as desired.

After a preliminary centerline is established by the preceding methods, it may be
enciled on the map. Further comparison of the horizontal alignment with a plotted
rofile may reveal a desirable revision. Curve templates or a projectoscope are
seful in determining the degree and approximate length of curves required. For an
xact fit of the spline or for passing through definite control positions, other methods
re used. These are discussed later. For ease in staking the designed centerline in
1e field, it is usually advantageous to change the originally measured total delta angle

fficiently so that the length of curve is a multiple of 5 ft. Generally, the change re-
uired in the total delta angle to accomplish this is not a significant amount. Circular
urves of full degree are also desirable when choice permits; otherwise circular curves
[ full degree plus nearest usable two-tenths of degree are used. As the circular curves
nd spiral curves are selected, the stationing and plane coordinates of the TS, PI, and
T are progressively computed for each curve system and these points are plotted on

e map. For long curve systems, coordinate positions for about each 300 ft of arc
hould be calculated and accurately plotted. Curve templates or beam compasses are
ot reliable to establish long segments of the curves in exact position for later profile
d cross-sectioning by photogrammetric methods.

Alternate methods of using a protractor or tangent offset method to lay off the angles
d scale the tangent distances in plotting highway alignment are deemed obsolete. With

provements in construction methods and the availability of more accurate instruments
r field work, the need for increased accuracy as well as speed in projecting highway
ignment must be recognized. In the author's opinion, the best method of highway pro-
ction that will enable the location engineer to keep pace with these increasing demands
 to employ plane coordinates in plotting and computing the highway alignment. Plotting
7 plane coordinates is no cure-all or absolute solution to all the problems encountered
7 the location engineer. Their proper use, however, reduces the discrepancies be-
een the projected alignment and field staking generally encountered with other methods
projection. The plane coordinate method is adaptable to any topographic map re-
rdless of whether it is compiled from a ground survey or by photogrammetric meth-
s,

Details for implementing the procedure warrant a step-by-step review. The topo-
aphic map should be compiled using a plane coordinate grid, preferably tied to the

te plane coordinate system. The size of the grid square depends on the scale of

map. On a map whose scale is 100 ft to 1 in, , it has been found in practice that a
0-ft interval is best but a 1, 000-ft interval for each grid square may be used. The

ne coordinate grid is constructed so that its line intersections will be at an even
0- or 1, 000-ft interval designation.

Once the approximate alignment has been adjusted to meet predetermined standards
degree of curvature and rate of grade, it will be necessary to obtain two additional
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elements of information. First, the plane coordinates at the point of beginning, secor
ly, the bearing or azimuth of the tangent at the point of beginning. I the proposed pro-
ject is in the vicinity of triangulation stations established by the USC and GS, then the
plane coordinates of the control points should properly be tied to the state system by
traverse from the nearest triangulation station or by triangulation from two or more
of such stations which are visible from the desired beginning point of location survey.
Should the beginning point and one of the horizontal control points coincide, fortunate
situation directly establishes the coordinates for that point; if not, then these coordi-
nates can be determined by carefully scaling from the nearest grid intersection, be-
cause the control points when plotted were oriented to the coordinate grid. This is
the only point to be occupied on the ground for which the position need ever be scaled
on the projection for the purpose of entering the coordinate system in the alignment
computations. Should it be necessary to assume an origin for project plane coordi-
nates, it would be well to assume an ordinate and abscissa sufficiently large to cover
the entire length of the project and avoid negative figures. Plane coordinate values
increase north and east, decrease south and west. In recording the plane coordinates
and in using bearings on maps and in computations, the north-south are written first
and east-west second.

To determine the bearing or azimuth of the beginning tangent, after the point of
beginning has been selected, extend the tangent a sufficient distance until it crosses a
plane coordinate grid line, preferably 1, 000 to 2, 000 ft or more beyond its beginning.
Where the tangent crosses the grid line, determine the coordinates by scaling. Be-
cause the coordinates of the point of beginning are known and where the line crosses
a grid line has been determined, the bearing can be determined by the difference in
coordinates. For example, assume plane coordinates for the point of beginning are N
10,000 and E 10,000, and the coordinates at the grid line are determined to be N 11,0
and E 10,277.30. By subtraction, the difference in N and E coordinates is determine
In this case the north coordinates have increased 1,000 ft and the east coordinates
have increased 277.30 ft. The increase in east coordinates divided by the increase in
north coordinates provides an arc tangent of 0.2773000. By inspection in seven place
tables of natural trigonometric functions, it is determined that the bearing angle is
15 deg 30 min. Inasmuch as the coordinates increased by north and east, the bearing
of the beginning tangent will be N. 15 deg30 min E. If azimuths from the south are
to be used, add 180 deg to the bearing and drop the directional signs. Thus, this ex-
ample, the beginning azimuth becomes 195 deg 30 min. When using such azimuths,
south is 00 deg or 360 deg. If the coordinates and azimuths are on the appropriate
state grid, the location engineer has established a definite tie in the proposed alignme
which can be used for future references (Fig. 1).

The computations of plane coordinates for various curve points involves the trigon
metric cosine and sine functions of the bearing or azimuth and the distance between
points. Cosine times the distance will be the north or south displacement from the
previous point. This displacement is generally referred to as latitude. Sine times t
distance will be the east or west displacement. This displacement is generally refer:
to as departure. The algebraic sign to be applied to the separate latitudes and depar-
tures is positive for north and east, negative for south and west. Summation of plane
coordinates is determined from the last point and is a cumulative total. To illustrate
the simplicity of this method, the plane coordinates for the various curves given in
Table 1 have been computed and tabulated in Figure 2. Seven place natural trigonomse
tric functions are considered accurate enough because the sine and cosine do not cha
rapidly between minutes.

Although the plane coordinates for any point on each curve system can be compute
this was done for only the TS, PI, and ST points. To determine the SC and CS points
it is sufficiently accurate to scale in these points by X and Y offsets from the plotted
TS and ST. The X and Y offset distances can be computed from unit length values
listed in appropriate columns of published spiral curve tables. Once these points haxv
been located, the curves are drawn. Because the control points of each curve syste
of spiral-circular curve-spiral are plotted accurately, any one part of each curve sy
tem could be drawn in error and not affect the alignment beyond the segment for whic
the points are in error.
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Figure 1.
TABLE 1
Total A A
T . D, L, L 4
Sta. at A s Simple c S  Spiral
urve TS o ¢ (it) o 0 (it) @) ©°
1 9+65 53 12 459.75 37 12 8 Rt. 465. 00 200 8 00
2 19465 21 36 282,46 9 36 6 Lt. 160. 00 200 6 00
3 27440 31 00 497.54 23 00 4 Rt. 575.00 200 4 00
4 40+30 16 24 306.58 8 24 4 1Lt, 210.00 200 4 00
5 48490 15 00 351.54 9 00 4Rt 300. 00 200 3 00
6 56+65 85 00 1151.35 7% 00 5 Lt. 1500.00 200 5 00

It is the practice of a few engineers to vary the tangent distances between curves
id the total delta angle to adjust the tangent distance and curve lengths to the nearest
-ft interval. This practice enables the location engineer to control, to a certain de-
ree of accuracy, the field work by eliminating any odd parts of a foot in the chaining
d parts of minutes in measuring angles. Even in mountainous terrain where distances
e frequently critical, this method of shifting the line has proved extremely satis-
ctory. Figure 2 has been computed in this manner. Figure 3 has been computed to
iow the comparative location of the respective curve points by coordinates, had not
> tangent distances between curves and the total delta angles been varied to obtain
 nearest 5-ft interval in distance. This example is introduced to lend credence to

author's theory that inasmuch as the coordinates are dependent on the functions of
e bearings and distance, it does not affect the accuracy of the plane coordinate meth-
in plotting to vary the distance and angles.
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0! 265,00 | 01636305 267239 + +257,89
4! —0.929092 1 10,257.89
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1 2h+2b79 121 Fitf 11,372,990 10,300,786
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Te 27+L0 12,031.83 11,561
22 ' 497,% 63072 273240322 . +360.k7
o | oot k. 12, 370,52 11,92
258%61 197.% |  ,20620,2 2735090 +102.60 186,36
| s 3715 12,4,73.12 12,.12,82
258%6¢ 315,00 | 2062042 19785000 . 5 +303.2
T8 10+30 12,538,08 1°,721.06
006! 2062012 29735090 2239.99
[ IRETY 12,601, 30 13,021,05
21 21 306,53 2U7k03 52 28304770 + 2262.95
ST L6slO 12,746.65 13,291.00
241020 2 Juflogse | .830LT7h *113,53 222013
v 12,865.18 13,511,13
21021 351,60 | Lu7hossz | LAoou7ih | +30-
I;a.')'? g | asonns g 13,0184 | 13,820,65
o2 N 2300497 2731789 . 432,12
13,112, 71 2,162,727
256%)21 75.00 | 2300027 9731789 + 17,26 +
T8 che60 13,127.97 14,235,727
256021 19,35 | 2300497 9731789 +260;.8° b1120,47
Boe | seooor s ol | L.
1 %2 ke feli39.% 166,21
145, 534,1) 15,190,03
Figure 2.

Another instance where the plane coordinate method is particularly useful is when
the total delta angle exceeds 180°. In these computations it is necessary to compute
the coordinates for the points through the curve; that is, TS, SC, radius point, Cs
and the ST. Inasmuch as the total delta exceeds 180°, the Tg distance will not inter-
sect. First the coordinates for the TS are computed; then on the same azimuth the
coordinates for the SPI (Spiral PI) are computed using the long tangent of the spiral.
From this point the azimuth is changed in the appropriate direction by the amount of
the spiral delta. The distance used will be the short tangent of the spiral. The coor:
dinates at this point define the SC. From the SC the azimuth of the radius is deter-
mined to be 90° to the short tangent. The radius of the circular curve times the cosi
and sine functions of the azimuth establish the plane coordinates for the center of the
curve. From the center point of the circular curve, the azimuth to the CS is changed
by the amount the delta angle of that curve differs from 180°. I the angle exceeds
1800, then the difference is added; if less than 180°, the difference is subtracted.
After the azimuth of the radial line from the center point of the circular curve has
been determined, then the plane coordinates for the CS are computed. From this poi
the short tangent of the spiral will be at 900 to the radius. These coordinates will e
tablish the SPI. The plane coordinates of the ST will be determined by computing th
change in the azimuth from the delta angle of the spiral and multiplying the long tang
of the spiral by the cosine and sine of that azimuth, and then algebraically adding the
results to the N and E coordinates of the SPI. This plane coordinate method of com-
puting and plotting is useful for accurate positioning on the map of centerline in mour
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230! 6 | 22636305 | 267230k { +928,3 +257,05
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2,8°48 |, 3616202 9323238 -, 023,38
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I8 19461 11, 06,32 10,232,70
24,8%8¢ 232323 +101.93 +262,80
PT 22+1,3,1p 219321 Lt. 11,688,25 11,195,50
227%16¢ 281,88 | 678,871 . +171.2) *2.7,05
25020.P0 11,4795 11,002,55
227936 221,23 | 6735371 5 +150,13 +
Ts 27+0) 12,029,.67 11,565,06
227%16 L 6785371 47345199 + S
PT_32+33,0) ' Rt 12, $6.68 11,929.85
2589221 196,64 | .20llo%1 o /78867 +101,45 *437,15
O 6 12,168,2 12,116,00
258°121 313.72 | .20lli961 973367h + 6l.16 +307,10
Ta Ova ¢ 12,523.40 12,723.10
258%21 NThL L 2200060 | oasbm | e 62,86 +300,9)
T 43+35,39 169281 Lt, 12,535,26 02);,01
22°0" 07,0 | LL735759 4407530 +1i5,59 227076
3T hbehu L5 12,740,35 13,224.77
201% 222,00 | Ji73szse  § s3o7sio +113.35 +221,95
T 12,860.20 13,.16.72
PN G 302,66 | 4735740 0007t +167.01 +110.41
P, o} 1%l Et 13,027,21 13,827.33
206%54 32,66 1 ,22d3,500 1 973783 | e BO.63 233
Ju-om.}z 13,207,7% mans |
2560481 73,50 | 283500 | 9735789 216,79 s 7
Ta &61.* 13.020,33 Ui, 2k2,25
256°031 1153.21 | 2233500 226334 21122 7]
T 63421, 85%061 Lt. 13,137.87 15,360,99
a71%21 11:3.21 | .9895258 | .au3062 s13.1) 16647
_sj'_zs'»é).h 1y, 529,00 15,194,
Figure 3.

ainous country where large delta angles are sometimes necessary. To illustrate the
computations of plane coordinates to be used, assume total delta = 212024', D, = 18°
. t, Lig =200, Spiral delta = 180, L, = 980.00'. From published tables, obtain the
radius = 318.31', Long tangent = 134, 03", Short tangent = 67.30'. Again the work
?heet is) tabulated as in the preceding examples. For computations, see work sheet
Fig. 4).
Should it be necessary to change a section of the centerline after it has been plotted,
t is not necessary to run the entire line again, only that section that will be affected
n the change. Select a curve point that will not be affected in the change and use its
lane coordinates as the coordinates for the point of beginning. For plane coordinates
t the point where the line change ends, select coordinates of the center of the next
succeeding circular curve. To determine the delta angle for the final curve system, it
s only necessary to obtain the differences in the azimuth. Because the plane coor-
inates of the center of the last circular curve on the line change have been computed
nd the plane coordinates of the center of the circular curve ahead are known, the
lifference in these coordinates is ascertained—and this information is sufficient to
et off a triangle which can be solved by the Law of Sines. By subtracting the Tg dis-
nce from the respective sides of the triangle, the length of the tangent between curve
oints is determined. This is one occasion where the delta angle and the tangent dis-
nce cannot be adjusted to the nearest 5-ft interval without affecting the entire line
head. To account for the difference in stationing, an equation is used at the point where
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the line change ends. To illustrate this solution, asshme curve systems 2, 3, and 4 ir
Figure 2 are replaced with one curve system. Here the coordinates for the point of
beginning on the line change will be those at the ST at 18+30 and the coordinates to be
used on the existing line ahead will be at the ST at 46+40. The total delta will be the
difference between the back azimuth, 248042', and the forward azimuth 241042', or
7000'. Because the forward azimuth is less than the back azimuth, the curve will be
to the left. The following curve data will be used: total delta=7000", Tg4=275.25,
Delta circular curve=3°00', D.=2000' Lt., L.=150', L =200', Spiraldelta=2°00'. This
curve revision is given in Figure 5 in the same manner as the previous examples.

Preparing the centerline for plotting by plane coordinates affords definite ties to be
computed in the office for use by the field survey crew. Because both the basic hori-
zontal control stations and the centerline alignment are based on the same plane coor-
dinate system, it is an easy computation to determine the distance and azimuth from
various points along the line to the nearest horizontal control point.

Figure 1 was plotted to show the alignment illustrated by Figure 2. It will be noted
that the topography has been deleted due to the scale of the drawing. The plane coor-
dinate grid has been laid off on a 1, 000-ft interval in both directions.

From these previous examples, it can readily be seen that, by using the plane coo:
dinate method of plotting the desired alignment, the location engineer has eliminated
most of the element of chance and has changed it to an element of choice.

For elevations and distances determined during the location survey staking of the
highway on the ground to agree with elevations and distances obtained from the map
projection, the map plotted and designed centerline must be staked on the ground in
the same position in which it is projected on the map manuscript. This required dup-
lication during the line staking operations of the accuracy accomplished in establishin
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he original basic control. With precise instruments and trained personnel, such ac-
uracy in the line staking can be satisfactorily obtained.

Even when plane coordinates are used for the alignment projection on the map, re-
sults will still be disappointing if the entire centerline is not accurately plotted point by
oint for each contiguous segment. Small plotting errors will not be noticeable in easy
opography, but on steep side hills and other mountainous topography, plotting errors
vill cause considerable difference in elevation between map and ground positions.

Chere are several factors contributing to plotting errors. Circular curve templates
re not always accurately cut on uniform curvature or to the specified scale. But,
hanging radius curves used to sketch spiral transitions do not reflect the true posi-

on of such line segments. Manuscripts on unstable material that is affected by moist-
re and temperature, use of inaccurate scales, and the projection of alignment on map
rints which are definitely out of scale also contribute to inaccuracies in position of

e plotted line. Moreover, circular curves drawn with a beam or other compass will
e displaced laterally in some segments because of a warp of the map manuscript (or the
rinted copy if used instead) during design. In overlooking, in not realizing, or in ig-
oring such causes, photogrammetry has often been blamed unjustifiably for errors
’hich were introduced elsewhere.

Although many field tables have standardized the symbols for terms used in spiral
urve transitions and circular curves, engineers still find that when referring to cer-
in curve components, they are speaking in terms not familiar to persons using other
ables. Without a thorough understanding of the actual curve problems, one may find
imself solving a problem by equation substitution to determine a value that is obvious
t first glance. An engineer with a good working knowledge of highway alignment
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projection will refer to tables of functions to reduce the time of calculations and not
for equations which will provide an answer by correct substitution and solution through
the indicated steps. Some examples which are accurate within reasonable limits are,
as follows:

1. The deflection angle for a circular curve in minutes is 0. 3' per foot per degree
of curve. The Delfa or central angle is twice the deflection angle.

2. The spiral delta angle is equivalent to the deflection angle for the particular
curve computed for the length of the spiral.

3. Transition spiral curves change in curvature at uniform rate throughout.

This is sometimes referred to as a rate of change or a deflection factor. This rate
of change is determined by the degree of curve in degrees divided by the length in 100-
ft stations of the spiral curve. Because the spiral curve deflection varies approximate
ly as the square of the distance, the deflection from the beginning of the transition may
be determined in minutes by multiplying 10 by the rate of change in curvature per 100-
ft station by the distance squared; each station or 100 ft is used as a unit distance of
one in computing the square.

There are times when it is desirable to compound curves to better fit the ground,
drainage, and land use. Such compounds should always be connected by a spiral curve
transition. To avoid an unsightly "broken back" curve, it may be necessary to combin
a 2-deg curve with a 4-deg curve. For simplicity, assume the transition will be made
in 200 ft. Some texts will provide satisfactory equations for solution of this problem.
By substituting appropriate valuesin the equations, the problem may be solved. Actual
ly the spiral delta of the transition curve, in this instance, is the sum of the degrees o
the two combining curves or 6 deg. Should a 400-ft transition curve be selected, the
spiral delta is 12 deg. The difference in curvature between the circular curves being
joined by the spiral curve is 2 deg. This means that the curvature is changed pro-
portionately throughout the length of the spiral curve from 2 to 4 deg or vice versa,
depending on the direction in which the change is being made to sharp or less sharp
curvature. Returning to the original selection of a 200-ft spiral curve for transition
between a 2-deg curve and a 4-deg curve, it is observed that the degree of curvature
must increase 1 deg for each 100-ft station of transition. For the 400-ft transition,
the degree of curvature would only be increased 30 min for each 100-ft station. The
rate of change would be equivalent to the difference in degree of the circular curves
divided by the length in 100-ft stations of the spiral curve, Thus, for the 200-ft tran-
sition, the rate of change would be 4 deg minus the 2 deg divided by 2 stations which is
a rate of change of 1 deg per 100-ft station. For the 400-ft transition, the rate of
change would be 0.5 deg per 100-ft station. The angle of deflection to be turned from
the CS of the 2-deg curve to establish the SC of the 4-deg curve would be the normal
deflection for a 2-deg curve plus the rate of change for the distance of the transition.
In the instance of the 200-ft transition, the deflection angle would be 1 deg plus 10(1)
(2F or 40 min. The deflection angle would be 2040'. From the SC of the 4-deg curve,
the deflection angle would be 4 deg minus 40 min or 3920'. The sum of these angles
will equal the spiral delta angle of 6 deg.

This explanation allows the use of an approximate calculation for plotting the short
and long tangent of the spiral transition between two curves. There are some well-wr
ten text books on the market which provide an accurate solution. This method used
for plotting and not field staking, however, is usually accurate to 0. 10 ft unless the
length and rate of change of the transition curve between circular curves is quite pro-
nounced. The spiral delta and the two deflection angles are known. In 200 ft, a tran-
sition has been made between a 2- and 4-deg curve. The average degree of curvature
is 3. By the law of signs, there is an oblique triangle with three known angles. If the
long chord is known, the two tangent lengths can be calculated. For an approximate
solution, solve the long chord for a 3-deg curve with an arc length of 200 ft using the
equation C + 2R Sinee. This provides the base of the triangle. Using the known angl
the solution of the other two sides is elementary (Fig. 6).

The distances of T: and T: are calculated at approximately 111,20 ft and 88.98 ft,
respectively (Fig. 6).
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Use R of 3°
Eguivalent spirala = 2~ !
C=2ZR S/n —g-

€= 2(/9986) sin 3°

c= /99. 9 i

Sin 2°¢0' _ Sin &° 7, = (192.%) (.058/448)
72 799.97 0.1045285

7= 11,20

(/99.91)- (04 5253)
JO0R5288 |

88.98

Tz
72

Figure 6.

Compare this approximation by solving the same problem using a method outlined in
2 text regarding a particular set of field tables:

Given: D1 =29 R, =2864. 789
D:=4°R =1432.39

Equivalent Spiral Angle = 300 L (4°-29) = 2°

S = offset of the circular curves which is essential for insertion of the spiral curve.
S in feet is the function for offset from tables of a unit length spiral multiplied by
the spiral length. In this case S = 0,00291 x 200 = 0. 5820

Al. 200 20 = 20’ A, = 200 40 = 40

=200 * 200 *

AB =Ra Exsec Az - R Exsec A; - (offset. )
= (1432.39)(0. 0024419) - (2864. 79)(0. 0006095) - 0. 5820
AB =1,169663 or 1.1697
0
Al =1.1697x—C084" __ _ 4 163

Sin (2° + 40)
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T, =2864.79 x Tan 2° + Al
2864.79 (0.0349208) + 11.163 = 111,203 or 111.20

(o]
BI =1.1697 282 _11 183
Sin 6°
T, =1432.39 (Tan 4°) = BI
1432. 39 (0.0699268) - 11. 183 = 88.979 or 88.98

It appears from the preceding solution thata considerable amount of time was con-
sumed in solving a problem that is more easily computed by the first approximate met
od. Approximate methods should never be used except when the difference in degree of
circular curves between which the spiral curve is to serve as transition is small.

For an exact computation of a description of a centerline projected on 2 map with the
spline line or to pass a circular curve through given points, a more accurate method o
solution is offered. Where the spline line passes through points to which the centerline
must be held, mark off stations along the arc through which the arc maintains uniform
curvature. Mark the beginning station point No. 1 and the ending point No. 2. Move
ahead to the next point along the spline to be held and mark stations along this arc in
the same manner. These will be noted as points No. 3 and 4. Scale the coordinate
positions at points No. 1 and No. 2. Scale the chord distance between these points and
the mid-ordinate. Use the same procedure between points No. 3 and No. 4.

For symbols use:

R =radius
M = mid-ordinate
C =chord

S = shift in feet
Use D: and Dz in degrees
Lg = length of spiral in stations

M C _ 11459. 156
R _7+8T4 Dc ———————M=C2
M

As an example, let the chord between points No. 1 and No. 2 of the first circular
curve be 495 ft and M 18.5 ft.

R = 182—5- +(—'i'i—g—)z= 1665 * for trial only

Do = 11459156 _3 440+ yge3.6 or R = 1591.549
18.5 + (495)
74
Moreover, the scaled difference in the north coordinates is 169.5 and the east coor

dinates difference is 465.5, the actual length of the long chord will calculate to be
495. 40 and the bearing of the chord will be N 69059'32" E; then

A _C _495.40 _
Sin 4 =5% =3qgirp - 015563444

Sin g— = 8057'13"

Using the bearing of the chord N69°59'32"E
Less 4 - 8%57'13"
N61°02'19"E
Plus 90° 89959'60"
i i “OROBTAT |
Bearing to curve center from point No. 1 S28057'41"E
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Adding in the same manner from Point No. 2, the bearing to center is S 11903'15" E,

This same procedure is used to determine the degree of curve, mid-ordinate, chord,
nd bearing of radial lines to the center of the next curve from points No. 3 and 4. With
this information, calculate the plane coordinate of the center of circular curve No. 1
ind circular curve No. 2.

(1) Use the difference in plane coordinates of the separate positions of the respective
enters of curves 1 and 2.

(2) Compute from their plane coordinates, the length of line and bearing between the

respective centers.

(3) Subtract the length of line between centers, as computed in step 2, from the dif-
erence in radii of the circular curves to be joined by the spiral curve. The result
quals the shift ''S" provided by the spline.

(4) Compute the length of spiral for trial only.

/ S
L, = —T(—-—) S =feet shift, in ft
s 0.0727(D:-D: D: and D: = degrees

Lg = 100-ft stations
(5) Suppose S =1.0, then

_ 1.0 _ : _
L “A/ 00727 B 63°5) =A/17-19 = 4.15 station
D

(6) Select length of spiral to attain even deflection factor = LlO = minutes per foof®
s

3.6-2.8 _ 0.8
10 Lg L

Example: deflection factor = when D; =3.60 and D2 =2.8°

S

Usea length (in stations) that is divisible into (D:-D:) the quotient of which is divisibl¢
nto D, and D: separately if possible. In this instance, use 4.0 stations.
(7) Compute spiral joining circular curves 1 and 2.
K rate of change in degrees per 100-ft station

k =828, 9-8 - 0.20 per 100-tt station

Lg, =R~ =25 18.0 stations = 1800 t
Lg =2 =22 - 14 stations - 1400 1t

Ls =Lg,-Lg =4 stations or 400-ft spiral
(8) Compute functions of spiral between circular curve.

A, - LsiDi _1800x 3.6
81 7300 - 200

_LsD; _1400x2.8 _ .. o
A ==350" =—3g0 — - 19.6

As =(As, - Ag) =12.8°

=32, 4°

*X1 = 1800 x 0.9684924 Xz =1400x 0.9883610
Y1 = 1800 x 0. 1842337 Yz =1400x 0.1130786
Qi = 1800 x 0, 4947175 Q = 1400 x 0, 4980560
P, = 1800 x 0. 0465893 P: =1400x 0.0283882
U: = 1800 x 0, 6781866 U= = 1400 x 0.6707995
V1 = 1800 x 0.3438307 Vz = 1400 x 0.3370936

Tunctions taken from "Circular Curve and Unit Iength Spiral Tables," by William T.
ryor, Bureau of Public Roads.
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Tg, = short tangent of spiral between two circular curves.

T =long tangent of spiral between two circular curves.
(U - ) Sin Ase

Tg, =(Y1- Yz) CosAsm - (X1 - Xe) Sin A =V - Sin As
To = (X: - Xz) SinAs: - (Y1- Yo) Cos Asy _ (Ui- e) SinAs: _y,
2 = Sin As = SinAs 2

By taking advantage of the use of coordinates in projecting highway alignment, solu-
tions to problems are easily solved and provide the engineer with complete control of
the alignment position.




Development of Photogrammetric Methods for
Right-of—Way Operations in Texas
UBERT A. HENRY, Supervising Designing Engineer, Texas Highway Department

DPTHE Texas Highway Department made a number of studies prior to 1958 to ascertain
he feasibility of using data photogrammetrically obtained for the development of right-
f-way maps and field notes for deeds. Each time the possibility was discussed with one
f the photogrammetric engineering firms they agreed it probably could be done but

t would be very expensive. In some instances, it was reported that special equipment
r flight altitudes for photography which were not acceptable would be required to
uarantee the accuracies needed.

In the specific project studies, primarily cost estimates and comparisons were

ade, taking into consideration the project status with regard to the amount of survey
rork completed by field methods, the amount of field survey work remaining to be done,
me limitations due to vegetation and weather, and the relatively high cost of the photo-
rammetry to be used. Determinations for the pilot project were made in the early
pring of 1958 and the Dallas District decided it would be economically feasible, based
n preliminary cost estimates, to use photogrammetric methods to develop a project
or a section on Interstate Highway 20 in the City of Dallas, provided the accuracies
equired could be met.

Basically, the requirements were for maps to be compiled by photogrammetric
1ethods at a scale of 20 ft = 1 in., with the horizontal errors not to exceed 0.5 ft and
1e vertical errors not to exceed 0.3 ft. The specifications were prepared by Texas
ighway Department personnel and proposals were given to photogrammetric engineer-
1g firms which had been prequalified by the Texas Highway Department and had at
ast one of several accepted "first order" plotting instruments. It was further stipu~
ted that any firm wishing to do the work must have a responsible representative at-
nd a conference to review the specifications and ascertain the exact intent of each
em prior to letting a contract.

At the conference, those in attendance were given the opportunity to object to any
rovision in the specifications considered unreasonable, and the group decided as a
hole if it was necessary to make a revision. There were surprisingly few things
e photogrammetric firms found impossible or unreasonable in this conference with
eir associates.

The proposal for the photogrammetric project consisted of the usual Texas Highway
2 partment "Standard Specifications for Aerial Surveys and Photogrammetric Maps"
ontaining nine items covering the method of handling the contract and prosecution of
e work, and "Special Specifications™ consisting of fifteen sections which detailed re-
lirements for the specific work and materials to be furnished.

The sections of the "Special Specifications were numbered and titled. Section 1,
Areas to be Mapped, " designated five areas labeled A through E. Two of these areas
're 2,000 ft wide, one area 2,400 ft wide, and two areas 1,200 ft wide. The areas
000 ft and 2, 400 ft wide were interchange areas and were almost square. The normal
idth of the project was 1,200 ft which required two flight widths.

Determinations of the sizes and locations of the areas were made from a small-
ale aerial photographic mosaic on which a layout of the roadway had been drawn. It
18 decided in the early development of the method of using data photogrammetrically
tained as field notes for property ownership deeds that it would be necessary to
ow all four corners of a block in a subdivision from which any property was to be
tained in order to properly complete the survey into which the individual tracts would
 tied. As a result, an area 1,200 ft wide was required. Experience with the method
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has since proved that this is not necessary and maps purchased for the same purpose
are now being used which cover an area 760 ft wide. The reduction of the map size to
provide coverage with one flight width allows substantial savings in the cost.

Section 2 of the specifications, "Maps to be Furnished," detailed which areas were
to be developed as contour maps, in full or in part, and which areas were to be develo
ed as planimetric maps only. Contours were specified for the interchange areas and
spot elevations for cross-sections were specified for the remaining areas.

Section 3, "Contents of the Planimetric Maps," set out details which must be showr
on the maps. An exception was allowed in this section which is not now permitted—""tl
planimetric features must be visible on or interpretable from the photography. "It
has been found from experience there should be a field edit of a project of this type ar
it is not an extravagant expense. Details of how the drainage, wooded areas, and coo
dinates were to be shown on the map were given in this section; also, the indexes for
the map sheets were specified.

Section 4, "Contents of Topographic Map," required the elevation data to be shown
either by contour lines on a base map which is the same as the planimetric map, or b,
spot elevations to be shown at designated points with errors not to exceed 0.25 ft. Th
grid was designated for this project to be on the State Plane Coordinate System. An
index of the topographic maps was also required.

Section 5, "Drafting,” Section 6, "Planimetric Maps, "' and Section 7, " Topographi
Maps, " specified requirements for drafting, sheet size, reproductions and similar
details for both the planimetric and topographic maps.

Section 8, "Ground Control," and Sections 9 and 10, "Accuracy of Planimetric Mag
and "Accuracy of Topographic Maps, " are probably the three most important section
of the ""Special Specifications.” The horizontal control was required to meet second o
accuracy and the vertical control required to meet third order accuracy, tied to sur-
veys of first or second order accuracy of the U. S. Coast and Geodetic or U.S. Geo-
logical Survey. Station markers and bench marks were monumented by concrete mar
ers with a bronze disc properly labeled.

Field notes of the horizontal and vertical control were furnished in the original fiel
books and on IBM cards for quick checking. Sketch maps showing the location of all
monuments were also required. The specified accuracies of the maps were based on
the requirements that all defined cultural features were to be mapped, in their correc
horizontal grid position, with errors not to exceed 0.5 ft. Ninety percent of all eleva
tions interpolated were to be correct with errors not to exceed 0.3 ft and the remaini
10 percent with errors not to exceed 0.5 ft.

Section 11, "Cross Sections," required 90 percent of the points shown to have a
vertical accuracy of 0.2 ft and the remaining 10 percent not to exceed an error of 0.2
Horizontal accuracy of the points was to conform with requirements for accuracy of
planimetric maps.

Section 12, "Methods of Testing," and Section 13, "Negatives and Photographs,"
were of the standard type specification for these items. Section 14, "Delivery Sched-
ule," and Section 15, "Payment," established the schedules for delivery of the photo-
graphs and maps and payment for the work and materials.

The specifications included a map of the areas designated and a ""Table of Symbols

The projectwas contracted for on April 16, 1958. Totalprice for the projectwas $120
000or $11, 760 per linear mile 1,000£t to 1,200 ft wide, witha completion time of 200 cale
dardays.

The work on the project was carefully checked by the Texas Highway Department Distr
Office personnel as rapidlyaspossibleafteritwas delivered by the photogrammetric eng;
neering firm. No major errors were found and most of the minor discrepancies wer
the result of the lack of a field edit, which was not required by the specifications.

As a part of the method developed to use this information in preparing right-of-w:
maps and deeds, the City of Dallas made available to the Department previously es-
tablished survey points at or near the center of each street intersection, Thesepoin
are part of a survey system established and maintained by the City of Dallas. Each
point was paneled prior to taking the aerial photographs for the photogrammetric pro
ject and were shown on the completed maps.
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The plats of the subdivisions through which the project was to be developed were ob-
 ined for use in checking the maps. It was found that the panel points plotted by this
L ethod and those plotted from the data furnished by the City of Dallas were in remark-
bly close agreement. All were well within the tolerances of a second order survey
~ was also found that the plats of the subdivisions and the planimetrics of the photo-
rammetric maps conformed throughout the project with few or no discrepancies.

The corners of each block having been established from the panel points and the
ubdivision plats, the property lines of each parcel involved in the right-of-way con-
iderations were checked according to the deeds recorded and on file. The latest re-
ords of the deeds were photostated or the deed description copied on card forms and
_rnished to the Department to be used for plotting the property lines in the District
ffice.

In order to determine the properties involved in the right-of-way considerations, the
enerally proposed geometric layout for the highway was plotted on the subdivision
lats. A copy of this map was made available to the abstract company scheduled to
. ndle the abstract work and title insurance for the project. The abstract company
urnished, as a part of the contingencies, the deed information.

A field edit was then made by engineers of the Texas Highway Department to study
e improvements included in the proposed right-of-way and to make brief notes on a
ork copy of the map. This information was very valuable in the final determinations
- the geometrics and design with regard to the estimated cost of the real estate in-
 Ived. Such things as retaining walls versus slopes had to be determined. In some

ses, this meant working up cost estimates on the retaining walls and having apprai-
'1s made on the additional right-of-way required for slopes. It also meant adjusting

ramp or changing the design of a fill to avoid a major right-of-way expense.

An important advantage to this method was the accurate property map developed
ith a speed which allowed the design engineer early consideration of all these factors,
nd many delays experienced in the past while waiting for information from which to
1ake a decision were avoided.

After the geometrics had been definitely established and design features which af-
cted right-of-way had been decided on, the exact right-of-way lines were drawn on
e planimetric map.

Appraisers were then given work sheets which were prints of the area of the parcel
ley were to appraise. The parcel was designated by pencil shading. Copies of these
heets were also made for the property owner.

A new deed was then prepared using the deed description from the record and pro-
erty survey notes scaled from the map. The new deed description was written to
efine clearly the property to remainand should the property owner wish to have a
irvey of his own made on the ground, it could affect the right-of-way line a maximum
' 6 in.

The area in which this method was first used involved over 300 parcels. To date
ere remain less than 20 parcels to be obtained and no major problems have developed.
ost of the remaining parcels are in condemnation proceedings.

The Texas Highway Department has since contracted for photogrammetric data to
> developed for a project 4.3 mi long with about the same accuracy requirements, but
ith the width limited to 760 ft and with elevation data shown as contours only. This
roject was contracted for in February 1959. The per mile cost of the project was
3,194 as compared to the original $11,760 per mile payed for the area 1,200 ft wide.
his contract is now complete, and although all phases of the project have not been de-
loped, no major changes in the method are anticipated. The survey points establish-
| by the City of Dallas for this area were not recovered and paneled; as previously
ated, these points had proved to be unnecessary.

The specifications for this second project are considered adequate as the project
mpleted under these requirements has received warm approval from the engineers
osely associated with it in the Dallas District Office. The contract price paid for the
oject is also considered very acceptable, and as it is the intention of the Department

use these specifications for a guide in future projects of this type, they are given

the Appendix for reference.
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At the same time this method for using data photogrammetrically obtained to prepa
right-of-way maps and deeds was being developed, maps were contracted for in other
parts of the state to be prepared photogrammetrically with the ownership of the prope1
in the entire map area to be plotted by the photogrammetric engineering firm, The
requirements were usually for the ownership data to be prepared as an overlay to a
planimetric map. The property lines were plotted in accordance with the deeds on
record as of a certain date. The required accuracy of the base map was specified ac~
cording to the general purpose for which the map was to be used and the ownership
overlay was never required to be more accurate than the base map.

The information obtained on these overlays proved to be little more than a tabulatio
of the property owners which could be obtained directly from the records or from a
local abstract company more economically.

The Texas Highway Department will continue working on methods and requirements
of specifications for photogrammetric projects to try to reach the ultimate economic
point in using data photogrammetrically obtained for the development of right-of-way
maps and field notes for deeds. It was realized that one of the projects in the City of
Dallas was somewhat unique in the amount of control provided by the surveys maintain
ed by the city; however, the method is feasible for areas which require more field
checking of plats and tying in previous surveys. Many of the errors of the original fi
surveys will become apparent on the maps and can be quickly proved in the field if
necessary.

There are additional benefits from a map of the accuracy required for preparing de
which are beginning to develop with the design studies and plan preparation of the pro-
jects. These benefits are considered by some of the design engineers using these maj
as essential to the type of information they want on any future maps prepared by photo
grammetric methods for their use, regardless of whether the intent is to develop righ
of-way maps and field notes for deeds from the data or not. In view of the favorable
price paid for the second project of this type in the City of Dallas, the additional bene:
fits of large map scales and high orders of accuracy will be a factor to consider in
determining requirements for any maps to be made of heavily developed urban areas
by photogrammetric methods.

Appendix

TEXAS HIGHWAY DEPARTMENT SPECIAL SPECIFICATIONS FOR AERIAL
PHOTOGRAPHS, PHOTOGRAMMETRIC MAPS, AND MOSAICS

Section 1. Area to Be Mapped

The maps and photographs to be prepared and furnished the Texas Highway Depart-
ment in accordance with these specifications shall cover an area from near Loop 12
to Clarendon Drive in Dallas, Texas, as approximately outlined on the attached sketcl
for bidding purposes and further designated by the Texas Highway Department as Con-
trol 442, Section 2.

Section 2. Maps, Mosaics and Photographs to Be Furnished

(a) A topographic map manuscript and a positive copy thereof on Du Pont Matte
Cronar 0.004 in. thick at a scale of 1 in. =20 ft with a 1-ft contour interval and a
planimetric map positive on Du Pont Matte Cronar (0. 004 in. thick) before elevations
are plotted, at a scale of 1in. =20 ft, are to be furnished of the area generally out-
lined on the attached sketch.

The positive reproductions will under no conditions be enlargements of the map
manuscript.

(b) One semi-controlled mosaic shall be furnished of the area covered by the phot
grammetric maps at a scale of 1 in. =50 ft.

(c) One set of contact prints providing full stereoscopic coverage and index maps
shall be furnished of the entire designated area.
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Section 3. Contents of Planimetric Maps

(a) General. The maps shall contain all planimetric features which are visible or
identifiable on or are interpretable from the aerial photography, including land use
features such as buildings, canals, ditches, reservoirs, trails, roads (highways), rail
roads, quarries, borrow pits, cemeteries, orchards, boundaries of logged-off areas
and wooded areas, and individual, lone large trees that can be recognized as such;
and all telephone, telegraph, and electric power transmission line poles and/or towe
underground cables, pipe lines and sewers, fence lines, billboards, rock and other
walls, and similar details of land use. Structures such as bridges, trestles, tunnels
piers, retaining walls, dams, power plants, transformer and other substations, tran:
portation terminals and airfields, oil, water and other storage tanks, and the like sh
be shown. These shall be shown where they occur in addition to all other land use fe
tures; sidewalks, parking strips, driveways, fire hydrants, manholes, lamp posts an
similar features. The backs of all curb lines shall be plotted.

Buildings and similar dimensionable objects shall be correctly outlined and oriente
and shall be drawn to proper scale.

The contractor shall place on the map the names of such streams, streets, roads,
towns, etc., as can be secured.

The contractor shall show by proper symbol the principal points of each model in
their exact position on the map manuscript and on the positive copies thereof.

(b) Drainage. Drainage lines shall be shown by dash and three dot symbols for al
well-defined drainage features indicated when the drainage feature is Y10 mi or more .
length.

All drainage lines shall be stopped at a distance of at least 40 ft from the ridge lin
Streams shall be shown double line; each shore being indicated by the dash and three
symbol. The shore line of small ponds shall also be shown by the drainage line symk
and the interior lightly hatched in ink. Where drainage is known to exist, and where
depressions are noted, such culvert and bridge end walls as can be seen in the origin
photography, or are known to exist, shall be shown on the map.

(c) Wooded Areas. Woodland outlines shall be carefully and accurately delineatec
The width of clearing bands along all power transmission lines shall be accurately
shown. Woodland lines must be in exact position, especially where the boundary is ¢
road, railroad or transmission line right-of-way. Free standing trees with crown
diameters greater than 10 ft shall be shown by an accepiable conventional symbol.

(d) Coordinates, Grid lines shall be shown as grid ticks from inside border to
inside border at 100-ft intervals conforming to the State Plane Coordinate System.

(e) Indexes. The contractor shall furnish one complete index of the area defined
on the attached sketch map, of the planimetric maps on Du Pont Matte Cronaflex (0. 0
in. thick) showing proper orientation of each sheet. There shall be fixed on the inde:
map sheets a north arrow, and the approximate position of each tenth numbered coor
dinate grid line. The scale of this map shall enable the contractor to represent dia-
grammatically all map sheets on one sheet of the size stipulated for finished maps ir
the proposal schedule.

Section 4. Contents of Topographic Map

(a) General. The base map showing all cultural features and the grid coordinate:
will be the same as the planimetric map manuscript. Relief features will be superi
posed on the base map to form the topographic map manuscript.

(o) Relief. Elevations shall be based on United States Coast and Geodetic Survey
datum and relief shall be shown by 1-ft contour lines. All contours shall be drawn
clear and sharp with a continuous solid line except through buildings or drainage st
tures. Each 5-ft contour shall be accentuated and numbered. Contour numbers sha
be shown at intervals not to exceed 10 in. measured along the contour line. Elevatic
of all road intersections, roads and railroad intersections, saddles, summits, de-
pressions, the water level on the shore lines of all streams, drainage canals, lakes,
reservoirs, ponds, etc., and the centerline of each bridge end and like structures of
importance in highway engineering, shall be shown accurately within 0.25 ft of the c
rect elevations.
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ection 5. Drafting

All drafting on the map manuscript will be of the highest standard of workmanship.
he manuscript shall be scribed. All lettering shall be mechanical, neat and legible
ith the style in accordance with standard map practice and with weight and size rela-
ve to the importance of the physical features. The general appearance of the maps
1d the quality of the drafting shall be consistent from sheet to sheet. Standard symbols

d line weights will be in accordance with Table "A" of these Special Specifications,
' as directed by the engineer.

 ction 6. Positive Reproductions

The positive reproductions of the manuscript furnished for the topographic and
animetric maps shall be on sheets with a maximum size of 40 in. wide and 96 in.
ng. Detail sheet sizes will be as directed by the engineer. Where sheets join there
hall be a minimum lap of 2 in. and there shall be match marks within the areas.of
e lap on each positive reproduction. There shall be in the lower right-hand corner
 each sheet a title block, the size and information contained as directed by the engi~
eer. The Du Pont Matte Cronar positives shall show all the details of the manuscript
1d shall be clear of blemishes, discoloration, scratches or marks that might in any
.y reduce usefulness during reproduction processes.

ection 7. Ground Control Surveys

It will be the contractor's responsibility to establish second order horizontal ground
ntrol and third order vertical control as required. The survey shall be tied to the
ate Plane Coordinate System and monumented at not greater than %-mi intervals,
ch as monuments as may be required shall be so located that each consecutive monu-
ent shall be intervisible.

() Description, Ground control shall consist of determining the ground position of
rtinent data on existing triangulation and traverse station monuments and bench marks,
own as the basic control, the making of surveys to determine the position of all

tion markers and the elevation of all bench marks set on the project and the making
‘essential ground control surveys for the establishment of horizontal and vertical
mtrol for the stereophotogrammetric mapping which the contractor shall do by the
e of aerial photography.

) Requirements.

1. Origin of Basic Control: Primary ground control surveys shall be based
on and adjusted to the basic control specified. Such basic control will consist of
st or second order work of the U.S. Coast and Geodetic Survey, the U.S. Geological
rvey or other competent agencies or parties who engage in making basic control
rveys. The Texas Highway Department makes no guarantee of either the accuracy
the position, elevations or the physical existence of the basic control monuments
1 bench marks. All information available about the existing basic control shall be
ade known to the contractor, but the responsibility shall be his to obtain and use this
formation.

2. Horizontal and Vertical Control: Standard ground survey methods necessary
obtain the accuracies specified shall be used; these may include triangulation and
'verse for horizontal control, the spirit levels and precise vertical triangulation for
rtical control.

All control surveys shall originate and end on the basic control for which closures
> known and available or shall be run to make a closed circuit.

All station markers and bench marks set for this project shall be included in
tied to the control survey. Horizontal and vertical control stations and all points
 eled by the Department prior to flying shall be accurately shown and identified on

photogrammetric maps. Station markers and bench marks shall be concrete having
nensions of not less than 6 in. in width and 3 ft in the ground with bronze markers.
onze markers are to be supplied by the Texas Highway Department. Monuments
all be placed at points as directed by the engineer.
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The contractor may use whatever methods are feasible and practicable to es-
tablish the supplemental horizontal and vertical control needed for scale adjustment
and orientation of the aerial photographs in the stereophotogrammetric mapping opera-
tions; such methods, however, shall be precise enough to establish control commen-
surate with map accuracies required.

3. Accuracy: For the purpose of these Special Specifications the order of ac-
curacy shall be as listed below. Maximum error of closure for this project, before
adjustments are made, shall be wherein N is the number of angles between tangents
of the traverse and M is the length of the level circuit in miles.

HORIZONTAL ANGLES TRIANGLE CLOSURE

Horizontal Traverse Vertical
Distance Lines Average Maximum Distance
1:10, 000 (10 sec)y/N 3 sec 5 sec (0. 050 £t/

4. Field Notes: The field notes of the horizontal and vertical control surveys
shall be kept in a clear legible manner in bound engineer's field notebooks of standard
manufacture. The contractor will also furnish horizontal and vertical control survey
ondata processing cards (IBM) which have been punched and verified for the herein
specified control survey. The data processing cards (IBM) are to be punched and
verified for the herein specified surveys in accordance to instructions as outlined by
D-21 of the Texas Highway Department. It will be the contractor's responsibility to
contact the Texas Highway Department, D-21 in Austin directly to obtain these in-
structions and IBM cards which will be furnished by the state. Horizontal and vertica
control information, and the data processing cards (IBM) shall be delivered at the
same time the contact photographic prints, photo indexes and mosaics are delivered.

5. Records: The contractor shall provide the engineer with a written descrip-
tion and sketches of all azimuth marks, station markers and their references, and all
bench marks. He shall also prepare a line diagram sketch map, at an appropriate
scale not smaller than 1,000 ft = 1 in., of the network of horizontal control surveys
completed for the project. On this map he shall designate by appropriate symbols
(See Table"A")representing each kind and their respective orders of accuracy, the
existing survey monuments and bench marks, the triangulation network and traverses
and station markers and bench marks set on the project. This sketch map shall be
appropriately titled and shall contain a graphic scale bar, directional north arrow,
and applicable bearing and plane coordinate notations.

6. Materials: All materials and equipment essential for the satifactory com-
pletion of this item shall be selected and furnished by the contractor.

7. Prior Requirements: The state highway department requires that the con-
tractor contact the district engineer's office, Dallas, Texas, before doing any work
on this contract. The amount of control, work progress outline of work to be perforr
and acceptability of weather conditions for the photography of this project will be sub-
ject to the approval of the district engineer. If it is determined necessary to delay th
photography, such delays will be made and proper credit will be given the allowed cor
tract time.

Section 8. Accuracy of the Planimetric Maps

All defined features checked must fall in their correct horizontal grid position wit
% of 1 ft (0.5 ft).

Section 9. Accuracy of the Topographic Maps and Cross Section Data

(a) Cultural Features. All defined features checked must fall in their correct ho
zontal grid position within % of 1 ft (0.5 ft).

(o) Contours. Ninety percent of all elevations interpolated shall be correct withi
three-tenths of the contour interval (0.3 ft) and the remaining 10 percent shall not be
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n error by more than one-half contour interval (0.5 ft). Where ground is obscured

y heavy cover of trees or high grass contours shall be shown as broken or dashed
nes.

ection 10. Method of Testing and Inspection

The Texas Highway Departmentwill field inspect and test the sheets as rapidly as
ossible after receipt from the contractor. The completeness of the cultural and topo-
raphic detail will be determined by a thorough inspection in the field. Accuracy tests
7ill be made by the "'test profile" method—that is, by running a profile over any section
f the map and then comparing the elevations of test points and the horizontal positions
f the cultural features indicated on the profiles with those shown on the map sheet when
onverted to grid position. If the section is rejected, the contractor will be required
o bring it to proper accuracy at his own expense within 20 days after notification of
ejection. In all cases, the highway department reserves the right to select the areas
> be tested.

The highway department shall be allowed 30 days after receipt of each map for ac-
2ptance or rejection. The contractor shall be notified of acceptance or rejection
ithin this period. This period is not included in the contract time.

In addition to field inspection and testing, the highway department reserves the
ight to inspect any and all phases of the work at any time.

ection 11. Photographic Mosaic

The contractor shall furnish one copy of a semi-controlled mosaic for the full cover-
ze of the contact prints at a scale of 1 in. =50 ft, using all of the contact prints.

The mosaic shall be an assembly of scale ratioed aerial photographs matched and
ounted to form a photographic mosaic, a copy photographic print thereof and negatives
. the photographic prints. The photographic prints shall be on single weight, semi-
atte photographic paper and linen backed. The negatives will have a 1:1 scale with
e prints. Linen backing shall be of durable grade sufficient to withstand considerable
ndling of the mosaics. The linen backing shall be Commodore Blue Print Cloth,
-E-D White, as manufactured by Special Fabrics, Inc., Saylesville, Rhode Island,

* equivalent. The edges of the mosaics shall be bound with edge binding plastic tape.

All photographs used in the assembly of the mosaics shall be of such quality that
e finished mosaic shall have fine grain quality, normal uniform density, and such
lor tone and degree of contrast that all photographic details show clearly. Color
ne shall be uniform from one photograph to another. Abrupt changes in color will
t be permissible and lines shall not show where the photographic images of the
parate photographs join each other. Variation from scale shall be equivalent to, or
tter than, one part in five hundred (1:500). Prints shall not be more than three dia-

2 ters larger than the negatives of the original photographs made for the project.
1y two adjacent prints of the mosaic shall not be mismatched by more than % of an
 h,

All prints shall be clear and free from chemicals, stains, blemishes, uneven spots,
' bells, light fog or streaks, creases, scratches and other defects which would in-
fere with their use or in any way decrease their usefulness.

The contractor shall place on the mosaic north arrows, title blocks and the names
the major streams, streets, roads, highways, towns, etc, The length of the mosaic

eets shall be a maximum 5 ft in length with 12-in. overlap on each sheet as designated
the engineer. .

ction 12. Negatives and Photographs to Be Furnished

All photographs furnished the Texas Highway Department in accordance with this
oposal shall be made from a new flight subsequent to the date of contract,

The contractor shall identify all negatives with the date of photography, code letters
identify project, film roll and negative number, and shall place on the film strip

> time of day exposed. The negatives will be labeled in either a northerly or easter-
direction.
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The contractor shall furnish one complete set of photographic contact prints on
semi-matte double weight paper. The prints shall be sufficiently overlapped to permit
stereoscopic study of the entire area.

The contractor shall furnish two copies of a photographic index map at a scale of
1in. = 40 ft to readily permit the selection of prints covering any part of the project
on semi-matte double weight paper. Photographic index maps should show street
names at maximum 9-in. spacing to aid in orientation.

All photographs shall be clear, sharp, free of blemishes, discoloration, chemicals
fog or uneven spots, light streaks, creases, scratches and other defects which would
in any way reduce their usefulness.

On the back of each photographic print delivered and in the same corner as the
photographic number appears on the image side, there shall be stamped: Property
of the Texas Highway Department, the name and address of the contractor, the focal
length in milimeters of the aerial camera and the shutter opening used. Prints of
vertical photography shall also be stamped with their approximate scale.

Section 13. Delivery Schedule

Contact photographs, photo indexes and mosaics shall be delivered to the Texas
Highway Department, at the address specified, within 70 days after completion of
flying.

The cronar positives of the map manuscript shall be delivered as rapidly as they
are completed.

The contractor will deliver all materials under this contract to Mr. Frank W,
Cawthon, District Engineer, P.O. Box 3067, Dallas, Texas, within 180 days after
the work order is issued.

Section 14. Payment

Partial payments not to exceed one payment per calendar month, may be made on
the following basis as the work progresses:

(a) Twenty percent of the contract bid price will be paid on delivery and acceptanc
of the contact prints, photo indexes, mosaics and control data with punched IBM card

{b) Seventy percent of the contract bid price will be paid on delivery and acceptan
of the planimetric and topographic maps. In the case of progressive shipments the
payment for each shipment will be made on the ratio of the number delivered and ac-
cepted as to the number required. It is not required that the manuscript be delivere
at this time.

(c) The remaining 10 percent will be paid on delivery and acceptance of the map
manuscrips and acceptance of all work; the delivery and approval of all material re-
quired under these specifications and bid proposal.




‘rom Map to Computer
.. L. FUNK, Photogrammetric Engineer, California Division of Highways, Sacramento

A new method of obtaining digital terrain data
for earthwork quantity computation is presented.
The procedure is being used in the design of a
200-mi section of Interstate highway on new lo-
cation. Cross-section data are referred to a
calculated centerline, which is developed from
a study of aerial photographs prior to map com-
pilation. The method permits key punching for
electronic computers directly from manuscripts
prepared by the photogrammetric mapping con-
tractors.

Although the method was developed primarily
for comparatively flat terrain it has also been
adapted for use in taking digital data from contours
of topographic maps. Time studies were made
and comparative costs developed for this technique
and for other methods of taking data from contours.
These costs will serve as a guide in estimating the
probable value of automation as a connecting link
between contours of the maps and the computer.
Complete automation from plotter to computer
by resetting the stereomodels is also discussed
briefly.

PHOTOGRAMMETRIC MAPS are a basic source of information for practically all
hway design in California. They are generally at a scale of 1 in. = 50 £t and cover
and from 1, 000 ft to 1,400 ft in width. In rolling terrain a contour interval of 2

is used. In comparatively flat terrain a grid of spot elevations at 100-ft intervals
shown either in place of, or in addition to, the contours. During design the center-

1e is laid out on the maps and terrain data for earthwork quantities are taken off
nually and processed by electronic computers. This paper describes a method re-

ntly developed to minimize the labor involved in preparing terrain data for computa-

n,

DESCRIPTION OF PROJECT

The method was developed and is being used on a project involving 240 mi of Inter-
ite highway on new location extending from US 99, south of Bakersfield, to US 50 west
Tracy. Most of the route is on the west side of the San Joaquin Valley and immedi~
ly adjacent to the foothills. Approximately 170 mi of the location are in flat terrain
th the remainder ranging from gently rolling to rolling. There is very little develop-
ent in this area with the land being used primarily for agriculture and grazing. Ground
ver is negligible.

Available information used for reconnaissance studies consisted of a 1 in, =2 mi
s embly of County Road Inventory maps, 1 in. = 4, 000 ft photo-indexes, and 1 in, =
00 £t U. S. Geological Survey quadrangle maps. In some areas these were supple-
nted by 1 in, =1, 000 ft uncontrolled mosaics.

Following adoption of the recommended route by the California Highway Commission,
> work of preparing plans and specifications for photogrammetric mapping was start-

The 240-mi route was divided into seven mapping contracts ranging from 25 to
Ls
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52 mi in length. It was during this stage that plans were made for an improvement in
methods of preparing terrain data for electronic computation.

In conformity with current California practice, basic horizontal control monument
were established by use of electronic distance measuring equipment at intervals of fr
2 to 4 mi. Mapping contractors were required to set semi-permanent monuments in
the immediate vicinity of the proposed centerline at intervals of from 1,000 to 2,000 £
The positions of these monuments were to be established by second order traverses
closing on the basic control monuments. In addition to the semi-permanent monumen
the mapping contractors were required to leave chaining points along the random tra-
verse at intervals of approximately 300 ft. The specifications provided that these
chaining points were to be pre-marked and used for both horizontal and vertical photo
control.

The purpose of these pre-marked chaining points was twofold. First, they would
strengthen the mapping in the central portion of the mapping strip where accuracy is
essential for development of earthwork quantities. Second, they would provide con-
trols for laying out and computing the proposed centerline through areas where the
terrain was flat and topography would not affect the precise location.

STRIP METHOD IN FLAT TERRAIN

The specifications also provided that in areas of flat terrain, where spot elevation
were to be used in place of contours, the contractor was to lay out the coordinate gric
plot the position of the pre-marked control points, and deliver the manuscripts togeth
with a set of contact prints prior to the start of map compilation.

By studying the contact prints of the 1in. =250 ft photography together with avail-
able utility maps and other data, it was possible in a very short time to lay out the
centerline on the 1 in. =50 ft map manuscripts. The position of the centerline was
computed and 100-ft stations were plotted on the manuscripts which were then return
to the mapping contractor for compilation.

In compiling the maps the contractor was required to show elevations at centerlin
and at distance of 42, 76, 103, 150, and 200 ft left and right. The first three of thes
distances corresponded, respectively, to the inside edge of pavement, outside edge o
shoulder, and catch point of shallow cuts and fills. Beyond 200 ft left and right, ele-
vations were required at 100-ft intervals. In addition to these specified distances, el
vations were also required at all breaks.

In place of copying the terrain data on the usual forms for earthwork computation
it was decided to keypunch directly from prints of the photogrammetric maps. Ac-
cordingly, strips covering a 300-ft width were cut from prints of the maps. Distance
to break points, other than the specified distances previously mentioned, were then
scaled and written opposite the elevations. A small portion of one of the strips is
shown in Figure 1.

A holder with two spools (Fig. 2) was then constructed. A transparent template
with marks at the specified distances of 42, 76, 103 and 150 ft was fastened to the
holder so that zero on the template would correspond to centerline on the strip. The
template is shown at the left in Figure 1.

After inserting a strip, generally about 5 ft in length, in the holder the keypunch
operator turns the spool until the template is adjacent to the first station. After key
punching this station, a turn of the spool moves the strip into position for the next

station. The keypunch operation is shown in Figure 3. After a minor amount of pra
tice it was found that keypunching from the strips could be done at the same rate as
from the conventional terrain data forms.

Comparative Costs

A comparison of costs between the strip method with spot elevations along cross-
section lines and the conventional method of scaling distances and recording on form
is given in the first two lines of Table 1. The cost of 2.1 cents and 4.1 cents per
point, respectively, are for all charges involved in getting the data to the computer
and include 1.6 cents per point for keypunching.
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Figure 3.

It should be noted that the saving of 2 cents per point is by comparison with scaling
and recording points which are written along regular cross-section lines. With an
arbitrary grid of spot elevations, as usually obtained in California, the mental in-
terpolation required for determining elevations on cross-section lines would require
more time. This in turn would result in greater savings for the strip method by com.
parison.

An alternate solution to this problem would have been to require the mapping con-
tractor to use equipment such as the terrain data translator (l and furnish the data
on punch cards in place of writing the elevations on the maps. However, maps
showing elevations are an essential tool of the designer for laying out drainage sys-
tems, interchange plans, and many other basic components of the total design. It
was therefore considered that the minor savings which could be obtained by full auto-
mation of terrain data were more than offset by the value of the maps to the designer.

ROLLING TERRAIN

The success of the strip method in comparatively flat terrain led to an adaptation
of its use in rolling terrain where elevations were shown by contours rather than by
spot elevations along cross-section lines. In this type of terrain no attempt was mad
to position the centerline prior to map compilation, as the exact location could best
be determined by the designer using the large-scale contour maps.

The conventional method of obtaining terrain data from contour maps is to scale
distances along cross-section lines to each contour and/or breaks in the terrain.
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TABLE 1
COMPARATIVE COSTS OF DIGITAL TERRAIN DATA

Time (man-hr)

No. of Points per Cost per

ethod Record Check Points Man-Hour Point
ot elevations,

ross-section
lines:
Conventional 3,17 1.17 525 121 4, 1cents?

trip 0.58 0.25 525 632 2.1cents®
ontour maps:
>onventional 10,03 6.07 1,050 65 6.2 cents?
Strip 6.45 1.58 1,011 126 4,0cents?
Port-A-Punch 4,97 0.90 452 b 4.1centsP
Dictaphone 4,83 2.25 982 138 4, Ocents?s P

ased on $3.00 per hour for take-off and check plus 1.6 cents per point for key-
| ching and verifying.

. cludes 0.2 cents per point for printing tabulation prior to checking.

levations and distances are recorded in the form of cross-section notes which are
en keypunched for electronic compuation.

Using the strip method, elevations and distances are recorded on a 7-in. or 9-in.
 ip of transparent mylar with a printed grid as shown in Figure 4. The strip is
sitioned over the contour map at the station for which a cross-section is desired, a
k mark is placed at each desired contour crossing and at summits and depressions

ng the cross-section line. Elevations of these points are written on the strip op~
site the tick marks. This operation is then repeated at the next desired station.

It was found best to record elevations at all stations on a strip before determining
 tances left and right of centerline. Distances are then established by visual inter-
lation of the tick marks on the grid and recorded on the left of the tick marks. It
obvious that the transparent grid takes the place of the usual secale for measuring
 tances out from centerline. Scale parallel to centerline is of no importance and
n be varied as desired to provide adequate spacing for the cross-section lines.
rves are represented as straight lines on the grid with lines normal to centerline
) resenting radial lines.

Keypunching was expedited at first by using different colored pencils for stations,
evations and distances. After the operators became accustomed to keypunching from
e strips this was found unnecessary. The same holder illustrated in Figure 2 is
ed for keypunching.

1er Methods Tested

After adapting the strip method to taking data from contour maps, tests were made
ra 1-mi section to determine comparative time and costs for: (a) conventional meth-
~ (b) strip method, (c) use of the Port-A-Punch, and (d) use of a dictaphone. The
rt-A-Punch is a small device for holding punch cards which are punched manually
the same time distances out are scaled and elevations determined.

The costs per point for each of these methods are given in the last column of Table
The costs for the conventional, strip, and dictaphone methods include 1.8 cents
point for keypunching. This cost was determined from records compiled for
» 000 points in a two-month period. The 1.6 cent cost includes: supervision, e-

ipment rental, office space, and such miscellaneous charges as vacation, sick
ve, and retirement. The keypunching costs also include verifying by another opera-
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Figure L.

Although the cost for the strip method was approximately the same as for either
the Port-A-Punch or dictaphone it has several advantages over both of these methods
The most important of these is that the strip method can be checked before keypunchi
whereas it was found that a satisfactory check of the Port-A-Punch and dictaphone
take-off could only be made from the printed tabulation. This required returning the
material to the Tabulation Section for correction. The strip method is also much
simpler than either of the others, requires less equipment, and needs less practice
to become proficient in its use.

Resetting Models

Another method of obtaining digital terrain data which is used in some states is to
reset the models in a stereo-plotter after the centerline has been laid out on the larg:
scale maps. Digital data are then recorded directly on punch cards with the use of
special equipment. This method was tried on a previously reported (2) experimental
project. The costs involved were approximately 10 cents per point as compared to
4 cents by the strip method.

It has been contended that more accurate earthwork quantities would result from »
setting the models, as the elevations are measured directly in the stereo-plotter ratl
than from contours. However, as C.L. Miller has pointed out (3), statistical accur:
rather than point accuracy is the essential requirement for accurate earthwork quan-
tities. Therefore unless systematic errors are completely eliminated there is no as
surance that any major increase in the accuracy of earthwork quantities can be achie
by direct stereo-plotter measurements over those taken from a contour map @).

Automation from Map to Computer

A method of taking digital terrain data from contour maps with semi-automation i
possible through use of the digital scale, developed by Benson-Lehner (4), or the
digital terrain data recorder, which is being developed by MIT (5). On the basis of
information available at this time it appears that take-off of as many as 800 points pe
man-hour may be possible with such equipment, which is estimated to cost approxi-
mately $9, 000.
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Take-off of 800 points per hour would result in a saving of 2 cents per point in
 ke-off and checking, plus 1.6 cents per point in keypunching or a total of 3.6 cents
er point as compared to the strip method. However, to amortize a $9, 000 cost in
iree years plus rental of $50 per month for keypunch equipment it is apparent that an
1nual volume of 100, 000 points in one office would be necessary for equal costs be-
veen automation of this type and the strip method. It is therefore obvious that the

lue of this type of automation will depend on: (a) the volume of points to be pro-
 ssed in one office, (b) the cost of the equipment and the rate of amortization to be
sed, and (c) the production rate possible with such equipment.

CONCLUSIONS
The following conclusions are drawn from this study:

1, The strip method of terrain data take-off has proved practical for both flat
nd rolling terrain. It has the advantages of extreme simplicity and low cost.

2. The savings over conventional methods are in the order of 2 cents per point,
| though at first glance such savings may appear minor, it must be considered that
e California Division of Highways processes earthwork quantities involving approxi-
ately 1.5 million terrain points annually. Of these it is estimated that more than
million points are taken from contour maps.

3. There is a possibility of further savings by automation of the step between map
d computer. The principal obstacle to realizing such savings at present is the high
itial cost of available equipment.
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Getting from Map to Ground

W.T. PRYOR, Chief, Aerial Surveys Branch, Highway Standards Division, Bureau of
Public Roads, U.S. Department of Commerce, Washington, D.C.

Transferring the designed centerline of a highway
location from photogrammetrically compiled topo-
graphic maps to the ground can be accurately and
efficiently accomplished when a system of plane
coordinates is used for control of the mapping and
for preparation of a mathematical description of
the centerline. Accurate surveys on the ground,
and/or accurate photogrammetric triangulation,
through man made or natural objects or features
which appear as small and easily identifiable
images on the mapping photography, provide the
horizontal control and checks on vertical control
for compilation of the topographic maps. The
ground position and plane coordinates of each of
the surveyed images, and the computed plane
coordinates of points of changes in curvature on
the designed centerline, are the basic data from
which distances and bearings are computed for
measurement on the ground, Such data are the
essentials for beginning centerline staking and
serve as intermediate ties for checking position
during the process of transfer of the centerline
from maps to ground when the designed location
is staked in readiness for construction of the high-
way.

This paper describes the techniques involved
in the foregoing procedures and gives illustrations
of their applications in specific cases.

@SUCCESS, or lack of it, in getting from maps to the ground is the yardstick by whic!
the quality of maps, especially those compiled by photogrammetric methods, and the
accuracy are judged. The manner in which the maps are used and the way in which
transfer of position from maps to the ground is accomplished are seldom, and in so1
cases never, considered to be the cause of engineers' difficulties.

This paper gives some facts regarding common difficulties which are encountered
in getting from map to ground, and methods of eliminating these difficulties. Unless
these difficulties are removed, their multiplicity arising from improper use of maps
will continue.

The procedures and techniques were developed through the employment of varia-
tions in and adaptations from work accomplished on numerous highway surveys. The
may be new to many users of photogrammetry and aerial surveys for highways. It
is hoped that they will give stimulus for further research and development to devise
new and improve old methods and procedures of using photogrammetry and aerial
surveys.

OLD METHODS

In the past, essential topographic data for highway location and design were ob-
tained by surveys on the ground and plotted in map form at a scale of 40, 50, or 100
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=11in, These maps were generally accompanied with a profile of the P-line (pre-

n inary traverse) which constituted the base line of the survey. Using such data (often
n ited in detail, scope, and accuracy) the location engineer established the centerline

' the proposed highway. Because the topographic data were usually restricted to a
latively narrow band centered approximately by the P-line, the position-projected
nterline for the highway could not be very far from it. Large displacements from

e P-line could be made only when the field survey crew anticipated the probable de-
rability of a substantial line shift and secured more than the usual band-width of field-
rveyed data, or returned to the field to obtain such data.

While making a field reconnaissance, the location for the P-line was flagged on the
ound. Then stakes were set at each 100-ft station, at the intermediate major breaks
-ground slope, and at the instrument points where angles in this traverse were mea-
ired with a transit. A profile of the traverse was measured by spirit levels, and
'oss-sections were measured for a distance of approximately 100 ft from and as nearly
rmal to it as could be readily determined by the cross-sectioning party. After the
ound profile of the P-line had been plotted, a tentative grade line (including vertical
rves) was established for subsequent use in designing the highway. Following all
sirable adjustments in tentative locations for the centerline of the highway—as pro-
 ted on the map-so that the entire highway was fitted to the topography horizontally,
rtically, and cross-sectionally, the location centerline (called the L-line) was staked
| the ground.

Because the L-line had been designed in relation to the P-line, which existed on
' ground, and because some segments of the L-line and P-line were coincident, and
1ere not coincident their points of intersection and points of maximum separation were
own, staking of the L-line in its designed position was never considered to be a par-
ularly difficult problem. Without the P-line to ""hold on to," however, the same
gineers, who successfully staked many miles of L-line from P-line data, seemingly
came frustrated and "lost" in transferring to and staking on the ground an L-line de-
gned and delineated on photogrammetrically compiled topographic maps. They miss-
the "holding, guiding hand" of the P-line. Actually though, with a fair understanding
procedures used to compile maps by photogrammetric methods, it is easy to rec-
nize, in essence, that a P-line-like base line does exist, both on the ground and on
e maps, and that the designed L-line may be mathematically tied to and staked from
s "'base line" to accurately position it on the ground,

METHODS WHEN AERIAL SURVEYS ARE USED

With the advent of using aerial surveys and photogrammetry in the engineering of
ghways, a significant change in location and design procedures evolved. Through
2 use of stereoscopic pairs of aerial photographs, the location engineer accomplishes
1 ajor portion of his reconnaissance surveys and route determinations in the office.
s theater of operations need no longer be confined to what he can see on the ground
he trudges from one visibility vantage point to another, but includes all of the broad
ea for which he has aerial photographic coverage. A number of route alternatives

y be determined and compared, and the best one selected for preliminary survey.
 longer is such reconnaissance a one-man operation. Now the talents of specialists
y be quickly used and the accomplishments of each one of them easily presented for
view and correlation with the work of all others concerned.

In using aerial survey methods, the route is located on the small-scale photographs
they are examined stereoscopically while making the reconnaissance survey. Then
> route is photographed and topographically mapped by photogrammetric methods.
is mapping is accomplished as a preliminary survey in ample detail and at large
ugh scale(100ft = 1 in. or larger) as necessary to design on the topographic maps
use of a spline line and/or appropriate curve templates the best location for the
thway on the ground. Thus, by use of the aerial photographs and maps, the L-line
ation is fully established so that the highway fits the topography and land use, both
ysically and aesthetically. Consequently the location engineer may move directly
)m the photographs and maps to the ground without the intermediate step of P-line
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staking. Only after mutual agreement on the design of the highway need the location
survey staking of the L-line on the ground, in readiness for construction, be under-
taken.

Survey Control

Horizontal and vertical control based on accurate surveys made on the ground and
an accurate system of plane coordinates mathematically related to that control are of
utmost importance in compiling maps photogrammetrically. Without accurate groun
control to insure proper orientation of each stereoscopic model in the photogrammet:
instruments, it is impossible to secure maps which meet the necessary accuracy re-
quirements for location and design of highways. For plotting the surveyed control
points and establishing the points of change in curvature on the designed centerline,
use of the system of plane coordinates assures positioning precision and eliminates
cumulative errors in using the maps and in doing all subsequent centerline and other
staking. Having the system of plane coordinates based on a statewide network of
basic horizontal control that is part of the national network, as established by the U.
Coast and Geodetic Survey, is highly advantageous.

Both horizontal and vertical control points that will be used to control the mapping
by photogrammetric methods are called supplemental control, and must be within the
route band of topography to be photographed and mapped. Before the mapping photo-
graphy is taken, a suitable photographic target must have been placed on the ground
centered over each point to be used for supplemental horizontal control or such point:
must be natural objects or features appearing as small and easily identifiable images
on the mapping photography which can be easily and accurately tied to basic control
points in the project ground control surveys. Each basic control point is preserved
in its position as a permanent station marker, which is usually a metal pin or con-
crete monument centered by a metal tablet appropriately marked to identify it.

The spacing infeet of points at which photographic targets are placed for constituti
the principal supplemental horizontal control along the lengthwise direction of the rou
zone of photography should be not more than approximately two times the mapping pho
raphy scale expressed in feet to one inch. They should also be alternately on one si
and then the other of the approximate center of the route, laterally separated in feet
not less or more, respectively, than one or five times the photography scale in feet
one inch. Ocecasional additional targeted points to serve as basic project control poir
should be on or near the center of the route at a /%~ or 1-mi interval, centered by a
permanent station marker. All other targeted points should be centered by a semi-
permanent station marker, which may be a tack in a wooden stake driven into the
ground to where its top is flush with the ground surface.

Bench mark levels measured through the horizontal control points may provide a
necessary portion of the vertical control near the center of each stereoscopic model.
In addition to vertical control thus obtained, the elevation of pass points—photographi
image points easily identified on smooth, preferably level, ground near the corners
each stereoscopic model—are also required.

Use of the Surveyed Control

With the plane coordinate grid system constructed on each map manuscript and
each ground survey control point plotted thereon in its exact coordinate position, the
stereoscopic model from which each segment of the maps is to be compiled is orient
to the control. If pre-set targets are not available and survey station markers do no
appear as photographic images on the mapping photography, it is necessary to tie,
on the ground, the objects or features which appear as small and easily identifiable
images on the photography to the basic, permanent, station markers set and surveye
in the project control surveys. These images—for which coordinates have been com-
puted from the control surveys data—are the control points plotted on the map manu-
scripts to control the mapping. In addition, the position of each permanent station
marker is plotted accurately and symbolized on the applicable map, and its plane
coordinates are also noted thereon for subsequent use.
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With a plane coordinate grid system existing on the maps, the position of each con-
ol point accurately designated thereby, and each point on the designed centerline
athematically computed thereto, cumulative error is eliminated. Also, scaling
ility is improved. This is achieved by interpolation between the plane coordinate
'id lines, and, when done, the effects of changes in map scale are eliminated. The
1 thematically ascertained position of each surveyed control point is known. An er-
neously scaled position of the highway alignment, as an L-line, is not used. General-
, the spacing interval of plane coordinate grid lines is 5 in. By converting this
acing to its ground distance equivalent, the effects of any change in map scale are
plied immediately to points in the designed alignment, and to any other points, as
sired, during engineering use of the maps. Consequently, the desiged and computed
sition of the L-line is exact.

The coordinate positions determined for horizontal control points on the ground,
1ich appear as photographic images on the mapping photography, constitute a base
1e—a traverse similar to that used in P-line surveys on the ground. This base line
ists on the ground and on the maps. The designed alignment is easily tied to the
ntrol points on this "traverse" for transfer to the ground. The distance and bearing
>m a control point to the nearest point on the centerline are computed by use of their

ne coordinates. Then each centerline point is staked on the ground—points of change

curvature and other points on the centerline, as the nearest P.O.T. and P.O.C. on
ests and other essential visibility points (Figs. 1 and 2). This procedure is applied
ccessively for all centerline points to be staked, which separately lie in reasonable

'oximity to a control point, particularly one of the basic control points. In this way,

ch basic centerline point for instrument occupancy is staked in its proper position

an accuracy possibility as good as the ground survey control on which the plane
ordinates, mapping, alignment design and computations, and centerline staking are
sed. From such centerline instrument points, each 100-ft station and the essential in-
' mediate plus pointsareline inand measured in their proper position. Itisnotnecessary
actually stake and occupy each P.I. of the highway tangents. Moreover, this method
using computed data for numerous centerline points and staking them from nearby
oject survey control points, rather than only from preceding points on the L-line,
minates the possibilities of cumulative error in taped distances or measured angles.
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rure 1. Section of designed and computed highway alignment showing survey ties com-
puted from the permanent station markers for its staking on ground.
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Figure 2. Computation of plane coordinates.

Subsequently, accuracy in transfer of the designed and computed highway alignmer
from the maps to its proper position on the ground depends on the initial accuracy of
the project ground control surveys, the proximity and accessibility of the targeted
station markers of the control surveys to the intended ground position of the L-line,
the accuracy with which the L-line, during design, was projected on the maps, and
the working accuracy of the field survey party in staking it on the ground. Thus, the
positioning and staking of the L-line on the ground are governed by, and related in a:
curacy to, the basic control established for and used to control the mapping. Accort
ingly, all field work is readily accomplished in a methodical, efficient, and effective
manner. Should errors in closure occur, their position, cause, and magnitude are
easily determined. Therefore, they can be corrected with certainty. By such use o
a system of plane coordinates, accuracy requirements are met in each step of the w
The L-line is actually staked on the ground where position-designed on the maps.

Use of Planimetric Features as Position Control

Attempts have been made by some engineers to transfer a designed L-line from th
maps to the ground by relating the position of the line to planimetric features which
were plotted on the maps photogrammetrically. Most specifications indicate that 90
percent of all planimetric features, which were well defined on the aerial photograph
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all be Plotted so that their position on the finished maps will be accurate to within
least /10 in. of their true coordinate position, and that none of the features tested
all be misplaced on the finished maps by more than %o in. from their true coordinate
sition, It is evident from these specifications that the probability is remote indeed
't a planimetric feature will be plotted precisely in its correct coordinate position.
 reover, when the L-line is transferred from the maps to the ground by relating it
such features, even if they were precisely in their true coordinate position, there is
' possibility that the offset measurement from the feature to the nearest line point

y be in error as much as 2 ft when the map scale is 100 ft = 1 in. This is because
ility to measure with greater accuracy on a map at this scale is limited.

Worse still is the fact that any misplacement of features used as origin for offset
- asurement are likely to be additive to the inaccuracy in measurements made on the
aps. At the scale of 100 ft = 1 in., the on-the-ground magnitude of errors resulting
om the allowed misplacement of 7o in. on the map represents 2’% ft and Yo in. repre-
nts 5 ft. Such displacements enter directly into the displacement of any designed line
at is staked on the ground by use of offsets measured from planimetric features equal-
displaced (Fig. 3). The solid line in Figure 3 is the centerline in its designed and
mputed position. The distances of 80, 104, 84, and 58 ft, respectively, were mea-
red on the map to the designed line from planimetric features. The respective dis-
ces were then measured on the ground from the objects, for which the true ground
sition of each of the features is as shown by their dotted representations, to establish
sitioning points for staking the map-projected alignment on the ground. Inasmuch as
> map position of the features used were in error, the distances therefrom placed

e alignment, as shown in the dashed position, where it is displaced horizontally from
signed position, and the central angle at the intersection of the tangents and length
the semitangents are larger than computed.

Thus, wherever the position of an L-line point is established on the ground from an
ect symbolized as a planimetric feature, which contains error in position on the

1p, it is evident that, regardless of the accuracy with which a mathematical descrip-
n of the designed L-line has been computed, it will be impossible by this method to
ke it on the ground in its designed position. By relating numerous points on the
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designed L-line to nearby planimetric features, it will be possible to achieve only an
average positioning related statistically to the average error in position of features
used as points of position origin, but the pre-computed curve data, bearings, and
distances could not be used. Consequently, the actual positioning of the L-line on th
ground would be in variance with the topographic data used, as compiled on the maps.

On the other hand, with the designed L-line tied to control points of known plane
coordinates and ground positions, the pre-computed curve data, bearings, and dis-
tances are used without alteration, and any error in field survey work while staking
the line is quickly determined and corrected by checking into succeeding control poin
At the same time, frustrations and delays in survey party work, and engineering de-
ficiencies which would otherwise occur, are prevented by eliminating cumulative err«
Distances on the ground from an L-line staked in that manner to objects represented
by planimetric features on the maps will seldom be the same as distances determine
from the map. Differences between such separately determined distances represent
the actual error in plotting these features on the maps. I the maps fulfill their ac~
curacy requirements, however, 90 percent of such differences will not exceed the
ground distance represented by Yeo in. at map scale, and the remaining 10 percent no
more than the distance represented by Yo in.

Use of Maps Without Plane Coordinates

Attempts to project alignment designed on a map not containing plane coordinates
have proven hazardous. Generally, in such attempts a protractor or tangent offset
method is used to determine the angles and an engineer's scale to measure the tange
distances. On any map at a scale of 100 ft = 1 in., accuracy in measuring and plotti
to the equivalent of 1 ft on the ground is difficult to achieve. And it is virutally im-
possible to determine an angle to an accuracy better than several minutes of arc by
such methods, and bearings cannot be established for checking by polaris or solar
observation. In addition, it is apparent that regardless of the accuracy achieved in
the initial plotting, large cumulative errors will result from changes in map scale,
due to shrinkage or expansion of the material on which the maps are compiled, the
finished maps drafted, and, finally, map copies produced for engineering use.

Without plane coordinate grid lines having been placed on the map manuscripts
and accurately transferred to the finished maps at an interval equivalent to a pre-
determined ground distance, it is impossible, from map data only, to become aware
specifically of, and to determine the direction and magnitude of errors resulting fro
any changes in the map scale caused by the shrinkage and/or expansion of the materi
al on which map details exist. Moreover, it is unlikely that any errors may be isola
ted, or even discovered, until an attempt is made to stake the L-line on the ground.
Then frustrations and blaming of the maps begin. Seldom is the real cause—imprope:
use of the maps—identified.

CONCLUSION

The procedures and techniques advocated in this paper for transferring a designec
L-line from a photogrammetrically compiled map to the ground have been used succe
fully for many years on thousands of miles of highway location. Nevertheless, achie
results, as for any similar survey, are dependent on the accuracy with which the de-
signed alignment is projected and its plane coordinate positions are computed on the
maps, and the accuracy of the field survey party in staking the L-line on the ground.
In no way are inaccuracies in basic control eliminated, but they are easily localized
and corrected where they occurred because the effects of cumulative error have bee
eliminated.




omparison of Accuracy in Cross-Sections
etermined Photogrammetrically and

y Ground Measurements

J. OLINGER, Field Design Engineer, Wyoming State Highway Department, Cheyenne

This paper presents results obtained from (a) pre-
cise field cross-sections, (b) unadjusted photogram-
metric cross-sections as taken with a Benson-Leh-
ner terrajn data translator on a Kelsh plotter, and
(c) adjusted photogrammetric cross-sections.

THIS COMPARISON of results for different types of surveys is from earthwork
mputations based on field measurements and photogrammetric measurements on
oming Interstate Project I-90-2(5). The test was made within a 2.5-mi section
very rough terrain where in some instances right-of-way widths were in excess of
0 ft due to maximum vertical variations up to 250 ft across the sections.
Photography was taken, by a consultant, with a Fairchild cartographic camera with
and L Metrogon lens, and a 6-in. focal length, at a flight height of 6, 000 ft for a
gative scale of 1,000 ft = 1 in. Ground control was furnished by the highway de-
rtment engineers. The area was then mapped, by the consultant, with a 5-ft contour
erval at a horizontal scale of 200 ft = 1 in. The projected alignment was staked

the field by personnel of both the consultant and the highway department, and a pre-
3 e field profile obtained by highway department engineers on this alignment and
rnished to the consultant. The consultant obtained the photogrammetric cross-sec-
n s with a Benson-Lehner terrain data translator on a Kelsh plotter.

For checking the accuracy of the photogrammetric cross-sections, precise field
oss-sections were obtained with a Zeiss self-leveling level at an interval of approxi-
ately 1,000 ft. Right angles were turned off each station with a transit, and the
3 tances to all cross-section breaks were measured with a steel chain.

For the earthwork computations of embankment and excavation, as given in Table

it was assumed that the distance between each section was 100 ft in horizontal
tance, End areas for embankment were computed for a four-lane section of inter-
ate highway with a 40-ft median width and approximately a 15-ft average fill at cen-

line of the eastbound lanes. An approximate 10-ft cut at centerline of the eastbound
nes was used for the excavation computations. This method gives a thorough check
each one-half of the section that would be affected by cut and fill.

Earthwork quantities were computed for (a) the precise field sections, (b) for the
adjusted photogrammetric sections, and (c) after each entire photogrammetric cross-
ction was "adjusted" either up or down to reduce the centerline elevation difference
tween photogrammetric and field to zero (0) (1). Table 1 shows that the larger per-
ntages of "'difference" between photogrammetric and field quantities and unadjusted
otogrammetric quantities were in nearly all instances reduced by "adjusting’ the
otogrammetric cross-section. This adjustment procedure is easily handled in com-
ter programs, and may be a standard procedure if desired.

CONCLUSIONS

The results of this study, as given in Table 1, support the conclusion of Funk (1)
1t adjustment of photogrammetric surveys by means of an accurate field profile
11 materially reduce large localized errors in earthwork quantities.
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TABLE |

COMPARISON OF EXCAVATION AND EMBANKMENT QUANTITIES
IN CUBIC YARDS AND PERCENT DIFFERENCE

CUBIC YARDS EXCAVATION f::;,‘,,'"m‘;{:r:' CUBIC YARDS EMBANKMENT P,,',';,,'";,mg'.'",',:fg"
Station Precise Photogrammetric Photogrammetric Precise Photogrammetric Photogrammetric
Field |Unadusted | Adjusted {Unadjusted| Adjusted Field |Unodjusted | Adjusied [Unadjusted| Adjustec
1695

6661 7261 6743 +9.00 | +1.23 7603 7050 7471 -7.27 | ~1.74

708 6986 7495 7193 +7.28 | +296 8144 7726 7967 -513 | =217
709 6264 6677 6470 +6.59 | +329 7296 6970 7139 -452 ( =215
720 7486 7609 7512 + 1| 64 +0.35 7273 7211 7282 -085 | +012
730 7768 7789 7637 +027 | 169 748! 7539 7573 +0.76 | +1.23
740 7355 7135 7229 -299 | -1 71 7039 7255 7138 +307 | +141
749 9388 8688 9221 ~-7.46 | -L7I 7841 8516 8104 +861 | +335
1780 8218 7697 8088 | -6.34 | —-1.58 6244 6783 6437 +863 | +309
770 5953 5659 5804 -494 | -250 4707 4917 4796 +4.46 | +1.89
780 7327 7303 7379 -033 | +0.71 6816 6966 6906 +220 | +1.32
790 7138 7285 7292 +2.06 | +216 €835 6895 6871 +Q087 [ -053
1800 6357 6580 6525 +3.50 +2 64 6581 6431 6426 —228 | -2.36
'e1o 6690 6983 6807 | +438 | +1.75 7526 7273 7420 -336 | ~14l
620 7575 7669 7186 +1.24 | -514 7449 7258 7663 -256 | +287

1830

TOTAL | 10,166 | 101,830 | 101,086 | + 0.66 -0.08 | 98,835 | 98,790 | 99,193 -005| +0.36

NOTE: For earthwork computations the distance between each cross—section taken was assumed to be 100’ I

The fact that medium-scale photography has provided such relatively small "dif-
ferences'' between field and photogrammetric quantities is of particular interest, be-
cause it is not general practice to cross-section from this scale of photography. It
is planned at this time to pay staked quantities on this project as based on the photo-
grammetric cross-sections. This study supports the theory that precise control and
good workmanship will produce dependable aerial surveys.
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HE NATIONAL ACADEMY OF SCIENCES—NATIONAL RESEARCH COUN-

CIL is a private, nonprofit organization of scientists, dedicated to the

furtherance of science and to its use for the general welfare. The
ACADEMY itself was established in 1863 under a congressional charter
signed by President Lincoln. Empowered to provide for all activities ap-
propriate to academies of science, it was also required by its charter to
act as an adviser to the federal government in scientific matters. This
provision accounts for the close ties that have always existed between the
ACADEMY and the government, although the ACADEMY is not a govern-
mental agency.

The NATIONAL RESEARCH COUNCIL was established by the ACADEMY
in 1916, at the request of President Wilson, to enable scientists generally
to associate their efforts with those of the limited membership of the
ACADEMY in service to the nation, to society, and to science at home and
abroad. Members of the NATIONAL RESEARCH COUNCIL receive their
appointments from the president of the ACADEMY. They include representa-
tives nominated by the major scientific and technical societies, repre-
sentatives of the federal government, and a number of members at large.
In addition, several thousand scientists and engineers take part in the
activities of the research council through membership on its various boards
and committees.

Receiving funds from both public and private sources, by contribution,
grant, or contract, the ACADEMY and its RESEARCH COUNCIL thus work
to stimulate research and its applications, to survey the broad possibilities
of science, to promote effective utilization of the scientific and technical
resources of the country, to serve the government, and to further the
general interests of science.

The HIGHWAY RESEARCH BOARD was organized November 11, 1920,
as an agency of the Division of Engineering and Industrial Research, one
of the eight functional divisions of the NATIONAL RESEARCH COUNCIL.
The BOARD is a cooperative organization of the highway technologists of
America operating under the auspices of the ACADEMY-COUNCIL and with
the support of the several highway departments, the Bureau of Public
Roads, and many other organizations interested in the development of
highway transportation. The purposes of the BOARD are to encourage
research and to provide a national clearinghouse and correlation service
for research activities and information on highway administration and
technology.
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