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ABSTRACT

Photogrammetry has become increasingly important
in the practice of forestry. Recently, the trend has been
toward the development of photo-mensurational techniques for
direct estimation of timber resources. The purpose of the
present study was to assess the possibility of applying aerial
stand-volume multiple-regression equations for the application

of photo-mensurational techniques.on several kinds of air photos.

Field data were collected from sample plots located
in the U.B.C. Research Forest at Haney as well as from the
forest on the campus of the University of British Columbia, in

Vancouver.

Modifications in technique for the determination of
tree height, crown width and crown closure were developed by

the writer and are described in this study.

Multiple linear-regression equations were used for
the analysis of data. Application of the Electronic Computer
Alwac III-E to solve all the multiple linear-regression

equations is described briefly.
Ease of typing was evaluated subjectively.

The present study has indicated:
(1) Using a spherical densiometer, a ground estimate_of crown

closure in per cent resulted in an over-estimate, as compared

with the photo-estimate.
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(2) Tree count could not be used effectively as an independ-

ent variable in the construction of the photo-volume equation.

(3) Best results were secured when photographs were taken with
a 12-inch focal length and a flying height of 15,600 feet above

sea level.

(%) For the construction of photo-volume tables, height,
crown width and crown closure should be used as independent

variables, especially when more than one interpreter is involved.

(5) DNo :significant differences were found among photographic

- papers or finishes used for the determination of photo volume.

(6) Photography with a Representative Fraction (RF) of
1:15,840 should be satisfactory for forest typing;mp

(7) The greatest variation was among photo-interpreters.

(8) Photo-interpretation could be improved by the standard-

ization of photo-interpretation procedures.



In presenting this thesis in partial fulfilment of
the requirements for an advanced degree at the University
of British Columbia, I agree that the Library shall make
it freely available for reference and study. I further
agree that permission for extensive copying of this thesis
for scholarly purposes may be granted by the Head of my
Department or by his representatives. It is understood
that copying or publication of this thesis for financial

gain shall not be allowed without my written permission.

Department of  FORESTRY

The University of British Columbia,
Vancouver 8, Canada.

Date __APRIL 15, 1959




TABLE OF CONTENTS

INTRODUCTION « o o o o o o o o o o o o o o o
REVIEW OF THE LITERATURE , ¢ o « « - - - .
Influence of Scale and Focal Length . . .
Measurement of Tree Height . . . . « « &
Measurement of Crown Width . . . . . . .

Measurement of Stand Density e o s e o o

'Correlations Between Volume and Photo-measurable_

Variables o ¢ o o ¢ o o o o ¢ o o o o o
Forest Typing « o« o o o ¢ o o o o o o o o
COLLECTION OF DATA . . . ... o e s e o o o
Collection of field data. « « ¢ & ¢« o« & &

Location of sample plots on photographs .

L]

.

Measurement of Photo Data « « ¢ ¢ ¢« ¢ ¢ ¢ ¢ ¢ « o &

1, Methods-for each kind of photo measurement.,

2., Operators .« « ¢« ¢ ¢ o o o ¢ o o @

3. Photographs used . . . . . . . .

L, Photographic paper or finishes .
Compilation of data collected in the field

ANALYSIS OF.DATA e o o o e o o s e o s s o

Method « ¢ o o ¢ ¢ o o o ¢ o o o o o o o

1. Multiple linear regression . . .

*

.

*

2. Use of the Electronic Computer Alwac III-E.

ii

PAGE

(oo e\ IRNS N o

14
16

18
27
32
32
36
36
36
42
43
1

45
45
45
47



U.B.C. Research Forest Data . . . . . e e e e e e e e

U.B.C. Ca

Analysis of variance on four kinds of

paper

mpus data . . .

or finishes . .

Analysis: of forest typing .

Form of the best equation .

OBSERVATIONS
Influence
Influence
Influence
Influence
Influence

Ground

Photo

of operator . .

of locality or region

of equipment .
of technique .
of variables .
data. . . . . .

data- * L L] * L] L]

*

L

*

*

Influence of scale and photographic

Regressions based on ground

based
CONCLUSIONS
BIBLIOGRAFPHY

on photo data. .
. e 0 [ . . o‘o

L] * L} L[] * L] L] L]

*

L] L] L] * -

L L] L] . L]

papers or

photographic:

L] L L *

. L ] . *

finishes

data vs. regressions

APPENDICES A - Scientific Names

of Species

B ~ Summaries of Data

iii
PAGE
5o
58

58
61
62
64
64
66
68
69
70
o
71
72

77

79
82



TABLE
1.

24
3

9

10.
11.

12,

130

LIST OF TABLES

Summary of ground data for 15 O.2-acre plots
after thinning . « « « « « « .« R T

Specifications of aerial photographs used . . . .

Sum of squares removed by regression and
multiple correlation coefficients for ground
data after thinning L] L] L ] L] * L ] L] * L 2 * L] * -*

Sum of squares removed by regression and multiple
correlation coefficients for photographs ‘
Of Set NO. 2 * L d [ ] * o * * * L] * L] * L] L] L] L ] L]

Sum of squares removed by regression and multiple
correlation coefficients for photographs
Of Set NO. 3 [ 2 * L L ] L L] L * . L] L ] - . L) * L L

Sum of squares removed by regression and multiple
correlation coefficients for photographs
Of Set NOO )-'- L ] L] * L] L L ] * - L] * L] L] * . L] L] L]

Sum of squares removed by regression and multiple
correlation coefficients for photographs
of Set No. 1 (before thinpingg o e e e e e
Simple correlation coefficients for photographs
of Set No. 2, 3, and 4 based on total number
of trees on plot and on trees 12,6 inches in
debohe and 1arger . o« o o o o o o o s o o o @

Sum of squares removed by regression and multiple
correlation coefficients for Set No. 5 (Campus
photographs, focal length = 6 inches, flying
height - 8,200 feet) L L ] L ] L . L * * L * L 4 * L]

Analysis of variance of photo volume .+ « « « « &
Results from regressions of correlations between
volume and photo-measurements of tree height,
crown width, and crown closure . « « + ¢ + o« &

Correlation coefficients for various interpreters
using photographs from Set No. 2 &« ¢ &« ¢« & « &

Results of regressions from photographs of

Set No. 2, 3, and 4% . . . . . . . ¢ . ¢ e o

iv

PAGE

3%
43

51

52

53

55

55

59
60

65
67

73



TABLE | ' PAGE

1k, Transformation from r to z values for analysis
of their variance « « « o ¢ o ¢ o 0 o o o o & & 74

15. Analysis of variance for Table 1¥ . v « o « « + . 75

16, Difference of means to be compéred with
Just Significant Differences  « o o o o o o o & 76
17. A comparison of regréssions based on'ground

data and photo data « « o « « o o o« s « o o o« o 78



vi
LIST OF FIGURES

FIGURE PAGE
1. The measurement of tree height + « « « ¢« ¢ o« o« « & 39
2. The measurement of crown Width « o « o o ¢ o o« « « 40

3. The estimate of Crown ClOSUTE & o o + » o o o o & L1



ACKNOWLEDGEMENTS iz

The writer wishes to express his thanks tos
Mr. P, Bloedel, for his interest and financial aid, in 1958-59.

Photographic Survey Corp. Ltd., for aerial photographs and
photography.

Dr. J,H.G, Smith and Dr. J.W. Ker of the Faculty of Forestry
at the University of British Columbia for their
supervision and guidance.

Dr. C., Froese of the Department of Mathematics for her kind~
guidance in the use of the Electronic Computer Alwac

III-E for this study.

Mr. J. Walters of the U.B.C. Research Forest, Haney, for
helping in the collection of field data.

Mr. J. Dobie, a senior forestry student at the University of
British Columbia, for his cooperation.

Mr., R.B. Pope and Mr. G. Choate of the Pacific Northwest Forest
and Range Experiment Station, Portland, Oregon, for
their cooperation.

Mr. W,V. Hancock 6f the Vancouver Forest Products Laboratory
for his assistance with the manuscript. .

The Faculty of Forestry of the University of British Columbia
for an assistantship and the use of facilities at
the U.B.C. Research Forest,

The U,B.C. Computing Centre Staff for assistance and use of the
Electronic Computer Alwac III-E,



A COMPARISON OF SOME 12-INCH AND 6-INCH FOCAL LENGTH
PHOTOGRAPHS FOR PHOTO MENSURATION AND
FOREST TYPING

INTRODUCTION

’ Aerial photographs: give the forester a‘bird's-eye
view of the timberland in which he is interested. More and
more foresters have come to appreciate the application of
aerial photographs to a number of problems in forestry practice,

the greatest advantages being the saving of time and money.

In past years, successful efforts: have been made to
use aerial photographs in connection with mapping and cruising.
However, aerial photographs have been applied mainly as an
aid rather than as an essential tool. 1In the.present day, it
has become possible to secure aerial photographs of excellent
quality, and to obtain greatly improved instruments and modern
machines for the interpretation of aerial phoﬁographs. These
make possible the use of photo-mensurational techniques for
direct estimation of timber volume, for the construction of
photo-volume tables, and for the reliable classification of

forest types.

In this study, pertinent literature on photo interpret-

ation is reviewed,
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Fleld data were collected mainly from sample plots
located in the U.B.C. Research Forest at Haney. Some field
data. were collected also from the forest on the campus of the
University of British Gblumbia in Véncouver for comparison

with those of the Research Forest.

In addition to the usual method for determination
of tree height, crown width, and crown closure, modifications
in technique were developed by the writer and are described
in this study. Further tests of the accuracy of these new

techniques will be carried out in a separate study.

Operators involved in the current study are described

because their backgrounds influenced thelr photo interpretation.

Five sets of photographs with representative fractions
(RF) ranging from 1.:15,600 to 1:31,200 were used. These photo-
graphs were taken by Photographic Survey Corp. Ltd.; Vancouver.
Another two sets of photographs, with RF of 1:%;722 and 139,360,
were used in addition for the study of forest typing. These
large-scale photographs were taken in July, 1954, by fero

Surveys Ltd. of Vancouver.

Four kinds of photographic paper or finishes, i.e.,
positive transparency, Gevaert paper, and semi-matte and glossy
finishes, were used to determine if significant differences in

the estimation of photomeasurements existed among them.
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Multiple linear-regression equations were used for
the analysis of data, and were derived for each set of photo
_measurémentSTand ground volume., Then the sum of squares re-
moved in the multiple linear regression by each of the photo
measurements, as well as multiple correlation coefficients,

‘were calculated as a basis for comparison.

Use of the Electronic Computer Alwac III-E to solve
all the multiple linear regression equations isldéscribed

briefly, as well as the input and output procedures.

A number of tables are included showing the results:
of the analysis of data for the U.B.C. Research Forest and the

Campus Forest, respectively.
Ease of typing was evaluated subjectively.
Summaries of data are given in the Appendix.

The specific objectives of the present study weres
(1) To determine which was the best combination for photo-
mensurational work among 12-inch focal length photographs taken
at a'flying height of 15,600 feet above sea ievel and S-inch
focal-length photographs with flying heights of 15,600 and 8,400

feet above sea level.

(2) To determine which was most suitable for forest typing among
20-inch, 12-inch, and 6-inch focal-length photographs with flying
heights ranging from 7,870 to 15,900 feet above sea level.
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3. To determine the best variables to be used as independent

variables for the construction of photo volume tables.

4, To assess the possibility of applying the aerial stand-
volume multiple-regression equation within sampling units
that were very small and that were in a rather uniform stand

for the effective application of photo-mensurational techniques.



REVIEW OF THE LITERATURE

The interest of foresters in the application of aerial
photography to forest mapping was first aroused by the'success-
ful use of airplane-mounted camefas during World WarvI. As
early as 1919, Ellwood Wilson (Spurr 1954), a forester of the
Laurentide Paper Company of Quebec, ploneered the use of aerial
photographs in North American forestry. Early workers invthe
development of aerial techniques in Canada were Craig (1920),
Hassel (1926), Jenkins (1927), Seely (1929) and Parsons (1930).
Most of these people were concernedrwith the use of aircraft

in forestry and their articles are mainly of historleal interest.

While there was a gradual development of techniques
and equipment for aerial photography following World War I, by
far the greatest advances were made during World War iI, when
the finest possible equipment was demanded for aerial fecon-
naissance and photo interpretation and there was no lack of
funds for developmental work. The result has been a‘greatly
increased interest in the application of the new equipment and
methods to other fields, including forestry, and a steadily in-

creasing volume of literature on the subject.

The extensive literature on photo interpretation as
related to forest photo-measurements has, for convenience, been
divided into the following sectionss
l. the influence of scale and focal length

2. measurement of tree height



3. measurement of visible crown~width
4, estimation of crown closure
5 correlations observed between volume and photo-measurable:

variables.
6. forest typing.

Influence of Scale and Focal Length o _
The scale of aerlal photographs is generally stated

in terms of the Representative Fraction and abbreviated to "RF",
If a photograph isfsaid to have an RF of 1:15,000, it is repfodf
uced at such a scale that a given distance on the ground is
15,000 times greater than on the photograph. Scale is not -
constant within_any given photograph due to variation in ground
elevation. It is controlled by the focal length of the camera
and the height of the plane above the area being photographed.
The greater the height of the aircraft, the smaller will be

the scale of the photographs. .Few aerial photqgraphs are taken
at an elevation lower than 5,000 feet because the air is too
rough forkaccurate, steady flying. Conversely, the taking of
photographs above 20,000 feet above sea lével will entail the
use of more expensive, pressurized éircraft capable of main-

taining this height.

The larger the scale adopted (or the smaller the RF),
the greater will be the number of photographs required and tﬁé

higher will be the material and processing costs,

Photo-interpretation is greatly influenced by photo-

graphic scale, Interpretation for certain purposes is limited



by scale. Photographs of RF 1:31,680 have little forestry
value other than for the delineation of classes of forested
and non-forested lands. On 1%2%,000 photographs, relaﬁively
broad forest classification can be satisfactorily made and

crown closure can be separated into broad classes,

There is very little difference between scales of
RF 1:20,000 and 1:24,000, An RF 1:20,000 is the standard
scale of the U.S. Department of Agriculture but the consensus
of opinion in the literature indicates that most foresters
feel that it is too small for forestry purposes, an RF of
115,840 being widely accepted as a suitable scale for forestry
practice., With the latter scale, fairly accurate measurements
can be obtained from photographs for both forest mapping and
photo interpretation. It is a standard scale in Canada for

forestry purposes.

On scales of RF 1:10,000 and smaller, detailed
characteristies of individual trees, species composition, and
various photo measurements can be accurately determined, but

the cost of photographs will be much higher.

In general, for the preparation of base maps it is
believed (Spurr 1948) that a scale of RF 1:31,680 is economical
and adequate for ordinary mapping. Delineation of small forest
types and accurate estimates of tree heights and volume require
much larger scales. Industrial foresters seem prepared to

accept the scale of RF 1:15,840 as a compromise. Non-industrial
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. foresters frequently require 1arger scales for épecific purposes,
and at least an RF of 1:15,840 for general forestry work. These
have been recommended by Seely (1935), Moir (1936), Spurr and
Brown (19%6), Wilson (1946) and Jensen and Colweli (1949).
However, in 1954, Young (Wood 1954) stated thatlsomé combanies
in Maine are abandoning the almost universally used photo scale
of RF 115,840 for much smaller scales and are using . higher

powered stereoscopes in order to save money spent on photographs.

Lenses of 6-, 8 1/2- and 12-inch focal length are
frequently used for various scales. The focal length of the
lens not only influences the photo scale, but also the stereo-
scopilc image. The effect of using a short focal-length lens
is to increase topographic displacement and apparent depth. |
Therefore, if photographs are to be taken for forestry use, the
6-inch foeal-length lens should not be used except over relative-

ly level country.

Measurement of Tree Height
In solving photo-mensurational problems, the relative-

ly high correlation between average tree height as measured on
aerial photographs and stand volume makes measurement of height
important. The accuracy of tree-height measurement on aerial

photographs depends malnly upon the scale of photography, focal
length of the lens, time of photography, method of measurement,

skill of the observer, and character of the forest being studied.



9
Photographic scale is equal to focal length divided
by the flying height above ground. It is not always true that
heights: can be estimated more accurately from a larger scale
photograph since the increased stereoscopicparallax at the

larger scale makes difficult the simultaneous stereoscopic

fusion of tree top and ground.

As early as 1935, Seely (1935) determined a method
for measuring tree height through measufement of image or
shadow on single vertical aerial photographs. Andrews:(l93é)
developed a simple method for measuring tree heights from |
aerial photographs. This method is based on measurements
with a micrometer of the difference in parailax between the _
tip and the base of a tree from stereoscopic study of vertical
aerial photographs., His average error on 1:9,000 photographs

was six feet on 56 trees of average height of 88 feet.

Spurr, (1945) regarding tests at the Harvard Forest,
stated that an observer can measure tree heighté with tﬂe
parallax wedge on photographs of a_séale of RF 1:12,000 with an
average error of less than three feet. Spurr>(l948) found that
experienced interpreters can consistently measure tree heights
with an error of lesé than five feet. Therefore he reported
that the average interpreter should be able to_classify trees

into five-foot height classes when using 1:12,000 photographs.

Garver and Moessner (19%9) found that using aerial

photos at a scale of RF 1:20,000 and a U,S. Forest Service
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parallax wedge, a skilled photo-interpreter can, in two cases
~out of three, measure tree heights with~an error of less than

p 10 feet., At the same time, Nash (1949) tested 127200 photo-
graphy for use in measuring tree heights.by the shadow method,
the average error of estimate Eeing ¥t 2,2 feet. Moessner (1950)
again indicated that it is poséible Sn recent 1:20,000 photbs 4
of good quality to measure tree heights by an lnexpensive
parallax wedge with an average error of less than 6 feet in
comparisonlwith Abney_level readings taken in the field.

Getchell and Young (1953) found that the greatest single error
in the measurement of tree height was 11 feet when using

1:15,840 photographs.

They also indicated that a period of between 12 and
18 hours was needed for experienced photo-interpreters to be-
come proficient in the use of wedge-type parallax ladders and
floating-dot attachments to lens stereoscopes for measuring

tree heights on aerial photographs.

In the same year, Losee: (1953) used both 1:1,200
and 1:7,200 photography of eastern Canadian forests to determine
how much the use of large scale photographs would: influence
the precision of tree height measurements. The average error
of height measurement on the 1:7,200 photogréphs was 0.6 T 2.1
feet, and for the 111,200, 2.1 £ 0.5 feet, both at 0,95 prob-
ability, and determined by mean; of a parallax bar. Ker (1953),

in a paper on the estimation of tree heights from aerial photo;

graphs, found that, although an appreciable error appeared to
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exist,y a reasonable degree of consistency was attalned in the
measurement of tree heights from photographs with a scale

approximately RF 1:15,840.

Worley and Landis (195%), studying the accuracy of
height measurements with parallax instruments on 1£12,000
photographs, found that systematic errors are larger for the
parallax bar than for the parallax wedge, and accidental errors
were found to be from 8 to 10 feet. Allison (1956), working
with various aerial phdtographs, adjusted all photb-measured
heights for the mean differences between actual height and photo~-
measured heights, and presented a table of expected errors in
- height measurement. He concluded that tree heights appear
less and individual height determinations become less precise
with increased flying height and/or shorter focal length and/or
greater degree of enlargement, and that there is no significant
difference between various qualities of aerial photographs in

the accuracy of tree-height measurements.

4Pope_(1957), studjing the effect of photo scale on
the accuracy of forestry measurements, found that accuracy 6f
height measurement varied considerably among interpreters, but
did not differ significantly with photo scale. Smith (1957)
reported that with 15 trees averaging 123 feet, ranging from
93 to 206 feet in height, one operafor secured an average
~estimate within 4.7 feet of the mean after 15 hours practice.
with the height finder. After 2% hours practice, he was within
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0.9 feet of the true mean height of the same trees. Another
operator improved his measurements from an average error of
-22.2 feet in the first run to -6.5 feet in the second series
of measurements of the same trees. Collins (1957), checking
the accuracy of tree height taken from aerial photographs,
found}that the standard error of individual height estimates
for 40 trees was £ 6,1 feet for dominant and codominant trees
and z 5.1 feet for dominants only. He concluded that estimates
of maximum height for site classification can be made with

excellent reliability from aerial photographs.

In order to save time in measuring tree height with
a parallax wedge, Moessner and Rogers (1957) developed a table
and a graph in which parallax factor (height of object in feet
per .00l inch =-- usunally expressed as parallax difference or
dp) was determined for flying heights in feet for various base
lengths. When elevations varied from -543 to +636 feet from
mean datum, the standard error of estimate for trees of all
heights was t 10.6 feet without adjustment for elevation.
This was reduced to from 3 to 4 feet when adjustments were made
for elevation differences. They indicated that increasing |
flying height or photo overlap tended to reduce the differences
between graphs or tables and formula computations. They also
mentioned that adjustment of the wedge was simpler ahd faster
than the operation of the micrometer wheel used in floating-dot

methods of measurement.
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Recently, Johnson (1958b), working on the effect of
photographic scale at RF's of 1#20,000, 1:15,000, 1510,000 and
1:5,000, found that errors were not associated With photographic

scale, but with the individual operators.

Later in 1958, Rogers (1958) reported for Working
Group 4, Commission VII, of the International Society of
Photogrammetry, that the average height for dominant trees in
stands of hardwoods can be measured within 10 per cent two times
out of three. Ihdividual hardwood tree heights can be measured
with a standard error of estimate of nine feet using 1:12,000

photographs.

In December of 1958, Bernstein (1958) concluded that
there are definite differences among phote_interpreters, but
magnification does not seem to be a promising way to improve

height measurements,

In the articles referred to above, the results were
not uniform but varied ffoh interpreter to interpreter as well
as from photograph to photograph. waever, the larger scales
tended to give consistently better results for the determina-
tion of tree heights from_aerial photographs. With good
quality photographs and visible bases of trees,‘an experienced
interpreter should be able to classify tree heights into 5-foot
classes on photos of RF 1:10,000 and smaller, into 10-foot
classes on photos of RF 1:12,000 and 1:15,840, and into 15-foot
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c¢lasses on photos of RF 1:20,000. In discussing errors in the
estimation of tree heights, it would be better to express them
as a percentage of the actual height rather than in feet alone.
An error of 10 feet is only 5% in the_estimation of the height
of a 200-foot tree, 10% in the measurement of a 100-foot tree.

Measurement of Crown Width

On large=-scale aerial phbtographs, crown width prob-
ably can be estimated more accurately than 1if measured on the
ground, since one can see more clearly the upper portion of
tree crown on the aerial photograph. The accuraéy of crown-
width estimatibn will depend largely upon the scale of the
| photograph, the tree species and the pictorial sharpness of
the print. Crown widths are commonly measured on aerial photo-
graphs with either a crown wedge (Wilson 1948) or a dot wedge
(Jensen 1948),

In early 1946, Wilson (1946a) stated that crown widths
could not be measured closer than plus‘or minus five feet on
1326,000 photographs. He concluded that crown-width classes:
should not be less than 10 feet using this scale of photograph.
Spurr (1948) found that experienced interpreters could consist-
ently measure crown widths with an error of less than 3 feet on
1:12,000 aerial photographs. Garver and Moessner (1949) reported
that interpreters could be expected to classify crown widths
consistently in 5-foot classes 6n 1:20,000 photographs using the
dot wedge. Miner (1951), in his study of stem-crown-diameter
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relations in southern pine, mentioned that crown width classes
of three and five feet can be used for classification of crown
widths on 1:15,840 and 1:20,000 photographs, respectively.
Losee (1953) indicated that crown widths were measured on
1¢1,200 photos with an average error of -0.09 ; 0.33 feet at
0.95 probability, and could not be satisfactorily measured‘on
the 127,200 photos in eastern Canadian forests. In 1954, in

a test of the accuracy of measurements of crown diameter for
for 1:12,000 photographs, Worley and Meyer (1955) found that
the standard error of estimate of individual croﬁn—diameter
measurements, made with either the shadow wedge or'with a dot
transparency, was between 3 and 4 feet. Dilworth (1956) applied
visible crown diameter/diameter at breast height relationships
by graphical and multiple correlation equation methods. He
found that when visible crown diameters were used to estimate
diameter at breast height, the standard-error of estimate of
d.b.h. (diameter at breast height) ranged from 1.17 to 2.53
inches. The simple correlation coefficients varied from 0,900
to 0.996.. He further mentioned that this relationship was
influenced more or less by tfee species, geographical location,
density of stocking, tree height, and site quality. Rogers
(1958) reported that crown widths were estimated consistently
with a standard error 3.5 to 4.0 feet at secales of 1:10,000
and 1:15,000 photographs. At larger scales of RF 1:5,000 and
127,000, standard errors of estimate ranged from 1.8 to 1.9

feet. On a very large scale of RF 121,200, the standard error

of estimate was only O.5% feet.
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In general, crown widths could be consistently clas-
sified to within 2-foot classes at scales less than RF 112,000,
3-foot classes at 1¢15,840, and 5-foot classes at 1:20,000.
Obviously, crown width measurements are more accurate in open-
grown stands, whereas in dense stands, measurements are usually

in terms of average dominant trees.

Meggurement of Stand Density

Crown closure is the most commonly used estimate of
stand density from aerial photographs. It is the proportion of
the forest canopy occupied by tree crowné, usually expressed to
the nearest 5 per cent. The accuracy of ecrown-closure estimate
is dependent upon the ability of the observer to see holes in.
the erown canopy rather than upon the observation of individual

tree detail.

As early as 193%, Andrews: (1934%) suggested that it was
possible to planimeter the crown‘openings‘on aerial photographs
to get the percentage of crown closure, but this method is too

tedious for general application.

Crown closure can be estimated ocularly from aerial
photographs studied under the stereoscope with the aid of a

crown-density scale (Moessner 194%7).

Spurr and Brown (1946) indicated that crown closures
could be estimated to the nearest 10 per cent on photos ranging

in RF from 1:10,000 to 1518,000, A year later, Moessner (1947)
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also reported that estimates of crown closure can be made
consistently within 10 per cent. In 1954, Worley and Meyer
(1955) found that individual observers have a tendency to
either over-estimate or under-estimate the relative crown

cover of a stand using either dot counts or grid comparisons.
Recently, Rogers: (1958) reported that stand volumes of hard-'
wood forests can be estimated within 10 per cent with photos

of RF 1£12,000 and 1:¢20,000, He mentioned that, at RF 1:1,2000,

a standard error of estimate of 8.7 per cent had been obtained.

Tree counts, as a measure of density, can seldom be
made accurately from photographs, and counting all trees on a
single plot is tedious. This measure of density is seldom
used, although individual tree counts may be much more reliable
where large-scale photograhhs rénging from RF 11,000 to 1:5,000
are available. Rogers (1958) reported that total tree counts
have not been very successful. Even on a scale of RF 131,200,
one can seldom count over 50 per cent of the total number of
trees, while at scales of RF 1$15,000 and 1$20,000, only 30

per cent of the total number of trees can be counted.

In the literature reviewed, little has been said
about the actual techniques of measuring tree heights and crown
widths, and estimating crown closure, These will be discussed

later,
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t etween V and Photo-measurable Variable

Tree and stand volume may be directly correlated
with diameter at breast height, total height, site quality as.
expressed by average height of dominant and codominant trees,

basal area, age, and density index.

Diameter at breast height has been found to be highly
correlated with crown width, which is measurable from aerial
photographs. Stand volumes can be determined from aerial

photographs through correlation with three variables, viz., tree
height, crown width, and crown dlosure, if these can be evaluated

directly under the stereoscope with reasonable accuracy.

Since the introduction of aerial photographs to
forestry in 1919 (Spurr 1954), foresters have realized that
volumes of tree and stand can be estimated directly from measure-
ments made on aerial photographs, but practical application
.has been slow. The first photo-volume tables in North America
were constructed by Spurr in 1948 (Dilworth 1956). He found
that both crown width and total height showed a élosé correla-
tion with tree volume, the correlation coefficient being 0.83.
For an empirical stand-volume relationship for white pine,
based on total height alone, the correlation coefficient was
0.937. Variations between photo-estimates and ground volume
were tested. The average error on a total of ten stands was
only +8.6 per cent. In the same year, Nash (1948b), using
d.b.h. converted from‘crown width and total height. applied to
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Seely's formulas-

Kh =E
42
where h = total height of tree
K = crown width.
d = d.b.h.
E = a coefficient,

constructed an aérial tree-volume table for white pine stands.
In 1949, using data from 18 O.2-acre plots, Pope (1950) drew

a curve of per-acre volumes over average height of dominant and
codominant trees., All plot volumes were then adjusted to a
crown closure of 85 per cent by assuming volume to be directly
proportional to crown closure. A test of the stand photo-volume
table showed a standard error of estimate of t 5.1 pér cent

for all plot and t 21.8 per cent for single ;bservationsm
Another approach was to convert yield tables for bouglas-fir
developed by McArdle, Meyer and Bruce (1949) for éubié volume
from vélume over age to volume over stand héight. Then volume
per acre was plotted over average stand height by cfown

closure classes, The standard errors of estimate were & 4.8
per cent and ¥ 20.%4 per cent for the total number of plgts and
for single observations respectively. Dilworth (1956) con-
cluded from these preliminary tests by Pope thatj (a)‘photo-
volume tables have considerable potential value fof ﬁse in
supplementing ground plots. (b) variables used in the photo-

volume tables can be measured accurately enough for use,
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(¢) stand photo-volume tables are somewhat more satisfactory
than tree photo-volume tables, (d) a photo-volume table must
be prepared from data that represent trees and stands that are
similar as to site, age, species and density to the trees or
stands that are to be estimated. Moessner, Brunson, and Jensen
(1951) constructed a set of photo-volume tables for hardwood
stands in Kentucky. Volumes per acre were converted from field
data taken on 0.2~ and 0,1~ acre congentric circular plots.
Average total height of dominant stand, average crown widths of
dominant trees, and crown closure in per cent were made on one-
acre plots. The photo-volume tables were constructed by the
alinement-chart method of Bruce and Reineke (1931). A varia-
tion of from -6.0 to -10.3 per éent was found between photo and
ground plot volumes. Moessner and Jensen (1951) again prepared
& similar photo-volume table from RF 1:20,000 photos for
Allamakee County, Iowa, the difference in the mean per-acre
~volume between photo and ground estimates being -6.2 per cent
and -1.8 per cent for two W40-acre areas. Losee (1953) con-
structed a stand aerial-volume table based”on crown width,
total height and crown closure correlated with volume per acre.
The error between photograph and field estimates was pa 7.7 per
cent and % 4,3 per cent for RF 131,200 and 1:7,200 ph;tographs
respectively. At the same time, Ferree (1953) prepared his
photo-volume tables based only on‘mean visiblé crown width for
1:16,000 photogréphs of normally stocked stands. He found that

the tree-count method was not satisfactory. An acéuracy of
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¥ 30 per cent on volume estimates of individual plots was found.

Gingrich and Meyer (1955) developed a.new approach for
the construction of aerial photo-vdlume table using RF 1:12,000
photographs for upland oak stands located in Centre Céunty,
Pennsylvania. Tree counts on the photographs were found.to be
poorly correlated with ground counts. Stand volumes obtained
from field data were correlated with various photo measurements.
They found that the partial correlation coefficlent between
crown width and stand volume, after eliminating the effect of
both stand height and crown closure, was not significant. They
tested and concluded that an equation, expressed as stand vélume
based on stand height and crowm closure per cent, was the best
solution for the construction of photo-volume tables. Multiple-
correlation coefficients were found to be 0.85 and 0.87 for
equations relating to cubie-foot volume in trees 5 inches and
larger and 7 inches and larger respectively, solved by means of
the least-squares solution. Alliéon (1955) constructed a photo-
volume table by a multiple linear correlation analysis of ground

volume obtained from'field plots and photo measurements of tree

”ﬁeights, crown widths, and crown closure per cent on the same plots.

The equation was as follows:

Volume, cubic feet = 58,06 (tree height, in feet) I 33.L46
(crown width, in feet) + 40.57 (crown closure,hper cent)-2653.

A test of a 2,600-acre area showed that total gross cubic volume

was 13.1 to 14.8 million cubic feet from ground samples and 13.9
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to 14,9 million cubic feet from aerial photo samples. The
standard error of the difference was * 378 cubic feet, and the
difference of means was 164 cubic fee% per acre. Another test
of a 4,630-acre area showed that totalvgross cubic volume was
24,5 to 27.3 million cubic féet for ground estimates, and 22.9
to 24.9 million cubic feet for aerial samplés. The standard
error of the difference was 374 cubic feet, and the difference
of means was 429 cubic feet per acre. Thus, estimates made
from aerial phbtographs do not differ significantly from the
total gross cubic~foot=volume estimates>obtéined from ground
cruises. Further, the completion of the aerial-photo cruise
required only 7.5 per cent of the time and 12 per cent of the
cost of the ground cruise. In a study on the_estimation of the
growing stock from aerial photographs, Nyyssonen (1955) con-
structed an aerial-volume table for Scots pine in southern
Finland by the curve-fitting method. He found that the standard
error of estimate of volume determination by crown closure only
was approximately ¥ 35 per cent. When mean height was taken

+

into account, the standard error of estimate became t 29 per

cent.

After finding a strong correlation between diameter
at breast height and crown width, and between diameter at
breast height and the variables of crown width and total height,
Dilworth (1956) developed a suitable equation for estimating
d.b.h. (¥) from crown width (¥) and total height (Xp) as follows:
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Y=a+ b1X3 + boXp + b3X3Xp

where a, by, bp and by are coefficients. Then, he constructed
both local and standard photo-voiume tables based on crown
width and tree height by means of a graphical method. In a
test of precision of the local photo-volume tables, he found
an aggregate difference of -1,4% per cent and.a standard error
of.estimate‘of 26,7 per cent. Another similar test of the
standard photo-volume tables gave aggregate differences varying
between +0.41 and +0.78 per cent and standard error of estimate
ranging between 6.9 and 13.5 per cent. Moessner (1957) prepared
some preliminary aerial-volume. tables for coniferous stands in
the Rocky Mountains. These composite tables: were constructed
by the alignment-chart method for solving problems in multiple
curvilinear correlation described by Bruce and Reineke (1931).
Total heights were measured on 1320,000 photographs with a
standard error of estimate of less than % 10 feet., Other
measurements were of comparable precision. Tests of the tables
showed that photo estimates made with 10 to 20 plots did not
vary significantly from those made in the field. Other.tests
indicated that correlation between field and photo volumes
usually exceeded 90 per cent, when plots were stratified in -

or 5-plot groups.

Smith (1957) stated that even'with considerable ex~
perience, some operators were unable to secure a high degree of

correlation between volumes per acre and the variables measurable
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on aerial photographs. For one group of 15 0O.2-acre plots, the
multiple correlation coefficient of volume with tree height,
crown width, and crown closure was only 0.65. For another

group of 36 plots, the multiple correlation coefficientlwas
'0.50., Both of these multiple correlation coefficients were '
statistically significant but discoﬁragingly small. One operator
- secured correlation coefficients between volume and height,
crown width, and crown closure, respectively, of 0.76, 0.67,

and 0.59. The multiple correlation coefficient was 0.95, but
the photo éstimates were unrealistically high. Another oper-
ator secured a multiple correlation coefficient of 0.79 for

the same plots. ©Stand height proved to be the variable most .
closely associated with volume, but the additional contributions
of average crown width and crown closure were both statisti-

cally significant and important.

Morris (1957) set up a new approach for photo volume
table construction. By the least-squares method, he correlated
ground volume as the dependent variable with stand density in
_per cent for each 20-year age class., Stand density in per cent
was estimated by comparing stand density on photographs with
. density stereograms. Age classes of a stand were determined
by studying the pictorial features, such as tree heights,
crown sizes, and crown shape. Using 1315,840 photographs, he

found that standard error of estimate in volume was 420 cunitst

X A cunit is a unit of volume measure containing 100 cubic feet,
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or 7.7 per cent on a tract of timber with 5,470 cunits.

Allison and Breadon (1958), assuming a linear rela-

tionship between gross volume per acre and each of the two

independent variables, tree height and stand density, pre-

pared aerial photo volume equétions for two Interior Foregt

Zones in British Columbia using 1:15,840 photographs. Each

equation was constructed by a least-squares solution of the

following equations

Volume, in cubic feet = a + by (stand height, in feet) + by

(Crown closure, per cent)

where a, b and bp are coefficients.

coefficients obtained follows

Item Mature

Immature
Coniferous Coniferous

Values of the correlatidn

Lodgepole
pine and dec-
iduous species

all ages

Zone 4%

-Multiple correlation

coefficient 0. 50 0,64 O 46
-Partial correlation

coefficient(vol. on height) 0,46 0, 64 046
-Number of double samples 165 Ll 37
Zone 6

~Multiple correlation

coefficient 0.28 0.51 0.66
-Partial correlation '

coefficient(vol. on -height) 0.18 0.33 0.39
~Number of double samples 119 23 16
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In the application of the photo-volume table, a double
sampling should be made. This involves production of a local
regression of photo volume on ground volume. Allison (1958)
chose an area of 25,800 acres in Cochran Creek drainage, |
British Columbia, for a test of double sampling. After the
local photo volume/ground volume regression was calculated, it
was found the double sampling gave an estimate of volume per
acre of 3,767 £ 714 cubic: feet, whereas ground-estimated volume
per acre was 3,603 ¥ 1,136 cubic feet. Allison further in-
dicated that, based on ground sampling, the average gross
volume per acre for the mature coniferoﬁs type was 31.6 per cent
in error, whereas the error of the photo-volume estimate was
ohly 19.0 per cent. He indicated that photo measurements of
tree height contributed most to thé multiple correlation with
ground volume. Photo measures of crown width added practically
nothing, with the result that crown width was not used. He
also mentioned that he located tﬁeﬁty sample plots near Pétricia
Bay for testing interpreters. As a criterion of suitability,
a minimum correlation coefficient of 0.80 was set, together
with 1imits on the slope of line plotted to the data by least
squares and a limit to the scatter about the line. He concluded
that about 4 out of 25 interpreters were satisfactory. At
the same time,>Pope (1958) stated that the interpreter is not
just a mechanical link in the process of interpretation. This

process may be more of an art than a science.
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It is clear that experienced photo-interpreters: can
do timber cruising directly from aerial photographs with a -
minimum of ground control at the normal standards of accuracy.
It is obvious that the greatest advantages of photo cruising
are the savings in time and money, and rélative'independence

from weather hazards.

Forest txging

Stand mapping is an important link in the practice of
forestry, since maps showing'the status and condition of land
provide essential records upon which forest management is
based. As early as 1919 (Thelen 1919), aerial photography
was being used as an aid in forest mapping. Since then it

has been adopteéd by all countries in the world for this purpose.

Forest typing is the main concern-in forest mapping.
This may involve the determination of location of timber, area,
volume, stand size, species composition, tree height, stand
density, érown class, topographic site, and accessibility. 1In
the early application of aerial photographs to forestry, |
Foster (1934) realized that, without supplementary ground work,
aerial photographs éan not be depended upon for forest typing.

Spurr and Brdwn (1946) indicated that forest species
could not be positively identified unless the photo inter-
preter was famillar with the area: being studied and had the
opportunity of checking in the fie}d.' They further stated that
intensive study én the ground is very helpful in the inter-

pretation of any area, and knowledge of the ecological habits
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of the local species will help the interpreter to differentiate
forest types.

Colwell (1948) stated that identification.of individual
species of vegetation on 1:10,000 photographs can only be done
in special instances. By increasing the scale of photography
to somewhat greater than RF 1:10,000, species of vegetation
can be identified through the use of branching characteristies,
textural differences in foliage, shape and size of crown, and
other features. He found that the use of colour photography
was only partially successful, since the problem of different-
iating between tones of green on colour transparencies is the
same as appliéd to tones of grey on black-and-white photography.
Jensen and Colwell (1949) again mentioned the importance of
checking on the ground when classification of all dominant
,sp901e51was made from aerial photographs. In the same year,
Seely (1949) found that the use of large-scale photographs and
field checks were of great assistance in the ldentification

of species.

Hixon (1950) found that the various species could not
be successfully identified on photographs with an RF of
1:20,000 taken over National Forests in the Douglaséfir sub-
region of southern Oregon. Losee (1951) indicated that, although
the interpreter uses his knowledge of the species present in
the area, their phenology and site preferences, as well as the

tone present in the photograph, the difference in tone provides
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the final separation between spruce and larch under eastern

Canadian conditions.

Moessner (1953) stated that classification of stands
is generally on the basis of forest types, based upon speciles;
forest site, based upon topography and soil conditions; and
stand size, based upon crown width and height of trees. Since
forest types, as well as stand éize, stand quality, height and
crown wildth of'trees, and growth rate, are corrélated with
forest soil and'topography, forest typing can be done well with
careful stereoscoplic study of photographs and a minimum of

ground control.

Smith (1957) suggested that the accuracy of species
identification can be improved by the development of keys
utilizing characteristic features of the images presented
by various species in aerial photographs, knowledge of the
ecological factors influencing the situations where such species
are usually found, and the possible variations in light-
reflecting characteristies of individual species as determined
by study of samples with a Beckman spectrophotometer, He
reported that it was not possible to determine consisteht
differences between stereoscoplc views of Douglas fir and
western hemlock trees within these stands, but western red
cedar, silver fir, and white pine trees may be distinguished

from Douglas fir and western hemlock in most cases.
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In a spectrophotometric: analysis of foliage of some
British Columbia conifers, Hindley and Smith (1957) found
that wide variations in reflectance within a Speciés and
relatively small differences among species make it difficult
to differentiate between species. They suggested that
knowledge of typical range in size, shape, branching habit,
and ecological characteriétics of species or species groups .

would facilitate species identification.

Rogers (1958) reported that the identification of
tree specles in Indochina: has not been successful on RF
1:40,000 photographs. It was believed that during the
flowering season, identification of tree species on aerial
photographs would be poséible. In Sweden, tree species were
correctly identified from 77 to 9% per cent of the time on
RF 1:25,000 photographs. But identification of species was
impossible on photographs of RF 1:15,000 to 1:20,000 in mixed
forests in eastern United States, and only 37 percent were
identified correctly at a scale of RF 1:1,200, and 25 per cent
at a scale of RF 1:4,800, when panchromatic film was used..
Rogers also mentioned that a key to photo interpretation for
identification of hardwoods is being tested in Pennsylvania
and Kentucky by the Northeastern Forest Experimént Station in
Berea, Kentucky. The same station was assessing photos of
RF 1:15,800, 185,000, and 131000 taken on panchromatic and
infra-red films for species idéntification, and measurements

of tree height, crown width, and stand density.
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For best results.in forest typing, one should combine
powers of observation, judgement, and imagination to evaluate

what is seen under the stereoscope on aerial photographs.

Furthermore, one should always keep in mind that the
adopted scale will influence greatly the costs of obtaining
any aerial photographs to cover one particular area. The cost
of RF 1:15,800 photographs will be four times less than that of
RF 1:7,800 and four times more than that of RF 1:31,200, whereas
photographs with RF 1:7,800 will cost sixteen times as much as
that of RF 1:31,200.
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COLLECTION OF DATA

Collection of field data

A number of stand photo-volume tables has been con-
structed by using various methods: (Pope 1950; Moessner 1951;
Moessner, Brunson, and Jensen 19513 Losee 1953; Ferree 19533
Gingrich and Meyer 1955; Allison 1955;-D11worth 19565 Moessner
1957; Morris 1957; Allison and Breadon 1958), and stand photo-
volume tables are somewhat more satisfactori than individual
tree photo-volume tables (Dilworth 1956, Smith 1957). Hence
the writer decided to use the stand approach to voiﬁme determin-

ation for this study.

Field data for this study were collected from sample
plots located in the U.B.C. Research Forest at Haney, and in
the Forest on the Campus of the Univefsity of British Columbia,

at Vancouver.

The main portion of field data was: collected by the
Qriter and one assistant at the U.,B.C. Research Forest, where
the writer worked as a research assistanf during~the summer of
1958; The area studied is near the éouth-east corner of Loon
Lake and north of Blaney Lake. It ranges in elevation‘frém
1,140 to 1,320 feet above sea level. The’terrain, in general,
is moderately steep; The stands studiéd range in age from

about 55 to 85 years, averaging approximately 70 years. The
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average site is about 140 feet at 100 years. Species present
are Douglas fir, western hemlock, western red cedar, and silver

fir. The species composition varied widely over the area.

Fifteen randomly located sample plots had been establish-
ed for studying‘the response to a commercial thinning. The
actual thinning was done in 1956. These stands are adjaéent
to roads and are relatively open after thinning., These plots
are one by two chains in size with the long side of the plot
running north and south. For each plot, all trees were tallied
by species and d.b.h. taken to the'nearest 0.1 inch with a
diameter tape. The heights of dominant and codominant tree
were measured to the nearest foot with a 100-foot chain and a
Haga height-finder. Crown widths of dominant and codominant
trees were meaéured to the nearest foot by the plumb-bob method
(Nash 1948a). Average crown closure was determined from 18
estimates systematically located by dividing each one-by-two
R chain plot into 22~foot squares after allowing 11 foot margins

on both sides. ‘One estimate was taken at each corner of each
of the 10 sub-plots. Crown closure per'cent was estimatgd
using a spherical'densiometer (Lemmon, 1957). Total cubic~
foot volume per acre for each plot was derived from U,B.C.
Research Forest local tree-volume tables by classes of @aximum
height and d.b.h. Data for the 15 sample plots after thinning
follows



Table 1

Summary of ground data for 15 0O.2-acre plots after thinning

Site Height in ft. of dom. Crown width in ft.

Plot index _D.b.h. in ft., and codom. trees. of dom & codom trees. Crown closure
No feet Range Ave. Range Ave, Range Ave. Range Ave,.
1 135 5.5-21.7 13.5 110-127 119 18-29 23 75-90 . 83
2 156 5.7-24.9 12,7  108-1h4 128 16-29 18 75-92 8
3 156 5.8-33.7 16.6. 114-171 138 19-3% o4 58-83 72
L 150 5.8-32,3 13.1 88-148 120 16-30" 22 75-95 84
5 138 5.5-22,3 12.8 94-137 118 18-28 22 62-90 83
6 1&5 4,1-20.6 11.5 76-120 104 12-2k4 19 67-92 83
7 140  6.,0-24,7 12,1 82-138 117 16-29 21 67-90 81
8 146  6.3-31.5 13.9 108-170-_ 134 20-35 27 83-95 88
9 146  5.6-40.7 13.7 104-158 126 28-46 32. 58-92 81

10 148 - 6.2-33.4 14,8 96-149 120 TR, 29 71-87 81

11 145  5.4-25,9 10.7 88-136 93 16-31 20 83-92 88

12 140  5,9-20,2 13.9 90-126 104 17-28 22 42-83 6

13 1%  6,2-26.% 12,7 101-149 120 17-25 21 77-96 86

14 132  5.9-20.0 10.7 86-123 100 15-25 19 75=-90 85

15 140 11.8-36.9 20.8 112-150 133 18-36 oL 57-87 76

ut



Volume cu, ft,

No. of trees No.of trees Volume . Volume Volume
on plot per acre per tree cu,.ft. per plot per acre
29 145 LO- 1148 5741
Ll 220 48 2124 10619
22 110 89 1968 9840
32 160 48 1543 771k
34 170 43 1k51 7253
31 155 * 32 939 Lgl7
31 155 Lo 1296 6480
4 205" 62 2538 12690
27 135 . 65 1752 8759
33 165 66 2163 10816
6k 320 31 2008 10038
13 65 53 684 3422
37 185 L3 1608 8041
Ly 225 28 1255 6277

15 75 148 2076 10382
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Field data for the Campus Forest sample plots in
this study were collected by 11 studénts as part‘of the field
work in Forestry 464, a senior photogrammetry course, each
student working on his own ground plots. This forest is
located on the southern edge of the Uhiveréity Campus south
of the University Farm. The stands range in éverage age from
40 to 110 years, apd'in site index from 100 to 160 feet at
100 years. Total cubic-foot volume on individual O.l-acrg
circular plots ranges from 200 to 2,420 cubic feet. Average
tree height and crown width of dominant and codominant tree
for each plot ranges:from 60 to 150 feet and 12 to 32 feet,
respectively. Average crown closure on each plot ranges from
20 to 100 per cent with an average for all plots of 79 per
cent. Species found in the area are Douglas fir, western hem-
lock, western red cedar, with scattered alder and cherry trees.
In general, the terrain is faily flat. Five groups of O.l-acre
plots, 84 in all, were selected at random. Plots in one group
vere located systematically on the ground as well as on photo-
graphs, studied under the stereoscope in the field. Two
students, working as a team, took the measurements and carried
out the estimations in the field. Heights of dohinant and
codominant trees were measured with a 100-foot chain and
Abney level. Crown width of each tree was estimated by the
plumb-bob method (Nash, 1948a). The average crown closure
for each plot was also estimated ocularly. Individual diameters

at breast height were measured with calipers, and local tree-
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volume tables in cubic feet were used to calculate total

cubic-foot volume per acre.

Location of sample plots on photographs

After a study of ground conditions was complete,
fifteen 0O.2-acre plots were marked on one of the photographs
in the field at the Research Forest with the aid of a pocket

stereoscope. The southwest corner of each plot was pricked.

A total of 84 O.l-acre sampie plots were located

similarly in the Campus Forest.

Measurement of photo data
1. Methods for each kind of photo measurement.

(=) General

All interpreters worked with the aid of both direct
and indirect lighting on a split-top light table, except inter-
preters C, D, and G (see below - operator).. An Abrams Height-
finder, model HF2, was used for height measurement., The U.B.C.
photo-interpreter's aid was used in the determination'of crbwn
widths and crown closures. An Abrams: C B 1 stereoscope was used

throughout.

In order to avoid memory bias, no more than one set:
of photo-measurements of 15 O.2-acre plots were made within
any three days. For tree heights, the parallax of the top
and the base of each tree was measured and recorded. When

the ground could not be seen clearly, care was taken to make
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the ground parallax reading on the same contour as the base

of the tree, For the estimation of the average crown widths;,
the four tallest trees on each plot were located under the
stereoscope, the size of each tree crown measured, and the
reading recorded. The conversion of these data into average
tree height and crown width in feet was carried out after
measurements were made for that set of photographs. At the
same time as tree heights and crown widths were measured, crown
closure was recorded for each plot. Another safeguard adopted
was that photo measurements for theAfirst set of photographs
were made from Plot No. 1 to No. 15; for the second set from
Plot No. 8 to No. 15 and from Plot No. 7 to No. 1; and finally
the third set, from Plot No. 15 to No. 1§ and so on.

These procedures were applied to the Campus data as
well as to data for four kinds of photographic paper. All
measurements of tree height were made by use of the modified
techniques described below. All estimates of crown width and
crown closure were determined with these new techniques
except the first 3 sets of measurements which were made before
the modified technique was developed.

(b) Tree height

For each plot, four estimates of the average height
of dominant and codominant trees were made with the Abrams
height-finder. The writer followed the training program
prescribed by Johnson (1958a) before measuring the heights of
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trees. It was found that error of tree-height measurements
was reduced from ¥ 5 feet to £ 2 feet on measuring heights of
_8 open grown trees ranging from 51 to 79 feet in height.

Technique of measuring tree height. Figure 1

illustrates measurement of tree height. It has been the
writer's experience that, while measuring a tree, the distance
between the interpreter'e eyes and lenses of the stereoscope
.should be held at some fixed distance within the range of 0.5
to 1.0 inch. The dot of the height-finder should be in a
position 1 to 2 mm. from the side of the tree crown, preferably
the right-hand side in the k- te 5- o'clock position if local
conditions permit. After the dot has been raised to the level
of the top of the tree crown, the interpreter should then move
his head slightly to and fro from left to right. At the same
time, the dot moves in the opposite direction to the interpret-
er's field of view. This enables the interpreter to see whether
or not the dot appears to coincide with the top of the tree.
The same procedure is required for the interpreter to obtain
the parallax reading at the bottom of the tree. Then & good
estimate of parallax difference can be obtained. ‘The stands
were sufficiently open to permit direct measuremenf’of ground
level within each plot in most cases. Salal was the most
prominent shrub and did not exceed 3 feet in height but under-

story hemlock and cedar were numerous in many stands.

It is the writer's opinion that in addition to the
usual method (Avery 1957, pp. 21-25), the above approach would
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be useful in the instruction of photo-interpreters.

MAR - 59

Figure 1
The measurement of tree height
(e) Crown width
Four estimates of crown width were made on each of the
tallest trees on each plot.

Technique of measuring crown width. Two dot-
type scales were used in an attempt to get improved results
in the estimation of crown width. A scale was put on each of
the two photographs under the stereoscope for comparison with
the same tree erown. When the interpreter is sure that the
tree crown would be covered entirely by the right-hand pair
of dots, these are shifted onto the tree crown for a direct
check on crown width. The size of the tree crown is thus

determined accurately. The two dots, one on each of the photo-
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graphs provide a third-dimension view of the dot as well as
of the tree crown itself, This approach, which is a modi-
fication of the usual method (Jensen 1948), could be helpful
in the instruction of photo-interpreters. Figure 2 shows how

the measurement of crown width was madee.

MAR . 59

Figure 2

The Measurement of crown width

(d) Crown closure

One estimate of the portion covered by tree crowns
was made for each plot,

Technique in estimating crown closure. Use of

two crown-closure scales gives better results in the estimation

of stand density than the usual single scale. A piece of white
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paper attached to the lower surface of each scale also will
increase the contrast between the black and transparent
portions. This provides a clear view when scales are put under
the stereoscope. The same procedure as for the measurement

of crown widths, i.e., use of a double scale in a stereoscopic
view, is required to estimate the crown closure as a percentage.
Again, this provides a third-dimension view of the scale as
well as the plot itself as a comparison. Figure 3 shows the

physical set-up for the measurement of crown closure.

Under-story trees were included in the estimate of

crown closure.

MAR - 59

Figure 3

The estimate of crown closure
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2. Operators _

Operator A, the writer of this thesis, has taken
photogrammetry courses continuously since the spring of 1957,
and has done some height measurement periodically throughout
that time. Before taking photo measurements for this study,
he reached a level of competency enabling him to measure com-
sistently the heights of open-grown trees with a maximum error
of 1essvthan 4‘feet on photographs with an RF of approximately
1:15,000. Detailed knowledge of some of the photographs and
stands concerned was obtained during a summer spent at the
U.B.C. Research Forest at Haney, where these sample plots

are located.

Operator B took a one-term introductory course in
photogrammetry in the spring of 1957. He has studied photo-
interpretation since the fall of 1958 and has an excellent
academic record in this field. He spent one month at the
Research Forest in the summer of 1958, and laid out some of

the sample plots on the Campus Forest.

Operator C took one elementary photogrammetry

course and spent one month at the Research Forest.

Operator D is an inexperienced photo-interpreter
who has not visited either the Research Forest or Campus

Forest.,



43

Operators E and F are photo-interpreters with many

years of experience, but neither has wvisited the areas studied.

Operator G is a composite made up of a group of 11

students, with little experience in photo-interpretation but

with considerable familiarity with the Campus Forest.

3. Photographs used

Five sets of photographs (1,2,3,4% and 5), were used

for the study of photo-mensurational problems, ané’anqther two

sets (6 and 7) were used for forest typing. Information on

these photographs is as follows:

Iable 2

Specifications: of aerial photographs used

Set Date of Name of Focal Flying - Size of
No. Photography Camera Length, in. Height, ft. photographs
: : ’ ino

1 July 19gg Ross: 12 15,900 - 9x9

2 May 19 Ross 12 15,600 ' 9x9

3 May 1958 Wild RC8 6 8,400 9x9

L May 1958 Wild RC8 6 15,600 9x9

5 Aug. 1957 Wild RC8 6 8,220 9x9

6 July 1954 Wi%l%amson 20 15,600 7 x 8 1/2

-52 _ -
7 July 1954 Williamson
F-52 20 7,870 7 x 8 1/2

Panchromatic film was used for all photography, and

all strips were run northward.

Sets 1 to 5 were taken by
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Photographig Survey Corp.»Ltd.; Sets 6 and 7 were taken by

Kero Surveys Ltd., both of Vancouver, Canada.

4, Photographic paper or finiéhes
Four kinds of photographic papers or finishes, viz.,
positive transparency, Gevaert paper, and semi-matte and glossy
finishes were processed for sets 2, 3, and 4 in order to
determine if significant differences in photo-measurements:
existed among them. All photographs were processed by Photo-

graphic Survey Corp. Ltd.

Compilation of data:collected in the field

Site index was estimated for each plot using average
height of dominant and codominant trees in order to facilitate
the use of U,B.C. Research Forest and U.B.C. Campus Forest 7
tree-volume tables. In using these tables to obtain the cubic~
foot volumes, trees were sorted into l-inch d.b.h. classes by
species. Total cubic-foot volumes for all species on each plot
were used to find total cubic~-foot volumes per acre for each
plot. At the same time, numbers of trees per plot were counted
and then converted into total number of trees per acre for

-

each plot.
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ANALYSIS OF DATA

Method
1. Multiple linear regression .

It has been found that corrélations between total
cubic-foot volumes (based on ground data), and the variables,
tree height, crown width, and crown closure (which are measure-
able on aerial photographs) are generally statistically sig-
nificant (Gingrich and Meyer 1955,_Aliison 1955, Dilworth .
1956, and Smith 1957). These are usually determined by
analysis of muitiple linear regression equations: involving the
determination of the average value of the dependent variable
in terms of a number of independent variables. The equations
measure the combined influence of all independent variable on

the dependent variable (Snedecor 1956).

The usual form of the multiple linear regression

equation is as followss

V= a + by (Ht) + ba(CW) + b3(CC)

where V is the total gross cubic-foot volume per acre (based
on ground data), )
Ht is the average height of U dominant and codominant
trees as measured with an Abrams height finder on

aerial photographs.
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CW is the average crown width of 4 dominant and
codominant trees as measured withAU.B.C. Crown-
width scales on aerial photog?aphs;.

CC is the crown closure, in per cent, as estimated
on aerial photographs by comparison with U,B.C.
Crown-closure scales, _ o

byyboy and3b are regression coefficients derived
from the data by the least-squares solution, and

a is the value of V when all independent variables

are O,

The correlation coefficient is a measure of the
closeness of the relationship, or degree of association, among
dependent and independent variablessampled. It is defined as
the square root of the net sum of products removed by regression
divided by the net sum of squares of the dependent variable,

If the correlation coefficient equals one there is a perfect
correlation. The closer the value of the correlation. co-
efficient approaches one, for a given number of degrees of

freedom, the more significant will be the association in the

data sampled.,

Multiple linear regressions were derived for each
set of photo-measurements and ground-measured volume. Then
the sum of squares removed in the multiple regression equation

by each ofvstand height, crown width, and crown closure, and
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multiple correlation coefficients were calculated as a basis
for comparison., The higher the significance of the multiple
linear regression, the better will be the set of photographs
for photo-mensurational purposes. The greater the sum of
squares removed by regression, fhe more reliable will be that‘
variable for photo-measurements used in determination of photo-
volumes. The larger the sum of squares of the individual in-
dependent variables, the more will be their contribution to
the significance of the regression, with a: corresponding
increase in the value of the correlation coefficient.
2. Use of the Electronic computer Alwac III-E

The U.B.C. Computing Centre provideé a program for
computing means, standard deviations, correlation and covariance
matrices, and regression coefficients for from one to eight
variables. This was used to solve all the multiple linear
regressions in this study in order to avoid tedious manual

calculations. Data: for input are arranged as follows:
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where (Xll’XIZ’ ----- XNl) is the dependent varialle x

(total cubic-foot volumes in this case), (Xj5,X55, =---- Xyo),
(X‘13,X23, ----- XN3)y ==-mmmme- , and (}iih;xzn, ----- XNn) gre—all
independent variables (Xj5,X0p, ==--- Xyo are tree heighfs;
X134X53y ==~=- Xy3 are crown widths; and Xju,Xol,----= XNy are
crowh closures in this case). X1k is equal to the sum of
(X115X109%33y ====- Xin)s Xoi 1s equal to the sum of (Xpj,
Xp2,Xp3,--~== Xppn); and so on. Then (X37,Xp), =---- Xx1)

is dependent on (Xj5,Xopy ====- XNZ),'(X13,XQ3, ---;-‘an),
----- , and (X1p,Xop, =---- Xiin)e | |

N is the number of subjects, n is the number of
observations per subject including the dependent Variable,
Xij is the J'th observation on the i-th subject, and where

all summations are over k,

Outputs then will be computed by the computer in
the following way (Hull, 1958).

The meanss My = T X /N
The standard deviations: d} = [Cij (see below),

The correlation matrix eléments:

C; ;

r,, = 1]
i Ct——

3 TH;

tUbually (V11,Vo1 y====- VN1) is the independent variable, but.
(X11,X21y ===-- Xj1) is substituted for (V37,Vpy, ==--- V1) in
order to simplify the expression in this program. -
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The covariance matrix elements:
cij = (NzxKiij - ZXiZXj)/N(N-l),

-and the coefficients for the regression of the first

on the remaining n-1 variables. fThese coefficients are

obtained by solving (for bp, b3, by ===-- bp ) the equations:
boCop + b3Co3 + ===-- + bpCon= Co3
b2032 + b3C33 + me——— + an3n— C31
boCno + b3Cp3y + —---- + bnCnn= Cnl
where by, b3, =-==- bn are coefficients.
Cony ====- Cop===-- C3n ----- Cnn are variances or
covariances.

When the calculation is completed (within three
minutes in this case), the outputs of the means, standard
deviations, and covariance matrix elements are given to two
decimal places; the correlation matrix elements and the
regression coefficients afe given to four decimal places.
None of the calculation is checked by the computer itself,
but each element of the matrices is calculated separately so
that symmetry of these matrices is a check on all the calcu-
lations except for those involved in finding the regression
coefficients. The regression coefficients are obtained by

systematic elimination and back substitution in the solution
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of the normal equations. However, using a Friden calculator,
the writer checked that results secured by use of the correla-
tion coefficients and regression éoefficients were identical

in both cases.

U,B.C. Research Forest Data

The following.tableé show the correlatioh among
total cubic-foot volume per acre measured on the ground and
other ground measurements, or among ground volume and photo
measurements for the 15 O0.2-acre plots from the Research
Forest. The net sum. of squares of ground volume was 653,92,
Sum of squares removed by regression varies with interpreters,

variables used, ground measurements, or scale of photography.

Table 3 indicated the sum of squares removed by
regression and multiple correlation coefficients for ground
data after thinning (in 1956). Average height and crown
width were based on all dominant and codominant trees on each
plot for regression numbers 1, 2, 3, and 4; and average height
and crown width were based on the 5 tallest trees for regres-

sion numbers 5 and 6.

Degrees of freedom and variables for regression
numbers 1, 2, 3, %, 5, and 6 were (9, 6), (11, W), (11, W),
(12, 3), (11, 4) and (12, 3) respectively.



Table 3

Sum of sguares removed by regression and multiple

correlation coefficients for groupd dats
ater thinning
# ' Multiple
Regression . Sum of Squares Removed by Regression Correlation

N F W NN ]

(Ht) (BWT"‘TEET"‘TNT?*“‘TV7T7**‘Coefficient(R)
(V) on (Ht),(CW),<Cc),(NT),& (V/T) 211.89 64 22 42,73 240,19 156.66-~ O, 980m

(V) on (Ht)(CW), & (CC) ’ 204,18 52,51 105,02 - - 0. 744 &
(V) on (HE)(NY), & (V/T) 218.75 - - 202.04 176,18 0,955 Kk
(V) on (Ht), & (CC) 240,18 - 101.87 - - 0,723 &
(V) on (HE)(CW), & (CC) 354,17 87.57 72.78 = - 0.887 k&
(V) on (Hb), & (CW) | 379.69 7245 - - - 0.822 &k

# s Net sum of squares of ground volumes 653 92
% : Significant at 5% level
k& Significant at l% level

(NT) is number of trees per acre

+
ke d

++ ¢ (V/T) is cubic-foot volume per tree



Table U4

Sum of sguares removed by regression and multiple
correlation coefficients for photo-

graphs of Set No, 2.

_ Sum of sduares Multiple
- Removed by Regression correlation
Regression 7 Opr.Trial —(HE) (CW)  (CC) (NT) coeffégient
No. 1 (V) on (Ht),(CW), & (CC) A First 113.25  2.32 283.78 ! - 0,781 %
No. 2 (V) on (HTJ, & (CC) A First 116,04+ -  283.26 - 0,781 &k
No. 3 (V) on (Ht), (CW), & (CC) A Secondl23.67 21.51 345.1% - 0,868 Ak
No. 4 (V) on (Ht), (CW), (CC) & (NT) A Second 92.43 18,98 419.58 =-33.27 0,872 Ak
No. 5 (V) on (Ht), (CW), & (CC) B First 31.21 267.40 25,08 - 0,704 &
No. 6 (V) on (Ht), & (CW) B First 69.28 127.42 - - 0, 48N+ S+
No. 7 (V) on (Ht), (CW), & (CC) B Second3l7.25 110.40 47,08 _ 0,852 kﬁ |
No. 8 (V) on (Ht), (CW), & (CC) E First 98.35 2.72 -.87 -  0.3918.5-
No. 9 (V) on (Ht), (CW), & (CC) F First 10.65 22,64 35.19 - 0.32uN-5-

# & Net sum of squares of ground volume:653,92

N.S.: Not significant

2s



Sum of squares removed by regression

correlation coefficients for pl
graphs of Set No, 3.

Table 5

and multiple
hoto-

Regression # Sum of Squares Removed multiple
by Regression correlation
‘ ‘ : coefficient
Opr,Trial (Ht) (CW) (ce) (NT) (R)
No. 1 (V) on (Ht),(CW), & (CC) A First  8.68 83.61 269.25 — 0.743 %
No. 2 (V) on (CW),& (cC) A First - 89.78 271.39 -  O.743 Xk
No. 3 (V) on (Hﬁ),(CW), & (cc) A Second 50.64% 126,06 236.71 - 0-795:**L
No. % (V) on (Ht),(CW),(CC) & (NT) A Second 45.26 120.62 258,65 =-10.05 0.796#
No. 5 (V) on (Ht),(CW), & (CC) B First 9%.37  8.21 .12 -  O.oul+Se
No. 6 (V) on (Ht), & (CW) B First 96.75 3.05 - - o.38-5
- X
No. 7 (V) on (Ht),(CW), & (CC) B Second 356.31 30.3% -2.46 - 0,767 ~

#

[ ¢

e

Net sum of squares of ground volume:653.92

¢S



Sum of squares removed by regression

Table 6

and multiple

correlation coefficients for photo-
graphs of Set Ndf’ﬁz—-_g
Sum of squares Multiple
Regression # "Removed by Regression correlation
- _ coefficient
Opr. Trial  (H%t) (CW) (CC) (NT) (Blﬁ‘s
No. 1 (V) on (Ht),(CW) & (CC) A First 171.41 73,10 59.68 - 0,682"°°*
No. 2 (V) on (Ht) & (CC) A First 203.37 - 88,08 - 0.682 %
No. 3 (V) on (Ht),(CW) & (CC) A Second 65.25 78.78 276,30 - 0.831 A&
No. % (V) on (Ht),(CW),(CC) & (NT) A Second 42,05 26.5% 390.97 -29.08 0,811 ¥
No. 5 (V) on (Ht),(CW) & (CC) ~ B First 040 87.77 -1.37 -  0.364N.S.
No. 6 (V) on (Ht) & (CW) B First 0.58 84,67 - - ° 0.3610:8¢
No. 7 (V) on (Ht),(CW) & (cC) B Second 278.57 208,98 41,83 - 0.826 k%’

# ¢ Net sum of squares of ground volume:653.92



Table 7

Sum of squares removed by regression and multiple
correlation coefficients for photographs
of Set No., 1 (before thinning§

‘ . Multiple
Regression Opr. Trail Sum of sgquares removed by regression correlation
» T - —. (Ht) ; (CW) (CC) coefficient
- . ‘ (R)
No. 1 (V) on (Ht) (CW) & (CC) A First 19.33 -8.89 612,76 0.94.‘]."jm
No. 2 (V) on (Ht) (CW) & (CC) C  First " 145,03 135,28 152,32 0,784 &
No. 3 (V) on (Ht) (CW) & (CC) D  First 157,15 0.30 1,89 0.476N.S.
# ¢ Net sum of squares of ground volume:653.92
Table 8
Simple correlation coefficients# of photo estimate of
number of trees for photographs of Sets
No, 24 3, and  based on total number .
of trees on plot and on trees 12,6
inches in d.b.h. and larger
Number of trees on Simple correlatlon coefficient (r)
plot. on ground Photo Set No., 2 Photo Set No. 3 . ., Photo Set No. 4
Photo _estimate correlated with ground count
Total 0,81l A& 0,887 Ak '
1206" +, d.b.h. » 0. 385N Se 0. )-{-OSN Se glN Se
# + Degrees of freedom: nj = 2, np = 13 i ¢ Significant at 5% level: O. 51k

*»

k& Significant at 1% level: 0,641

94
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| Table 4 indicated the sum of squares removed by
regression and multiple correlation for photographs of Set
No. 2 which was taken with a camera possessing a 1l2-inch
focal-length lens, at a flying height of 15,600 feet above

sea level,

Degrees of freedom and variables were 11 and 4
respectively, for Regression No. 1, 3, 5, 7, 8, and 9; 12
and 13 for Regression No. 2 and 6; and 10 and 5, respectively

for Regression No. U4,

Table 5 shows: the sum of squares removed by re-
gression and multip;e correlation coefficients for photographs
of Set No. 3, taken by a 6-inch focal-length camera at a
flying height of 8,400 feet above sea level.

Degrees of freedom and variables used were 11 and k4,
respecfively, for Regression No. 1, 3, 5, and 7; 12 and 3 for
Regression No. 2 and 6; and 10 and 5, respectively, for

Regression No. U.

Table 6 shows the sum of squares removed by re-
gression and multiple correlation coefficients for»photographs
of Set No. 4, taken with a 6-inch focal-length-lens camera and

a flying height of 15,600 feet above sea level.

Degrees of freedom and variables used were 11 and k4,

respectively, for Regression No. 1, 3, 5, and 7; 12 and 3 for



Regression No. 2 and 6; and 10 and 5 for Regression No. k.

For Table 7, based on photos taken before thinning,
the new sum of squares of ground volume was 703.38 for the
same 15 O.2-acre sample photos represented in Table 1 to 7.
Table 7 indicates the sum of squares removed by regression
and multiple correlation coefficients for Set No. 1 with
photographs taken with:a 12-inch focal-length-lens camera and
a flying height of 15,900 feet above sea level.

Degrees of freedom and variables were 1l and k4,

respectively, for all regressions.

In order to evaluate the relative importance of the
count of number of trees from aerial photographs as a variable
in the determination of photo volume, numbers of trees determined
on photographs of set No. 2, 3, and 4, were correlated with
total number of trees on plot and number of trees 12.6 inches
in d.b.,h., -and over. The simple correlation coefficients were

calculated and the results tabulated in Table 8.

This shows that, although number of trees counted
from photographs was highly significant with total number of
trees on plot, it did not remove any sum of squares from the
regression and did not increase significantly the multiple

correlation coefficient (R). (See Table 4,5, and 6).
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U.B.C,Campus data

The following tables show the correlations of total
cubic-foot volume with ground measurements and with photo-
measurements for 84, O.l-acre plots and 40 O.l-acre plots

respectively, from the Campus Forest.

_ The net sums of squares of ground volume were
589.61 and 570.15 for the 84 O.l-acre and 40 O.l-acre plots,
respectively. Sum of squéres removed by regression varies
with interpreters, variables uSed, and ground measurements.
(Table 9 on following page).

Analysis of variance on four kinds of photographic paper or
finishes ‘
In order to determine if there was a significant
difference between photographic papers and various scales:
of photography used in the estimation of photo measurements,

a sub-project was set up.

For each set of the photographic papers, photo
measurements, including tree height, e¢rown width, and crown
closure, were made on three out of the 15 0O.2-acre plots
representing stands with the highest, an average, and the
lowest volumes per acre, An equation was fitted to these data
by the method of least squares; using the Electronic Computer

Alwac III-E, The following regression was founds:
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F w N e

(V) on (Ht), (CW)
(V) on (Ht), (CW)
(V) on (Ht), (CW)
(V) on (Ht), (CW)

m
ny
m

B o B o=

Table 9

h

Sum of squares removed by regression and multiple correlation
coefficlents for Set Ng. 5 icamgus Ehotographs, focal lengt
= inches, flying height = 6,200 feet ),

sum of squares

multiple
correlation

No. of 0O.1-_Removed by Regression coefficient
(R)

OperatorTrial acre plots (Ht) (CW)

(CC)

& (€C) (ground) - 8l 57.1% 36,06
& (CC) G First 84+ = 66.03 9.95
& (CC) (ground) - 40 60.18 9.30
&(cC) A First 4o 7457 14,16
= 4, no = 80, significant at 5%; 0.304
= 4, n, = 80, significant at 1%; 0.362
= 4, n, = 35, significant at 5%; 0. 4k5
= 4, ny, = 35, significant at'l%;’0.523

25450
38.49
24,01
188,70

Oy A%

0. 441 Rk
0u105N+ 5o
0607 Hk

65
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(cubic-foot volume, per acre, on ground) = 0.5938 (Height,
in feet) 4 _
+ 1.8522 (crown width, in feet) + 2,1321

(erown closure, in per cent) - 188.29.

This correlation coefficient for the regression was
0.963 (significant at 1% level). The net sum of squares. of
ground volume amounted to 1482.7&, and the sums of squares
removed by regression were 385,09, 127.78, and,8é2.46 for

height, crown width, and crown closure, respectively.

Total cubic~foot volumes per acre for each plot
were then calculated by using the above regression for each
set of photographic papers and scales. The result of an

~analysis of variance of photo:volume is as follows:

ab 10

Analysis of variance of photo volume

Sources of Degrees . Sum Mean

variation of freedom of squares squares F
Plots 2 46251..56 23125.78 355,946 &k
Papers 3 - 108.75% 36.25 0. 558N.S.
Scales 2 2.73 1.37 0.021N.8.
Remainder 28 1819.27 6%.97

It is evident that, in this study, there is a highly
significant difference among plots, but there are no significant-
differences among scales or photographic papers used in making

volume estimations.
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Analysis of forest typing
The first step in the delineation of forest types is
to draw in the boundaries of each change in stand size, species
composition, or stand density. This can be done from photo=-

graphs of RF 1:20,000 or smaller.

Identification of species is based upon tone, crown
shape, texture and pattern, shadow shape, and ecological data.
Tone is especially useful for differentiation between hardwoods
and conifers, since hardwoods are much lighter in tone than
conifers. It was found that these could be separated without

0

any difficulty on the photographs studied.

The features most useful for the identification of
second-growth Douglas fir are very fine texture, a more or less
conical crown, the upward branching habit, and.a very erect
leader. Western hemlockAhas the same characteristics as Douglas
fir under the stereoscope, except that it has a drooping leader,
which cannot be seen distinctly, and a feathery appearance to
its crown. Western red cedar is light in tone, and usually has
a long, dense crown that is spire-like in appearance., Its leader
and branches are drooping. White pine has a fairly symﬁetrical
crown with a star shape under the stereoscope; whereas the crowh

of silver fir is rounded, dense, dome-like, and conical in shape.

By applying these known characteristics to photo-inter-

pretation, Douglas fir and western hemlock can be distinguished
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from western red cedar, silver fir, and western white pine only
in open stands and only in some cases for photographs of Set No.
4, But these two groups of species can be separated within the
stands in most cases for photographs of'Sét No. 1, 2, 3, and 5.
One familiar with local conditions can distinguish between stands
of Douglas fir and western hemlock in some cases. On the other
hand, using the large-scale long-focal-length photographs of Set
No. 6 and 7,.branching characteristics, textural differences in
foliage, and shape and size of crown can be applied as a key fof
the identification of all species on photographs of Set No. 7,
and occasionally on Set No. 6. The writer can distinguish any
tree on photographs of Set No. 7 under stereoscope without any
trouble. He feels that photographs of set No. 1, 2, 3, and 5
would be satisfacfory where: an estimate of species composition
in percentage only is needed. Among these photographs, Set No.

7 1s the best for species identification and forest typing.

Form. of the best eguation
The U.B.C. Computing Centre provides another program

developed by Dr. C. Froese for computing means, standard devia-
tions, correlation and covariance matrices, and regression coef-
ficients for from 1 tq 32 variables. This program calculates

various specified powers or combinations of the original varishbles

This program was used to find out the form of the

best equation. Twenty single or combined variables of tree
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height, crown width, crown closure, and number of trees per
‘plot, which were the best photogréphic estimates made by
operator A, were correlated with ground volume. The following
table shows the simple correlation coefficients of ground volume

with each of the 20 wvariables.

2

Variables  (Ht) _ (cW) __ (CC) )X me)? - (oW)
correlation : ! N :
coefficient 4637 450 «807 «306 o Ol JL65

/

(cc)2 (Nt)2 (Ht)(CW)(Ht)(065 (HE) (NE) (CW) (CC)(CW) (Nt)
.82k «299 .629 .817 .621 .791 L1469

(HER (€O Y CC
752 865

& Nt $is number of trees on a O.2-acre plot counted on an

aerial photograph under a stereoscope.

Therefore, the variables giving the best equations
will bes (1), (Ht)(CC)Zy; (2), (€C)%; (3), (Ht)(CC); and
(%), (cC). -
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OBSERVATIONS

Influence of operator
The most difficult problem in photo-interpretation.

is the variation that exists among photo interpreters. As
the photo interpreter is a human being, he cannot be compared
with a mechanical instrument which can be adjusted, or re-
paired. Thus, photo-interpretation is more of an art than

a science,

The following table shows the variation in results

from interpreter to interpreter.

From Table 11, (see page 65) interpreter A would
Qonsistently favor the use of crown ciosure as the most
important wariable in the estimation of ground volume, because
the greatest portion of sum of squares was removed by the use
of crown closure. Interpreter B consistently found tree height
the most important vériable. Regressionsof both A and B were
highl& significant in most cases (See table 11: multiplé .
correlation coefficients). Other interpreters, C and F, would
agree with.interpreter A in use of crown closure, whereas
interpreters, D, E, and G, would agree with interpreter B,
preferring the use of tree height. Pope (1957) and othefsz
have found similar variation in results from ihterpreter to
interpreter. The development of new techhiques in actual

determination of photo-measurements, rather than of equipment



Results from regressiogg of correlations |

volume and photo-measurements of tree |

s

Table 11

First

crown width, and cro sure
multiple
' correlation
Degree of Photo Set Sum of squares removed by regression coefficient
Freedom Operator No. Trial (Ht) (cW) (CC) a (R)
11,4 A 1 First 19.33 -8.89 612.76  0.941 &&
11.4 A 2 First 113.25 2.32 283,78 0,781 k
11.k% A 2 Second 123,67 21.51 345,1% 0,868 &k
114 A 3 First 8.68 83.61 269.25 0.743 &
114 A 3 Second 50. 6k 126. 06 236.71  0.795 &k
11.% A L First 171,41 73.10 59,68  0.682N.S.
11.4% A L Second 65.25 78.78 276,30 0.831 Ak
35,4 )4 5 First 7.45 14,16 188,70 0,607 k&
11.4% B 2 First 31.21 267.40 25,08 0,704 K
11.4% B 2 Second 317.25 110.40 47,08 0.852 %K
11.4 B 3 First 94,37 8.21 4,12  0.40uN+S.
114 B 3 Second 356.3 30.3% -2.46 0.766ﬁﬂs,
11.4% B L First 0.40 8g.7g’ -1.gzﬁ o.géu oo
S 11.% B N Second 278,57 208.9 -41.83 0.826 &&
11.k% C 1 First 145,03 135.28 152.32, 0.78Y4 %
11.% D 1 First 157,15 0.39 1.89  0.476N.S.
11.4% E 2 First 98.35 2.72 -0.87 0.391N.S.
11.4% F 2 Pirst 10.65 22,64 35,19  0,324N.S.
76.4 G 5 66,03 9.95 38.49  0.441
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or photographs, might lead the individual interpreter to obtain

better and more consistent results,

Certainly, photo-interpretation could be improved
by the standardization of photofinterpretatidn procedures
while usings

l. Better equipment

2. High-quality photographs with a suitablé scale

3. A training program to obtain consistept and

reliable results from photo-interpreters, such
as the program prescribed by Johnson (1958)

4, Better techniques in photo-meésuring,'such‘as

those suggested by the writer.

5 Periodic tests of the photo-interpreter's

health and eye-sight (Rabben 1955%) |

6. Better knowledge of local conditions

7. Reducing human bias by use of a double-sampling

approach (Allison and Breadon 1958).

Influence of locality or region

From this study, it was concluded that a knowledge
of local conditions is of paramount importance in the process
of photo-interpretation. Trees of the same species growing in
different localities may differ from one another in many respects.
A photo-interpreter could be an expert in one region but in-

itially poor in another. Excellent results can be obtained
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after experience accumulates in one particular district. The
following table shows that the more the interpreter knew of
local conditions, the better the results that were obtained by

"using the same photographs.

Table 12

Correlation coefficients for various

interpreters using vhotographs from Set No. 2

Operator Trial Multiple Correlation

. Coefficient (R)

A First: 0.781 % “

A Second 0.868 kk

B First 0.704 &

B Second 0.852 A&

E First 0.391 N.S.

F First . 0,324 NeSe

The same photographs (Set 2) and procedures were used to obtain
the multiple chrelation coefficients. of the relation between
ground volume and photo-measurements. It seems important that
Interpreter A, who obtained the best estimates (see Table 12),
spent a summer in the area studied, that Interpreter'B, second
only to Interpreter A, spent only a month in the same'area, and
interpreters E and F, although with a number of years of
experience in photo interpretation, obtained poor results.

Neither of them had visited the area studied.
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Igfluence‘of equipment

It has been the writer's experience that the Abrams
Height-finder is the best instruﬁent for measuring tree heights,
especially in a &ery_dense stand or while using photographs of
poor quality. He feels that tree images are too small to get
precise estimates with a parallax bar when they are studied
without magnification under a mirror stereoscope. It is very
difficult to get parallax readings on the tip and at the base

of trees in a very dense stand.

Worley and Landis (1954) found that slightly less:
error was obtained by use of the Abrams Height-finder as com-

pared with the parallax wedge.

Harper and Chester (1955), in a comparison and evalu-
ation of different methods of measuring tree height on aerial
photographs in a report for the senior photogrammetry course,
found that the least average error of estimate was secured by
using an Abrams C.B.J, with 2-power stereoscope and an Abrams
Height-finder. Four open-grown Douglas-fir trees, 72, 113, 159,
and 209 feet in height, respectively, located at the U.B.C.
Research Forest, Haney, wefe selected for the study. The
following results were obtained. |

Equipment ' ' Average error of
estimate in feet

l. Abrams C.B.l1. with 2 power stereoscope
i and Abrams Height-finder e 000 s e sPOesere -0. 87

2. Pocket Stereoscope and Abrams Height-finder .. +1.62
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3. Abrams C.B.l. with L4-power stereoscope and

Abrams Height-finder oooooooo?ooo-oooonoo. -2087
4, Abrams C.B.l. with 2-power stereoscope and

Robinson Parallax wedge eeeeeecececccoccce -5.75
5. Mirror stereoscope and Parallax bar coecececcn. -17.40.

6. Abrams C.B.1. with 2-power stereoscope and
0.5.C. Parallax wedge eeeecescsscsososcccs -19.30

7. Radial displacement on single photograph cee... -20.30
8. Shadowmethod...OO....O.'..O..0.00COQOOCOOOOQOO -)+l'oo

Some foresters prefer the use of a parallax wedge
(Moessner and Rogers 1957), because it is siﬁple, fast to
handle, and inexpensive. It is the writer's opinion that, if
one wishes to obtain more accurate and reliable estimates of
tree height, an Abrams Height-finder is essential, especially
for the inexperienced photo-interpreter.. of courée, the most -
important factor may be the interpreter's familiarity with the

instrument to be used.

Influence of technique
Judging from the experience gained in this study, the

new techniques employed were of great assistance in the determ-
ination of photo measurements; they were simple, accurate, and

yeilded satisfactory results.

A test will be carried out at a later date to confirm
the value of these new techniques. However, it seems that the
techniques described could be of great help in the photo-

interpretation process.
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Influence of variables

Independent variables to be used in the construction
of the photo-volume regression equation are of paramount im-
portance. In order to determine the relative impb?tance of
theéé independent variables, four}multiple regreséion equations
were derived, based on ground data and 19 multiple regressions

determined by all operators.

l. The writer checked the individual simple cor-
relation coefficients of volume on height, crown width, and
crown closure. Significance was found for volume on height
in 3 out of 4 regressions based on ground data, for volume on
crown width in 2 out of 4, and for none of the W for ground -
determined crown closure., Significance was found for volume
on crown closure in 10 out of 19 regressions based on photo-

data, 9 out of 19 for height, and 3 out of 19 for crown width.

2. Totals of 27.4, 9.2, and 7.5 per cent respectively,
of the net sum of squares of ground volume were removed from
the multiple regressions of volume on height, crown closure,
and crown width, respectiﬁely, wvhen based on ground data.
Based on‘photo data, 20.4%, 17.0, and 10.3 per cent of the net
sum of squares of ground volume were removed from the multiple
regression equations by crown closure, height, and crown width,

respectively.
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3. Finding rank in size of the net sum of squares
of ground volume removed by height, crown,width, and crown
closure, it was found that the average ranks were 1,00, 2.50,
and 2.50 for height, crown width, and crown closure, respective-
ly, when based on ground data. (1 is the bést, 2 next, and 3
poorest). Ranks were 1.8%, 1.95, and 2.21 for height, crown
closure, and crown width, respectively, when based on photo

data.

From the above information, the following conclusions

may be drawn:

Ground Data

(a) When ground volume was correlated individually
with height, crown width, or crown closure, height was the best,
crown width next, and crown closure was not significant.

(b) In all cases, height was the best variable.

(e¢) Both crown width and crown closure were poor
because these were difficult to estimate on the ground. Poor
results were obtained with crown closure because of underétory
vegetation which could not be eliminated from estimates made
by the spherical densiometer. |

| Photo data

(a) Both crown closure and height were the best

variables for the determination of photo volume.

(b) Although crown width was not as satisfactory as
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crown closure or height, it did remove 10 per cent of the total
sum of squares: of ground volume, which was one-~half of the
amount removed by crown closure,

(¢) Height, crown width, and crown closure should be
used as independent variables for the construction of photo-
volume tables, especially when more than one interpreter is

needed.

Influence of scale and photographic papers or finighes

In the present study, no significant difference was:
found among scales or photographic papers used in the determin-

ation of volume estimates.

This does not necessarily mean that similar results
would be obtained under all circumstances. The amount of
variability among different interpreters and the resulting
photo-measurements is too great, consequently, it is. dangerous
to draw conclusions from the results of the measurements of

a single interpreter.

Measurements by both ioterpreters A and B showed
that photogréphs of Set No. 2, with a scale of RF 1:15,600, were
the best for photo-mensurational work, that Set No. 4, with a
scale of‘RF 1:31,200, was next best, and that Set No. 3, with
a scale of RF 1:16,800, was the poorest. The interpreters
differed from one another in the use of variables for eotimation.

The pertinent data are summarized in Table 13.
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photographs of Set No, 2, 3, and U

Table 13

Results of regressions from

foecal Flying

Set No. Operator Length Height

in in. feet

Trial Sum of sguares removed by regression
(at) (CW) (CC)

multiple
correlation

coefficient#
(R)

FFFFWwwWwWwwMNND N

WU e

12 15,600
12 15,600
12 15,600
12 15,600
6 8,400
6 8,400
6 8,400
6 8,400
6 15,600
6 15,600
6 15,600
6 15,600

¢ Degrees of

First 113.25
Second 123,67
First 31.21
Second 317.25
First 6.68
Second 50,64
First 94,37
Second 357.31
First 171.41
Second 65.25
First 0.40
Second 278.57

2.%%
21.
267,40
110,40
83,61
126,06
8.21
30,34
73.10
78.78
87.77
208,98

283.78
345,14
25,08
47,08
269.25
236.71
"". 21
2.46
59.68
276.31
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freedom and number of variables, 11 and 4, respectively
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The significance of differences in photographs of
Set No. 2, 3, and 4, was statistically evaluated by analysis
of variance for each multiple correlation coefficient in
Table 13. These multiple correlation coefficients were first
transformed from r to z valueé according to Table VII (Fisher

and Yates, 1949, p. 46).

Table 14 indicates the results of transformation

from r to z values for analysis of their variance.

Table 14

Traggformation from r *to Z values:

£ ana is of their var

' ’ Photo Set  Photo Set Photo Set Total
Operator Trial No 2 : No 3 No

\ First 1.05 0.96 0.83 2.8%
Second 1.33 1,08 1.19 3.60
First 0.88 0.43 0.38 1.69
B R
Second 1.27 1.01 1.18 3.46
Total 4,53 3.48 . 3,58 11.59
Mean 1.133 0.870 0.895 -

& R value obtained from Table 13
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Table 15 gives the analysis of variance for the

values in Table 1k.

Table 19

Analysis of variance for Table 1k

Source of Degrees of . Sum of Mean Variance
variation freedom - squares Square ratio (F)
Operator 1 0.1387  0,1387 11,185 &
Trial 1 0. 5334 0.533% 41,672 &K
Photo > 0.1679  0.0840 6,774 K
op. X tri. 1 0.0850  0.0850 6.641 &
Remainder 6 0.0745 0.0124%
Total 11 0.9995
¢ Significant at 5% levely (6,1)355.99;(6,2):5.1%
A & | '

.

Significant at 1% levels (6,1)313.7%;(6,2):10.92

Table 16 indicates the difference of means of photo

Set No. 2, 3, and 4 (from Table 14) to be compared with Just

Significant Differences (Snedecor 1957, p. 253).
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Table

Difference of means to be compared with
Just Significant Differences

Photo Set Mean, X X - 0.870 X - 0.895
0.263 & 0.238 &
No. 2 1.133 (0.242)# (0.193)#
| 0. 025N+
No. % 0.895 (0.193)7#
No. 3 0.870
i s Significant

*»

Just Significant Difference

=
.
15

Not significant

From the above information, it may be concluded:
1. Significant differences were found between operators, trials,
or interéction of operator and trial.
2. Significant differences were found among photographs used.
3. Difference of means was found between photo Set No. 2 and
3, or %, No difference was found between photo Set No. 3

and 4 in the determination of photo-measurements.
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Begressio_gwbaseé on ggggnd datg Vs, regressions
based on photo data:

In comparing the photo-estimates with the ground
estimates, several multiple corne;ation_ooeffic;entSzof ;he
photo regressions determined by“Interpreters A and Bfwere B
better than those pased on ground data. The reasons for this
difference are: (1) ground estimates:of crown closure in
~per cent had included understory trees. B

| (2) Too many heights and crown widths of
codominant trees, had been taken into account for the: determin-
ation of the ground regression.
(3) Better measurements had been made on both
heights: and crown closures on aerial photographs.
(4) Crown width measured on aerial photographs
also gave better results than those measured on the ground

because of the bird's-eye view of the tree crowns.

A comparison of regressions based on ground data and

photo data is summarized in Table 17.



Table 17

A comparison of regressions based on ground data and photo data

Multiple
Photo or correlation
ground '~ operator Trial Sum of squares removed by regression coefficient

(Ht) (CcwW) (ce) (R)

(ground) - - 204,18 52, 51 105,02 0. 74l X
Set No. 2 A Second 123,67 21,51 345,14 0.868 &%
Set No. 2 B Second 317. 25 110.54+0 47,08 0,852 A&
Set No. 3 A Second 50, 6it 126,06 236,71 0.795 Ak
Set No. 3 B Second 357,31 30.3k% 2,46 0.766 A&
Set No. Lk A Second 65.25 78.78 276 31 0.831 &%
Set No. 4 B. Second 278, 57 208.98 -41,83 0.826 k&
(ground) - - 60.18 9.30 ol . 01 0.405N. 5.
Set No. 5 A First L 745 1%.16 188,70 0.607 &k

84
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CONCLUSIONS

In the past, many authors have reported applications
of aerial photographs to forestrj problems., Photogrammetry has
been used mostly as an aid rather than as an essential tool.
Today, with good quality photographs, better instruments, and
modern machines, foresters have developed photo-mensurational
techniques for direct estimationfof timber volume and for

reliable classification of forest types.

From the results of the current study, it has been
possible to draw the following conclusionss:
(1) The use of the Electronic Computer Alwac III-E was a
great help in the solution of multiple regression equations for

the construction of aerial-photo volume equations.

(2) The writer found that the Abrams Height-finder was an

excellent instrument for measuring tree heights.

(3) Using a spherical densiometer, a ground estimate of crown
closure in per cent resulted in an over-estimate, as compared

with the photo estimate, because it included uhderstory trees.

() Modifications o the usual techniques for the determination

of photo-measurements were described and used with success.

(5) A tree count does not contribute to the removal of any
variation by regression, when height, crown width, and crown

closure have also been measured, since it cannot be made
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sufficiently accurately on the photographs used.

(6) A relatively high multiple-correlation coefficient was:
obtained when ground values of average height and crown width
of the five tallest trees on the plot were used as independent

variables correlated with ground volume.

(7) When 3 out of 15 O.2-acre plots that had the greatest
- range in volume were used, the multiple correlation coefficient

was 0.963.

(8) 1In some cases, multiple regression equations based on

photo data: were better than those based on ground data.

(9) Best results were secured when photographs were taken
with a 12-inch focal length and a flying height of 15,600 feet

above sea level.

(10) For the construction of aerial volume tables, height,
crown width, and crown closure should be used as independent

variables, especially when more than one interpreter is involved.

(11) Although the range in plot volumes and area sampled were
quite small in this study, high multiple correlation coefficients
were secured in most cases, This means that, since it is
possible to work under these difficult conditions, it should be

generally applicable in similar stands.
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(12) No significant differences were found among photographic
materials used, viz., positive transparency, Gevaert paper,

and semi-matte and glossy finishes.

(13) In general, the larger the sca1e5pf the photographs, the
better will be the results for forest typing. HoWever, photo-

graphy with an RF af 1:15,840 should be satisfaétory.

(1%) The greatest source of variation was among photo-inter-

preters, rather than materials and equipments used.

(15) When photo-interpreters were familiar with local conditions,

better results were obtained.

(16) Photo-interpretation could be improved by the standard-

"ization of photo-interpretation procedures.

(17) Finally, more research is necessary to study and improve

the human elements, that is, the photo interpreters.
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APPENDIX A

Common and Scientific names of species

Common Name Scientific Name

Douglas firs Pesudotsuga mengziesii Mirb.

Western hemlock® - Tsuga heterophg;la‘LBaf.) Sarg.
Western red cedars Thuja.glicata Donn. o

Western white pine Pinus monticolé Dougl.

Silver fir: Abies amabilis (Dougl.) Forbes.

Cherry: Prunus emarginate (Dougl.) D.Dietr.
Alder: Alnus rubra Bong, gﬂlqgg_ggégégg_ﬂggﬁ).

Spruces Picea glaucangoenchz Vosse.
Larchs Larix laricina (Du Rdiz K.Koch.



Item

Means

Standard
deviations

Correlétion
matrix

Covariance
matrix:

A, Statistical data of Table 3

Multiple correlation coefficient

(1) Regression No, 1 == (V) on (Ht), (CW), (NT) and (V/T)
(v (Ht) (cw) (cc)
81,93 118,27 22,87 81.20
25.57 13.09 3.89 6 41
1,0000 0.5792 & 0.4036 0.3568
0.5792 1.0000 0,4862 ~0.,1259
0.4036. 0.4862 1,000 -0.1279
0.3568 ~0,1259 -0.1279 1,000
0.3320 ~0.4253 -0,3252 0.8049
653.92 193.88 40,13 58 o il
)'"0.13 2""075 15012 -3.19,
58ol+)+ "'10. 56 -3019 )+1003
5330 6)4' "'3)"'9093 '790 50 32)'"-'07
Coefficients for the regression of the first on the
1.0929 1.6002 -0,7312
Sum of squares removed by regression
211.89 64,22 42,73
0,980 A%

remaining five variables

(NT)
166,00

62.85

0.3320
-0.4253
~0,3252

0.8049

1.0000
-0, 5816

533 64

-349.93 -

"‘790 50

324,07

3950.71
-110Q21

0.4501

240,19

(Vv/T)
55487

30.10

0.4439
0.6543
0.4+215
-'O o’+67’+
-0, 581 6.3'
1.0000

3?%.6%
257.97
49,34
-90.11
1100.21
905, 8k.

156,66

68



Item | (V) (Ht) (cw) (cec)
.Means- 81.93 118.27 22,87 81.20
Standard deviations _ 25457 13.09 389 6+l
Correlation matrix 1.0000 0.5792 % 0.4036 0.3568
045792 1.0000 0.4+862 -0.1259
0.4036 0.4862" 1..0000 -0,1279
o 0.3568 ~0,1259 -0.1279 1,0000
Covariance matrix . 653.92" 193,88 40,13 58 ¢ Lty
40,13 24,75 15.12 -3.19
58 o ekt ~10.56 -3.19 41,03
Coefficients for the regression of the
first on the remaining 3 variables. 1.0531 1.3086 1.7970
Sum of squares removed by regression 204,18 52451 105,02
Multiple correlation coefficient 0,74y &

06



(3)__Regression No, 3 ====-

Item
Means
Standard deviations

Correlation
matrix

Covariance
matrix

Coefficients for the regression of the
first on the remaining 3 variables:

Sum of squares removed by regreesion

Multiple correlation coefficient

(V) (Ht)
81,93 118,27
25,57 13,09

1.0000 0.5792 %
0, 5792 1.0000
0.3320 -0.4253,
0.5139 0.6548
653.92 193.88
193.88 171.35
533. 64 -349,93
341,63 257.97
- 1.,1283 .
- 218.75
0,955 %

(NT)
166,00
62.85

0.3320
_0.0353
1.0000

-3)4'90 93
3950.71
-1100,21
0.3786

202,04

(V) on (Ht), (NT), and (V/T)

(v/T)
55,87
30.10

916538

-0,5816.

1,0000
341,63
257.97

-1100.,21
905,34

10.5157
176.18

T6



(4) Regression No., 4

Item
Means.
Standard Deviation

Correlation matrix
Covariance matrix

Coefficients for the regression of the first
on the remaining 2 variables

Sum squares removed by regression

Multiple correlation coefficient

(V)
81.93
25457

1.0000

0.5792

0.3568

653.92
193,388

0.723 &

(V) on (Ht) and (CC)

(Ht)
118.27

13.09

0.5792. %
1.0000

-0,1259

193.88
171.35
1.238

240,18

(cc)
81.20
6.41

0.3568
-0,1259
1.0000

58 Ll

-10,56
41,03

1.7432
101,87

cb



(5) Regression No, 5 ==e==

Item
Means:
Standard deviations

Correlation matrix
Covariance matrix

Coefficients for the regression of the
first on the remaining 3 variables

Sum of squares removed by regression

Multiple correlation coefficient

(V)
81.93

25457

1,0000
0.8149
0, 5692
0.3568

653.92.
2;2.&0
0,49
58.)4')'*'

(Ht)
131,40
11,64

0.8149 A&k

1.0000

0. 5257
0.0851

242,60
135,54
21.23
6,34
1.4599

354,17

(CW)

24,80

347

0.5692 &

0. 5257
1.0000
-Oo O’+95

50.49
21.23
112,03
-1.10

1.7345

87 57

0.887 k&

(V) on (Ht), (CW), and (€C)

(ce)
81,20
6.40

0,3568
0.0851

-0,0495’

1.0000
584 1ty
6. 34

-1.10
)-I-l.03

72.78

€6



(6) Regression No, 6 —====

Item
Means:
Standard deviations

Correlation matrix
Covariance matrix

Coefficients for the regression of the first on
the remaining 2 variables

Sum of squares removed by regression

Multiple correlation coefficient

(V) on (Ht) and (CW)

(V)
81.93
25.57

1.0000
0.8149
0. 5692

oL, 60
653.92
50.149

(Ht)
131.40
11.64

0.8149 k&
1.0000
0. 5257
135,54

242,60
21.23

1.5651
379.69

0,832 A%k

(cw)
24,80

347
0. 5692 X

0.5257
1.0000

21,23
50,49
12,03

1.4350
72 45

+6



B, Statistical data of table W

(1) Regression No, 1 =-=-= (V) on (Ht), (CW) and (CC)
Item (V) (Ht) (CW)
Meams ) _ 81.93 121.87. 21.47
Standard deviations 25.57 12,69 1.88
Correlation matrix 1.0000 0.5988 80,3682
0. 5988 1.,0000 0.6868
0.7390 10,5160 0.2725
Covariance matrix 653,92 194,28 17.75
194,28 160.98 16.42
17.75 16.42 3.55
123,20 42,68 3.35
Coefficients for the regression of the |
first on the remaining 3 variables - 0, 5829 0.1305
Sum of squares removed by regression - 113.25 2.32
Multiple correlation coefficient 0.781 ™

56



(o) Regression No, 2 ===-= (V) on (Ht) and (CC)

Item
Means
Standard deviations

Correlation matrix

. Covariance matrix

Coefficients for the regression of the first
on the remalning 2 variables

Sum of squares removed by regression

Multiple correlation coefficient

(V) (
81.93
25457

1.0000
0. 5988
0.7390

653.92

194,28
123.20

0,781 A&

Ht)

121,87

12..69

0, 5988

1.0000
0. 5160

194,28
160,98
42,68

0.5973

116,04

S

(cC)
7%.73

6.52
0.7390 &
O. 5160
1.,0000

123,20
42,68
42,50

2.2992

283,26

96



(3) _Regression No. 3 ==-=- (V) on (Ht), (CW), and (CC)

(V) (H%) (cw) (ce)

Means 81.93 120.73 19.87 75.20

Standard deviations 25457 19,60 - 159 6,66
Correlation matrix - © 1,0000 0.6372 % 0. 141496 0.8066 A%

0.6372 1.,0000 0. 6680 0.4l456

0, 4496 0.6680 1,0000 0.272%

0.8066 0. 4456 0.272% 1,0000

Covariance matrix 653,92 254,20 17.85 137.30

: 254,20 243,35 16,18 46,27

17.85 16.18 2.41 2,81

137.30 46,27 2,81 L4, 3]

Coefficients for the regression of the
first on the remainihg 3 variables - 0.4865 1.2052 2.5138
Sum of squares removed by regression - 123,67 21.51 345,14

Multiple correlation coefficient 0.868 Kk

L6



Item
Means
Standard deviations

Correlation matrix

Covariance matrix

Coefficients for the regression
of the first on the remaining

L4 variables

Sum of squares removed by

(4) Regression No, 4 —=—e=e= (V) on (Ht), (CW), (CC), and (NT)

(v) (Ht) (cw) (cc) (NT)
25457 15,60 1.55 6.66: 2.92
1.0000 0.6372 & 0.4496 0.8066 &% 0.3058
0.6372 1.0000 0.6680 04456 - - -0,1072
0.1496 0.6680 1.,0000 0.2724% -0.1217
0,8066 0.4456 0.2724 1.0000 0.6333
0.3058 -0,1072 -0,1217 0.6333 1.0000
653,92 254,20 17.85 137.30 22,87
254,20 243,35 16,18 46,27 4,89
17.85 16,18 2,41 2.81 - 55
137.30 46,27 2.81 Ll 31 12.33
22.87 -)“|'.89 e 55 12.33 8. 55
- 0.3636 1.0635 3.0559 -1.4549

- 92,43 18,98 419,58 =33.27"

0.872 K&

Multiple correlation coefficient

86



(5) Regression No, 5

(V) on (Ht),

(CW) and (CC)

Item
Means:
Standard deviation

Correlation matrix

Covariance matrix

Coefficients for the regression of the
first on the remaining 3 variables

Sums of squares removed by regression

Multiple correlation coefficient

(V)
81.93
2557

1,0000
0.4175
0.4976
0. 0650

653,92
95. 56
21 b
13.12

(Ht)
128.87
8.95

0.4175
1.0000
0.4181
-Oo 0681'"

95. 56.

82.12
-4133?;

31.21

0,704 %

(CW)

22, 13
1.68

0.4976
0.4181
1..0000
~0,6299

21 ')+)'+
6.30
2.84

-8,38

12,4722

267,40

- (cc)

68,67

7.90
0. 0650

-0, 0684
-0, 6299

1,0000

13.12
-4,83
-8,.38
62.38

1.9113
25,08

66



{6) Regression No, 6 ===m==

(V) on (Ht) and (CC)

Item
Means
Standard deviation

Correlation matrix

Covariance matrix

Coefficients for the regression of the first
on the remaining 2 variables

Sum of squares removed by regression

Multiple correlation coefficient

(V)
81,93
25. 57

1.0000
0.4175
0.4976

653.92
95.56
21,1l

(Ht)
128,87
8.95

0.4175
1.0000
0.4+181

95. 56
80.12
6.30

0.7250

69.28
O. %BNo So

(ce)

22,13

1.68

0.4976
0.4181
1.0000

21. 4k

6.30
2.84

5.9432

127,42

00T



(7) Regression No. 7

Item
Means
-8tandard deviation

Correlation matrix
Covariance matrix

Coefficients for the regression of the'
first on the remaining 3 variables

Sum of squares removed by regression

Multlple correlation coefficient

(V)
81.93
25. 57

1.0000
0.7497
0.k712
0.1737

653.92

183,20
27.12
37.29

(Ht)
132.80
9. 56

0.7497 k&

1.,0000
04456
-0,1378

183.20
91.31
9.59
-9.57
1.7317

317.25

0,850 *&

(V) on (Ht), (CW) and (CC)

(CW)

2 5.73/

2.25

0.4712
0.4456
1.0000
"'O . )+23)+

27.12
959
9407

-.60 93 .

4, 0709
110.40

(cc)
77.00
7.27

0.1737
-0.1378

~0. 4234
1,0000

32.29
'90 57

52 86

1.4580
47,08

10T



(8) Regression No.

Item
Means:
Standard deviations

Correlation matrix
Covariance matreix.

Coefficients for the regression of the
first on the remaining 3 variables

Sum of squares removed by regression

Mulfiple correlation coefficient

NG))
81.93
25.57

1.0000
0.3660
-Oo 01)"'8

653.92
133.20

(V) on (Ht),

=+, 06.
- 50 ’+8

(Ht)
125,87
14,23

0.3660

~1.0000

0.1723

-0, 3l

133.20
202,55
7. 60

~70.95

0.7384%
98.35

0.391N’S'

(CW) and (CC)

(CW)
21,20
3.10

-0.0512
0.1723
1.0000

-0.4539

4.06

7.60
9.60
-20.36
-0, 6705

2..72

(ce)

58.33
14547

-0, 34kk
-0.4539
1.0000

-5.48
"700 9 5
"‘20. 36

209,52

0.1588
-0.87

coT



(V) on (Ht) (CW) and {cC)

: Item
Means
Standard deviations

Correlation matrix
Covariance matrix

Coefficiéhté,for the regression of the
first on the remaining 3 variables

Sum of squares removed by regression

‘Multiple correlation coefficient

(V) (HEt)
81,93 130,33
25.57 26.70

1,0000 0.0782
0,.0782 1.0000
=0.1730 0.4678
53438 712.67
117.00 -82.86

(cw)
17.53

3.09

-0.1730
0.4678

-0.3236

~13.68
: 38 0;60
9.55

~1.6553

(cc)
53.00

1850
0,247

-0,1678
-0.3236

1;oooo

117.00

-18,50

342,14

' 0.3008

€01



C, Statistical data of table 5.

Multiple correlation coefficient

(1) Regression Noe. ] ==—-= (V) on (Ht), (CW) and (CC)

Item - (V) (Ht) (cwW)
Means 81.93 114,33 21.%0
Standard deviations 25.57 15.37 1.92
Correlation matrix 1.0000 0.3623 0.3439
: 4 0.3623 1.0000 0.7359
0.3439 0.7359 1..0000
Covariance matrix 653.92 1#2.38 16.89
142,38 236,24 21.71
16.89 21.71 3.69
) 9)“'. 56 7.19 -009)'4'

Coefficients for the regression of the : '
first on the remaining 3 wvariables - 0.,0610 4,9503
Sum of squares removed by regression - , 8,68 . 83.61
0,743 &

(CC)
74.87
5.89

0.6278 &

0.079%
-0. 0834

- 1,0000

94, 56
7419
-0.9%

34,70

0.847L
269.25

ﬂOt



(2) Repgression No, 2 ~==m-

(V) on (CW)and (CC)

Item
Means v
Standard deviations

Correlation matrix
Covariance matrix

Coefficients for the regression of the first
on the ;emaining 2 variables.

Sum of squares removed by regression

Multiple correlation coefficient

(V)
81.93

25,57

1.0000
0.3439
0.6278

16.89
94,65

(CW)
21.40
1.92

0.3439
1.0000
-0, 0834
16.89
3.69
"'O. 9""
5.3156

89.78

0.743 A%

(CC)
74.87
5.89

0.6278 &

0. 083k
1,0000

94,65
~0.9%
34.70
2.8700

271.39

S0T



(V) on (Ht) (CW) (CC)

_£3)_nggression No. 3

Item
Means
Standard deviations

Correlafion matrix
Covariance matrix

Coefficients for the regression of the
first on the remaining 3 variables

Sum of squares removed by regression

Multiple correlation coefficient

(V)
81.93
25457

1.,0000
0.4662
0.438%
0.6168

653.92
174,27

81.28

15550
1% .62

0.4662
1,0000
0, 5287
10,1560

17%,27
213,64
13.90
11.75
0.2906
50, 64

0.795 *&

(CW)
20.67
1.80

0,4884
0, 5287
1.0000
0,0103

22,48
13.90
3.24
0.10
5.6076

126,06

(ce)
7)+. 87/
515

0.6168 &
0.,1560
0,0103
1.0000

81.28

11.75
0.10

26. 55

2.9123
236.71

90T



(4) Regression No, 4

(V) on (Ht) (CW), (CC), (NT)

Item

Means: :
Standard deviation

Correlation matrix

Covariance matrix

Coefficients for the
regression of the first

(V)
81.93
25,57

1.0000
0.4+662
0,4+884
0.6168
0.2137

653.92
174,27
22,48
81,28

15.52

on the remaining % variables -

Sum of squares removed by
regression

Multiple correlation
coefficient

(Ht)
127.73
14,62

0.4662
1,0000
0. 5287
0.1560
-00 2 5'28

174%,27
213,64
13.90

11.75

0.2597

45.26

0.796 %

(cw)
20.67
1.80

0.488k4
0. 5287
. 1.0000
0.0103

22,48
13.90
3,24
0.10
"'1083

53657

120,62

(cC)
74,87
5.15

0.6168 %
0.1560
0.0103
1.0000
0.7152

81.28

11.75
0.10

26.55
10.47

3.1822

258.65

(NT)

13.27
2484

0.,2137
-Oo 2 528
-0,3587

0.7152

1.0000

15.52
-10,50
-1083
10,47
8.07

-0, 6477

. "'10. 05

40T



- (%) Regression No, 5

..... (V) _on (Ht), (CW), and (CC)

Item
Means ’
Standard deviations

Correlatibn matrix

Covariance matrix

Coefficients for the regression of the
first on the remaining 3 variables

Sum of squares removed by regression

Multiple correlation coefficient

(V)
- 81.93

1,0000
0.3900
0.,1883

0.0574%

653.92
104,41
10,8k
12,62

(Ht)
119.80
10,47

0.3900
1.0000
0.%310
-0, 0794

104,41
109,60

10,16
"7.1)4'

0.9038
M. 37

0, Lot dl+ Se

(cw)
23.73
2.25

0.1883

- 04310

1.0000
=0, 3447

10,84
10.16

5.07
"60 67

0.7573
8.21

(cc)

7167

8.59

0.0574
-0, 0794
-Oo 3>+)+7

1.0000

12,62
"'7.1)4'

-6.67

73481

0.3268

4,12

80T



© (6)__Regression No, 6 ——c=-

Item
Means : .
Standard deviations:

Correlation matrix
Covariance matrix

Coefficients for the regression of the first
on the remaining 2 variables.

Sum of squares removed by regression

Multiple correlation coefficient

(V) on (Ht) and (CW)

(V)
81.93
25.57

1,0000

0.3900

0,1883

653,92

104,41
10,84

0.381

(Ht)
119.80
10.47

0.3900

1.0000
0.4310

104 L1

109,60
10,16

0.9266

96.75

N. S.

(cw)
23.73
2.25

0.1883
0.4310
1.0000

10,8k
10.16
507

0.2816;

3.05

60T



(7) Regression No, 7 ====-=

(V) on (Ht) (CW) and (CC)

Item
Means: ’ ’ '
Standard deviations
Correlation matrix

Covariance matrix

Coefficients for the regression of
the first on the remaining 3 variables

Sums of squares removed by regression

Multiple correlation coefficient

(V)
81.93
25, 57

1.0000"

0.7405
0.2099
-0, 0783

653492
143.93

16.36
15,50

0,767 &

(HT)

126,07

7460

0.7405 k&

1.0000
0.0216
-0.0036

143,93
57.78
0. 50
bt 0.21
2.4756

356,31

(CW)
27.00

3.05

0,2099
0,0216
1.0000

-0. 55987

16,36
0.50

9.29
-13.21

1.854%
.30, 3%

(cc)
78,00

747
-0.0782

-0,0036.

-0. 5598
1.0000

-15.50
- =0,21
-13.21

60,00

0.1589
-2.46

OTT



D, Statistical data of table 6

( Regression No, 1 wecwe= V) on (Ht CW) and (CC)

: Ttem (V) (Ht) (CW) (cc)
Standard deviations 25,57 13,37 2,09 6.86
Correlation matrix 1.0000 10,6416 & 0, 5560 0.5180 &

0, 6416 1.,0000 0, 6472 0.5838
0. 5560 0.6472 . 1,0000 0.5137
0.5180 0.5838 0. 5137 1.0000
Covariance matrix 653,92 '218.36 529, 66 - 90,88
219.36 - 178,78 18.05 5359
29,66 18.05 4.35 - 7.35
_ 90.88 53455 7.35 47,07
Coefficients for the regressions of
the first on the remaining 3 variables - 0.7814 2.4647 6567
Suﬁ of squares removed by regression - 171.&1 73.10 . 59.68
Multiple correlation coefficient .0.682N'S |

ITT



(2) Regression Noy, 2 ~ce--

(V) on (Ht) and (CC)

Ttem
Means T
Standard deviation

Correlation matrix
Covariance matrix

Coefficlents for the regression of the first
on the remaining 2 variables

Sum of squares removed by regression

Multiple correlation coefficient

(v
81.93
25,57

1.0000
0.6416
0. 5560

653,92

219.36
27. 66

0.682 %

(Ht)
126,07
13.37

0.64168
1., 0000
0.,6472

219.36
178.78
18,05

0.9271
20337

(ce)
21.27
2,09

0. 5560
0,6472
1.0000

29.66

18,05

4.35

2.9696
88.08

clT



(3) Regression Nd.,3

Item
Megns -
Standard deviations

Correlation matrix
Covariance matrix

Coefficients for the regression o the
first on the remaining 3 variables

Sum of squares removed by regression

Multiple correlation coefficient

(V)
81.93

25.57

1.0000
0. 5842
0. 5921
0.7403

653.92
209.12
Ll 28
110,66

- (V) on (Ht) (CW) and (CC)

(Ht)
126.73
14,00

0.5842 &
1.0000
0.7616
0.%4529

209,12
195,92
31.18
37.06
0.3120

65.25
0.831 A&

(cw)
17.87
2492

0.5921 &
0,7616
1,0000
0.4529

44,28
31.08
8.55
774
1.7792

78478

(ce)
75420
5.85

0.,7403 Ak
0.4529
0.4529
1,0000

110.66
37.06

7. 7t
34,17
2.14968

276430

€Tt



(V) on (Ht) (CW) (CC) and (NT)

-(4) Regression No, U

81.93
25.57

1,0000
0. 5842
0. 5921
00,7403
0.1757

653.29
209,12
L, 28
110,66
11.45

Means: :
Standard deviations

Correlation matrix

Covariance matrix

Coefficients for the
regression of the first
on the remaining 4 variables: -

Sum of squares removed by
regression -

126.73

14,00

0. 5842
1.0000
0.7616
0.4529
-0,2221

209,12
195.92
31,18
37,06
=7.92

R

0.2011

42,05

Multiple correlation coefficient 0.811 &

17.87
2.92

0.5921 %

0.7616
1.0000
0.4529
-0,2920

4y, 28
31.18
8.55
7. 7%
~-2.18

0. 5993

26, 54

75420
5.85

0.7403 k&

0.4529
0.4529
1.0000
0.5859

110. 66
37.06
774
34.17
8.73

3.5331

390.97

11.27
2.55

0.1757
-0.2221
-0,2920

0. 5859
1.0000

11.’4‘5

~7+92
2,18

8.73
6.50

-24 5394

-29.08

HIT



(€))

Item
Means- ' ’
Standard deviations

Correlation matrix

Covariance matrix

Regression No 5 =—=== (V) on (Ht) (CW) and (CC)

(V)
81.93
25.57

1.0000
0.1692
0.3610

© =0.0418

653492
3729
18.75
-5. 60

Coefficients fof the regression of the
first on the remaining 3 variables -

Sum of squares removed by regression -

Multiple correlation coefficient

(Ht)
123,00
8.62

0.1692
1.0000
0.4571
-0,0871

37,29
Ak, 29
8,00

‘-3093

0.,0108
L0

0.364No3o

(cW)

2k 47
2,03

0.3610.
. 04571

1.0000

-0.2465

8.00
4,12
-2.62

4.6808
87.77

(cc)
71.67
T 5.23

-0,0418
-Oo 0871
-Oo 2)'*‘65

1.0000

f5069
3.8

27.38

0.2449
-1.37

S11



(V) _on (Ht) and (CW)

(6) Regression No 6 —=w--

. Item
Means: : '
Standard deviations

Correlation matrix
Covariance matrix

Coefficients for the regression of the first
on the remalnlng 2 variables

Sum of squares removed by regression

Multiple correlation coefficient

(V)
81.93
25,57

1.0000
0.1692
0.3610
653.92

37429
18.75

(Ht)
123.00
8.62

0.1692
1.0000
0.4571
37.29
74,29
8,00
0.0156

0. 58

: O.361N.S.

9TT



(V) on (Ht) (CW) and

(ce)

(7) _Regression No 7,

Item
Means '
Standard deviations

Coreelation matrix
Covariance matrix

Coefficlents for the regression of the
first on the remaining 3 variables

Sum of squares removed by

‘Multiple correlation coefficlent

(v)
81.93
25,57

1.0000
0. 6706

0. 5197
-0,1986

653,92

121,00
40,95

‘36093

0.826 &&

(Ht)
129,93
7,06

0.6706 %

1,0000
0,1684
-0,2117

121,00

49,78
~10.86

2,3022
278,57

2

NV
(W ~J
[ ]

.
N(DOGﬂ

O OO
QUNONO OO OmMN

]
N g e o o
FOWOoO oo
* © o -

]
[

5.1034%

208,98

~NOoOoOMNn HFPOF3 OO
' >

(cc)
78,00
7.27

"'Oo 1986
-O. 2117
~0.6281

1.0000

-36093

-10,86.

-lh"o 07
52.86

1.1328
-41.83

LTT



E ;Statistical data of table 7

(V) on (Ht) (CW) and (CC)

(1) Regression No, 1.

Means
Standard deviatlons

Correlation matrix

Covariance matrix

Coefficients for the regression of the
first on the remaining 3 variables

Sum of squares removed by regression

Multiple correlation coefficient

(v
%7
26,52

1.,0000
0. 2410
-0,1991
0.9299

703.38

109.00
"28 ] )"‘3
300.12

H
16850
16,84

0.2440
1,0000
0.3263
0.1181

109,00

29.59
ok, 21

19.33

0.9%1 k&

25& 8

5.38

0.3263
1.0000
-0.3195

-28.43
29.59

28.97
-20.93
0.3126

- -8.89

&,

12.17

0.9299 k&

- 0.1181

-0.3195
1.0000

300,12
24,21

~20.93

L 2.0417
 612.76

8T1L



(2) Regression No, 2

..... (V) _on (Ht) (CW) and (CC)

Means
Standard deviations.

Correlation matrix

Covariance matrix

(v)

94,67
26, 52

1, 0000
0.6137
-O.L‘)‘"9l+

703.38
272,52
-332.79

- =102,98

Coefficients for the regression of
the first on the remaining 3 variables

. Sum of squares removed by regression

Multiple correlation coefficient |

0.78Y &

(Ht)

85,27
16,74

0.6137 *

1.,0000
-0,122k4
-0. 5389

272.52
280.35
'570 23
-69019
0. 5589

152.31

tewn
18.68

27.92

-Oo)+)+9‘+ .

-0.,1224
1,0000
-0.1388

- =57.23
779.74%
-29,71

-l+o3580

145,03

(ce)

8. 67
7.67

-0.5063 &

-0.5389 .
-0,1388

~1.0000

-102.98
-69.19

X5

-l . 3137
135,28

61T



(3) _Regression No, 3 === (V) on (Vt) (CW) and (CC)

Item (V)
Means 9k, 67 - 84,20
Standard deviation 26,52 24,47
Correlation matrix 1,0000 -0, 4457
-0, 4457 1.0000
0.0183 0.1445
-0,0163 -0,3166
Covariance matrix - 703,38 - -=289.21
-289.21 ,598.25
1031 9' 3
-30 57 -6)+ol)+
Coefficients for the regression of the o
first on the remaining 3 variables - ~0. M3k
Sum of squares removéd by regression - 157.17-
Multiple correlation coefficient 0.%76N°S'

(Ht)

(CW)
12,87
2.70

. 0,0183
0,1445

(cc)
80 28'

-0,0163
~0,3166 -

T =0.%096

1.,0000

-3.57

-6, 1k
"Ool)+
68.57

1.89

02T



F _ Statistical data of table 9:

Item
Means '
-Standard_deviations‘

. Correlation matrix
Covariance matrix

'Coefficients for the regression of the
first on the remaining 3 variables

Sum of squares removed by regression

(1) Regression No, 1 ==--- (V) on (Ht) (cW) and (CC)
(V) (Ht) ~(CW)
48,02 98, 51 21.1%
24,28 22,94, 4,38
1.0000 0.3610 X% o, 3040 Kk
0.3610 1.,0000 04,6052
0.3242 0.6052 1.0000
0.1859 =0.0929 -0,1156
589,61 201,07 34,39
201,07 526,18 60.55
34,39 60.65 19.09
560 52 ' "'26. 68 -6033
- 0.2842 1.0485
- 57.1)4' 36. 06
0.499 Ak

Multiple correlation coefficient

(ce)
72,08
12,52

0 .1859
-0,0929
—Oo ll 56

1,0000

56. 52
-26,68

-6.33
156.75
0.4512

25.50

Tct



(2) Regression No, 2 ==--=-(V) on (Ht) (CW) and (CC)

» Item (V) (Ht) - (cw)
Means . 48,02 96. 64 20,96
Standard deviations: 24,28 22,12 4,17
- Correlation matrix 1.0000 0.3688 £ & 0,1929
0.3688 1.,0000 0.4553

0.1929 0.4553 1.0000

0.2655 0.1032 -0.1332

Covariance matrix 589,61 198,10 19.52
' 198,10 489,36 41,96

19,52 41,96 17.36
Coefficients for the regression of the o A
first on the remaining 3 variables - 0.,3333 0. 5096
Sum of squares removed by regression - 66,03 9.95

Multiple correlation coefficient oy K &

ccl



(3) Regression No 3

(V) on (Ht) (CW) and (CC)

. Item
Means: ‘
Standard deviations

Correlation matrix
Covariance matrix

Coefficients for the regression of the
first on the remaining 3 variables-

Sum of squares removed by regression

Multiple correlation coefficient

(V) (Ht)
58427 103.25 -
23,88 29,16

1.0000 0,2418N.5.
0.2418 1,0000
0.1141 0.7821
001635 -003226
570,15 168.34%
168,34 850,29
12,02 100,56
36051 . ’87095

- 003575

- 60,18

O.Ll_o SN. So

(CW)

S

0.1141NeSe

0.7821
1,0000
-Oo 3277

12,02
100. 56
19.45
-13 0451
-0, 7740

9.30

(ce)
71,00
19.35

0.163 SN.S.
-0,3226 :
-0,3277

1.0000

36,51
87 .4

0.6576
24,01

AN



(4) Regression No, W

Item
Means ) )
Standard deviations

Correlation matrix
Covariance matrix

Coefficients for the regression <f the
first on the remaining 3 variables

Sum of squares removed by regression

Multiple correlation coefficient

(V)
5827
23.88

1.0000

-Oo 1663

-0,2209
0,5831

570.15
"760 71
-23,8k4

53.40

(Ht)
97,60
19.32

~0.1663
1.0000

- 0.5850
-0.,0387

"760 71
373.22
51.09
-2.87

-0.0971
7.45

o.éar?*

(cc)
74 57
3.8%

0.5831
-0,0387

k& -

-0,1101 -

1.0000

53.40
"‘2. 87
-1,91
14,71

3.5338
188,70

HeT



