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ABSTRACT

This thesis describes a simplified method for estimat
ing distances directly from terrestrial photographs.

It was felt that any method devised must overcome 
present limitations and meet three basic criteria to be prac
tical. These criteria are: 1) that the method require no
subject-visible markings, 2) that it require no special equip
ment or training to use, and 3) that it provide sufficient 
accuracy to be useful.

A number of possible methods were considered, and were 
evaluated against these criteria. The accuracy(and reliability) 
of the methods was tested using a variety of statistical tests.

The recommended method consists of first selecting 
a reference distance whose length is known. This reference ' 
should be in a plane parallel to and approximately the same 
distance from the camera as the desired distance. It was found 
that a vehicle dimension such as the tire track gives consis
tently the best results. Both the reference and the desired 
distances are then scaled on the photograph and a ratio is 
applied to directly estimate the desired distance.

Greatest reliability is achieved when the subject is 
directly in front of, or behind the camera and at a distance 
between-50 and 250 feet. By following these guidelines the 
stated objectives can be met by using this method.

vii



CHAPTER 1

INTRODUCTION

Soon after the invention of the camera,; its appli
cations in measurement-making became apparent. • A French 
surveyor by the name of Laussedat is credited with originat- 
ing the concept in 18̂ 9 of measuring by means of perspectives. 
From this work the basis of photographic surveying based on 
perspective comparisons was established. The advantages of 
speed, adaptability, and economy caused the method to quickly 
gain popularity,, especially where the areas to be surveyed 
were rather large. '

As in other fields, man’s technology in photographic. 
surveying improved rapidly. The crude box cameras of the 
early surveyors were soon replaced by more sophisticated ones 
specially designed for surveying - the phototheodolite, 
surveying-camera, and stereometric cameras. The development 
of the airplane for private use after World War I paved the 
way for aerial applications of photographic surveying, and 
now cameras are presently being used in satellites for this 
purpose.

I . E .  Deville, Photographic Surveying, (Ottawa: 
Government Printing Bureau, 1 o9b)j p. iii, ~~
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While, the vast majority of photographic surveying is 
now done from the air, specialized applications such as 
measurements in small areas, extremely rough terrain, and 
certain dimensions are often more easily made by use of ground 
measurements or terrestrial photographic techniques.

Photography has also been used extensively for making.
measurements not directly related to surveying. For traffic '
engineering purposes, movie and still cameras have been used
to determine speeds of moving vehicles, as well as to measure ;
distances. Some specific examples of these types of studies

pinclude studying traffic behavior on expressways, counting 
traffic volume, determining the influence of bridge width on 
the transverse positioning of vehicles, and even driver behav 
ior in lane changing maneuvers. In addition to these studies 
many others have made some use of photography in data collec
tion , ' ■ . . -

2 . 0 A, F, Malo, II, S, Mika, and V, P, Walbridge, 
Highway Research Board Bulletin, #2355 Traffic Behavior on 
Freeways, (Washington: Highway Research Board, 19^0), p, 19<•

3, W, P, Walker, Proceedings, Highway Research Board 21st Annual Meeting, 1941, "Influence of Bridge Widths on 
Transverse Positions of Vehicles", (Washington: Highway
Research Board, 194.1), P® 361, -

4» Donald A, Gordon, Highway Research Record, #336, 
Driver Interactions and Delays in Freeway Traffic, (Washington 
Highway Research Board, .1970), p, 761 " — ”
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Limitations of Reported Methods

In each of the aforementioned, studies, at least one 
of the four.following conditions was present«

1) The study used .very sophisticated measuring, 
cameras,

2) A number of simultaneous photographs were taken,. ■
3) The camera was positioned above, and as close to 

perpendicular to the study section as possible, .
If) Extensive markings either on the vehicles or on 

- the ground were used as reference distances.
Each of the above conditions have a number of draw

backs which reduce their desirability for many types of 
traffic'studies. These drawbacks are, respectively:

1) Although photo.theodolites and other surveying 
cameras require a minimum of ground control points and refer
ence distances, for many studies the equipment and/or trained 
operators are not available, Also, the high degree of 
precision obtained by use of these cameras is not needed in • 
most traffic engineering applications.

2) Much ground control may be required, and more 
than one picture maybe necessary of a particular event.

3) In many cases positioning of the camera above 
the study area is not possible. Also, even if mounting is . 
possible, care must be taken in the positioning of the camera 
to insure that its presence would not be detected by the 
driver and possibly bias the results.
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4) For laboratory purposes, markings may be easily 

made. However, when a non-laboratory situation is to be 
studied, or when the subject area is quite large, markings 
become impractical. As in. (3), the presence of subject- 
visible markings could conceivably bias the results.

In a great number of studies, none of the above 
conditions can be satisfied. For example, a study is to be 
conducted to determine the dimensions and striping of a 
proposed bicycle path on a city street.. The actual path 
width chosen will be a function of a street width, traffic 
and bicycle volume, and physical and operating character-. 
istics of the traffic and bicycles.

The smallest width possible would provide the least 
interference to the motor vehicles. However, sufficient 
room must be given the cyclist for safety purposes. What 
would be the optimum width of such a path?

To effectively study the situation, data must be . 
gathered as to the typical lateral passing distances and 
effects of various path widths. Because both the cycle and 
the vehicle are in motion, conventional measuring cameras 
could not be used. However, the question would remain as ' 
to the degree of accuracy afforded by the employment of less 
expensive cameras.

Since a vehicle could pass a bicycle at any number 
of points on a given stretch of road, a single, overhead 
site could not be chosen for the camera. If the study were
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conducted' in an area where there were no tall buildings, or 
where no other suitable structures were nearby, again another 
method would have to be devised.

The roadway could be striped in horizontal markings, 
say every foot, and then whenever a vehicle passed a bicycle 
the positioning could be recorded, • However, the presence of 
these stripes might cause the driver to anticipate that he 
is being studied, and to react differently than he normally 
would, ' Furthermore, the distance that these stripings would 
be required so as to contain a sufficient amount of vehicle 
passing situations might be quite lengthy and expensive.

Conventional methods would therefore be impractical 
in this situation. With very little effort, situations such 
as vehicles passing other vehicles, freeway merging situa
tions, and even accident data measurement could be studied 
if a technique could be developed which would circumvent 
these present limitations.

Study Goals and Objectives 
With these general goals in mind, a method was 

sought that would meet the following specific objectives.
The method devised must:

1) Be simple enough in theory and practice so that 
it could be easily understood and applied by non-professional, 
technical personnel,

2) Require only equipment which could be readily 
and inexpensively purchased or constructed.
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3) Be capable of rapid .enough operation- to permit 

large, amounts of data collection, .
4) Be flexible enough so that it could be used in 

a variety of studies and locations, and not require the 
presence of overhead structures,

5) . Minimize or eliminate markings and other equip
ment whose presence might cause bias in the results,

6) Provide sufficient accuracy to be useful. The
actual accuracy required:would be dictated by the needs of
the particular study, but in most cases an average accuracy 
of approximately ± 3% would probably be sufficient, .

. A further search of optical, transportation, and 
photogrammetrie literature revealed no reported techniques 
that would satisfy all of the above goals and objectives. 
Since no existing method could be found, and it was felt 
that development of such a technique would be useful, a
search was conducted for a possible method that would likely
satisfy these objectives.



CHAPTER 2

MODEL THEORY AND OBJECTIVE REFINEMENTS

A numDer of general; techniques were felt to hold poten'
tial as a possible solution to the problem outlined by the
goals and objectives. Each technique relied on the fact that
1) distances on the photograph can be easily measured, 2) if ,\
some reference distance is known, a scale for the photograph 
could be determined, and 3) this scale could be used to con
vert measured photographic distance to actual distance.

Theory of Model 
Two basic ratio identities could lend themselves to 

this method. The first makes use of the identity used in 
aerial photographic measurement. This is:

f/h = x/X where f = the camera focal length
h = the flying.height of the 

aircraft above the ground
x = the distance measured on the 

photograph
X = the actual ground distance

By substituting the camera-to-subject distance for 
the flying height, the same relationship would hold true for 
measurements made in a plane parallel with the focal plane of 
the camera and taken from the ground. The limitation of this



method is that the camera-to-sub ject distance must be known. 
Certain studies such as lateral .placement of. a vehicle at the 
entrance to a bridge could certainly use this method, but 
in the case of a vehicle passing a bicycle, this distance 
would change with each situation.

The second identity would basically apply a scale to
the photograph by use of a known, actual distance which would .
then be used as a reference distance. The general form of 
this method would be:

U /U . = B /R where U = the desired, unknown
a m a . m a distance

' U = the desired distance as
111 measured on the. photo

graph
R := the known, reference 
a distance

R = the known distance as 
^ measured on the photo

graph

Use of this.identity is not dependent on camera-to- 
subject distance, and appears to satisfy the first five objec
tives listed in Chapter 1, The method also appears to hold 
potential for providing sufficient accuracy to meet the sixth . 
objective. ' Therefore it was decided to examine this method 
as a possible technique for determination of measurements.
The estimation of the unknown, desired distance would there- . 
fore require the performance of the following steps:
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1) Selecting a known reference distance (e.g., a 

vehicle dimension)
2) Scaling the measured reference distance from the 

photograph to determine a scale factor, and
3) Multiplying the desired distance as measured on 

the photograph by the scale factor to estimate the unknown 
distance.

Following these steps leads to the general equation:

U = U x (R/R ) where R /R is the scale factor
Si m <3. in s. hi

A diagram of a typical situation would be as in Figure 1.

Figure 1 - Typical Study Situation
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In. this case the distance between the curb and the ve

hicle is.desired. If the track of the rear tires (distance 
between tire centers) were known, this distance could be taken 
as the known, reference distance. The ratio of this known dis
tance to .the distance as measured on. the photograph qould be 
the scale factor,and used to find the unknown, desired dis
tance, If the track width was 50", and R was measured to be 
0,5n9 and U measured to be 0,25"$ the distance from the curb.HI
to the near tire would be calculated as 0,25" x (50/0,5) =
25".

Objective Fulfillment
Preliminary study did reveal that the first five ob

jectives would be satisfied.by the second method. The reasons 
for this conclusion were:

1) The formula used requires no.prior photogrammetrie 
knowledge and relies only upon an elementary grasp of the con
cept of ratios to understand the theory,

2) No special markings would be required on the camera, 
and commercially available amateur cameras could be used,

3) The time required to photograph the data is minimal. 
The measurement-taking required would vary with the needs of
the particular study, but should not exceed one minute per photo
graph,

k )  The method is designed for use while standing on 
the ground. Therefore no overhead structures would be required 
to obtain usable data.
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5) The method is designed to utilize existing refer
ences which would not affect .test results.

The usefulness of this method was dependent on the 
degree of fulfillment of the sixth objective - accuracy attain
able.

Potential Sources of Error
As would "be expected, there are a number of potential 

sources of error that may arise in use of this method. These 
would include:

1) Distortion introduced by the photographic equipment
used.

2) Human, errors in the measurement-taking process,
3) Scale errors if the reference distance were not 

in the same plane as the desired distance.
4) Alignment error if the reference or desired dis

tance were not in a plane parallel to the focal plane of the 
camera.

Theoretically, the method provides a sound basis for 
accurate measurement. The actual accuracy achieved will be 
a function of the importance of these errors, and how well 
they are controlled. The remainder of. this study will examine 
techniques which will minimize these errors in an attempt to 
meet the stated objective of desired accuracy.
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Photographic. Distortion.

Distortion.introduced by the photographic, equipment 
would be from the camera, and the film used. The quality of 
modern cameras and lenses is such that any camera distortion 
is likely to. be negligible in a study of this type. However, 
because it is hoped that the technique developed will be used 
in a.variety of situations, three popular camera types were 
chosen for comparison,. These were;.

Camera #1 - Standard 35mm type - Ilford "Sportsman" . 
Camera #2 - 35mm Single Lens Reflex - Minolta SET-101. 
Camera #3 - Instamatic Type - Minolta "Autopak",
Since the purpose of this study was not a detailed 

comparison of camera types, only glaring differences in 
results, would be noted.

To further minimize distortion effects, measurements 
were taken as close to the center of the photograph as pos
sible, where distortion is typically less.

To minimize the effect of possible film distortion, 
films of as high and as. comparable quality and ASA ratings 
were used. The films selected were;

Camera #1 - Kodachrome II (K135) ASA 25
Camera #2 - Kodachrome II (K135) ASA 25
Camera #3 - Kodachrome X (KX126) ASA 64

Human Errors
• Human errors could occur primarily in the physical 

measuring process. These would include misreading of the
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measurements individual judgement differences in the reading 
and interpolation of a measurement, and insufficient care. 
excercised in taking the measurements0 Also, improper.picture 
taking techniques would increase the probability of errors.
To better understand and measure these errors the following 
areas of interest were selected for examination:

1) Selection of data collection methods which would 
minimize differences among individuals and reduce the possi
bility of error. \

X
2) Selection of a reference which would require a 

minimum of subjective judgement, have easily obtainable data, 
and be easy to measure. ■

3) A comparison of individuals to determine if there 
is a significant difference, in results among individuals.

Reference Plane Error
For accurate results, the selection of a reference 

must by necessity be in the same plane as the desired distance. 
Selection of a reference in a plane nearer or farther would 
result in a scale factor too large or too small, which would 
then result in an inaccurate measurement.

The magnitude of this resulting error would be depen
dent oh 1) the absolute size of the error, and 2) the distance 
of the camera to the subject. As the distance from the camera 
to the subject increases, an absolute error would decrease' in 
importance proportionally. This overcoming of small distance



errors is used extensively in aerial■photogrammetry where the 
camera-to-suhject distance is on the order of several thousand 
feet. For this study, then, both the selection of reference 
plane and the distance necessary to overcome any discrepancy 
must he examined.

Alignment.Error
Analysis o f the general equation = TT̂  x (Ra/Rm )

indicates that errors in-prediction of could be the result
of incorrect measurement of U or R ,m m

Incorrect measurement of on the high side will
overestimate U , while incorrect measurement of R on the a’ m
high side will result in an underestimation of U „ Incorrect
measurements on the low side will have the opposite effects.
However, simultaneous errors of U and R of the same proper- .m m  -
tional magnitude will cancel.

Aside from human errors, measurement of: a distance 
that is in a plane at some angle other than parallel with the 
focal plane will result in a measurement error. This type of 
error is hereafter referred to as alignment error, and selec
tion of a reference which is in the same or parallel plane as 
the desired distance will provide for the least amount of this 
error.



CHAPTER 3

ERROR QUANTIFICATION

In order to make any kind of meaningful comparisons 
among methods, uniform study procedures must be followed.
Also, statistical tests must be employed in the quantifica
tion of errors. This chapter will first discuss.the study 
procedures followed, and then the statistical tests used which 
led to the ultimate method selection.

Reference Selection
The number of possible reference distances is nearly

limitless. It was the purpose of this phase of the study to
select only those felt to hold the greatest potential for use
as the recommended reference distance. The general reference 
areas judged to hold promise in terms of the objectives were:

1) ' Street width
2) Striped vertical stakes placed in the curb
3) Length of vehicle license plates
if) Individual vehicle measurements
Use of the street width has the advantages of being 

easily measured, and of sufficient size that small measure
ment errors will be relatively insignificant. The main and 
fatal disadvantages are the difficulty of taking measurements 
in the same reference plane as the vehicle, and reducing 
alignment errors.
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Next, surveying lathes were placed in the ground 

along the street with one foot stripes painted on the lates. 
The stakes provided fairly easy measurement-taking, but as 
with pavement markings, the number required and the subject 
visibility made this method undesirable,;.

Use of the license plate as a reference has the 
advantage of near* uniformity among vehicles, ease of photo
graphing and measuring, and photographs could be taken so 
that the license plate would be in or very close to the plane 
of the desired distance. Possible disadvantages would be the 
small size of the license plate, absence of front plate on 
some out-of-state vehicles, and the fact that if the vehicle 
were in a turning movement, alignment errors could result. 
However, the maximum angle is incurred when the vehicle first 
begins to pass, and even then the actual angle of the turn 
is very slight. When the vehicle is alongside another ve- ' 
hide or bicycle the vehicle is essentially traveling in a . 
straight line. Therefore, this method was judged as holding 
potential and was selected for further study.

Use of vehicle characteristics would have most of the 
same inherent advantages as the license plate, with the addi
tional advantage of providing a larger reference distance,

* Many auto dealers will encase the license plate with an 
advertising shield. However, the additional size of the 
shield may be considered negligible for the purposes of 
this study.
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Therefore, absolute errors in measurement would have a rela
tively smaller effect. The chief disadvantage of using .. 
vehicle characteristics'is that certain measurements as 
height, width, etc., would change from vehicle to vehicle, 
requiring additional steps in obtaining the desired data. 
However, listings of common dimensions are published yearly 
in the Almanac Issue of Automotive News as well as by the 
various vehicle manufacturers, thereby reducing this problem.

Two vehicle.characteristics were selected in addition
to the license plate for. additional testing. The two charac
teristics selected were 1) the tire track, and 2) the height
of the vehicle. The tire track was chosen because of its
ease of measurement and relatively large size. The height, 
was chosen because of these same reasons and also because of 
its being essentially always parallel with the focal plane.

Study Placement 
Even,though the method could be used in a variety of 

situations, for comparison purposes the use of the same type 
of situation was felt to be best. For the study, the situa
tion of a vehicle passing a bicycle was selected as a typical 
application of this method. The same vehicle (a 196?'-Simca), 
and the samebicycle (a 27" Schwinn) were used throughout the 
study. A quiet residential street (Mabel Street) was also 
used throughout as the location of the study.

Both the bicycle and car were parked parallel to each 
other in positions felt representative of vehicle-bicycle
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passing situations. A typical placement of the vehicle and 
bicycle is pictured below in Figure 2.

X X X

o
D.

D,

X X X X X X X

Figure 2 - Typical Study Vehicle Placement

For analysis purposes, both the distance from the curb 
to the bicycle ( )  and from the bicycle to the car (B^) were 
measured and used as a check on the accuracy of the method.
In the non-laboratory situation, these would be typical unknown 
distances which would be desired. The X ’s mark typical camera 
locations.



Data Measurement 
In the physical measurement-taking process, a divider 

was used to take the measurement, and an engineer’s scale of 
60 markings per inch was used for scaling purposes.

Color slides were used throughout the study,.and a 
special screen made of white rigid cardboard was constructed 
to facilitate the measurement-taking. Slides,.rather than 
pictures were chosen because of their substantially lower 
cost and greater size. The slide projector used was a Kodak 
"Carousel", and was placed about 15 feet away from the screen. 
An essentially constant projection image size of about 2if"x36" 
was used throughout the study.

Because- of the large number of tests and measurements 
required, and the extensive computations required, a computer 
program was written to analyze the data. The areas felt useful 
for comparison and the required computations are performed by 
the program as in Figure 3, page 20.

The error computations were performed for both and 
Dg as well as for each of the three reference distances used. 
The basic program was run for each set of data (one roll of 20 
exposure film) as well as for various combinations of the data. 
The general program used and typical output is listed in 
Appendix A.

Tests for Camera Differences 
After establishing uniform study procedures, statis

tical tests can then be employed to make comparisons. The
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Figure 3 - Macro-Logic of Computer Program
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first test made was to .determine if significant differences ; 
could be'detected among the three cameras investigated. This 
test w@.s undertaken first because future tests should be made 
by the" "best", camera,

■ The three cameras were bested for differences between 
their mean errors and also the variances of these errors.
This was done because both the mean and the variance describe 
a population? and any meaningful comparison must consider, 
both of these characteristics. The "t" test was chosen to 
compare each camera mean error and the "F" test was used to 
compare each camera error variance. For this and all follow
ing tests a level of significance of ̂  = ,05 was chosen. The 
photographs were taken from identical positions for each of 
the three cameras, and the camera positions are shown in 
Figure l + } page 22,

Tests for Human Errors 
Because a variety of individuals .might use the tech

nique developed, it was felt that a study to determine if • 
there may be significant differences among individuals would 
be useful.

Four people were selected, given similar instruc
tions, and told to record their measurements. The. position 
of the camera and vehicles was as in Figure 5, page 25 for 
each of the individuals. The test selected for analysis was 
the "F" test based on an analysis of variance table.
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In addition to differences among.individuals, it was 

felt that there may possibly be a "learning effect" - i«e0,. 
errors would decrease as the person became more familiar with ■ 
the method,' For this study, a single person's results were 
analyzed using the "Student-Neuman-Keul" test. The camera and 
vehicle locations are again as shown in Figure %

Tests for Method Bias 
The last series of tests are those which detect bias. 

These are the most crucial because the results of these tests 
describe the accuracy achieved. In addition, these tests can 
be used to determine the effects of alignment and reference 
plane errors.

The actual tests performed on various parts of, and 
the entire data were determined by the data itself. For exam
ple, a plot of the errors might indicate that certain locations 
would be more prone to bias than others, and the causes may then 
be more, easily examined.

Data taken from locations shown in Figures 4 and 5 was 
used for the bias tests. Retaking the measurements several 
times produced a total of 257 observations which are the basis 
of the bias tests. The "t" test was used for this study.



CHAPTER'4

TEST RESULTS

This chapter presents the conclusions reached from the 
various statistical tests performed. The actual tests and cal
culations leading to these conclusions are presented in Appendix 
B in the same order as they are described.

Camera Differences
In this comparison, both the ’’t1' and the "P" tests 

were used to determine if significant differences did indeed 
exist among cameras. Since the film used was comparable and 
the pictures were taken from identical locations for the three 
cameras, any differences in results should be attributable 
solely to camera differences.

Each camera was tested against each other using the 
hypotheses that u^ = u^ (u = mean error) and (d^ ='
error variance). These tests were made using data for both 
D.j and using the tire track width as the reference. This 
was used as the reference because it consistently gave the best 
results for each camera and therefore would yield the most 
meaningful comparisons. .

Every test indicated that there were no significant 
differences among the cameras. This indicates that the choice 
of cameras would not be a major factor in the final results

25



and that a variety of cameras would be able to be used if a 
method were found. However, while making measurements, it was 
found that the Minolta SET-101 gave the sharpest pictures, 
making for easier measurement-making. It also yielded the 
smallest mean errors and variances. For these reasons this 
camera was chosen to use for the remainder of the study.

Investigation of Learning 
To determine if an individual would improve signifi

cantly through practice, the hypothesis that the mean errors 
of the same tests, repeatedly performed by the same individual 
over the same data, would be equal was tested. The mean errors 
were arranged in ascending order of error magnitude, and the 
hypothesis was tested using the Student-Heuman-Keul test.
The results indicated that no significant differences could 
be declared between any of the test mean errors. Therefore, 
while some improvement in results was noted, it cannot be de
clared significant. This result indicates that while additional 
measurements on a particular set of data may be desirable, only 
one set of measurements need be taken,

■ Comparison of Individuals 
In this study, the hypothesis that each individual 

would make similar measurements was tested. . Using an analysis 
of variance test, no significant differences are detected. In 
fact, the results show that a considerably greater variation 
is found within an individual’s results than among different
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individuals„ This finding, leads to the next series of studies, 
which,are an investigation of the causes of variation within 
individual sets of data.

Tests for Bias
. General

A study of the errors, standard deviations, and tests 
of bias for all data collected up to this point showed that 
use of the tire track as a reference gave the best overall 
results. Therefore a detailed study of these measurements was . 
felt most likely to produce meaningful results. It was also 
felt that distance may be a factor in the magnitude of error 
expected. Plotting error magnitude versus camera distance 
gave the results of Figure 6, page 28,

Curb Location. •
. Errors seem to be somewhat normally distributed about 

an average error of zero, but results are inconclusive. How
ever , examination of the individual points revealed a definite 
pattern. Those points that were measured when the camera was 
on the same side of the street seemed to give generally smaller 
errors than those taken from the opposite curb.

Such a relationship was also intuitively felt during 
. the actual measurement-taking-, as far less subjective judgement 
was required while taking the measurements. Plotting only this 
data on the same axes (error vs. distance) gives considerably 
more meaningful results (Figure 7, page 29). Three very
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definite patterns present themselves, • These are;

1) Overall accuracy and precision appeared to improve 
substantially by using only points on the same side of the 
street,

2) Errors at shorter distances (less than 30*) seemed 
to be biased toward overestimation of the actual distance.

3) As distances increased beyond 250* the dispersion 
of the errors increased substantially.

These results lent themselves to the idea that perhaps 
a method cpuld.be developed which■ would be valid only for a. 
certain range of locations but would be considerably better 
than previous studies. Several combinations of distance were 
tried, and the "t" test was used to detect possible bias in 
each of the combinations, as well as the original data.

Reference Selection
The critical values of t ranged from 1.98 to 1.96 de

pending on the degrees of freedom of the data.. As can be seen, 
using the tire reference in conjunction with near curb locations 
gives by far the best results. Therefore only this reference 
was used in the remaining tests.

There are a number of probable reasons for the better 
results given by using the near curb locations and the tire 
track as a reference. The license plate was generally easy to 
measure, but when distances increased beyond about 175 feet, 
the license plate image became quite small. Therefore any 
small errors in measurement had a much greater effect on
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results. Also, the license plate was in a reference plane 
parallel to, but closer to the camera than the desired dis
tance. As a result, the license plate was measured to be 
larger than it should have been and the desired distance was 
therefore underestimated. This is in agreement with the error 
values obtained which indicated consistent underestimation of 
the desired distance.

The height was very difficult to measure accurately
\

at distances less than 10'O feet. While taking the measurements, 
a great deal of subjective judgement was called for in deter
mining just what measurement constituted the true height. In 
practice, the use of height may have the further disadvantage 
of changing, depending .on the vehicle's load, the condition of 
its shock absorbers, and the tire pressure.

The tire track proved quite easy to measure in nearly 
every case. However, sometimes (usually at closer,distances), 
the shadow from the car body made the exact position of the 
tire very difficult to see. This situation was improved some
what by use of the better camera and making the room as dark as 
possible when the slides were measured.

Again, while making measurements, "better" (less sub
jective judgement required) results were felt to be obtained 
when the camera was positioned as nearly directly in front of 
or behind the subjects as possible. All pictures taken at 
250 feet or less were taken while standing at the edge of the 
curb, and the photographic angle increased as the distance



decreased. (Those taken at distances greater than.250 feet 
were taken from the street directly in front of or behind the 
car.) This was especially prevalent when the pictures were 
taken from the curb on the opposite side of the street as the 
subjects.

In addition, measurements were taken at street level, 
and sometimes the line where the raised curb intersects the 
street itself was difficult to determine.

Distance
Using only the data for the tire track reference and 

near curb locations produces considerably better results, and 
these values are unbiased. Calculating means and standard 
deviations for the various combinations of distance as sugges
ted by Figure 7 indicates that use of values taken from the 
near curb between 100 and 2^0 feet gives the most accurate 
results, and with the smallest standard deviation.

Individual tests of results taken at 25 feet showed 
that these values were indeed biased. This can probably be 
attributed to the fact that the angle at this distance was 
quite large (@20° between the true optical axis and an axis 
perpendicular to the reference plane). Taking the picture 
directly in front of, or behind the subject would eliminate 
this, but would not be practical in a non-laboratory situa
tion.

Tests on the values obtained for distances of 325 feet 
or more detected no bias, but the magnitude of the variance
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for these locations was significantly.greater than for the 
other locationso' This can probably be explained by the small 
image presented at this distance, and small measurement errors 
would have the effect of magnifying their effects.

Reference Plane Error
An examination of the results taken at 50 feet showed 

another interesting fact. Those pictures that were taken from 
in front of the vehicles xin Figure if, and those taken from be
hind the vehicles in Figure 5 gave considerably better results 
than the other pictures taken at.this distance. At 50', only 
the nearest set of tires could be seen in the photograph, and 
as a result these were measured and used as the reference. 
However, in the cases where the desired distance was actually . 
alongside the far tires, the reference plane was nearly 4% 
feet nearer to the camera than the plane of the desired dis
tance. This again caused the measured reference distance to 
be too great, and resulted in an underestimation of the desired 
distance.

As seen in the bias tests in Appendix B, the error 
results are indeed biased at a distance of 50*. However, when 
those same results are compared at a distance of 100* the bias 
is eliminated. This suggests that it is the relative error, 
rather than the absolute error of the reference plane that is 
critical for accurate results. The relative error at 50* was 
nearly 3 % , while at 100* this is reduced to about Zfx%. Since 
bias at 50* was detected and that at 100* was not, the critical



value. of the relative .. error would therefore lie somewhere in 
that range. A linear interpolation of "t" values gives the 
critical distance as about 701 for a relative error of approx
imately 6%. This value is therefore approximately the largest 
relative error which may be tolerated if an unbiased result is 
expected. ‘ '

Alignment Error:
The final form of error is that of alignment. With 

this type of error the desired distance is in a plane that is 
not parallel with the reference plane. An example would be 
when the bicycle is actually in front of, or behind the 
reference plane, but is assumed to be alongside of it, and 
measurements are made accordingly. If the bicycle Were along
side the front tire, and the distance were measured to the 
rear tire, the wrong measurement would have been used.

To test the effects of this type of error, the vehicle 
and bicycle were positioned as in Figure 8. The first 10 pic
tures were taken from the various locations with the bicycle 
TO* to the rear of the rear tires (reference distance), and 
.the last 10 were taken with the bicycle 10’ in front of the 
rear tires. .

The error was apparent in nearly all of the pictures, : 
being most visible in pictures taken from a closer distance-, 
and becoming less and less apparent as the distance increased. 
Because the error was fairly apparent, a "better” alignment 
was also tested. This "better" alignment is obtained.simply
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'fey measuring the desired distances between the closest bi
cycle and automobile tires rather than rear tire - t o -  rear 
tire. The original and "better" alignment positions are 
shown in Figure 9«

Use of these various alignments gave a range of rela
tive alignment errors, with the "better" alignment positions 
yielding smaller relative errors. The relative error is cal
culated: as (Vehicle Distance - Bicycle Distance)/VehiclB 
Distance, Values for the distance from the curb to the bi
cycle (D.| ) using the tire track as the reference distance and 
only using data for unbiased locations were calculated.
Figure 10, page 38 is a plot of the error magnitudes versus 
the alignment error, also showing the six bias test.groups*

As the results show, there is a very definite rela
tionship between the two factors. , The alignment errors were 
.grouped into 6 ranges, and tests for bias were conducted. '

The tests show that alignment errors between -10% and 
zero are not biased and errors between zero and +10% are 
slightly biased toward overestimation. Errors greater than 
10% in either direction show considerably greater bias.

The errors are a combination of inaccurate measure
ment of both and When the bicycle is actually farther
than presumed, the reference distance is nearer, and there
fore will be measured larger. This results in an underesti
mation of the desired distance. When the bicycle is nearer.: 
than presumed, the opposite results occur.
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. - However? at the same time, the measured distance will 

he measured larger than the distance actually is because it is 
at some angle to the focal plane„ This will result in over
estimation in all caseso

The net result is that these errors will tend to cancel 
when the bicycle is farther than presumed, (negative alignment. 
error values), and will be additive when the bicycle is nearer
than presumed. This pattern is confirmed by investigation of

\ .Figure 10, in which.negative alignment errors produce far less 
sizable errors than positive errors.

The actual relative importance of the two types of 
errors may be compared by solving a pair of algebraic equations 
and making certain assumptions. Assuming that the reference 
errors are equal in magnitude but opposite in sign for each 
case, that alignment errors are the same in each case, and that 
representative values have been obtained for error, we get the 
equations:

E + E ; = +2,98 (positive alignment error)
3 .  X* ,

- E^ = -1,21.(negative alignment error)
where:. = alignment error ' ' •

E = reference error
. r  • .

+2,98 = average error for positive alignment
-1,21 = average error for negative alignment

Solving, we get E^ = 0,89 and E^ = 2,09, This indicates that
the effect of reference error is over twice as important as the
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alignment error. This further emphasizes the importance of 1
judicious selection of a reference distance.

Alignment Error Detection
. Since errors in alignment will automatically produce 

reference errors, a study was then conducted to see what errors 
average observers Could detect. The bicycle was placed in the 
various positions shown in.Figure 11, The pictures were taken 
from both the far curb and near curb locations at a distance 
of 100 feet behind the car. The far curb pictures showed the 
errors more readily than did the near curb pictures, but be- ... 
cause these have been previously shown to give unreliable 
results, emphasis was placed on the near curb positions. This 
study indicated that nearly every person can detect the errors 
of 1Gf and 15f in both directions, and approximately $0% of the
5* errors were able to be detected.

The studies of alignment errors showed serious bias 
at errors over 10%, The results of the above study indicate 
that these errors will be detected nearly all the time, and 
can then be compensated for (by not using the picture, select
ing a different reference, etc,) and reduced or eliminated. 
Errors of less than 10% may or may not be detected. However, 
the amount of bias, when present, is of a considerably smaller 
degree, and errors should have the general tendency to offset 
one another.
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Error vs.' Distance Comparisons .

While estimates of both D, and D- were shown to be un-
i 2biased when the tire reference was used, those for had a 

significantly higher standard deviation. The final test con
ducted was to determine if the standard deviations would be 
proportional to the distance being measured. This was done 
by testing the hypothesis e^/e^ = /D^ using an "F" test, .

Weighted averages for the and values of Figures
\4 and 5 give approximately 30" and 77" respectively. Using 

only the unbiased data for the test we see that the hypothesis 
is confirmed. Therefore, while data will be unbiased at greater 
distances, the standard deviation of the errors will increase 
proportionally to the distance being measured.



CHAPTER 5:

CONCLUSIONS M D  RECOMMENDATIONS 

Summary
The primary objective of this study was to devise a 

method which would facilitate remote measurement-taking. A
variety of methods are presently in use, but each has draw-V .
backs which limit its use, especially in the area of traffic 
research. Basically a method was sought which would be simple, 
useful in a variety of situations, yet provide a reasonable 
degree of accuracy.

With these objectives in mind, the general method of 
using vehicle measurements as a reference distance was devised. 
This reference distance would enable a scale factor to be 
applied to. the photograph and then the desired distances would 
be able to be estimated.

Various potential sources of error were examined in the 
hope that a method could be devised to possibly avoid these 
errors or at least understand their effects. This examina
tion took the form of statistical tests which are presented in 
Appendix B.0 The conclusions and recommendations resulting from 
these tests are presented below.
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'Conclusions :

As a result of the tests presented earlier, the follow
ing conclusions were reached:

1) Color slides provide the clearest and least expen
sive data sourceo

2) The choice of a camera is not a critical factor
in the accuracy achieved. However better results should occur 
by using the best camera available0

3) There will be no significant improvement in results 
once the method is learned» Some improvement did occur, but 
this was not enough to be declared significant at the e< = . 03 
level0

4) No significant differences with respect to mean 
errors were detected among various individuals using this method,

3) Best results are obtained by taking the photographs 
on the same side of the street as the subject(s) - standing as 
near to the curb as possible while taking the pictures,

6) The use of the tire track of a vehicle gives the 
most accurate and precise results,

7) Cam era-1o-sub j e c t distances between 100 and 230 
feet yield generally the best results.

8) Selection of a reference distance in the same plane 
as the desired distance is of utmost importance.

9) Relative rather than absolute error is the deciding 
factor leading to bias. A relative error of approximately 6% 
is the maximum that may occur before the results become signi
ficantly biased. ...
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10) Errors caused by misalignment.of reference and 

desired distance result in reference errors as well as-meas
urement errorso These errors will cancel somewhat if the error 
is in the direction away from the camera, but still result in 
some underestimation of the desired distance* If the error
is in the direction of the camera the errors will be additive 
and result in overestimation of the. desired distance»

11) Generally, serious alignment errors will be detec
ted permitting an adjustment to be made. In those cases where 
this does not happen, a slight tendency toward overestimation 
of the desired distance will occur„

12) Following the above recommendations should result 
in an average accuracy within 2*5% with individual measurements 
having a maximum error within 13% of the true desired distance. 
(95% level of confidence)

13) The method does meet the stated objectives of 
universality, simplicity, and accuracy and may therefore be 
used for making remote measurements»

Recommendations for Further Study 
Additional research could further refine this general 

method and provide more specific information regarding the 
accuracy to be expected and additional areas of usefulness. 
Areas felt especially warranting further study include:

1) More precise definition of the confidence limits 
surrounding the accuracy to be expected.
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2) Comparison of the accuracy achieved using differ

ent vehicle types.
3) Examination of different measurements as a 

possible reference distance, ;
4) Examination of methods to reduce alignment errors 

in the non-laboratory situation,
5) Investigation of a system of grid lines placed , 

on the camera lens, projector lens, or screen to speed 
measurement-taking,

6) Development of a computer data bank of desired 
dimensions to facilitate more repid data reduction,

7) Further study regarding the method applicability 
to traffic and non-traffic situations.
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APPENDIX A

SAMPLE DATA REDUCTION

PROGRAM AND OUTPUT

PROGRAM DATA (INPUT,OUTPUT, TAPE1 = INPUT, TAPE3 = OUTPUT) 
DIMENSION STATEMENTS
DIMENSION X(200), T(200), R(200), THETA(200)

. DIMENSION TIREDM(200), PLATEM(200), HEIGHTM(-200)
DIMENSION - D1M(200), TD1 (200), PD1 (200) , EDI (-200)
DIMENSION D2M(200), TD2(200), PD2(200), HD2(200)
DIMENSION TD1ERR(200), HD1 ERR(-200), PD1ERR(200)

. DIMENSION TD2ERR(200), HD2ERR(200), PD2ERR(200)
QUANTITY OF DATA 
N = 20
DETERMINATION OF R AND THETA ■
WRITE (3,5)

5 FORMAT (1H1, 52X, 28HDETERMINATION OF R AND THETA,/)
WRITE (3,3)3 FORMAT (*■ MEASUREMENT X Y R
1 THETA *)
WRITE (3,99)99 FORMAT (* *)
READ (1,1) (X(J), J = 1 ,N)

1 FORMAT (8F10,2)
. DO 10 J = 1 ,N 
R(J) = (X(J)**2 + Y(J)**2)*f5 

' THETA(J) = ATAN(Y(J)/X(J)*57*3
WRITE (3,4) I, X(J), Y(J), R(J), THETA(J-)

4 FORMAT (18, F18.2, 2F10.2, F12.2,/)
10 CONTINUE

MEASURED DISTANCES 
D1 = 24.D2 = 78,5

. NUMBER OF ITERATIONS DO 100 K = 1 ,6
CALCULATION OF DISTANCES 
WRITE (3,99)
WRITE (3,17)17 FORMAT (.1 HI , 53X, 23HLISTING OF MEASUREMENTS,/)

47
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WRITE (3, 18)

18 FORMAT (* MEASUREMENT . D1 MEAS. D2 MEAS. TIRE
1 MEAS. ST. MEAS. ' L. PLATE MEAS. *)
WRITE (3,99)

. TIRE = 49.25 ' HEIGHT = 53.5 
PLATE = 12.0
READ (1,11) DIM. D2M, TIREDM, HEIGHTM, PLATEM.

11 FORMAT (20F4.0)' .
DO 20 J = 1 .N
WRITE (3,19) J, D1M(J), D2M(J), TIREDM(J), HEIGHTM( J )
1 PLATEM(J).

19 FORMAT (18, F18.1, 2F10.1, 2F15.1,/)20 CONTINUE 
WRITE (3,2?)27 FORMAT (1 HI. 56X, 2OHCALCHEATED DISTANCES, /)

. WRITE (3,28)
28 FORMAT (.* MEASUREMENT T1 CALC. • HI CALC. PI 

1- CALC.. T2 CALC. H2 CALC. P2 CALC. *)
WRITE (3,99)
DO 30 J = 1,N
TD1 (J) = TIRE * D1M(J)/TIREDM(J)•
. HD1 (J) = HEIGHT * D1M( J)/HEIGHTM( J)
PD1(J ) = PLATE * D1M(J)/PLATEM(J) ■ ' '
TD2(J) = TIRE * D2M(J)/TIREDM(J)
HD2(J) = HEIGHT * D2M( J )/HEIGHTM( J.)
PD2(J) = PLATE * D2M(J)/PLATEM (J)
WRITE (3,29) J, TDT(J), HDl(J), PD1(J), TD2(J), HD2(J), 1 PD2(J)

29 FORMAT (18, FI4.2, 5P12.2,/)30 CONTINUE
C
C INITIALIZATION OF TOTALS

T1ERRT =.0 
. H1ERRT = 0 

P1ERRT = 0  
T2ERRT = 0 
H2ERRT = 0 
P2ERRT = 0  

- -'T2AVART = 0
H2AVART = 0  
P2AVART = 0
T1AVART = 0 '
H1AVART = 0
P1AVART = 0 x
T1SST = 0 
H1SST = 0  
P1SST = 0
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T2SST = 0 

. H2SST = 0 
P2SST = 0

CC DETERMINATION OF TOTALS
. WRITE (3,44)44 FORMAT (1H1, 38X, 17HCALCULATED ERRORS,/)
. WRITE (3,48)48 FORMAT (* MEASUREMENT Tl ERROR HI ERROR PI ERROR 
1 T2 ERROR H2 ERROR P2 ERROR *)
WRITE (3,99) 'DO 40 J = 1,N .TDIERR(J) = TD1 (J) - D1
HDIERR(J) = HD1 (J) - HI
PDIERR(J) = PDF (J) - PI '
TD2ERR(J ) = TD2( J )■ - T2

• HD2ERR(J) = HD2(J ) - H2
PD2ERR(J) = PD2(J) - P2
WRITE (3,29) J, TDIERR(J),. HDIERR(J), PDl ERR( J ) , TD2ERR( J ) 1, HD2ERR(J), PD2ERR(J)

40 CONTINUE .
WRITE (3,45)45 FORMAT (1 HI, 38X, 16HANALYSIS OF DATA,/)
WRITE (3,46)

46 FORMAT (* NUMBER Tl AVG. HI AVG. PI AVG. 
1T2'AVG. H2 AVG. P2 AVG. *)
WRITE (3,47)47 FORMAT (* ERROR ERROR ERROR ERR
10R ERROR ERROR *)
DO 49 J = 1 ,N
T1ERRT = T1ERRT + TDIERR(J)
H1ERRT = H1ERRT + HDIERR(J)
P1ERRT = P1ERRT + PDIERR(J)
T2ERRT = T2ERRT + TD2ERR(J)
H2ERRT = H2ERRT + HD2ERR(J)
P2ERRT = P2ERRT + PD2ERR(J)

49 CONTINUE 
T1AVERR = T1ERRT/N 
H1AVERR = HIERRT/N 
P1AVERR = PIERRT/N 
T2AVERR = T2ERRT/N
H2AVERR = H2ERRT/N - .
P2AVERR = P2ERRT/N 
WRITE (3,99)WRITE (3,29) N, T1AVERR, H1AVERR, P1AVERR, T2AVERR,
1 H2AVERR, P2AVERR

C
DETERMINATION OF ABSOLUTE ERRORS 
WRITE (3,46)
WRITE (3,76)76 FORMAT (* • ABSOLUTE ABSOLUTE ABSOLUTE ABSOLUTE
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1 ABSOLUTE -ABSOLUTE *)
WRITE (3,47)
DO 80 J = 1,N
T1AVABT = T1AVABT + ABS(TD1ERR(J)) -
H1AVABT = H1AVABT + ABS(HD1ERR(J)) P1AVABT = PIAUABT + ABS(PD1ERR(J)) 
T2AVABT = T2AVABT + AB'S ( TD2ERR( J ) ) H2AVABT = H2AVABT +. ABS(HD2ERR( J) ) 
P2AVABT = P2AVABT + ABS(PD2ERR(J))80 CONTINUE
TlAVAB = T1AVABT/N 

■ H1AVAB = HIAVABT/N 
P1AVAB = PIAVABT/N 
T2AVAB = T2AVABT/N 
H2AVAB = H2AVABT/N 
P2AVAB = P2AVABT/N 
WRITE (3,99)WRITE (3,29N N, TlAVAB, H1AVAB, P1AVAB, 
1 P2AVAB

C
0 DETERMINATION OF MEANS

WRITE (3,51)51 FORMAT (*■ NUMBER Tl MEAN HI MEAN1 T2 MEAN H2 MEAN P2 MEAN *)
T1MEAN = D1 + T1AVERR
HI MEAN D1 + HI A VEER
PIMEAN D1 + P1AVERR
T2MEAN D2■+ T2AVERR 
H2MEAN D2 + H2AVERR
P2MEAN D2 + P2AVERR
WRITE (3,99)
WRITE (3,29) N, T1MEAN, HI MEAN, PI MEAN, 
1 P2MEAN

C
C DETERMINATION OF STANDARD DEVIATIONS

WRITE (3,61 )
61 FORMAT (* NUMBER TV STD. HI STD.

1 T2 STD. H2 STD. P2 STD. *) 
WRITE (3,62)

.62 FORMAT (* DEV. DEV.1 DEV. DEV. DEV. *)
DO 60 J =' 1 .N
T1SS = (TD1(J) - T1MEAN)**2HISS = (HD1(J ) - HIMEAN)**2
PISS = (PD1(J) - PIMEAN)**2
T2SS = (TD1(J) - T2MEAN)**2
H2SS = (HD1(J) -"H2MEAN)**2 
P2SS = (PDl(J) - P2MEAN)**2 
T1SST = T1SST + T1SS
H1SST = H1SST + HISS
P1SST = P1SST + PISS

T2AVAB, H2AVAB, 

PI MEAN

T2MEAN, H2MEAN,

PI STD.

DEV.



T2SST = T2SST + T2SS 
H2SST = H2SST + H2SS 
P2SST = P2SST + P2SS 

60 CONTINUE
T1STDEV = (T1SST / (N-1))**.5 '
H1STDEV = (HISST / (N-1))**.5 
P1STDEV = (PISST / (N-1))**.5 T2STDEV = (T2SST / (N-T ))**..5 
H2STDEV = (H2SST / (N-l))**.5 
P2STDEV-= -(P2SST / (N-1 ))**.5.
WRITE (3,99>WRITE (3,29) N T1STDEV, HISTDEV, ■ P1STDEV, T2STDEV, 
1 H2STDEV, P2STDEV 

100 CONTINUE
STOP -

' END \



DETERMINATION OF R AND THETA

MEASUREMENT

1
2

4
5 ' '
6 .
7

' 8
9
1°
11 
12 

• 13
14
15 .

16 

17
" 1 8

19
20

x ^: ■ ■ Y

25.00 9 = 04
25.00 27 = 96
50.00 9.04
50.00 27 = 96
100.00 9 = 04
100.00 27=96
175.00 9=04
175=00 27=96
250.00 • 19=04
250.00 27.96
50.00 9=04
50.00 27=96
100.00 : 9=04
100.00 27.96
175=00 9=04
175=00 27.96
250.00 9.04
250.00 27=96
325=00 0.00
425=00 0.00

R THETA

26.58 19 = 88
37=51 48 = 20
50.81 10.25
57=29 29.22
100.41 5=17
103=84 .. 15 = 62
175=23 ':y ■ 2.96
177=22 9 = 08
250.72.. 4 = 36
251=56 : . 6 = 38
50.81 10.25
57=29 29.22
100=41 ■ 5=17
103 = 84 . 15=62
175=23 2.96
177=22 9 = 08
250.16 . 2.07
251.56 6.38
325=00 0,00
425.00 0.00



LISTING OF MEASUREMENTS
L. PLATEMEASUREMENT D1 MEAS. D2 MEAS. TIRE MEASC HT0 MEAS0 . MEAS.

1 263.0 803.0 483.0 320.0 132.0
2 109.0 324.0 242.0 395.0 62.0
3 128.0 430,0 298.0 281.0 ■ 68.0
k 66.0 V4 o o 210.0 • 233.0 54.0
5 63.0 220.0 134.0 155.0 33.0
6 30.0 197.0 126.0 .141.0 . 31.0
7 37.0 122.0 ■ 74.0 86.04 18.0
8 24.0 117.0 73.0 84.O 17.0
9 16,0 84.0 ... 90.0 59.0 . 13.0
10 : _ 13.0 8-1.0 ... 30.0 59.0 12.0
11 130,0 430.0 ' 306.0 . 360.0 . 78.0
12 119.0 197.0 226.0 312.0 56.0
13 64.0 213.0 146.0 168.0 36.0
14 66.0 196.0 146.0 155.0 . _ 33.0
19 39.0 123.0 80.0 91.0 20.0
16 34.0 118.0 80.0 88.0 20.0
17 26.0 • 86.0 33.0 61.0 14.0
18 18.0 84.0 31.0 62.0 14.0
19 17.0 63.0 41.0 . 45.0 11.0
20 9.0 ■ 48.0 30.0 34.0 9.0 XjlV>J



CALCULATED DISTANCES

MEASUREMENT T1 CALC. HI CALC. PI CALC. T2 CALC. H2 CALC. P2 CALC.

1 26.91 27.26 24.09 81.74 82.82 73.18
2 22.18 14.76 21.10 65.94 43.88 62.71
3 24.43 24.37 22.59 82.08 81.87 75.88
h 13.48 13.96 14.67 70.59 . 63.65 66.89 '
5 23.13 £C\] 22.91 80.86 75.94 80.00
6 11.73 11.38 11.61 77.00- ; 74.75 ■ 76.26
7 24.62 23.02 24.67 81.20"" .75.90 81.33
8 16.19 15.29 16.94 78.93 74.52 82.59
9 13.76 14.51 14.77 82.74 76.17 77.54
10 14.77 13.60 15.00 79.78 73.45 81.00
11 20.92 19.32 20.00 69.21 63.90 66.15
12 25.93 20.41 25.50 42.93 33.78 42.21
13 21.59 20.38 21.33 72.53 68.47 . 71.67
14 22.26 22.78 24.00 66.12 67.65 • 71.27
13 24.01 22.93 23.40 75.72 72.31 73.80
16 20.93 20.67 20.40 72.64 .. 71.74 70.80
17- 23.28 22.80 22.29 77.01 75.43 73.71
18 17.38 15.53 15.43 81.12 72.48 ' 72,00
19 20.42 ■ 20.21 18.55 78.08 ' 77,28 70,91.
20 14.77 14.16 12.00 . 78.80 ' 75.53 64.OO

£



CALCULATED ERRORS

MEASUREMENT T1 ERROR HI ERROR PI ERROR T2 ERROR H2 ERROR P2 ERROR

1 2.81 3.26 0.09 3.24 4.32 -5.32
2 ; -1.82 -9.24 -2.90 -12.56 -34.62 -15.79
3 0.43 0.37 -1.41 3.58 . 3.37 ' . ' -2.62
4 -8.52 -10.04 -9.33 -7.91 -14.85 -11.61
3 -0.85 -2.25 -1.09 2.36 ■ -2.56 ; .1.50
6 -12.27 -12.62 -12.39 : ; . -1.50 , -3.75 “2.24

0.63 ; ' -0.98 0.67 X : 2.70"" -2.60 2.83 ■;
' 8 V -7.81 : -8.71 -7.06 0.43 -3.98 . : 4.09
9 -8.24 -9.49 -9.23 4.24 -2.33 -O.96
10 ■ -9.23 . -10.40 -9.00 1.28 -5.05 • 2,50 :

> 11 \ -3.08 -4.68 —4.00 -9.29 -14.60 -12.35
12 1.93 . -3.59 1.50 . -35.57 -44.72 : -36.29
13 —2.41 -3.62 -2.67 -5.97 -10.03 -6.83
14 -1.74 -1.22 0,00 -12.38 -10,85 . -7.23

: 15 0.01 -1,07 -0.60 -2.78 -6.19 -4.70
16 -3.07 -3.33 : -3.60 -5.86 -6.76 -7.70
17 -0.72 -1.20 -1.71 -1.49 -3.07 -4.79
18 -6.62 -8.47 -8.57 2.62 -6 . 02 -6,50
19 -3.58 -3.79 • -5.45 -0,42 -1.22 -7.59
20 -9.23 . -9.84 -12.00 0.30 -2.97 -14.50



ANALYSIS OF DATA

NUMBER OF T1 AVG„ HI AVGC PI AVG. T2 AVG0 H2 AVG. P2 AVG.
OBSERVATIONS ERROR ERROR ERROR ■ ERROR ERROR ERROR

20 -3-66 -5-05 -4-44 -3-73 -8.42 -6.80

T1 AVG. HI AVG. PI AVG. T2 AVG. H2 AVG. P2 AVG.
NUMBER OF ABSOLUTE ABSOLUTE . ABSOLUTE . ABSOLUTE ABSOLUTE ABSOLUTE 

OBSERVATIONS . ERROR ERROR . ERROR ERROR ERROR ERROR
20 4-25 5-41 4-66 5-82 9-19 • 7-90

NUMBER OF
OBSERVATIONS . T1 MEAN .HI MEAN PI MEAN • T2 MEAN H2 MEAN ■ P2 MEAN

20 20.34 18.95 19-56 74-75 70.08 71-70

NUMBER OF T1 STD. T1 STD. PI STD. T2 STD. H2 STD. P2 STD.OBSERVATIONS DEV. DEV. DEV. DEV. DEV. DEV.
20 4-33 4-43 4-37 9-15 11-87. 8.93
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5S
Camera Comparisons

HYPOTHESIS TESTED; There is no significant difference among 
camera types

TESTS USED; "F" test to compare error variances "t" test to compare error means
DATA USED; Tire track as reference'distance Locations as in Figure k

Measurements for D and D-1 2
Camera #1 - Ilford "Sportsman". 35mm Camera #2 - Minolta SBT-101, 35mm 
Camera #3 - Minolta "Autopak", 126 type

Comparison of Cameras 1 and 2, D̂
2

Ho: ^l2 = 3ZZ
Alpha = .05

^16,79,.025 = 2900 
F = s^/sg2 = 34.93/20.90 = 1.67
1.67 is less than 2.00, accept H

s1 34.93, 16 d.f,
= 20.90, 79 d.f.

o

Ho
Alpha = .05 

t95,.05 = 1e97
t = -x2//s2/n1 + s /np = 1.80 P
1.80 is less than 1.97, accept Ho

1.61 
= -.71 
= 23.26



Comparison, of Cameras 1 and 2,
ITs. = er22 s-]2 = 79-57, 1.6 d.f
Alpha = .05 s22 = 78,42 / 79 d0 f
F16,79,-025 = 2°30 
F = s^2/s22 = 79-57/78.42 = I..104 
1o l O k  is less.than 2,50, accept H

H0- = u2 . x1 = 0.36
Alpha = „05 x2 = -2„63
^95, - 05 = 1o97 ________ sp2 =.78o6l
t = (x1-x2)//sp2/n1 + sp^/n2 = 1,26
1,26 is less than 1,97, accept H

Comparison of Cameras 2 and 3, D1I
Hq: & z 2  = d32 s22 = 20,90, 79 d.f

2
3Alpha = ,05 s^ = 38,44, 19 d.f

F19,79,-025 " 1o92 
F = s//s22 = 38,44/20,90 = 1 ,84
1,84 is less than 1,92, accept

Ho“ u2 = u3 x2 = ~°o71
52

Alpha = ,05 xz = 1,633
^98,,05 ~ 1 °97______:   sp = 24-30
t = (x2-x3)//sp2/n2 + sp2/ = 1,90
1-90 is less than 1,97, accept H



. : : • . ■' ■■ V; . ' - 60
Comparison of Cameras 2 and 3, .

Hq; e22 = s /  = 78.42, 79 d.f.
Alpha = .03 "= 34.46, 19 d.f,

F79 519 ? o 023 = 1°92 ■
E = s22/s32 = 78.42/34.46 = 1.44
1.44 is less than 1.92, accept Ho

H : u0 = U-, x0 = -2.630 2 3  f-
Alpha = .03 .x = -1 .13

*98^05 = 1 ‘J1_________  ' : SP2 = 75.77
t =(x2-Xj)//s 2/n2 + Sp2/nj =1.26
1.26 is less than 1.97, accept Hq

Comparison of Cameras 1 and 3,

Ho; o^2 = d32 sr2 = 34.93
Alpha = .05 S32 = 38.44
F19,16,.05 " 2o7°
F =  s ^ / s f  = 38.44/34.93 = 1.10
1.10 is less than 2.70? accept Ho

Hq: = u3 ' X1 = 1.61
Alpha = .03 2E3 = -1 .63
^33,.03 = 2o0^_______ _ sp2 = 36.83
t =. )//s^2/n1 + Sp2/n3 = 1.37
1.37 is less than 2.03? accept H



: . : . : ■ ' 6i
. .Comparison of Cameras 1 and 3,

Ho: ei2 = ®32 ' . s12 _= 79.57, 16 d.f.
Alpha = .05 s^2 = 54.46, 19 d.f.

^16,19,.05 = 2,60 
F = 79.57/54.46 = 1.46
1.46 is less than 2.60, accept Ho

Ho: U1 = u3 V x, = -36
Alpha = ,05 X x = -1.13

' pt-zc Q5 = 2.03 S - 65.9455,.U3 ,--   . P
t = (x5-x1)//sp /n1 + sp /n^ = .54 
.54 is less than 2.03, accept Hq



62
Investigation of Learning 7

HYPOTHESIS TESTED; . There is no significant difference, among
studies done by the same individual per- - 
formed on the same data

TESTS USED: Student-Neuman-Keul test of significant
differences

DATA USED: ' Tire track as reference ■
Locations as in Figure measured k  times 
Measurements for D̂

Ho: ui = u27 u3 ° \  /> = 2,3,4
Alpha = o05 n = error degrees of

. freedom =19
r = number of observations =20 
t = number of tests = k  

s— = /Error Mean Square/rX  . .

Error Mean Square = JE/x. . - x. . )^/t(r-1 )
X j

= 1691/4(19) = 21.72
s~ = /21.72/20 = I.O42x

Study' #' 1 ; 2 4 3
Mean ' -2.31 -0.97 -0,20 +O.64

A  2 3" 4 ,

. 2.82 3.39 3.73
W 2.88 3.46 3.81P
2.95 is less than 3.81, accept H^



Comparison of 4 Individuals
HYPOTHESIS TESTED: There is no significant difference in

results among individuals tested
TESTS USED: Analysis of Variance
DATA USED: Tire track as reference

Locations as in Figure: 5
. Measurements for D.1

H : u, = u0 = u^ = u,O 1 2 3 4-
Alpha = .03
Individual # • Within Group Sum■ . of Squares

1 578.942 356.23
3 754,11
4 .8P5.22 ■

Error Sum of Squares = 2i(x. .-x. ) = 2494,50 ' .i J i j -L,
x„. = i_=i^i^ = (-3.59 - 3.66 - 3.26 - 6.56)/4 = -4.27

- ^

Treatment Sum of Squares = rS3(x. -x. 4)IL o
= (.682 + .612 + 1 .012 -i- 2 .292 )20

= 141.96 - 
Analysis of Variance Table

Source d.f. S.S. M.S.- F
Among Individuals 3 141.96 47.32 •• 1.44
Within Individuals 76 2494.50 32.82
Total 79 2636.46

*3,76 = 3,89
1.44 is less than 3.89, accept Hq



Summary of Bias Tests
HYPOTHESES TESTED: Use of a reference other than the tire track results In biased

estimates3 and certain locations also lead to biased estimates
TESTS USED: . "t" test
DATA USED: All references

Locations as in Figures 4 and 5 
Measurements for D̂  and IX,

Alpha = „05
60, .05 " 2e00 /t//120,„05 " 1 e98 /t/l J .05 " 1,96DATA USED 

All
%

D.F.
256

TIRE TRACK 
. x s' /t/ ‘
-1.49 5.64 4.23

X
-2.97

HEIGHT8
3.70 A/

8.33
_ LICENSE 
x s 

-3.78. ■ 5.13 : /t/ 11.81Studies -2.41 9.28 4.16 -6.51 1 1 .38 9.17 -8.46 8.61 15.75
Near Curb

%
132 -0.07 3.68 0.22 -0.94 3.59 3.01 -2.74 3.88 8.14(All) ' 0.24 5.13 0.54 -2.00 7.97 2.89 -6,68 7.55 10.00

Near Curb
%

95 -0.74 2.82 2.48 -1.50 2.82 5.21 -3.00 '2.92 10,06(50-250») -0.63 7.34 0.84 —2.88 7.29 3.87 —6.41 7.05 8,91
Near Curb

%
78 -0.83 2.91 2.51 -1.59 2.90 4.84 ' -2.80 3.06 8.08

(50-175') —O.89 8.01 0.98 -3.17 7.93 3.32 -6.01 7.66 6.93
Near Curb

%
70 -0.28 1.81 1.29 -1.48 2.03 6.10 -2.97 2.09 11.89(100-2501) 0.32 5.86 O.46 . >2.96 3.96 4.16 -6.53 5.89 9.27

Near Curb D,
(50-250*, d‘
No Ref. Error)

83 0.11
0.73

2.47
5.59

0.161.18
Values greater than the appropriate table value for "t" exhibit significant bias.



65
Tests for Bias at Varying'Distances 

1« Distances of 25 Feet
HYPOTHESIS TESTED: Data obtained at a distance of 25 feet is

• unbiased
TEST USED: . "t" test
DATA USED: Locations as in Figures k  and 5

Data from all studies taken at these
locations at a distance of 25 feet 

Measurements for D̂

Alpha = .05
Degrees of Freedom =12

t12JO05 ~ 2o18 '
Ix = 58.74
Ix2 = 301 o 75 ' :
x =Ex/n = 58,74/13 = 4.52
s2 = (zx2 -■ (rx)2/n)/(n-1 ) = 3.03
s = /37Q3 = 1.74 
A/ = 4.52/1.74//T3 = 9.35
9.35 is greater than 2.18, reject Hq
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2 . o Distances Greater than 2^0 Feet
HYPOTHESIS TESTED: Data obtained at distances greater than250 feet is unbiased
TEST. USED: ...; "t" test :  ̂'
DATA USED:' . Locations as in Figures 4 and 5

Data from all studies taken at these 
locations greater than 2^0 feet 

Measurements for D,

Alpha = ,05
Degrees of Freedom =23 

t23,.05 = 2o07
Ex = 1.75 * / ,
-Ex2 = 678.57 • :
x = Zx/n = 1.75/24 =0.146 1
s2 = (Ex2 - (Zx)2/n)/(n-1 ) 
s = /2S05" = 5.'43 
/ V  = 0.146/5.43//24 = 0.13 
O.I3 is less than 2.07, accept Hq



67

3o Distances Greater than 250 Feet (Variance)
HYPOTHESIS TESTED; There is no significant difference between

the variance of data taken from distances 
greater than 250 feet, and unbiased data 
less than 250 feet -

TEST USED: ■ "F" test - .
DATA USED; Same as previous study, plus data from all

studies shown to be unbiased

Alpha = .05 
p0f1 = variance of unbiased data at distances not greater than
1 250 feet, d.f. =. 83
2q'p = variance of data from distances greater than 250 feet,
d d.f. = 23

^23,83,.025 = 1185;
F = ©22/0'12 = 29.5/6.10 = 4.83
A.83 is greater than 1.85? reject H .o



68
Tests of Reference Error Bias

HYPOTHESIS TESTED:

TEST USED:
DATA USED:

Errors in selection of a reference plane 
lead to biased 'results
"t" test
Locations as in Figures 4 and 5.
Data from all studies taken at these loca- 
.-tions ■

Measurements for D̂

1o Distance of 50 Feet
No Reference Error

Alpha = ,05
= 2 C1 812,,05

Ex = 10,91 2
Ex = 38,86

d,f, = 12

x = 0,84

s = 2,48 -
s >: 1,57 ,
/t/ = 0.84/1.57//T3 = 1.93 
1,93 is less than 2,48,accept Ho

Reference Error 
Alpha = ,05 d,f, =12

^l//12, ,05 = 2o18
Zx = -61,93 x = 4.25
Ex2 = 548,84 
2

s  = 21.31

s = ij-o 62
/V = 4.75/4.62//T3 = 3.70
3.70 is greater than 2,48, 

reject H

2, Distance of 100 Feet
No Reference Error 

Alpha =-.05 d,f, = 12

/t//12,,05 = 2el8
Ex = -2,13 x = 0,16
Ex2 = 16,67

,.3 9 ;
8 = 1,18
/V = 0,16/1,18//T3 = .49
,49 is less than 2,18,

accept H

Reference Error 
Alpha = ,05 d, f, = 12

x = —0,38
//t/Z12,,05 -.2>18 
Ex. = -4.93
Ex2 =29,72. :
s2 = 2,14
8=1,46
/t/ = O.38/I,46//T3 = .94
,94 is less than 2.18,

o accept Ho



Tests of Alignment Error Bias
HYPOTHESIS. TESTED: Errors in alignment lead to biased results
TEST USED: "t" test
DATA USED; Locations as in Figure 8

. Measurements for D,
Tire track as reference

-2C%6Al^ ™ entS-1CSError
Alpha = «,05 
d, f. = 8 :
/ V q qc = 2 = 31

z *  ='-19.92, x=2021 
Ex2 = 47.74
s2 = 0o43) s = Oo66
/ V  = 2 o21/0.66//9 = 10.05
1Oo 03 is greater, 

.than 2.31. Signi
ficant bias showno '

-1 - Error v 
Alpha = o 03
dofo-= 8
^ 8 , .  03 = 2151Ex = -3.18, x=-0„33
Ex2 = 80 37
s2 ='0.93, s = 0.96
/ V  = 0.33/0.96//9 

= 1 . 1 0
1.10 is less than2.31. No. Signifi- 

■ cant bias shown.

_5%^lignment,^ 
v Error

Alpha = ,03
d. f. = 8
/t/c = 2.318 ,.05
)_x = -9.70, x=-1.07
Ex2 = 30.33
s2 = 2.48,.s = 1.58
/ V  = 1.07/1.58//9 = 2.03
2.03 is less than
2.31. No Signi fi- 
cant bias shown, '

CP/o
^Alignment■4 + 5%Error 

Alpha = .05 
d. f. = 8
'^8,. 05 = 2E51
Ex = 17.28, x=1.92
Ex2 = 40.75
s2 = 0.95, s = 0.98
/t/ = I.92/O.9S//9 

= 5.84.
5.84 is greater 
than 2.31= "Significant bias shown.

^ A l i g n m e n t  

■y/ Error
Alpha = .05
d. f. .=." 11
/ V 11 Ob = 2o20 
Ex = 28.33, x=2.36 
Ex2 = 80.27 
s2 = 1.21, s = 1.10
/t/ = 2.36/1.10//12 

= 6.77
6.77 is greater than 2.20.■ Signi
ficant bias shown.

+1

Alpha = .05 
d. f. = 11
//t//n ,.05 = 2e20
Ex = 52.85, x=4.40
Ex2 = 282.19
s2 = 4.49, s = 2.12
/ V  = 4.40/2.12//12 

= 7.19
7.19 is greater . 
than 2.20. Signi
ficant bias shown.



70
Error vsa- Distance Comparisons

HYPOTHESIS TESTED: The standard deviation, of the errors is 
proportional to the magnitude of the dis
tance being measured

TEST USED: 
DATA USED:

"F" test
Locations as in Figures if and 5 
Data from all studies shown to be unbiased 

at distances between 50 and 250 feet 
Measurements for D^and Dp

Ho: (o1/D1 )2 = (d2/D2)2? or

^83,85,.025 = 1o58
D1 =( (if2)(2if) + (42)(75))/84 = 30"

I Ĉ . V o

D2aV6 =((42)(78o5) + (42)(75))/84 = 76.75 
s^2 6.10
s22 = 31.24

sT = 2.47 
s2 = 5.59

= +o 11
x2= _+. 73

F = ((76.75)(2.47)/(30)(5.59)) = 1.27
1427 is less than 1.58, accept Ho



SELECTED BIBLIOGRAPHY

"Application of Aerial' Surveys and Photogrammetry". Highway
Research Record, #3191 Washington: Highway Research.:

. Board3 1970°
Deville, E„ .Photographic Surveying,• Ottawa: Government

Printing Bureau, 1895«
Gordon^.Donald A, "Driver Interactions and Delays in Freeway 

Traffic", Highway Research Record,.#336. Washington: 
Highway Research Board, 1970.

Habermehl, K„ G» •Photography Applied to Surveying. Hoboken, 
J o t  .Keuffel and Esser Co,, 191-5 <>

Hallert, Bertil, Photo gramme try - Basic Principles and 
General Survey. New York: McGraw - Hill, i960.

Malo, A„ F., Mika, H, S., and Walbridge, V, P. "Traffic 
Behavior on Freeways", Highway Research Bulletin,
#235» Washington:- Highway Research Board, 1960a

Manual of Photogrammetry. Volume II. Falls Church, .Va: 
American Society of Photogrammetry, 1966„

Moffit, Francis H, Photogrammetry. Scranton, Pa.: : Inter
national Textbook Co., 19^7°

Taylor, James I. "Photogrammetrie Determination of Traffic 
Flow Parameters". Paper presented at Xlth Inter
national Congress for Photogrammetry, Lausanne, 
Switzerland, July 8-20, 1968.

Walker, W. P.■ "Influence of Bridge Widths on Transverse 
Positions of Vehicles", Highway Research Board 
Proceedings, 21st Annual Meeting, 194-1« Washington: . 
Highway Research Board, 1941,

.Whitmore, George D„ Elements of Photogrammetry. Scranton,
Pa.: International Textbook Co., 1941,

Williams, J. C. Simple Photogrammetry. New York: Academic
Press, 1969.

71


