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PREFACE

Objectives. This ERTS inves%igation had three main objectives.
~These were (1) to investigate the applicability of .ERTS data for improving
the pfecision of mu]pistagéAforest inventories, (2) to develop -a precision
ana]ytigal annotati%n.technfque so that sample units as sma]i-és‘one
mile square could bé reliably located on ERTS MSS images as well as in
the coofdjnate system of the digital tapes, and (3) to develop an inter-
pretive model capable of deriving forest'fé]atedeariab1es from the MSS
digital tapes. ‘ » |

Background.' The first application of muitistage samp]ingfusing
space and aerial photography to_forest surveyé was conducted with data
| obfaiﬁed by the Apollo 9,a§tronauts in 1969 (LangTey, g;_gl;,']969).
While lower altitude éeria] photogfaphy had been used in forest surveys
for man& years, the advent of high-altitude aircraft and spacecraft |
generated an interest in the application of small-scale imagéry to these
surveys. MWhile the Apo]io'g experiment demonsfrated that space imagery
could provide data to improve ihe precision of forest surveys, it
remained to be determined if (1) the methods could be applied to sample
units prespecified on-the ground, (2) computer-oriented interpretation
techniques could be applied to space data for advantageous use in forest
surveys, and (3) the particular sqmp]iﬁg design used had any significant -
effeét on thé gain in precision'and stability of the forest estimates.
These questions were addressed in the present étudy;

§gggg: The test sfte used fn this investigation was the aggregation
~of lands owned by the Southern Paciffc Land Company in Trinity County,

" California.-



The types 6f sampling modes that were compared for re]atjve'gains-
in precision.were strgtified, ratio, variable probabiiity, aﬁd regression.
Wifhin these, various‘combinations.of stages were tried including (1)
space, high;altjtdde aeriéT and ground data;.(2) space and ]ower'anitude
aerial and ground data,A(3) space and ground data, and (4) aerial and

ground data. .
. i : -
The precision image annotation system that was developed included

the general capability of annotating the corners of sample units withinithe;
geometry of aerial photographé; ERTS MSS‘imagefy and ERTS MSS data
tapes. Image overlays were produced by computer methods for visually
identifying the sémp]e unit corneré on each of the image types. Con-
currently, the coordinates of'the'points in the computer'tape system
were determined. Hence, specific sample units could be addressed in the
the computer for interpretation purposes. The annotation system is
capap]e of correcting'fdr image distortions caused by earth'CUrvature,
terrain relief, and systematic distortions in the MSS. |

The MSS analytical interpretation system consists of a data handling
Subsystem; an unsupefQised clustering algorithm based 6n Butler's vector
field approach, a sample unit oyerlay subsystem, and a regression model
for relating'c]assif%Cation data to continuous timber volume data. The
system also includes a variable generating subsystem to formulate
variables for use in-the interpfetation mbde] from mu]tispectral data.
Spatial'relationshjps, such as contrast, ére investigated by means of
the Hadamard transform operating on 2N square mafriéeé of MSS pixels
where the feasible values of h appear to be pdsitive'integers Tess than

eight.
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Resﬁ]ts. The main results of the inve§tigation cén be-summarjééd as follows:
1. The.annotation system produced a RMSE of abouf 200 meters
ground djstance.in the MSS data system with the control data used. This
indicates that,.with care, sample units a§ small as one mile square can
be isolated for analysis.

.'2. A1l the aﬁa]ytica]kMSS jnterpretation modeis tried were highly signifi-
canf. 'However, the géins in forest-sampling efficiency that can be achieved
(compared to multistage sampling with equal probabilities at the first stage)
by using the models vary from zero.to over 50% depending on the area to which
they are applied and tﬁe sampling method used. As anticipated, the greatest
gains are achieved where the survey area ‘encompasses the mode]_training area.
The gains decrease as_the training area is eh]arged or if the models are'app]ied
in new areas oufside the training area; In these situations, we encoqﬁtered ‘
gains of about 10 to 15 percent only. . | ' |

3. Among the sémpfing methods triéd, regression sampiing yielded
»subétantié] and the most consistent gains. Variable probability sampling
is apparently-capab]e of achieviné greater'gains than regression sampling,
but carries higher risks. .For exainple, extfeme outliers can:be‘very o
bothersome if even one sample .unit is grossly misinterpreted or-if the
image charatteri;tic§ do no£ fe1ate well to'ground conditions.

4. The single most significant variable in the interprefation
model was the difference between bands 5 and 7. .

” 5. The contrast variab]e, computed by means of .the Hadamard Transfofm
was significant but did not céntribute much to the interpretation model.

6. Forest areas containing very large fimber vo]ﬁmes because of
]arée tree sizes were not separable from areas of similar crown cover'

but containing sma]]er-trees.by means of ERTS image inferpretation only. .



7. Ai] correlations between space derived timber volume predictions
and estimates obtained froﬁ_aeria] and ground sampling were relatively
low but significant and stable. Hence, the MSS data should consistently.
- improve the precision bf forest surveys with given sample sizes if used
carefu]fy and appropriately. | | ‘

8. There was"% mufh stfonger relationship between variables A
derived from MSS'ané U2 data than between U2 and ground data. Therefore,
better que]s should be deVeloped;for interpreting U2 type data if they 4

are to be a key link in.-multistage designs.

Recommendations. Recommendations for a continued research effort

fall into two cateégories: (1) those related to improving the present

models and techniques -for use under the condition;'preéented in this
report; and.(2) those related to a much broader application of ERTS MSS

i imagery'and U2 high-flight imagéfy-in mu1tistage forest.inventories on a
larger scaie»undérAa vériety of conditions.

Some*recommenqations of the first'categbry are the following. The
digital intérpretation system developed in this investigation can be
greatly improved upon. 'Two areas for possible improvement.are visualized:
(1) the intel size of 8x8 pixels is probably too large for best interpre-
tation results; and (2) system pefformance~;an probably be enhanced by
switching to a 4x4 or a'2xé intel size. .

In our work with the'MSS digital data, tﬁe distinction befween
water and dark north faqing'slopes containing"h%gh timber yo1umes was-a pre-

" carious one. The decline in gain experienced from training to tgst area may
partly be due to a subtle shift between these ione signaturés. Additional
research would be necessary to remédy_this_sifuatfon. In this regard,
we were handicapped by having on]y October.imagery-with_a\re]ative]y low

sun ang]e-available for use at the appropriate time.

vi



The.U2 human iﬁterpretétion model could be improved énd stabilized
over ]afger.areas by usingfmore'than one.bhoto'interpreter. Several
iﬁterpreters cou]dAmutuaIIy verify their interpretation standards as the
jntefpretation progresses. Individual interpretations could then be
averaged to provide moré consistent estimates. '

Perhaps one of}the mbst'important quéstions of multistage forest
invéntory has not'béen dealt with in this research. We investigated the
interpretation models in terms of tw0‘stagé combinations.  However, we
did not attempt to define optima]’combinations of several models, sampling
methods, and multiple stages simultaneously. When considering multistage
inventory, one must be concerned with multiple combinations. of interpretation
models and sampling methods. Therefore, further research in these
areas, as well as in épp]ying the fechniques in the other forest areas

of the Unites States, would be appropriate.
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1.0 INTRODUCTION

- 1.1 Report Organization

 This final report- describes the'Earth Resources Technoiogy
Satellite (ERTS-1) investigation concerning the development of a
mﬁltistage_forest inventory system. Such a system uses aeria]_anq
space p]atform imagery as well as ground data in a sampling frame-v
work throughéwhich timber volume estimafes are obtained. The main
ebjectiVe of the investigation was to evaluate the usefu]ness of
ERTS-1 imagery for the space platform stage of the inventory. A-
minor obJect1ve was to test and deve]op new techniques to make
optimum use of available remote sens1ng 1nformat1on not on]y at
the space level, but alsq at the subsequent,alrcraft-levels.

'_This final report describes fhe techniqueé'and~methods tested
during the course'oflthe ihvestigation‘and summarizes their signifi-

' ceqce for use in multistage surveys. o |
‘The background and the objectives for. the inveseigation are E

presented in the introduction to fhe report (section 1.0). The
main body consists of four parts. In.the first part (section 2.0)
_We describe-the image annotation teehniques used:for the investigation.
In the second- and third barts (eeetions 3.0 and 4.0 ) we report on
the human ahd,maehjne interpretat{on methods'and models developed
during the course of the research. 'fn the fourth part (sectior
570) we evaluate fhe merit of the modeis-and systems when used in a“

sampling survey context.



In theAfinAJ section (6.0) we summarize and»eva]uate the work
performed -and the results obtained; and we present our recommendation
for future research and the application of ERTS imagery in multistage

forest surveys.

1.2 Background -
| The conéept of multistage samp]iné as applied to forest

inventory (L;ngléy, ]969)>;an be summarized as follows. It is a
method in which the'selection_of sample units at stage n+l are
| bésed 6n criteria evaiuated ffom the sample units at stage n. With
n increasing, the total ground area sampled decreases until in the
final stage a number of sample Qnits is visited on the ground. At
thé same time, the éxpense incurred in the eva]uatibn_of a unit
dsual]y increases with n. For é forest inventory the extreme
stages could be the complete éva]uation of a unit on'the ground on
one hand, and the separation of laﬁd into forest and non-forest’
_classes on space imagery on the other. Intermediate stagés consisting.
of aerial imaggry'are'used to provide a corrélation chainAthrough
" which the first and the last stage are connected. The precision of
the survey depends on the quality of.the links. .

for a'multistage inventory, ihpfovement of this quality can be
- made with regard to the fb]]owing three aspecfs_o% the inventory:
A.  Alternative sampling designs sﬁould be evaﬁuated to make

' optimum.use of the re]ationships'betweén variables

extracted from the imagery at adjacent levels. It is



- well known that in variable probability sampling the
relationship between these variables Shou]d be a straight
Tine through the origin to obtain maximum precision. In

regression sampling this is not a strict requirement.

Th?re must be spatial cOrrgspondénce between sample units
'ongadjaéent stages of aerial Qr'space imagery. To our
knowiédge no research has yet been performed to estab]ish
the sensitivity of the sampling variance in relation to
spatial mismatches between sample units at different
stages. However, by using a precision image annotation.

process, mismatches can be minimized leaving fewer and

more important issues for investigation.

Relevant information must be extracted from the -imagery.
The greatest overall gain canAbe obtaihed in this area in
terms of both'accuracy and efficiency. One prqb]em'with |
~ the use of high-altitude space and éeria] imagery for
forest inventories has been that the traditional photo

_ interbretétion teqhniqués based on cfown closure and
&rbwn cover are not épp]{cab1e at these altitudes.
However, informatfon on the distributioﬁ of_foreét and
other vegetative types is definitely present, but has to -
be extraqfed with novel techniques in the framework. of

the multistage inventory. With the advent of ERTS,



éuperior multispectral space imagery has becdme available,
and the evaluation of the uéefu]ness of this imagery Qas
" the major objective of the present investigétion.
.'Cobresponding.to the abdve threeAmain areas for impro?ement of
mu]tistagé forest inventories, our research propos&] wasldividea.
into thrée m?ih tasks,_each with anjERTS component'as'well.as
containing pfoposed metﬁods for improved use Qf aerial imagery.
.‘Task I: Sampling desfgn fdrmU]ation relétés heavily to the |
| final use of the developed techniques in .a sample
survey sifuation ahd'fs reported on in the last part
of this report, section 5.0. |
Task II: SampTe unitlannotation on aerié] ahdlspace imagery
| was logically the.first fask to .be carried out,
since one needs'to know the lbcation of the sample
units on the imagery before anj interpretation can
be attempted. Sémp]e.unit annotation methods were
developed for high-altitude aerial and ERTS multi-
spectral scanner (MSS) imégery.
Task III: Development of interpretation methods was carried
| :outvduring the second half of'thelproject period,
'pértia]]y in éonjunction with Task I,_Qince each
modél was tested for its usefulness as soon as it
was developed. An evé]uation_of the hode]s ina
realistic sample survey context; as required for

Task I, formed the -conclusion of the project. The



main sections in this report, 2.0, 3.0 p]us'4.0 and
5.0 correspond to Tasks. II, III, and I of the proposa],‘

respectively.

1.3 Objectives

Task I: Td test and evaluate, in a mu]tistage samp]e sufvey context,
"~ the usefu]ne;s ofAERTS MSS imagery in obtainfng timber volume
estimates of coniferous forests in Ca]iforni;l More specifically,
the broad objective is to evaluate the gain in sampling precision .

that can be obtained with a given sample size by introducing ERTS

data at the first stage of a multistage sampling plan.'

. Task II; The main o?je;tive of Task I was to develop a precision

sample unft annétatibn précess.for the U2 and ERTS images. Part 6f
this task was to investigate the accuracies_wifh which boints’cou]d
beflocated on the U2 and ERTS imagery by means of modified analytic
photogrammetric techniques. These accuracies indicate the minimum.-

sample unit size that can be used with ERTS MSS imagery.

A recent application of the multistage inventbry'conéept to
commercial property in the State of Caiifornia demoh§trated the
need for the énnotation of ownefship patterhs on aerial imagery.

In this instance, clusters of General Land Office (GLO) sections
proved to Be natural §amp1e units for this kind of foresf.inventory.

Unfortunately, an approximately one-square-mile land unit is by no



means square on the map due to ear]y‘primitive surQéying~techniques.
In addition, the section is sometimes rather heavily subdivided.

The annotation problem for the commercial survey in which the
first stage consisted_of 1:40,000 scale aerial photography wés
solved by performing an individual resection for each photograph,
fo]]owgd-by ? proﬁpéctive projection of all the relevant corner
points 6f the land sections oﬁto the photographs. In the ERTS-1 -
investigation we considefed two additipna]'stages;'name]y; a high;~
a]fitude stagé'bf U2 RC-10 photography, and aispéce p1atfofm stage
from ERTS MSS imagery. Thus, we were faced with the pfob]em of
also having to ‘identify the land sectiohs or multiples thereof as
well as county 1ine§ and management unit boundaries on the U2

'photographs and the ERTS images.' '

Task III: Our objective for the image interpretation research was
to develop interpketation,techniques and models of the fo]]owin§
“types: (a) human'interpretation.of sma]]-sca]e U2 high-flight and.
ERTS space images; (b) machine,jnterpretatﬁon of ]:40,000_sca1e
photographs using a te]évision-type image ané]yzing computer; and -
(c) dﬁgita] interpretationiof cqmputér-compatib]e ERTS tapes provided
by NASA. | ' |

The main thrust of the interpretation work was to provide and
test a machine ihterpretatioﬁ system for the MSS digital data.- |
More emphqsis was placed on this type of work than on:dther interpre- -

tation methods in view of the fact that human recognition of objects"'



decreases with decreasing resolution. Hence at the space level,
machines canlpossibiy perform a better and more consistent interpre-
tation of tones and textures not directly related to the human

experience. -



2.0 IMAGE ANNOTATION -

2.1 Introduction

The development of a subsystem to_]ocate-samp)e unit boundaries
'oe the various stages of aerial and space image?y was an ﬁntegra]
part of our. investigation to deve10p a set of models and techniques
for USe'in méltiétage foreet fnventory. fhe necessity for such a
subsystem we; demonstrated ByAthe,requirement for forest invehtories‘
of 1ands‘with irfegu]ar ownerShip patterns. Theee patterns defied
| the approach used‘in the early mu]tiétage,inventory trﬁa]g in which
Apo]]b 9 photography'wae used (Langley, et al, 1969). At that time
the'sample‘units were simply defined by seperimposieg a unifermv
grid on the satellite image. Thus, to obtain greater spatial
: correspondente:between tHe-sample_units of‘the verious stages and -
to ensure that the inventory would be conducted within the properfy
boundaries, we developed a computefiona] method for transferrihg
basic sample units from ownership maps to ERTS and U2 imagerye
Also of interest was the aceuracy-with which a single point
could be locatedfon.the ERTS images so that we.wpuld know the

- minimum size sample unit that could be used at the ERTS stage of a

multistage resource inventory.

2.2 Approach

The common approach taken for all .three kinds of imagery used
in ‘the .investigation was to perform an analytical resection for

eaéh_individua] image. The input to such a resectioh consists of



the image coord1nates and ground coord1nates of a set of-identified
points. The(spatlal 10cat1on of the 1mage center and the orientation
of the image are the outputs of the procedure.

wifh estimates of these parameters in hand, other points such
as propert} corner points can be projected onto the images usingn
ana]yt1ca1 methods | | A

The modifications in 1nput data, as well as 1nput parameters,
for each type of imagery and the corresponding manufacture of

annotation overlays are discussed in the following sections.

2.3 Image Annotation of 1:40,000 Scale Aerial Photographs

In a pfevioué forest iﬁventory we had obtainéd godd results
wfth individhal spatial resections of 1540,000'sca1e aerial photbgraphs.
We had developed a production program with a semiaufpmatic‘quality |
coqtro] thatlcduld-procgss a iarge number of aerial photographs.
The input to this program.were the.cqordiﬁates of a set of photo
points whiéh had been identified on ﬁSGS topogfaphjc méps and.put
into digital form with a mab digitizer, as well as the set of
digitized points defining the property boundaries.

The comphted results were‘plottedlwith-a Hewlett-Packard 9100A
p]qtter on transparent stable material. The resuitant overlay was
then joined with the aerial negative aﬁd a combfned bﬁint-made. An

example of such an annotated print is shown in Figure 1.



2.4 Imege Annotation of U2 RC-10 1:126,000 Scale Aerial Photographs

. To annotate the U2 RC-10 1:126,000 scale high-flight photographs,
we'hao the option to either find a set of indiridualﬂground control
points for each photograph or to find ground contro1'points for
only a few points and then to extend this contro]Aby means of a
block adjustqent on the'UZ»photogrephs.' The latter approach was
taken for‘the following two. reasons. -First, a block adjustment
wou]d yield greater precision than using control points from USGS
}plan1metr1c maps, and second we cou]d obtain prec1se coordlnates
for po1nts which could both be def1ned on the U2 photographs and
the ERTS images. '

Since it is somewhat difficult to jdentify map features on
ERTS imagery in rugged, mountainous terrain, we set oot‘to identify
a set of natural 1andmarks on the U2 RC-10 photographs that could
also be readily identified on the ERTS 1mages We then used the U2
photographs to determine the ground coordinates of these’ po1nts by
executing a block adJustment. This block adJustment also provided
| the control for‘the resectiohsAof the U2 photographs. This approach
was thought more desirable for the UZ stage because of itsiihherent
greater accuracy due to Simultaneous adjusthents:and the use of a
prec151on MANN TA]/P monocomparator

To minimize the programm1ng effort, ground coordinates determlnedx
with the b1ock adJustment together w1th their measured p]ate
coord1nates, were fed 1nto the ex1st1ng resectlon program to perform

the final transformat1on of the digitized sect1on corners for the

‘U2 stage.
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©2.4.1 Block Adjustment

Thé block adjustment was performed after the two
stfips of U2 photogrhphs with fen photos each had been triangu-
lated. 'Schuts-triangu]atibn and block adjustment programs
.were Us?d.for this purpose. Coordinates QereAexpressed in a
secant ?1ane sy;tem, with its origin in the test areas, to -
remove- the influence of earth curvature. -The standard errors
‘computed with the control points and tie points used in the
adjustment proved to be 12.8, 10.3 and 4.4 m, respectively,
for Easting, Northing ana height. The planimetric errors
" correspond to a point identification error of about 0.1 mm oh. 
the ﬁhotographic plate. The results can be ponsfdered very

good in View of the 1:126,000 scale of the RC-10 photography.

2.4.2 Production of Image Overlays for U2 RC-10 Photographs

The production of image oveklays with annotated sample.
units both for the U2 photographs and for the ERTS M3S images
took place as'inditated in the flow diagram of Figure 2 in
_.which the differéhces between protedures for ERTS and U2
images are indicated by boxes labelled ERTS or UZ.

Three types of‘points were annotated on the U2 and ERTS
images. These were (1) the primary.and secondary sample unit .
corner points, (2) the county 1iﬁe points and»(3).the management

unit boundary points. The units outlined on the U2 images

-12-
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2.5

were GLO land sections and fractions thereof. A1l points were

digitized from 10 USGS maps at a scé]e'of-]:62,500. Geograpnic -

_ coordinates:were assigned to each digitized point by means of

an interpolation method, using a:;et'of map control points

with known coordinates.l The geographic coordinates were -
subsequent1y~converted to_secant plane dqordinates.' Elevations
were read from the contour maps'for all data points and were
then added to the secant plane coordinates of-the'digitized
points. Seeakate resections for the 20 U2 photographs were
calculated using‘the control'resultsAfrom-block adjustment.

The data point coordinates were transformed to image coordinates
by means of the.resection_results. The.jmage coOrdihates were
finally plotted on stable material templets using e-Hewlett-
Packard 9100A calculator pldtter.l An example of a U2 pheto

overlay is shown in Figure 3.

Image Annotation of ERTS MSS Images

2.5.1 Resection Theorj,

In contrast to the resectioniﬁg of aerial phbtographé,
the ERTS MSS images present two prob]ems: (a) fhe MSS image
is produced by a multispectral scanner with a geometry different -
than that of aerial cameras, and (b) the fmaging system has a
very narrow perspective bundle. | .

The first problem is 1in part solved by the NASA data

processing facility where>the geometry_of the MSS image is
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partially Shabed to,résemblg the-geometry'of an aerial photé-
Qraph, not considering relief displacement, but tékfng into -
account earth curvafure. The second préb]em causes an instability
'~in the.resection.- I;_can be circumvented by enfdrcing Some of
the basic.resectibh parameters, which must be determined from
accurat% out§ide'soﬁrces such as the ephermeris data in the
~case of 'space images. We enforced the position of the simulated
exposure station by assigning it the coordinates of the ERTS
picfure ;énter.iA | .
| To make the resection program for the ahﬁétatipn of the .
_ERTS images completely general, so that it could be applfed,in
other sitﬁations as.well, we took the approach iﬁ which ahy'
parametér can be enforced at the value of its initial approxima-
tion by assigning apprdpriate weights. This approach caﬁ be
implemented by using'the parameter approximatfons in auxi]iéry
éduations in the linearized equation system: |
ap = p°° - p° +ee | )
~ where: - | | |
ap is thé correction. to the'apprpximatidn at the
| ith jteration
p9°'i$ the approximation of -the parameter value
p° is thé parameter‘esfimatg to be enforced in
_‘thé solution, and
e 1s the différence between the least squares adquted'
value of the parameter and the value tolbe’énforced

in the solution,
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For the first iteration, p°° is taken equal to p°. Then, if
we place a ]arge weight on the auxiliary equation, € will be
close to zero, Ap will also be close.to zero, and -the initial
app?oiimafion, which'is equal to the desired;parametef value,
will not receive any corrections_in the iterative'process.'
Thus, th 1njtia11y assigned parametéf value will»remain
uﬁchangéd th#ogghout the solution{

The normal equations take on the following form for n

data points:

(L-H_',] x‘)'1 A =5ﬂ'] Y o (2

a} a2 ........ 'ag
1,2 9

ay y e ay

T 0 ...l 0

X' = . : - (the third dimension
(11,9,n) 0 1 e, "0 is not shown)A
O cevevvnnnnen. ]J
where al,_ai cees a} , a§ are the partial derivatives of the

collinearity equations with respect to the'nine_resectiqn
parameters: for a particular point.

The matrix has the following elements (only the first row

is shown): -

=17-



(91;1)= [ex _(p?o ” .p?) (p3 - P --ee [pgo - b)) (3)

where e, and e, are the discrepancies resulting from an evaluation

y
of the collinearity equations for'the point under consideration
" with the current set of parameter approximations.-

The matrix W iﬁ.a diagona1 1Tx11_weight matrix with

1 - .

unit weights in the first two positions, zero weights for

those parameters that need to be estimated, ahd large weights

-~ (for instance; 100 unit weights) for those parameters that are :

‘to remain constant.

.A»Thus, with the inﬁicated so]utiqn we wefé ffee to fix :
or estimate parameters as neéded. As tﬁe_orbita] path of the
ERTS §ate1]ite is known quite accurately, ihe-]ikeiy parameters
to be enforced in the solution are the exposure ‘station coordinates
for the center of the image. For this purpose,-theAindicated
latitude‘and 1ongitude'of the photocenters~wére taken frbm thé
ERTS catalog. To obtain the satellite altitude we prepared a
program that computes the exposuré.statibn coordinates from
orbital data furnished by NASA; given the Greenwich Mean Time:
(GMT) pertaining to the {mage center. However, we anticibated
that the latitude and longitude indicated in the cataTog would
be more acCuréte than the estimates tbmputéd by our program,

: éince we only inc]uded first-order harmoﬁic terms. Invtﬁe

-solution, either the artificial focal length or the altitude

needs to be enforced. We selected the altitude, since we
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assumed that scale change would be introduced in the bulk

process through the‘intrqduction of an értificial focal length.

2.5.2 Coordinate Systems
4 “The same secant plane coordinate-gystem used for the
b]bck aéjustmént of the U2 photographs_was used for the
resection of thé ERTS MSS images. The conversion from the
geographic éobrdinate system to the secant plane coordinate
systeﬁ yields coordinates of the control .points in a cartesian
.coordinate system. The XY plane of this system siices through .
the reference_e]]ipsoid, SO that-the point e1é9ations also
ref]ect earth curvature. . | |

- The earth curvature accounts for part of.the perspective
disb]acément encoﬁntered inithe bulk proceséed MSS image;so
‘that the use of the collinearity equation for the along-track
direction in conjunction with the secant plane eieyations was,

therefore, partly justified.

'2.5.3 Polynomial Fitting of the Residuals
To eliminate systematic trends remaining in the point
residuals after the resection had been performed, we included

in the resection program a general polynomial fitting routine

"~ with which we could fit separate trend surfaces thrdugh'thé X

and y residuals of the plate coordinates. This part of the
program.cbuld then account for the uhexp]ainedffemaining

systematic distortions.
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For -the ppiynomia] syrface fittingvﬁé used hybrid
orthogonal polynomials in the x and y plate coofdinates,
generated with a recurrence relation. The maximum power of -
the polynomials is automatically determined by the program and
~ then discounted to evéluate all possible power surface fits.
Fdr eaé? pdwer; Root Mean Square Efrors (RMSEs) were computed
to asseés the géodness of fit. |

‘In the testing phase of the progrém we discovered that
the polynomial fitting'rodtine is generé] enough that, in.
terms of the residuals, a]mosf identical results can be\obtéined_,’
by either performing a resection or by keeping all péraﬁeterS‘
fixéd and then ﬁaking the ﬁoTyhomia] adjustment. Thqs with.
the present program one can either opt fof the classical

resection technique or obtain the optimum pb]ynomia] fit.

' 2.5.4" Experimental Results

~ Two ERTS MSS images, designated 103 and 104, were
resectéd. These frames covered our Redding (Northern Ca]ifbrnié)
test area. The ground control pofnts were not distributed
over the entire frames; rather, we confined them to those
portions covering our forest inventory test site. In this
regard; only 1/16-of image 103 waé resected while the resection
' area for fmage 104 was approximately 1/6 of the total. image
area. A total of 18 points were used for image 103, whi]e_jo

points were used as input for the resection of image 104, In
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both cases we on]y‘attempfed to estimate the three rotation
parameters and the artificiaf foca1;1ength in the resection.
The other pafameters were held fixed as déScribed before; The
estimated values for the rotétio& parameters (yaw, ro]]iand :
pitch) were: -11.173°, -0.156°, -0.025°, and -10.984°, -0.161°
~and -0.9195, respecfively, for images 103 and 104.  To‘investigate :
‘the chaége in the rotation parameters énd the exposure station
coordinates in the casé when the ground coordinates of the
image center would be af]owed fo chénge, we removéd the weights
from the imagé‘center coordinates and obtained ﬁhe fbl]owing
’ reéu?ts: ihe image'éenter shifted by approximately 7.2 and -
35.3:km in Eas;ihgvand Northing, respectively, while roll'anﬁ
pitch increased to 2.056° and 0.423°, respectively. The
. combined RMSE for x and y remained practically unchénged.
This experinient reinforced the .notion that shifts of the image
cénter can be compensated.for'by'rotational changes, causing |
an-ambiguityiwhen trying to estimate both typeé of parametérs.

| The qualfty of fhe resections of images 103 and 104 is

indjcated in the following table.
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Table 1 -RMSEs FOR RESECTION OF MSS IMAGES 103 AND 104
(millimeters)
- {x 1000: .-meters on the ground)

o Aftef polynomial adjustment
~ - : Resection Power
Image . Result ] 2 3
| Image 103 }

(18 points)

RMSE for x 0.4z 0.129 | 0.123 -
RMSE for y - | 0.146 : 0.138 0.116 --
Resultant - 0.144 A 0.133 0.119 |. --
Image 104 |
(30 points) _

RMSE for x ©0.233 | o225 | o217 | 0.87 |
RMSE for y | ©0.196 |- 0.181 |.0.176 | 0.146
Resultant - 0.215 | 0204 | 0.198 | 0.167
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Firstly, we can see in Table | that the RMSEs vary from

0. 119 to 0.233 mm. This var1at10n ranges’ from one to two

. times the 1dent1f1cat1on accuracy of the U2 RC-10 photography

(0.1 mm) wh1ch is reasonab]e considering that the reso]ut1on
of the MSS 1mages in considerably less than that of thevRC-lo
photogr%phs. Thus we can concfude that the point identification
accuracy is the']imitjng factor with.respect to the resection
qua]ify‘. | ‘ |
Secondly, we can see in Table' 1 that the polynomiai,
adjustment does not appreciably improve the RMSEs. - To test
this hjpothesis we cah'compare the RMSEs before and afte}
po]ynomia].adjustment by combining them in the focm of an F‘
statistic. For instance, an F value of 1.29‘can be computed
from the resultant value after a third-degréé'adjustment_
(0.167). At'the 90% confidence Ievg] this value .should be
: greater than.1.51 to rejecc the hypothesis. This is not'the
case -and thus we cannot’COnfirm that the po}yhomial adjustment
contributes significancly to- the overa]i accuracy.

An interesting result of some further experiﬁentation was
that the po]ynomia] adjustment is useful when, for instance,
all the parameters but yaw (azjhuth) are held fixed. In this
case Qé would have t0vccmpare an RMSE of 0.575 with one of
0.199 after a third;degree polynomial adjﬁstment, giving rise -
-to an F statistic of 6.49. In this particular case a first-

poWér adjustment (fitting. of a plane) still gave an RMSE of
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0.232 indicating that a scale change in the form of an adjust-
able foéa] length was the most impoftant-adjustment_mechanism
~that wd§ not allowed to function when held constant.

With the.resection results in thenform of the povariante~
matrix of the estimated parameters, it should be possiB]e to
propagate the variances fo determine the accuracy of individual-
projectéd points. However, we know that the~accuracy of ‘an
Aindividua]'pd{nt is bounded by the RMSEs for x and y obtained
from the reseétion. Thus, it seems reasonab]e>tp assume a
maximum sténdard error of 220 meters on the groundvfor any
point projected on the MSS image within. the resection<afea.',
“Had we only'made‘a scale changezahd used'the image directly as’

a map, 'the error wouid have been in the neighborhood of 743 meters

according td the Data Users Handbook.

| 2;5.5 The Production of Image Qverlays
- After the résectioning of the'space images. was completed,
_the results were stored for subsequent use in the productioh
of the imége overlays. We decided to use the second-degree
residual estimation in both cases even though the benefits of
this estimatibn were not clear-cut, but Qe were cohvinéed that
the'accurgcy Qou]d not be degraded because of it. |

| Three typeé of points needed to be annotated on the space -
image, namely: the primgry sample unit cbrnérs, ﬁhe county

line boundary points, and the management unit boundary points.
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At the beginnfng of our investigation Qe decided to take- 
4x4 b]ocks of one-square-mile GLO land sections as the primary
sampling.units. Thus, one primary uhit would cover approximately
* ~16.thare miles. All poiﬁts were digitized from three maps atA A
a scale of 1/2-inch to-the mile. Géographic coordinates were
then asaigped.to each point by means of an_interbo]ation
method dsing a set of mép control points with known coordinates.
Tﬁe Qeographic coordinates were subsequently convérted to
secant p]ahé coordinates. At.this time no'e]evationS had yet
been assigned to the digitized map points. o

To produce elevations'for the digitized points we
developed a digital terréin model of which a-hypédc]ine chart
is -shown in Figure 4. This model covers an area of 125x125 km
" of our Redding tesf-area and inc]udes'partVof the‘Sacramehto :
Valley, the Trinity Alps and the Mount Shasta area. In this
area the maximum terrain variation is 14,000 ft. Elevations
for the model weré obtained by samp]ing»an aeronautical chart
with an 18x18 grid.

A_fest of the model showed that the RMSE of the actual
terrain around the model surface amounted to 330 m. Under the
assumption thqt the space image has a perspectfve geometry
(including relief diSp]acehent),iit can be shown that elevation
_errors.in the order of 330 m would induce plate position
errors.of 37 micrometers, whereas errors df 111 micrometgrs

would be .incurred by assuming a mean terrain elevation.
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~Howeveé, the MSS-image is fqrmed by perspective projection
(incldding terrain relief) iﬁ the cross-track direction only,
while in the along-track direction after bulk pfocessjng,'the. ,
perépective projection would 6n1y bé va]id~for:genera1 eafth
curvature. Thus; one would acfuaily-need twé'different terrain
models galaccount:for poth types of perspective variation. At
the pfeéent stage wé used the one model shown .in Figuré 4,
which accounts for both re]iéf disp]acemept and earth curvature
since the e]evations_were transformed to the secant plane
sysfem. | | | |

After the elevations were assigned to the digitiéed
points, they were prbcessed through a program that sorts the-
points by frame number and projects them onto the MSS image in.
a rectangular coordinate system defined by the regfstration
marks at the four corners. These coordinates were fhen plotted
on stable transparent material with a Hewlett-Packard 9160A
calculator-plotter at an enlargement ratio calculated by
measﬁring a set of knowﬁ distances on the enlargement.

At a later point in our invesfigatibh, after having
~ performed several resections of ERTS MSS images, we concluded
that there wéslgufficient geometric accuracy for. the primary
sampling unit to be as small as é ohe-square-mile GLO land
section. Consgquently, wé used the point data base developed
for the annotatioﬁ.of the-UZ phdtographs’and projected these
sectﬁon‘cofner,points onto the ERTS MSS iﬁéges. Ah example of

a 4x4 mile overlay produced with these points is shown in

Figure 5,
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As the main emphasis of our ERTS 1hvestigation was on
digital processing rather than on human interpretatioﬁ; tﬁe
visual overlay was not the most important product of our
“annotation system. The set of digital prbberty corner coordinates
usgd tolgenerate the overlay wa§ more impoftant, since it
al]owedgus.to process only those selected portioﬁs of the.MSS,
digital‘data.tapes which corresbonded with desired one-square-
' mi]elland sections, or portions thereof. |

As a signffitant fesu]t; we therefore obtained not only
the cépébi]ity to process a set of diverse and scattered
sample units, but also to digitaT]y.process dn]y fhose image

portions corresponding to one ownership.
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3.0 HUMAN INTERPRETATION MODELS

3.1 Introduction

In any multistage samp]ing schéme, measurements made dﬁ
adjacent'sfages are tied together; by models that
provide estimates whith can be re]ated'to’thg résource through
sampling metﬁodg._ For example, in.variable prdbabi]itx samp]ing
the model prdvides estimates which are used to determine selection
probabi]itfes for estimating a particular paramétef at the next
,stége. fn regression sampling, it is used fo adjust inexpensive .
measurements made on one Stage,with_the information obtained from
the more expensive stage. -In stratified samb]ing the model is u§ed
to define strata in which subsampling will takebplace._ | .
Certainly the sampling‘method.used is an imbortant factor with
Eegard to the overall Tevel of precision obtained in the surQey. |
Bup the interpretation model is of cfucial importance_since it
governs the transfer df iﬁformation from the image into the_sampling
design, and ;Hus makes or breaks the. quality of the survey.
In the remainder of thié repor; we first describe the models
»and téchniques that were deQe]oped; then we describe thé methods
with wh{ch'they'were tested and how they behéved in the test situation.
The typeS of jnterpretation-tecﬁniques used fall into two
~categories: human interpretation aﬁd machine ihterpretation.
Colwell (1965) qbserved that photo interpretation.entails two kinds -
of operations: (a) observing such photo-image charactéristics as

size, shape, shadow, tone, texthré, and location, and (b) Jjudging
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i_ the significance of the features, based in'1arge measure on their
interrelat{ohships or "association."

Colwell notéd that while a machine may have the capability to .
'dp the former, rarely is it capable of doing the latter sﬁfficient]y
well. On fpe chef hand, while a human being excels at judging
associations{ he may not bé able tq dora cohsistent'jgb of fnterpre-
ting featureg such as tone and texture fkom ]arge‘amounts of- image
data, as. he is sobn»overcome by boredom and fatigue. | |

At the beginning of our investigation we were aware that 1maqe
features most highly corre]ated with biomass volume wou]d be the
spatial distribution of tone and texture, and that large amounts of
data would have to be interpretedf. In addifion, human interpretation.
would not be entirely capab]é of extracfing the maximum amoqnt.of
._ 1nformat36n from:mu1fi—channe]~1mages such as provided by the MSS
system.

In view of these considerations, most of the human photo
interpretation effort'was.concentrated on the U2 RC-iO high-flight
photography. Photo fnterbréters,ﬁere able fo see ihdividﬁal trees
on these photogfaphs and they were able to associate their obsérvations
Qith ground expefiénce 6btqined in the area.'.Even so, the interpretation
précess was sometiﬁes difficult since it required a subétantia]
amount 6f subjécti&e judgement. | .

On the other hand, the ERTS interpretation:effort became

almost entirely machine oriented as photo interpreters were not
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able to extract any kind of associative information reiated to
‘biomass fromAthe photographic ERTS images.

_VIn the fo]]pwing secfion.we relate our attempt to develop a
éuitab]e'UZ'RC-lo high-flight interpretation model -for the prediction
of ‘timber volume. | |

f

3.2 The U2 RC-10 Timber Volume Prediction Model

As the basic uhit of land to be used in the development of our
interpretation model, we selected the one~square—mi]evGLO'1and
section. 'These‘sections had-been éhnotated on the U2 imagery; as -
described in Section 2.4. Specifica]Ty, welﬁelected;40 sectibns to
‘be'used to develop and test a model. They were chosen to represent
: é'wide,fange in timber volume in a variety of locations within our
6yera11 test site. - | |

‘ Our aim Qas to develop a regreésion type interpretation model
for which the indépendent variables could be inﬁerpreted'from.the
uz bhotographs. Thfs-type~of MOdel would be-more consistent, and.
Tess subjective, than a~direct ocular estimation method. AThe
dependent var{able to be used was timber volume per square mile as
known from the records of the Southern Pacific. Land Company.

We started out with. the interpretation'of'eight varjab]es.
The;e were (1) the bercenfage of a parcel on southern exposﬁre;

(2) the percentage of southern exposure covered with confferoUs
forest; (3) crown density of the conifer covered portion;-(4)

pe%centagé of large trees on this portion; and the variab]esi(s)
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through (8) being a repeat of'the first four variables for the
northern exposure.

In this first ihterpretation experiment we interpreted black-
_and—white prints of the U2}c010rAinfrared phdtpgfaphs.‘ Two interpretérs :
_estimated the 8 variables for the 40,sectioﬁs twice.. The initial
“idea was to qvefage the four sets of interpreted'data to- reduce
their variab{]ity and to reduce‘interpreter bias. 'For this purpose
 we did an analysis of varianéé to determine if there was a significant
difference bétweén intérpreters, and to test the homogeneity of |
variance among the different data sets. The outcome of these tests
showed that fhe'data.éould be averagéd. Specigl caré was taken to
make the data cdnsi§tent by using the conference inferpretation
system, whefe common standards fof the inferprétation’wére continua11y

established. “ | | | |

Using the averéged eight variables, we tried six different

models incbrpbrating linear and.non-iinear combinations of the
variables. The outcomes did not differ significantly from mdde]'to
'model. The mu]t%p]e correlation cbefficient-Was in the order of
0.65 énd the standard error of the estimate was of the magnitude of
2.5 million bpard feet (bd.-ft.) per square mile. We discovered,
" however, that we could economize on the interpretation effort by
averaging theAvariables-for the northern and southern expasﬁres;

as this distinction apparently did not contribute to the overall

-result.
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In the hext experiment the number of Variableshﬁaé reduced to
" three; namely: (1) percentage of the section covéred by.cbniferOUS'
- forest (C)3 (2) crown cover density of the coniferous forest (D);
and (3) thé»percéntagé of thé stand in large trees (L)..

In addjtion, we investigated two'bther factors; the difference
between.the qéé of black-and-white or color -infrared photographs,
andvthe différence between interprétefs.‘ The results of the second
experiment in which we tried three‘models, two interpreters, and

two kinds of photography are given in.Table 2.

Table 2. RESULTS OF U2 RC-10 PHOTO INTERPRETATION EXPERIMENT

Black-and-White ~ Color Infrared
Model _
: Int. 1 Int. 2 Int. 1 Int. 2-
© Multiple correlation coefficient
1. - V=M+CD+CD2HCLHCL2 0.71 - 074 0.64
2. v=M#CD+CD2 - 0.58 - 0.58 0.53
3. v=ecpep2eL412) 072 - - Co07s 0.65

In Table 2 there‘are_no entries for the second iﬁterpreter.
under black-dnd-white photography, since this.interpreter was no -
longer available. However,'jt can be coﬁc]uded froﬁ fhe color |
infrarédlinterpretatioh that there was indeed a significant differ-

ence between interpreters.
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‘The §econd cpnc]usion.that can be,dfawn froﬁ the experimentai
outcomes is that the difference between color infrared and black-
and-White‘photoéraphy'is very small, so that the type of photography
used does not seem to be aﬁ important consideration in this case.

The variable percentage of large trees (L)_was a source of
comp]afnt duqing the interpretation work. Highly subjective judgment
was requiredifor its interpretation. We, therefore, omitted fhis
-variable (model 2) to determine it§ inf]uencg on the multiple
correlation coefficient. The decrease in this coefficient, however,
indicated that the variable made an important contribution and, |
thus, it was fnc]uded in the final ﬁode].

VThe third model was the final one selected for testing ina
Samp]e.survey situation. In-Séction'5.3.2 we discuss how .the
various U2 RC-10 interpretation models can be used in four sampling
schemes, and what their relative preciéiQn could be‘in‘each situation.-
The resuitsvof using tHé third model under simulated operational

conditions are further described in Section 5.4.5.2.
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4.0 MACHINE INTERPRETATION

4.]‘ Introduction

In the previous section we ment{oned ﬁhat the most suitable
machine-oriented {nterpretation process is one in which basic tone
and texturepparametérs are extracted from_Targe amounts of image
data withoutiassociative dfgcrimination. Such a task creates
boredom and éatﬁqué for the human inferpreter,.affectfng the consis-
téncy of his interpretation. In addition, a machine could possibly
be more efficient than a human interpreter.

We also mentioned that fn the context of biomass'interpretatioh
an ERTS MSS image lends itself bettef to machine-intérpretafion
than human_interpretation. ' |

| In the context of a mp]tistage inventory, however, another
type of fmagery was considered for machine.interprétatibn for the
reason outlined above. That is, the interpretation of large-scale
aerfa] photographs for a forest inventofy requires-tedious and
laborious treé counfing thét could possibly be automated.

The section on machine interpretation is, therefore, divided

“into two parts. Firstly, we report briefly on our effort to eliminate '

tree counting on large-scale photographs by using a density slicing,
particle ana]yzing_mdchine. Second]y; we will report on our effort
to develop a digital timber prediction system, using the MSS digital

data tapes.

4.2 IMANCO Quantimet Machine Interpretation

For this investigation, 1:40,000 black-and-white infrared

aerial photographs'eng]arged to a scale of 1:24,00b wefe used. -On
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these images were located a set of 167 sample strips with a width
of eight chains on the'grdund, all within Southern Pacific Land
- Company parce]slin Trinity County; ground volume estimates were

available for all 167 sample strips from a previous forest inventory.

Machine Conffguration
| Basica]iy, thé IMANCO Quantimét"720 is a densify slicing
A machjne also capable of counting and measuring the separated
', objects {n the various grey levels. 'Foh the éxperiment the images
weré sliced such that the darkest_]eve] mostly répresented tree
shadows and north slopes. The next’ to darkest~1e9e1 consisted of
dark vegetation, and the next‘to lightest 1eve1 was composed of )
light vegetation. The lightest level mainly represented bare areas
and brush. | | | -
| In addition to density slicing, the machine has a capabi]jty

for measuring areas of'the features in the.var%ous slices. For
this .purpose éight}area-éize categories were selected ranging from
one picture point to an 8x8 ée]] of picture points, where a-picture
‘point was'approkimate1y 2x2 mm,

Two other features of the IMANCO Quantimet are fhe capabilities
to make interceptrqounts and end counts. ‘With the intercept count,
a horizontal chord interceptiﬁg the blob is counted whenever it
satisfieé the sizing criter%a. In the end count, all the downward
projections which fall within the frame td be analyzed are counted.f

and can be grouped by size.
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Modes of Opération

The IMANCO Quantimet is éonnected to a teletype with which
selected variables can be recorded. .For our experiment the following
variables were se]ected'for recdrding;' (1) the total area in each .
slice, (2)-ihtercept counts in each ]evéi by sizes, and (3) end

counts in each level by sizes.

|

Analyses
Using.the ground data from the Southern Pacific Land Company

sUrvey,,regréssion models Were fofmu1ated where the dépendent
vafiab]e was gross conifer timber volume obtained fromlother regressions-
based on tree counts obtainéd on ‘the ground.- The observations: on
the dependent variables were obtained from the IMANCO Quaﬁtimet.
| The procedure used was to-compute princfpa1'¢omponents of
various combinations of variables both within and across.density
s]fces. Components were @omputed fdr'the'following ﬁonfiguratipns:
1. Across all variables within each slice. |
2. .ACPOSS intercept counts only Within éach slice.
3. Acrdss end counts only WithinAeach slice.
4. Across end éounts_over all densities. ‘
5. Across intercept'coUnts over all densities.
6. Acrqss area counts over a11.den$ities.
7. Over all variables combined.
After obtaining the principal components,.cbrré1ation matrices
were calculated to detérmine which principal componehts wére most

highly correlated to the dependent variable. After screening,
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various combinations_of principal components_were_formed from the
eigen vectors and used as independent vafiab]es.in regression‘
models. The results were somewhat disappoihting.'ACorreiation
coefficients between the dependent variable and the:individual
~components ran as high as 0.34, but most Qere.]ess than 0.20, with
several in th 0;20_to 0.30:raﬁge, When combfnatjons were tried,
(mult{ple reéressions) the highest multiple regreésion'coefficient
'esfimated was 0.55. _ |

When outliers wereAsuécessively removed from the daté set, the
correlations gradually rose to'0.76. However, so many outliers had
to be'rémoved to achieve this figure that we were simp]y trimming
the tails of the distributions.

Our conclusion for the experiment was that the distribution of
the dependent variab]é has too 'large a variance fdr the particuTar
data set of IMANCO Quéntimet Qariab]es'to be useful in'the cases.
tried. HoweQer,'bther projects which utilized large-scale 70mm
photography indicated that meésurements obtained from the Quantimet
equq]]ed those of.human intefpreters when cofre]]ated with timber

volume measurements.

4.3 The Digital ERTS MSS Interpretation System

4.3.1 Introduction .

The.digifa] interpretation system was developed on the -
premise that a special system would be needed for the purpose

of a multistage inventory. The characteristics of the problem
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'at‘hand requirfng such a special system are: (1) the presence
of extremely rough and mountainous terrain; (2)-a continuously
varying timber specie; mix with varying crown coyer;-(3) the
. need to estimate biomass in the form of timber volume; and (4) _
the reguired capability to interpret relatively small and
aécurate]y located sampling units with ifregu]ar ownership
boundaries. These requifements.are much'different frém the
agricultural conditions that goverﬁ the charécteristics of
other digjté] classificafion Eystems.' |
The system described in this report is made up of three

- ‘basic components: . (1) an image handling subsystem; (2) é
training subsystem in whfch all the parameters for the interpretation
'prqcess'are determined; and (3) a dfgitq] timber volﬁme'prediction
subsystemithét interprets 'the image to make thé.fimbek volume
predictions on a Tand parcel basis. |

The‘overall system is different from most ofher digital
classification systemé in that the final product does not A
consist of a discreté set of classes. .Iﬁstéad the results are
estimates of a contiﬁuoﬁ§ variable: biomass in the form of |
timber vo]umé. We therefore avoided using the term classification -
sysfem in this final report. Howevér,.ap important part of
. the training subsystem fs a c]aSsificafion program.” The
classification at this stage is(strittly'an unsubervised
cfustering into land classes. These‘tlassesAare then converted

to percentages of aréas:occuﬁied by the class in a given
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parce] whiéh aré.then regressed on a set of known timber
volume estimates for a certain training area. The results are
- used to estimate timber volumes in other areas.
-'we describe the_prinéip]és'and operating procedures for
“the thr$e_subsystems in the foi]owing threevséctions.
i

4.3.2 The-Image Handling System

The.image_hand]ing system was designed to achieve the
following objectives: (1) to locate sampling units in the
digital data'wfth sufficient accuracy; (2) to minimize tapé
handling and random access retrieval; and (3) to work with.nxn
matrices of pixels ("inte]s“);-rather than on a pixel-by-pixel
basis. | |

"A f]ow diagram ind{cating the operational use-df'the
system is §hown in Figure 6.

Thé first step in using the system is to define with,
relatively low accuracy the overall area:df interest. This is_.
done by spécifying.the distances in the x and y directions in

'hautica] miles (nm) of the upper left corner of the area from
'fhé;upper left corner of the frame, as well as the dimensions
-of the,érea in nautiqa]'miles.. These coordinates are input to
fhe first program which reads the MSS data tapes, joins the
scan lines across‘25 nm-strfps, and separates the MSS data by
channel.’ The'output tapes, one for each requested channel,

contain only the data for the area of -interest. Unnecessary
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tape handling is avoided by only using those input tapes whiéh
contain MSS data for the area of interest, and by restricting
~ the number of outputbtapes to the number of requested channels.

In a multistage forest survey, the first program would
be used to select the forested area on fhe ERTS frame on which
the inventory is to be méde.

{he'secohd step extracts the sample unit areas_from the
general area. Considerable accuracy is required for this
pufpose, and, thus; the input for the second brqgram'consists
.of accuréte]y specified corner coordinates for the sub-image.
These coqrdingtes are-trénsformgd to pixel locations, using
skew and rotétion parameters determined from a-]éastrsquares
‘édjustment of the MSS data. The.input for the ]east-équares
adjustment .are image coordiﬁates and pixel 1ocations.of a set -
of corresponding points. The resulting RMSE of. this adjustment
is in the neigpborhood of’2.0'pfxels. The sub-fhagé indicated
by thevtrahsformed corner coordinates is extracted -from the
relevant channel tapeé; corrected for ékew;.and then transferred
~to a randam_accéss storage device. This procedure is repeated
- for each channel.

The tﬁjrd stépAbrings.the image for the desired channel’
into core ready for use.  An identification block is carried
along with the image which specifies the bosition of its
pixels in relation t6 those of its parent image as wé]l as the

channel number and other pertiﬁeht'jnformation;
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Any image can be displayed on the line printer usihg a
set-of sixteen characters. Each one is uniquely related to a

part of the spectral response range. Part of a printout of

band 7 of frame E 1094-18224 is shown in Figure 7.

4.3.3 The Training System

This part of the system is used on a designated training
area for which timber volume estimates are available. The |
tréihing area should be representative of the rest of the |
terrain. The output of the system is a basic set of parameters
needed for the‘timber volume_estimation. Ae can be seen'in
the first part of Figure 8, the training system consists of '
six programs, some of which are 61§0'emp10yed'in the timber
.volume estimation process. We briefly discuss each of the

'iprograms and related fechﬁiques. |

(a) The Feature Extraction Program. The image of the

:training'area is blocked up in elements termed "intels." The
syétem is pertfcu]arly suited for work with 4x4 and 8x8 pixel
intels.  For each intel the feature extraction program.extracts
one tone and one contrast measure for each spectral baﬁd.
To eompute:these measureé,'we~used the fest Walsh

(Hadahard) traﬁsform algorithm in a computational form described
'by'van Roessel (1972)., The compﬁtation 1evei used so far is

the first level. That is, when using an 8x8 intel size we are

| working with the 4x4 grey value subtotals to compute the

.overell total as Wel] as three contrasts.
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| The overall tota]»for the 8xé intel is the tone value

used. The square root of the sum of the three constrasts
squared provides us with a rotation- 1ndependent contrast
measure. To make this measure partially trans]atlon 1ndependent,
~ the trqnsform frame is moved around in a sub-image con51st1ng
of the intel plus a margin of onefqurth the intel size. The
maximum?contrasf'for all possible positions of  the transform
frame is the éontrast used.

The final output of the_progfém is a list of 2 x n x k
featurés, where n is the number of channe]s used, and k is the

number of intels in the area to be classified.

(b{ The Feature -Modification and D1sp]ax;Prggram

" Feature extractlon is followed by feature modification and
display. Modifications may consist of taking combinations of
tone values for various bands, such as the difference or,the‘
ratio. For'this purpose one may write a short modificétion
routine. ConSequently,-no restrittidhs are placed on the type:
or number of possible modifications.

For‘each type of modified fedture'tﬁe'program displays
a histogram. Histogram gxamp]es fdr'featurgs compiled from
the tone va]ue§ Qf 816 8x8 intels for the sub-image covering -
our first test area are shown in Figure 9, The first two
Histograms are for bands 5 and 7, respectiye]y; the third
histogram'showg'the~freqﬁencies for the differences of the
tone values of these bands. A]j téne values were standardized

and transformed toado to.3Q range.
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- In addition to the histograms, two-dimensional plots
are disp]ayed-for all eombinations of modified teatures. An
example of a plot of the tone values of band 5 (x-axis) versus
the tone values of band'7'(y-aiis) for the same 816 intels is
. shown in Figure 10 | |

The output consists of ‘a 11st of mod1f1ed features of
d1mens1on mx kK, where m is the number of mod1f1ed features '

per intel.

(c) fhe CTustering Program. _The basic component of
the unsupervised c]assification:program is the data clustering
routine. o

2: Normally clustering routines are based on the assumptidn

~ that the. data w11] fall into clusters which are representat1ve
-of multivariate .normal d1str1but1ons w1th adequate separat1on
zones between clusters. We anticipated that the d1ff1cu1t
mountainous terrain with which we:were working would yie]d:
data that would not adhere to these clustering conditions.

With this in mind, we selected G. A. Butler's (1968)
vector'field approach for the-clustering algorithm. This
' methbd permits one'slperspective of the data to range from
1oca11y sens1t1ve (where each data point is a cluster) to
globally sensitive (where the entire sample set is a c]uster),
| by manipulating a s1ng1eaparameter,_wh1ch_we have named the

: fie]d.strength.
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Basically, a gravitational field is generated in the n- -
dimensional sample space by using the simple Newtonian formula
for an attractive force between two bodies, in which the
squéred distance has been replaced with a general pdwer of the
distahée (F = m]mzs'r, where S isAthe-distancg-befﬁeen twoi
points with masses mq and my a’nd,--r; is the field strength). A
gradieng searching technfque is. then used to Took for nodes or
'centers.of zero gravity in the vector field. . These nodes are
represéntatiye of the cluster centers.

'.Several modifications to Butler's orginal techniéue
were made. . The majbr disadvantage was the large number of
computations td be carrfed out. For each step in the sample
space, the distance and fqrce components from all other sample
points must beicomputed. *we partly eliminated this disadvantage
by thinning the sample space with anotherbclustering algorithm,
the "chain" algorithm (Andrews, 1972). Rather than using a
unit mass'for a]]Ithe sample points, we work with a reducéd
set of points with non-unit mass. The same chain'a1gorithm is
also used.to_define a small set of staﬁting boints, from whfch
the gradient‘séarch for the zero gravity centers is starfed.

It was.-also deSiréb]e to include some kind of clustering
.stability evaluation as any desired degﬁee-of clustering can
- be obtained by varying'the field étrength. We arri?ed at a
.procedure whereby the fie]d strength is reduéed stepwise over |

a certain range, and the new starting points for each iteration

_52-



are the nodes from the previous iteration. 'fhe degree to
which_the:o]d.nodes fesié; being combined, while réducing the
field strength, is a measure of the clustering stabi]fty.
Typically, the fiejd-strength.islvaried from -3. to -2. with
increments of 0.1. .

(d) The Neareét Neighbor Classificatioh Program.

After tﬁe cluster centers have been found, the intels can be
classified according to the cluster with which they are associated.
Roese (1969) has used a maximum 1ike1ihqod proéedure, on the
assﬁmption that his'élusters resembled mu]tivériafe normal |
djStrithjohs; However,. we are using simple non-parametric
nearest-neighbor classification on the assumption that the
.data with which we are working are by né means normally distribdfed.
The classification is based on the_Euc]idean'distance between
| thé,boint to be classified and the c]dster centers.” The point
is assigned the class of the center to which it is-closest.
The n;dimensional space used-is §tandardized by subtracting
-frbm each type of feature the oVeka]l mean and by dividing by
the standard deviation for each axis. |

The output qf the.prograh consfsts of a set of matrices
(one for each field strength) indicating the class number for
each intel.

(e) The Class Areé Per Parcel Accumulation Prqgram.

The next program uses the interpretatioh matrices to determine
the aféa percentage of the total parcel area that'is:occupied

by a given class.
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»From_the.interpretation matrices a c?assificétion'image
is generated by expanding the matrix in the form of 8x8 blocks
of class numbefs for each class number in the original matrices.
. 'Land parcels, or'aggregates_of land parcels, are specified
as inpdt to fhe program. The pixel coordinates of the parcel
. corners;are retrieved from a preVioust prepafédilist. The |
pafcel beundary is then superimposed on the classification
image, and the pixels of any‘given class that are within the
‘1 boundary are ta]liee and. divided by the total number of pixels
in theiparcei.
‘ ‘The.class pfxels Qithin the-parcel are counted using an
"in or out" algorithm. Then a regression is performed.fn-
Which the dependent variable is the known timber volume and
the'iﬁdependeht variab]es.are the class percentages. This
| regression is based.on the following modej:

V=BP . +BP,.  +....+Bp  +e. -

Vj Vg 2 23’ lpij EJ ) '(4)

where V-i;'the timber volume per square mile for parcel iy v
is the average timber volume per square mile computed over all

J par¢e1s;lpij is the class proportion of class i in parcel j;

' Bi represents the differehtiaj'volume level for class i -(in.

other words, if the parcel is all in this class we add B; to

V); and ej is an error term.
Note that we subtract the average'Volume_per square
mile from.the dependent variable, rather than estimate a

constant term in the regression equatioh. The.reéson_is'that
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the proportions sum to 1, so that the X matrix'is_not of full
~rank when a unit column is carried. -

To evaluate the results we examine the fo1lowjng regression
statfsfics: ‘(l)-thé-md]tiple correlation coefficient; (2) an
'F statistic for testing the hypothesis: Bi_=_§2 = Bi =0, (in
other quds, the fnterpretation system provides.stafistical]y
signifiéaht resu]fs); (3) t values for the’individﬁa]fbetas; '

to test the significance of their difference fromlzero.

| In addition, predicted timber vd]umes_vj are computed.
These predicted volumes and the known volumes are then used to
estimate the gain in efficiency that would result from the use
of the bredi@ted volumes in a variable probability samp1ing'
scheme.” If we denote the variance for simple random sampling
, DY-V;rS, and the variance -for variab}e probability sampling byA’
‘ Vyps’ then the increase in precision is computed ag follows:

VS rs ° vas

AG =  x 100% (5)
Vsrs ,

It can be shoWn that AG does not depend'on the sample size.

4.3.4 The Timber Volume Prediction System

‘The major outputs of the training part of the digital
interpretation system are the zero gravity center or node
~coordinates and the timber volume levels for the classes
' corresponding to the'hodes. These outputs are the.cbntro]]ing

parameters for the volume estimation system.
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A§ is shown iﬁ'the second. part bffFigure 7; the sub-
image for~whiqh volume estimation is needed is}thé'input to
the feature extraction and modification brogram? The list of
fea§ure§ is then entered into the nearest neighbor c]assifier
where Fhe intels are classified according to'distancés of the
- point tq the centers of zero grévity. The résu]fing matrix
“with ingel classes is then run through'the class area per
parcel accumulation‘program in which the class percentages in
the relevant samp]ing'bnits are accumulated. The percentages
afé entered into the volume estimation routine along with the
volume levels from the training syétgmf ,The'résult-is a set
of volume predictions for all the parcels that wefe'contained
in the sub-image from which the features were.éxtracted.

The process is repeated'fof all releyant'sub-images.
The final 1ist of volume predictions is used in the multistage
inventory to determfne the probabi]ﬁty with wﬁich each unit

'will be selected for inclusion in the inventdry sample.
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5.0 SAMPLING EVALUATION OF MODELS AND TECHNIQUES

5.1 ‘Introduction
Our objective in the evaluation of models and techniques
developed during the investigation was to answer the fo]]Owiﬁg

questions. (1) Is the developed model statistically significant?;
P A :

~will jt supp\y significant information when épp1ied to areas other
than for which it Qas developed? (2) If the model is statiética]]y,~
significant, what will be the contributfon of the model to the

. sampling efficiency whgn inserted in a sémp]ing deéign? (3) What
is the optimum sampling design for use with the model? (4) What
are the basic parameters that make the technique or'mode] optimally
effjcienté . |

In the following sections we wi]T try fo re]éte our findfngs

re5u1ting‘ffom the attempt to answer these vital questions.

5.2 Evaluation Methods
TheAusual procedure for evaluating a classification 1nterpretation-“ 
model -is to obtain.the model for the designated tragning area, and
then to-apply this model to a differenf test area. The "truth" is
known for both the training and the test area;-so fhat an evaluation -
can be made for both‘cases.' U§Ua11y the success rate is considerably‘
higher for the training area than for the te;t area. |
Several mgthods mayAbe used to evaluate a'samplfng estimator.
One method is to estimate the variance of the estimator from a

sample draWn from the-.actual-population. In some cases where the
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pdpulation.can be simulated on a computef, a better evaluation
methodAmay be to let .the computer sample the population, and then
compute a yaniance for the estimator from a great number of sampies.

A more difficult_sftuetion arises when ;he.fnterpretétioﬁ
quel of the first stage iseCOUpled to the seeond-stage through- a
sampling est%mator. In this ceee one has to deal not on]y‘with.the
variation offthe-eeeend-stege sampling distribution, but also with
the variation inherent in the interbretive model. If the training
sitevwere'a popu]étioh beionging to a perfect]y homogeneous super
’populat1on of a]] poss1b1e tra1n1ng sites, the model var1at1on
would consist of (1) stat1st1ca] var1at1on around the model for a
pafticu]ar site; and (2)~stat1st1ca] var1at10n of the model from
site to sitee . | | |

| | Under such circumstances one eould probably eva}uate the model

samp]ing method_estimetor combination using simulation and Monte Cerlo
techniques. Th1s approach may be justified for large sca]e images
'of homogeneous forest types.. In the present situation in which the.
effort is concentfated'en small-scale images, a host of factors may
influence the appearance of the terraih from site to site. ‘Thus
the super population of all possible tréining sites is very Tikely
not statiS;ica]]y homogeneous; énd so the only vieb]e'testihg_
method seems to be the training—site/test—site approach.

In the following sectlons we first describe the est1mators

that were cons1dered for the investigation. Then we 1nd1cate how

the relative difference in'variance for each estimator can be
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determined. .Finally, we show how the ‘estimated difference or gain
in precision should be interpreted differently for the training énd

the test areas.

5.2.1 Sampling Method Estimators

..¥n our evaluation Qe considered the‘fbllowing set of
sampliné method estimators: | | |
| (1) Simple Random Samﬁling
'9srs f‘ﬂ%_ é;‘yi g o (5)
in which y. .. represents the estimate of the total timber
volume for the population, N is tﬁe total number of units in
the population, n is the number of'units in the samp]é and y%
is the timber volume (estimate or true volume) associated with
samp]e}uhit i. ‘. ) |
(2) Ratio sémp]ing
) o
in which x is the total of the timber vo]ume~estimates'associated<
‘with the~saﬁp1e at stage 1; 'y is the totai.of the'estimates
(or truevvo]umes) associated with the'samb]é at stage'Z,‘ana X
is the sum df the x's over the popu]atibn. |
. (3) Regression sampling
Yregr = Y. ¥ b(X-x) (8)
in which b is a regression coefficient either cbmputedvffom o

measurements made on the sample units at both stages, or.

obtained from such measurements from another sample taken from
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the population.' X représents the total of all estimates for
the entire'popuiation at‘staQe.i.
. (4) Stratified sampling with prdpbrtiona]
allocation
- L : .
- Ystrat =), NhYh . . (9)
l

In thisicase the population is stratified into L strata based
on measurements obtained from the population at stage 1. Each-

'stratum contains Nj, units. The estimated mean timber volume

for each stratum as obtained from samples at stage 2 is indicated

by j%.
(5) Variable probability sampling
' - ]’ n y'i. ) _ X, '
= _ where p, = 1 (10)
‘YVpS n Z B— p'l -
i=] i X

in which ;vps is the estimated total timber volume obtained
. with the variable probability sampling method. The variable
probability p; is the ratio of the estimate for that unit and

the total of the estimates for the sample at the first stage.

5.2.2- Estimating the Gain in Precision. for Each Sampling

Method

In sampffng termiho]ogyAthe term efficiency 1ncorporéfes
two éomponehts. These are the precision of the_eétimator and ‘
the cost associated with it. In'our evaluation we assumed

unit cost, so that sampling precision was our only criterion
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' for evaluating the perfonﬁance‘of a model-estimator. 'In this
-case an in¢re§se,in»precision méans a reduction in variance.’
Therefore, a logical method of comparing estimators is to
.combute the relative gain in precision when compared to simple
randoﬁhsamplé'in as follows:

:
. Vsrs '_Vmethod
Y x 100%

()

Vsrs .
At times we w111 refer to G = Vsrs." Vmethod,»rather than‘t?
AG. ' |
In the following we exbress G or AG for each of the
estimatbrs considered.
(1) Ratio estimates
- ' 2
: - 2p(CV)y(CV),-CV : :
- y °'x 9 12
Byapio = — g X 100% (12)
: cve - ,
, y : .
in which -
- .p is the pOpu]ation correlation coefficient
CV, is the coefficient of variation of X, and
CVy s the coefficient of variation of Y.
(2) Regressibn:Sampling : , '
' | - p2 x 1003 . . : : '
Mpegr = P71 | . (13)
. (3) Stratified sampling -with proportional allocation
]
bab e
L S PR T : (14)
strat . : _
y
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(4) Variable Probability Sampling
The variance of -the variab]g-probability estimator can

be written as follows: -

va5= n(g _X_.-Y) - (15)
| |

: Subtrécﬁing this variance from the one for simple random

sampling we obtain

- N A S R
c=N Y v [i-* | (16)
.and.the relative gain in the percentage mode.is:
c , _
A6 ¢ = s x 100% - an
Srs

. Noting that thé'gain formulas for-the.ratfo estimators,
and regression sampling'wére,both dependent on the correlation
coefficient, Zarkovic (1964) éttempted to‘obtain an expression,
forA(16) in’ferms of a correlation coefficient of vafiab]es
related to x and y. To obtain this objective he used a binomial
series of the type (1+x);]=1-x;.+ x2. j When eva]u@ting
the gain in ratio and,regressibh sampling, the minimum valué
of the population sﬁou]d be less than twice the popuiation mean;
Unfortunately, 1n the case of timber volume est1mates this

ond1t1on can eas1]y be v1o]ated
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5.2.3 Gain Estimation In Relation to the Training-test

Site Approach

Due to constraints in image proeeesing and-the avai]abi}ify
of ground deta, selected test,and'trainihg sites could not be
_considered random samples from a population. Thus; we wefe
not abie to assume any functional distribution for the units
comprising these sites. This is e'disadvantage when consider-
ing the relative precision of a sampling design. A way'out of
sdch‘a sitpétion was suggested by CocﬁranA(1963),'and used by’
Des Raj (1958) and Murthy (1967) in the eomparison of estimators
for different sampling methode, _The so]utionAis to regard the
finite population as drawn at random from a super. population |
| which posesses éertaid properties. -For the trainihg/test site
situation this éo]ution-takes.on the following form:

(1) The trajning/fest site combiﬁatidn can be considered
as a finite pbpu]ation_drawn from a finite.super
bopu1etion of all poesible,training/test site combina-
tidns. | | 4

(2) THe super bopu]ation of all fraining/test site com-

| binations can, in turn, be considered as a randomly

drawn sample from an infinite super popd]ation Qifh
propert1es which are defined in the f0110w1ng

In the prev1ous sections we have denoted the second-stage.
- population as Yis =1, ,N. Certain attrlbutes for -
each of these units can be measured at'fhe first stage, say

a]],.a2],---l-,am{.-'The objectiye.of the interpretation model
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is to cohétruct a predictor for Y; which 1S.a'func£1¢n of the
attributes: X. = F(a). ‘The properties to be assumedifor the
superlpopulations are related to F(a) as follows:
| '(lj' We assume that the prédictor Va]ues are lfhgarly
ré]ated to the popu]atfbn unit va]ues; For the

. training/test site combination We.haVe:.
Qhere the prope?ties of'é,_b, and e; with regard to -
the suber pdpuiafion.of all possib]e tréining/test

sites are assumed to be: .

E(a) = =, E(b) = 8, E(ei) sep o (19)
Var(a) = Vg,}Var(b) = Vg. Var(ei{ = Vii' o (20)

(2) Thus, for the firét super population we have -
CYpmewmhe 0 (2)
With regard to its super population, we assume the
following properties:. | |
E(eilxi)_= 0, Var (ei/Xi) =.{x? B - (22)
These considerations are afmed at.obtaining the.expectedA
.value.bf the gafh in precision of the different methods outlined
in the preQion seétions. Because of thé limited scope of the
investigation we will present such a resuit f6r variab]e‘ |
probability éampling only. _ |
The gain in precision‘fdr'variable probability sampling

over simple random sampling can be expressed as in (16). To

obtain the eXpected value of this ekpression we first must
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obtain the expected va]ue conditional on a given super popu]at1on '
of training/test site comb1nat1ons, and obtain the expected »
value of this expected value w1th_respect to the second super

population. This expectation is:

-, |
. N .
2 2 2 2 2
E(E(G/Sp])) = (8~ + Vb) Vx + |« ¥ Va) cov ( 1 _,Xi)+
T | R e/
- Vz]. + YX? : . o : :
cov | -SL LX)\ ; o (23)

This expression allows us to make some_conc]usions regarding

. the_baSic différénce bétween gain evaluation from th§ tr5ining
- site only, and gain evaluation froh a-combined training and
test site. | _ _

When we eva]uate the gain from a tra1n1ng s1te only, 1t
serves as the test site at the same time and, hence, there is
no super popdlétion of all. possible training/test sites; as
there is.only one such'combinétion. Thus; Vi, VE, aﬁd Vzi‘

. can be assumed-to be zero in this case. The version of equation
(23) for this instance is: .
| 2 AN
_ N LY +ycov (X371, x. U (24)
E(E(G[sp])) — gV ¥ (] 'WE: _ ) Y i i

.
i=1 Xy ]

An identical expression is found in Murthy, p. 189. It is

- the upper bound for (23). Thus, the results for a training/test
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site evaluation are expected to be worse than those obtained
from a training site only. _
It can be obtained from (23) that variab]e-probability

sampling will be more efficient than simple random»samp]ihg if

;2 g . X N '
Vo, + X7
N i : =1
X,
i L . .

82,+ vZ| ve ' ‘ (25)
b| "x.

=]

It depends on the circumstances whether condition
(25) is satisfied or not. In thé'training/tést site situation
it may not even be satisfied when the linear relationship goes

_fthrough the origin (« = 0), since the negative covariance term

‘Of(_l_.QX. -will still be present because of Vd'
. x. L) .
1 L .
Only in the case in which the training site is used as
S 2 o |
the test site v2 =0, VE = 0, V = O) and g > 1, do we have

a s1tuat10n in which variable probab111ty samp11ng wou]d

a]waxs be-superior to simple random samp11ng since:

N oy 22 '
- yCOV [xg , Xi) >~ BV - ‘ (26)

which is satisfied since the left side of this exbression'is

positive (y>0) and the right side is negative (see Murthy, p.

1189).
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The twoAimportaht conclusions that can be'drawn'ffom the
above analysis are: (1) tBe expectéd gain for an evaluation
using a training site and a test site is neﬁéssarily 1ess than
the expected'gain~obtainab1e from a training site evaluation
only; (2) the precision of sihp1e random sampling is not the
-uppér bound for the preci;ion,of variab]e probability sampling,

sinc? under. certain conditions .one can expect a negative

gainﬁin precision for the latter method, even when the

regression line goes through,the origin.

5.2.4 Evaluating the Statistical Sjgnifiéance of the Model.

One of ;he major questions that we attempted to answer
was:--is the deve]bped mode]l statisticél]y'significant in its:
app]icatidn? This‘question is cruciai. Since it would not :
make senge‘to evaluate the gain‘in precision obtainable with a
"certain.médel if the results of its app]icétioﬁ were entirely
_Hue to chance. |

'when~working with the training sites we a]wéys performed
-a mu]tip]g regression. AMost of this work concefned-the model
expressed in'équation (4), section 4.3.3. The significance of
‘this model lies iﬁ the significance dfntheiindebendent variables .
which describe differential timber volume leyels. For each
| levei we inspected the t statistic associated with it. To
assess the entife model we tested the null hypothesis (H,: all

differential timber volume levels are equal to zero) by computin§
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the F statistic:

Fpij;v'=4. SS(R/bg)/(P-1) o .- (27)
) S )

where SS(R/bb).is the sum 6% squares attributable to the
differéqiia1 volume levels, s is the standard error of éstfmate
obtaine% from the regression, p'is the nﬁmber‘of'estimated
levels ; 1, and v=N-p. (Draper and Smith, p. 64). |

For the-test site we evaluated the model.by performing a

' 'simp1e linear regression between the predicted values and the

5.3

- test values. An F statistic for the significance of this

relationship was then cdmputed.:
The use of these F statistics was of major importance in

festing the basic hypothesis underlying”our research; namely,

_that useful information for forest inventory can indeed be

obtained from high-flight and space photography.

Training Site Evaluation

‘The objective of the training site evaluation was two-fold:

first, we wanted a preliminary evaluation of -the technique and

-model, and secondly, after we obtained prdmiSing results, we wanted

to optimize the parameters of the mode].  We present the .results of

these experiments later in this section. First, however, a description

of the-training sites is giveh.
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5.3.1 The Trainiﬁg Areas

.The 40 one-square-mile seﬁtions Qsed to-deveIop the_UZ
.RC-lo‘interpreiation model were described in Section 3.2. To
train and evaluate the digital bredi;tibn syétem we Qsed the
following two sites. |

, ﬁhe'first site iS’av64fsquare-mi]e partion of ERTS

frame E!1094-18224 covering the northern part of Ca]ifornia's-
Sacraméhto.Valley'and the Trinity Alps. . It is situated in the
vicinity<of_Trinity Dam,.and covers a_pért of Clair Engle |
Lake, associated with:this'dam. "The terrain is mounfainous ,
" with elevations fanging from 2000 to 8000 ft. o

| The second area is a]sd §A64—$quare—mi1e site imaged on
frame é 1094-18222. It is further north; in the vicinity of
the junction of Coffee;Creek with the Trinity River. Elevations
here range from 5000 to 7000 ft.‘

| Both areas are contained in the,Trinjty Natioﬁa] Forest,
and are covered with timber §tands consisting of a mixture of
red and whité'fir, ponderosaApiné and douglasifiht »

The ownership pattern for both siteé is of the checkerboard
type. The individual 1and parcels are all approximately'one |
| square mi]e,.aiternafely owned by the Southern Pacific Land
Company and the Federal Govérnment. Our ground truth in the .

test areas consists of volume data for some of the Southern

Pacific land parcels.
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One of the main reasons for selectfng the two sites was
that tbg;firsfiareaicontéins a wéter.body, whereas - the second -
test area is all land. |

The éortfon of ERTS frame E 1040-18222'covering the
first éfea is shown in Figure 10; Band 5 is répresented in
Figure 115, and band 7 is.shown in Figure 1]b.' Note the
accentuation of the underlying terrain form ;;d water in the
band 7 image, and the more detai]ed information (paftly due to
vegetatioh)'in tHe‘band.S.ihage. The difference proved to

play an important role-in the digital interpretation.

5.3.2 Evaluation of the U2 Model

The U2 RC-10 interpretation model was described in
Section 3.2. Multiple correlation coefficients fof.each of
the models tested with color infrared and B]ack—and-white
photography for two intéfpreters are presénted:ianab]e'Z. ‘

For each of the model-image-type interpreter combinations -
we also calcuiated'the gains-in precjsfon for the'sampjing
methods described in'SeCtion 5.2;2. 

The gains in precision for the selected model for two
photo interpreters intefpreting from color infrared photography

are presented in Table 3.
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Table 3. TRAINING AREA SAMPLING PRECISION GAINS FOR U2-MODEL

Sampling Method . [nterpreter 1 -~ Interpreter 2

G (percent)

Ratio | 55.1 82,0
R_egjress«ion' | ssa | 42,0
Stratified | 434 | 27.8
Var{ab]e Probability|  49.9 I 40.3

This table confirms the difference between the two

~ interpreters previously noted in Section 3.2. The results
further indiéate:that a considerable gain could be obtained
4with the.UZ model Qith all Samplihg methods. This result wés
not entirely substantiated when_we,app]iéd the model to the
test area, however; Variable probability sampling seems .
-s1ightly inferior to ratio estimates and regréssion sampling.
_ Stratified‘sampTing seems‘inferfor to variable,brobabiiity

“sampling for this model.

/5.3.3 Evaluation of the Digital Interpretation System

_ The training site evaluation for the digftal interpfetation
system was cast into the form of a factorial experfment in
which-weé systematically tried various combinations of bands

and model parémeters. The experiment was repeated for the two
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training areas. The final system parameters and differential
voTume levels were then obta1ned by tra1n1ng the system on the
two comblned 64-square-mile areas.

In the following, we f1rst‘out15ne the experiménta]
design, then discuss.the results of the -experiment for each
tralnlng area and finally present . the resu]ts for ‘the training

run us1ng the comb1ned areas.

5.3.3.1 -The Experimenta] Design

Wé described in Section 4.3.3 (Equation 4) how

. "known“'timber volumes are régressed on-the class afea
pkoportions'for 5 set of parcels. This ground truth in

" the form of known volumes is gssentia] for the training

of the interpretation system.- In the present case, |

" however, not all land parcels had ground volume timber
estimétes. We therefore had to resort to photo interbretation

~for the interpo]ation of volumes between adjacent paréels
with knqwn vo]umess This interpolation was performed on.
U2 RC-10 photographs by a highly trained photo interpreter
with extensive ground expe}ience in the areas. Ground
vo]umes arevknown only for -one-fourth of all pgrce]s in
the first test area. Ha]f.of the parnels of the second
area. have known timber volumes. We Aesignated the
mixture of known and interpreted vo]uhes as “ground
truth;" keeping in mind how the volume figures‘were

obtained.
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At the same time, we developed the more objectivé
interpretation-model for the U2 photograph§ witﬁ 6ther
photo ihterpfefers; They estimated a set of indebendént
variables on the photographs rather than making a subjective
,jo]ume estimate directly. This interpretation system is
de?cribed in Section 3.2. Volume eStimates obtained from
thése'independent variab}es; as combined in a regression
equation were obtained for both test areas. Hereafter,
we réfer to Fheﬁ as ‘the U2 esfimates.

The "ground fruth" volumes qnd the'UZAéstimates
were both usedjas the dependeht variable in the regressions
with ﬁhe class area proportions for the 64 parcels. The
- purpose of using béth types of estimates is that, in a
multistage.inventory, one would either have. the option to
directly cofrelatelbetween the ERTS estimafes and ground
estimates (a two-stagé survey) or to include another ]
intermgdiate stage'pf aerial photography such as the U2
estimates{(a threé-stagé survey). .The hypotheéis being .
' tésteq is that a higher cqrre]ation is possible between
.ERTS and U2 egtiﬁates, than between ERTS and ground
estimates, because of the closer resemb]ancé of the
resoufce-between ERTS and U2 imégery fhan betweeﬁ ERTS'
imagery and grodﬁd observation. '

~ .The objectives of the eiperiment weﬁeAto test

different combinations of spectral bandé and different
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‘types of features extracted from.the images. Specifically,
" we were interested in thé following two hypotheses: ‘(])
inclusion of a contrast featﬁre increaseslthe gain in
précision; and (2) the inclusion of the difference between
V bands 5 and 7 incréases the.gafn in preciéién.-'The

‘Taﬁter hypothesis wa§ of interest since various authors

have recomnended the ratio or the difference of these

bands as being uséfu] for biomass eétimafionl(Vincent, 1973;
Turner, 1973). To test these hypotheses,bwe desfghed an
-experiméntlbfsthe factorial type in which we tested

]6 differént combinations of bands and féatufes. Sbecifica]]y,
'wé experimented'with the following factors: (1) factor a:
band 5 present or absent; (2) factor b: band 7 present
or-absent; (3) factor c: the difference between bands 5
_and 7 present or ébsent; (4) factor d: contrast measufé
fof:al] bands or differenées between bands used. Comb%nations
of theée factors resulted in the following "run" combinatiohs

listed in Table 4.

5.3.3.2 - Evaluation of Experimental Outcome

First Training Area
" For each of the run combinations listed in
" Table 4 digital interpretations were made. The results

.are presented in‘Tab]é-S, where for each run combination
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Table 4.

"RUN" DESCRIPTIONS FOR FACTORIAL EXPERIMENT

"~ Run Combination

Run Description

10.
1.
12.
13.
14.

16.

ac
bc:

abc

ad
bd
abd

cd
'aed

abcd

Information for the best run combination applied
at random in the regression program. Thus,
results entirely due to chance

Band § alone’

Band 7 alone .

Bands 5 and 7
The difference between bands 5 and 7

Band 5 and the difference between bands 5

~and 7

Band 7 and the difference between bands 5
and 7 :

'Bands 5 and 7 and the d1fference between

bands 5 and 7

Contrast measureé for bands 5 and'7 a]one ,
Band 5 and its contrest.

Band 7 and its contrasf

Bands‘s-and'7 aﬁd their contrasts

The difference between bands 5 and 7 end

the difference between contrasts for bands
5 and 7

Band 5, the difference between bands 5 and

7, and the difference between the con-
trasts for bands 5 and 7 -

Bands 5 and 7, the difference between-
bands 5 and 7, and the difference between
the contrasts for bands 5 and 7
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are listed: (1) the multiple cofre]at{on coefficient
?(R); (2) the F statistic for the sfgnificance of fhe
differential volume levels (F); (3) the upbér 95% point
.'of the abprdpriéte_F distribution; (4) the estimated gaih
.-frpm»vériab]e_brobability saﬁp]ing;-and (5) the number of”
volume 1evé]s estfmated'(NV). ResUits are listed both
forgthe~regfe§sions with the'"grbuhd truth" and the U2
_ timber volume estimates;

o | Severai-inferesting conclusions can be drawn
_from Tab]e 5. Most important, an estimated gain in
precision of over 50% is possible wﬁen:USing.ERTS MSS
| data ﬁo define-samp]ihg probabilities at the first.stage
of a fdrest inventdry samp]fng design. This'%s indicated
by the AG values of 50.8% and 57.9% obtained for run abc.
The-corresponding F statistics (9.96 and 14.35) are
~ highly significant at all probability levels (compare
‘with 1.99). Thus, the hypothesis that the digital

interpretafion of ERTS MSS tapes_cah be used to increase .

the pfecision_bf sampling for timber vd]ﬁme is strongly

confirmed.
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Table 5. RESULTS OF ERTS MSS DIGITAL INTERPRETATION RUNS

TRAINING AREA 1

"Ground Truth"

U2 Estimates

17.05 2.37  45.9

Run

Comb. : R F F : AGVpS NV
() 32 149 1.99 8.5 10
a .32 2}33 217 95 7
b 40 11.74  2.76  15.4 3
ab 54 16.45 2.53 34.7 4
c 56 10.88 2.25 40.9 6
ac . .62 9.02 2.04 44.9 9
be .67 10.40 1.99 53.7 10

Cabc .66 9.96 1.99 50.8 10 -
d 56 8.01 2.00 32.5 8
ad 57 570 1.95 33.8 11
bd 46 4.72  2.10  19.9 8

~abd .50 10.52 2.37 28.2 - .5
cd - .57  5.13..1.92 41.3 12
acd .55 10.61 2.25 36.0 6
bed 53 16.01 2.53 36.9 4

abed .60 5

.73

ROFF G N
.26 1.08 2.08 5.8 9
.29 1.91 2,17 10.3 .7
55 26,94 2.76 31.3 3
.67 14.30 -2.14 49:3 8

.67 i9.73 2.25 52.5 6.
.70 13.90 2.08 54.6 9
68 17.48 . 2.17 53.7 7
14.35 2.04 57.9 10
.63 7.74 2.04 42.3' 1

62 7.30 2.0 41.8 11
54 7.04 2.14 3.0 8
.55 13.13 2.37 32.8. 5
71 8.68 1.88 56.9 14
62 15.21 2.25 42.9 6
.68 35.44 2.53 52.9 4
.70 29.34 2.37 55.1 5

In spite of these results, we wondered whether -

or not the significant results were due to the fact that

this trafning area contained a water body. Water can be
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detected quite easily on MSS band 7-and, in the test

area, a zero timber volume is always associated with a

water class. To evaluate this notion we examined 10

" differential volume ]gve]s for the 10 c]asses:of run abc

‘and their corresponding t statistics at the 5% level of

signﬁficance (two tailed test). The results are shown in’

Table 6.

Table 6. DIFFERENTIAL VOLUME LEVELS AND t STATISTICS FOR RUN abc

(U2 Estimate;)'

Differential '
Volume Level _ Values of t
(1000 bd.ft./ t statistic (.05 signifi-
Class # square mile) (118 df) pancev]eve1)

1 -2188 -2.83 -1.65

2. 2219 .84 -1.65

3 -702 -.82 -1.65

4 274 .21 1.65

5 -203 -.08 -1.65

6 1662 2.03 1.65

7 3798 14.68 1.65 -

8 1439 .22 1.65

9 " 381 .47 1.65 .

10 -3423 -7.09 -1.65 "




- The most significant volume level in Table 6 i$‘that of
class ten. Inspection of the intel é]gss matrix reveals
that this class éorrespondsAfo the water-body.~ Thus, -
wherever.water occurs, the model subtracted 3,423,000
bd:ff. from the average ;imber volume 1¢vei of 5,291,300
bdgff. Thé difference is c]oseAto fhe'standard error of
estimate for the'mode]. quever, other classes, namely .
:_ 1, 6 and 7, also are statistically significaﬁt, judging
‘from their t values. For classes 6 and f the model added
1,662,000 and 3,798,000 bd. ft., respectively. These
differential leQels aré certainly not due to water.
Thus, we rejected the notion that all the explained
variation was due to the presence of the water body.
We also analyzed the experiment in termsﬁof the
. effects of’the'Qariouslfattors and fhéir interactions,
making use of the'24 factorial design of the. experiment.

For the response.variableAwe selected AGV The computed

ps”
.effects are presented in Table 7.
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Table 7. EFFECTS FOR DIGITAL INTERPRETATION EXPERIMENT
TRAINING AREA 1

(Response Variable AGVpS) :

Effect | o . '"Groun_d'Tr;uth" B u2 Estimates
Méa_'n o | -~ 33.3 : - 41.9
A - 4.3 | 2.3
B s 7.1
A 40 4.3’
c 210 22.7
A | , 3.1 a7
e 13 g
e =322
D | 2.0 5.0
A N -4.9
B | -7.9 | 0
ABD - 12 . . 04
CD“ o -9.6 L -1.8
CAD. | 1.7 0.4
BcO - 4.6 _ R
ABCD . a0 03
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“ The mean for the regressions with the U2 estimates
is about 9%'1afgef than the-mean for the regression.with_the
“ground truth" vo]dmes. This difference ténds to confirm the
"Vhypothesis that the ERTS digital interpretation results

: cgrre]ate better with other imagery_interpretation‘data_
thﬁn with direct ground truth.  HoweQer, we had ground
Vofume estimates for only one-fourth_of all parce]sp The
~ other parcels had~interpolatéd vblumes only. .Thus another
possibility would be that the interpdjation technique was
not as good as the multivariate interpretation'mode]:that
was used to obtain the U2 estimated ground:volumes.

fhe second conclusion that can be drawn from the
- effects of Table 7 is thaf.the difference'bétween.bands 5

.and 7 (C effect) dramatically inf]uehces the gain in
precision with an additive_effect of approxiﬁately 22%.
-Th{s cohfirms the hypothesis that the diffgrence between
fbandsls‘ana 7 is extremely u§efu1 for the purpose of
biomass estimation. | ' | |

" The third conc]usfop that can be made. is that

the effect of the inclusion of contrast is positive, but
otherwige small. It ié therefore probab]e that the'use
of a conffast measure would not pay.in an operational

mode under similar terrain and environmental conditions - .

evaluated at the same time of yeaf.
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area.

’ Second‘Training Area

_" Tovcbnclusively establish the fact that.a significant
gain could also be obtained with the.system_in'the absence
of a water body, we also performed a similar experiment
in a land-only second traiﬁing area.

We omitted the contrast factor in this experiment

: asjit was of~]itt1é;significance in the first training

i

Theréfore, the design was a 23_factoria1 design

~ rather than a 24 one.

The "ground truth" for this test area was again

- a mixture of Southern Pacific Land Company data and U2 .

interpretations. A set of pure U2 estimates was also |
used for the evaluation as ‘in the first experiment.
The experimental outcomes for the run. combinations

1-8 of Table 4.are présented in Table: 8.

Table 8. RESULTS OF ERTS MSS DiGITAL TRAINING RUN

" TRAINING AREA 2

~"Ground Truth" .. U2 Estimates

Run A -
Comb R Froo Flas) By W RO F Fi g5) 6 ps '
(1) .32 1.49 -2.04 8.5 10 | .26 1.08 2.08 58 9
a 44 3.60  2.37 17.9 5 .51 5.08. 2.37  27.0 5
b .25 .96 2.37 50 5 .32 1.63  2.37 9.4 5
ab .60 3.88  2.04 25.1 9 .69 6.10 2.0 0.7 9
c .56 5.33  2.25 27.5 6 - .62 7.22° 2.25  40.4 6
ac 63 3.52  1.95 300 1 | .65 3.92 2.04 2.1 10
be 63 321 192 322 12 | .68 4.10 1.92 _40.9 12
abc .60 3.88  2.04 25,1 9 | .69 6.10 2.04  40.7 9
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A compérison of the results in Tab]é 5 and
Table 8 show that the overal]-gaih_decreased By about 10%
for the second tréining area. The corréspondfng F statistics
.a]go,decreased but they are stil1-significant at the 0.05

level in most cases (compare F with F(_95)).. An interesting

l 4 -
exﬁeption is the run combination b, for which band 7 was

'uséd only. ‘Since'band 7 is most suitable for fhe detection
of waterlbodies, aﬁd thelfirst training area did have a
water'body, the logical conc]usibn is that the significance
~ of this band (used by itself) in the first exbefimént is.

" dué to water. Band 7 used in conjunction with band 5,
howéver, stf]] b]ays én important roll. Either band 5 -
‘can be used-on onéAéxis, and band 7 on ﬁhe other, or the
'differenceAcan be used. To compare these. two mbdes of
_combining'the two_bands, We‘computed the experimental
'effects for'the géin in variable probability sampling as
_ we had done for the first experihent,. The values of

these effects are presented in Table 9.
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Table 9. EFFECTS FOR DIGITAL INTERPRETATION EXPERIMENT
' TRAINING AREA.?2

(Response Variable aG )
U VS

Effect - _ - "Ground Truth" - U2 Estimates

Mean i A 2.4 - | _30.6'
A L 63 13.0
B o 0.9 o 4.6
A 0.3 26
C o 14.6 " 19.8
‘AC - | a5 ,- ' - 213.3
BC -1.0 T aa
ABC f 5.1 S -2.5

Comparing the C efféct (the differencé'between

bands 5 and 7) with the AB effect (bands 5 and 7 on

. sebarate axes) we can indeed conclude that taking the;
‘difference bétWeen the two bands causes the 1argest
increése in géin. - This result then conffrms‘the'ear]ier
fesu]ts for tﬁe.first training area, where the difference
effect was also the largest sing]e effect. Next to the

- difference betwegn bands, band 5 Sgems to make the ]argést

single contribution. However, when using-band 5 on one -
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axis and the diffefehce between 5 and 7 on another we do
_not obtain the sum of thé effects due to each of these"
factbrs separately, as we can see from the negative AC
'interaction. | |
: This sécond experimehf also confirmed the result .
that‘better correlations can be obtained between ERTS-
estimates and the U2 est1mates than with the mixture of
U2 estimates and ground truth. The mean effects were
about 10% ]owér than in the first experiment pfobably due

“to the absence of water.:

"5.3.3.3 Training of the Digital System Using the

Combined Training Areas

Notlng that the best results in the first experiment

were obta1ned with run abc, and that this run y1e]ded
very good resu]ts in the second exper1ment also, we
s:_dec1ded to use this combination to train the system on
“the chbfned training areas. The use of band 5, 7 and
their difference also appéaled because all fattors would:
‘be utilized. | R

_ Eeatures were extractedkfor both training areas.
-The feature lists were combined and jbint]y suﬁmitted‘to
the-clustering and hearest neighbor c]assifisatibn-bkogram.

The resulting intel matrix-was separated according to
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study area,-and the class percentage per parcel program

was run for each area. The results were cdmbined again

i parceis was performed.

~and the final regression involving all 128-square-mile

" We selected a clustering with seven classes for

the final result from a larger set of clusterings. Four

-_of'theSe c]asses-seemed highly significant. Volume

levels and t stétistics for each of these classes, as

well as their significance probability, are presented in

-Table 10.

We also used the U2 estimates for the combined

training. The reason was that these estimates were more

consistent than the "ground truth," which, for a large

'(FINAL TRAINING)

. Table 10. VOLUME LEVELS AND t STATISTICS

part, was made up of.U2 estimates in the first place.

Vd]ume Level

Differential

Significance

(1000 bd.ft./ Volume Level ,
Class square mile) (1000 bd.ft./ t Probability
. o square mile) :
1 11501 6489 .02 >0.9995
2 8297 3234 5.19 >0.9995
3 6028 1015 . 0.93 <0.90 ..
4 4467 -545. -0.78 <0.90
5 4373 | -638 -0.47 <0.75
6 3454 -1557 -2.12 >0.975
7 ~3420 5,91

1592 . -

- >0.9995
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| In this table are presented the volume ieve]é as
well as the differential volumes levels. As can bé seen,
;'the range of volume levels is very much representative.of
;he actualxvolume,rénge, a]though in fea]ity 0Ccasibna11y
a”garce] with more than 11 mi]]fon-bd.ft.Awi]1-occur.
-Thé consehsus'among_photo interpreters working on this
' projeét, and also our opinion, is that these high volumes
Aéannot be detegted on high-flight or space photbgraphy.
At the Tow end of the scale, class 7 does not seem to
represent a iand class entirely void of timber. volume.
~ We verified that this class represénts mostly water and "
bare land. However, some instances were noted where the
systeh cdnfused the dark tone of water with the dark tone
of heavily vegetated south facing s]dpes. The residual:
volume méy'welf be due to this type of confusion.
| The volume levels of classes 3, 4'and 5 have
.differgntiél volume Tevels with t statistics which are
‘not significant at the 0.05 level. This is due to the |
fact that the levels for these classes are very close to
the mean, so that the t value is.hecessarily small. Thus
classes 3, 4 and 5 are mostly representative of-the-meaﬁ
~ volume level which, of course, has the highest.significance‘

of any volume level.
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The F statistic_for ﬁesting the.hypothésis that.
- all differential levels are equal to zero was 15.44. At
the .995 significance,levei this vaiue éompéres with
: F7,128 = 3.09; thus the hypothesis can safely be re&ected.
MpreoVer, the obtained F value satjsfiesAa criterion |
méqfioned by Draper and Smith_(P. 64) that, to obtain a
uséfu] prediction tool, the #.value_shquld be larger than
four times the nominal Value at the selected percentage
“point - (15.44 > 12.36). |
| Estimated gains in preciéion‘for the combined

training areas are presented in Table 11.

Table 11. GAINS IN PRECISION FOR COMBINED TRAINING7AREAS

Method B | Relative Géih (Percentage) |

Ratio 434 |
Stratified I 267
Regression. I 43.4
Variable Probability S 439

The gains obtained were about the average of the gains
obtained for each trafnihg'area‘separately. With the
exception of sttatified sampling, the sampling methods

uniformly indicate a gain of 43%.
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‘With these results in hand; it ;eemed that all
nécessary,prerequisites for a successful épp]ication of
the system over'a much 1afger area were présént. The

;'resﬁlts"of such an app]icgtion afe presented.in'the
- following section. | |

| .

i

- 5.4 Test Sife-Eva]uation in a Sampling Survey Context

5.4.1 Introduction

To obtain'a realistic appfaiséi of an interpretation
system, it is necessary to evaluate the system on a test site
that isgeither not related or far more extensive fhan the |
oriéina] training site.‘ Thereforé,.we-tested the U2 high-
flight interpretation model and the MSS digital interpretation
sygtem'qn units obtainedAfrom an area of.approximétely 1500 |

- -square mi]eﬁ; whereas the training site of the digital system

tonsisted only of two blocks totalling 128 square‘miles.

~In accordance with a prjmary objective of this investigation,

4we tested the interpretfvé models in a sample survey context.
Our objectives were: . (1) to determine whethef the ‘models that
'weré statistically signifjcani for the trainipg sites'were
. also significantfwﬁen applied to the 1argef'test gites; (2) to
establish the gain in sampling preéision under test site
cdnditions, and (3) to fnvestigaté the de;iine in gain from-
tréining to test site. Secondary objectfves were: (1) to

gain insight about opfimum stage combinations by determining -
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“which models correlated best from stage to stage; (2) to
exahine'the samp]ingfmethods exhibiting the highest-gains when
used Qith're]ative1y weak interpretive models in a test site

situation..

5.4.2 Sampling Design Considerations

5.4.2.1 Types of Sample Units

We worked with two types of sample units; (1)
_parce]s consisting of one-square-mi1e GLO land seétions,
aﬁd samp]e.unjts consisting of block§ of adjécent parce1§
approximately four miles on a side. | 4
At anAear]y stage in our ERTS research, when the
geometric accuracy and résp]utionvof the ERTS’MSS fmages
 were'uncertain, we considered uSiﬁg:sample'units of
multiple land sectiﬁns. " After perfofmiﬁg the resections . .
:deécribed in Section 2.5, however, we cbncjuded that it.
would be feasible to annotate individual sections and
fractions thereof.. Parcels are logical information units _‘
for timber managehent in many areas of the United States
since they define land ownership and are,_thérefore,
useful sample units. |
| Sample units consistiqgnof blocks of adjacent
parcels were used in'the Southefn Pacific timber inventory.

The reason for using this type-of primary sampling unit
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was_that.each block Was covered byrone 1:40,000 scale
aerial phdtograph; Hence aer{al photographs qoqu'be
A'se]ected at random. Up‘to eight»parceis may be included
" in this type of pr1mary samp]e unit.

In subsequent discussions we refer to the
paqcel sample unit as the SP parcel, and to the primary
saﬁp]e unit as used by Earth Satellite Corporation in the

‘Southern Pacific timber inventory as the ES PSU or PSU.

0 5.4.2.2 Stage Combinations

The following types of tihber vb]dme esfimates
for the SP parcels were available to us for use in the.‘
fjna] analysis: |

(1) Digital estimates obtajﬁed from the éRTS MSS .

| tapes. | _ _- ‘

i (2) High-flight volume estimates obtained with the

- U2 model.

(3) Volume estimates obtained froh a detailed - .
interpretatioﬁ of 1:40,000 'scale aerial phofogfaphs,
as wé]] as btherlrelevant au#i]iary inférmation[

(4) SP. parcel records éonéisting;df estimates
obtained from a vafiety of_sourcés. |

For the ES PSUs we had obtained the.foliowing
types of tlmber estimates:

(l) D1g1tal est1mates obta1ned from the  ERTS MSS

tapes.
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(2) High-flight volume -estimates obtaiﬁéd with the
,U2‘mode1.
(3) - Volume estimates obtained by.shbsamp{ing the ES
| PSUs with 70 mm photography and on the ground,
usingAmu]tjstage variable prdbabi]ity'sahp1ing.

(4) -Volume estimates obtained from SP parcels

records.
_ With these estimates at our disposal we were
able to consider the stage comb1nat1ons 1nd1cated in
'Table 12 where the four types of estimates described

above are designated as MSS, U2, ES and SP, respectively.

" Table 12. STAGE COMBINATIONS USED- IN FINAL EVALUATION

Parcels : ES PSU's
first stage . first stage
_ . IMSS U2 ' MSS u2
MSS - - - -
second U2 | ox co- x| -
stage - ES L X ox X X
| SP X X | X X

5. 4 3 F1na1 Interpretat1on Work

For our final analysis, a total of 43 PSUs was ‘selected.
~ Each PSU was gxam1ned on the U2 photographs. to.ensure that no
_'logging:had-téken place since thé SbUthern Pacific inventory

in 1971. A total of 138 parceTs were cpntained in the 43 .

PSUs: AThese parcels were used in the final parce]'anaiysis.



Digital Interpretation

Our djgitia].interpretation system performs on rectangulaf .
limage blocks. To minimiie computer iime,,we'grbuped the_PSUs |
into six subgroups. Each subgroup was completely contained
within a poftion_of an ERTS MSS imaée called a sub-image. To -
pkovide'tpg prqgréms with the capacity to hand]é sub-images 6f
sufficienf size for multiple channels, we modified our progréms
to utilize the Univac 1108 FH432 high-speed drum. With this
device not more than one image stfip with a horizpnté] dimenéfon_
‘equa1 to the sub-image width aﬁd a vertical diménsion'of'IZ
- pixels ﬁeeds to be stored in core:at any one'time for each
band used. .

We used our image handling system to extract the sub-
“images of bandé 5 and 7 for the six'areas. -Thése sub-images .
were thekfnput fo the feature extraction aﬁd nearest néighbouk
‘classification program. The classification results were fed |
into:tﬁé class percentage per parcel accumulation program,
| which at the same timé‘caléulateé the timber volume prediéiions
 from the'previously established timber vo]uﬁe levels. This
last brogham called on a fj]e‘wfthfparcel’corner ;obrdinates
~ of all the parcels contained in the set of‘PSUs. Timber
vo]uméfpreqictiOns>were listed according to the parcel designation

of tdwnship, range and section.

‘ UZ Interpretation

A smaller subset of the PSUs was also annotated on the

U2 photographs. -Not all PSUs could be interpreted from thesé
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phofographs“becausé the coverage was limited to th flight
lines. In-a]],.30 PSUs were interpreted.consiSting of a total-
of 95 parcels. In our éubsequent:analysis we refer fo this
set of parée]s as thé U2 set, Wheréas‘we will designaté the

enfire set of 138 parcels as fhe full set.

1:40,000 Scale Estimates

| A requirement of the Southern Patiffc_lnventory was
that a timber volume estimate be provided fof each parcel. To
. satisfy this requirement Eafth Satellite Corpdratioh deve1opéd
~a combination of an interpretation syStem and prediction
model, for use with 1:40,000 scale black-and-white aerial
photographs, that yields timber vo]ume'pre&ictfdné by tree
diameter class and species for each parcel.

A In this system, individual parcels are annotated on the
aeria]Jphotographs by means of a precision resecthning method.
They are then interpreted for homogeneous-breakdowns‘of tree
size, Qénsity; and distribution in the forést cover.: The
delineation§ that are made in thiS‘maﬁner are termed forest
systems. An interpretation code‘is‘recofded for each system.
_Ground samples ;re taken and tihber‘volumes are feCOrded for
the sample of forest-systéms. A hu]tiplé regression analysis
is. then performed, in whiéh the.dependeﬁt Y variabié is the |
recorded grOUnd volumes by diameter class, and the Tndependénﬁ
X variables ére the dénsfty of the crown covef as recorded in

the forest system code. . Other variables such as site class
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and_fhe prevfous]y recorded parce];yolumelare a]soiinc1udeq.>.
The regression hesuTts are used to predict the timber volume
for each forest system in a parcel. Accumulation of the
~system predictions provides the parcel tofa]. This prediction
,i$ then adjusted such that the total for all parcels corresponds
to esti@qtes obtained with the multistage survey. |
Cogsidering‘a11<other types of estimates, the 1:40,000

sca]e-figufes were the best voldme'estimates_available for the
 final aﬁa]ysi§ 6f thié iﬁ&éstigétfon. Not only were they most -
up-to-date,~but‘they also resulted from a judicioﬁs combination
of interpretation-resulps, existing information, and a cérefu]

adjustment to reflect the ]ateét inventory totals.

SP Parcel Records '

Parcels records kgpt by fhe Southern Pacifi;.Land
'VCompany provided us with timber volume estimates-obtained from -
several sourceS; _Main]y,»these figures were the result of |
eartier timber cruises énd photogrammetric inventoriés, with’ ;
'adjustménts made following sa]e~preparatfons and ;imber sales.

Tﬁe parcel recofds were used a§ one inpUt to the 1:40,000
séa]g timber éstimation system."They are considered to'be |
less accurate and more outdated than tﬁe resUlts:df the new
systeh described above.l:However, when we started ouf fina]
analysis the result§ of the.1:40,000 scale interpretation were

not :yet availéble, so.that;the SP parcel fecords~provided the
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best data to work with in the beginning. Later on, we incor-

porated the 1:40,000 scale estimates into this investigation.

.EarthSat PSU Estimates

| To obtatn the PSU estimates for the Qariou5'sémpling

- stages we siop]yvtOtalled the individ0a1~parcei estimates for
each PSUi However, for the ES PSU estimates we used the
volume estimates -obtained by subsamp]iné'the ES PSUs with

70 mm photography and ground dendrometry. The samp]fng design
used for this work was the muTtiStage variable_probabjiity"

,desigh,‘making the estimates unbiased and consistent. -

5.4.4 .Final’EvaluationvProcedures-

As mentioned fn Section 5. 4 1, two of the main obJect1ves
. of the final evaluation were to determine the SIgn1f1cance of
A_ the image interpretation models and the gain in sampling
precision obtainable by introducing the results from these
models tnto the sample design. However,'in a sampling survey
_'context,”where for reasons of pract%ca]ity the sample units
cannot be of equal~sfze the use of an interpretation model js
not the on]y means to reduce the sample variance. The ]ahd.
area covered by forest is also important. Thus, determining
the combined effect of area and the estimates from the interpretation
model on the gain jn sampling preciéion became a secondary

objective of our evaluation.

-
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The total sahp]ing unit timber volume estimate is
simply the product of .the volumeiper unit of area-and total
area. However, the gain attributable to the.prquCt is not
simpiy the product of the gains due to each factor.-‘As a
mattér of fact, to-derive a statistical re]ationship for the
gain due to the product in terms of the gain of the componenté
for the v;rious ;ampling methods considered is non;trivial;
Instead; @equed the following procedures: |

(1) Interpretation Models Alone: We calculated the mean

~volume per square mile from the unit total and then
performed our ana]ysislon fhe_mggg_volume figures,
_ rémoving the area effect to sdme degree.
(2) Area A]bhe: ‘We used one set of predictions which
- were purely a function of .area and a mean volume of .
5 million boéfd feet per square mile.

~(3) Interpretation Model And Area Combined: For the

cbmbined.effect, we used the sample unit tota]s.:_-'

In our final analysis progfam we éva1uated thé stage
combinatiqns inaicated in Table 13 for each of the three
procedures outlined above for the two typés ofAsamp]e units
(parcels and PSUs).

Fof eaqh of these'cbmbinatibns we evé]uated'the gains
in précisiOn associated with the sampling methods discussed in-
Seétioﬁ 5.2.1. To assess the stétisticai significance of the

~ linear relationship between the estimates of the two stages, we
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Table 13.° TEST RESULTS FOR THE MSS DIGITAL INTERPRETATION SYSTEM
: SAMPLE UNIT Sp PARCEL L

| Relative gain in precison ‘ Statistical
Stage (percent) - Significance

Combinations | Ratio Strat. Regr. | Var. Prob. F Fa.95 r
TOTAL VOLUME

Full Set

MSS-ES | 32.8 i 32.5 |  33.9 3.3 | 7000 3.90 :0.58_
wss-sp - | 31.8' | 25.3 | 27.9 | 32.3 52.6 | 3.90 | 0.53
0 set - - . -T
MSS-U2 45.7 47.0 35.8 | 38.2 51.9 | 3.96 | 0.60
"MSS-ES 21.7 28.0 -25.4 2.2 | 3.8 3.96 | 0.50
MSS-SP 24.9. 5,20.8 23.4 | 26.2 28.5 3.96 | 0.48.
MEAN VOLUME

Fu]] set } ‘

MSS-ES | 9.4 18.8 13.3 5.6 | 20.9 3.90 | 0.36
MSS s | 152 | 13.0 13.7 13.2 21.6 | 3.90 | 0.37
Mss-u2 | 18.3 30.3 17.7 | 130 20.0 |- 3.96 | 0.42
MSS-ES 2.4 | 178 | 6.8 | 4.2 |68 | 3.9 | 0.26
MSS-SP na | o1z | o | 1o 1.5 | 3.96 | --
AREA ONLY |

Full Set | | ‘

Area-ES | 22.9 | .14.3 27.2 29.5 | 50.8 | .3.90 | 0.52
st | o _
Area-S | 16.7 - | 1.7 23.1 24,2 31 3.96 | 0.50

MSS: MSS digital interpretation system estimates.

US : High-flights U2 model interpretation estimates.

" ES : EarthSat estimates obtained by combining wnterpretatwon of 1:40, 000 scale

4 aerial photographs with SP parcel records.
SP: Estimates obtained from SP parcel records. ' _ i
Ratio = ratio estimate; Strat. = stratified sampling (proportional allocation).
Regr. = regression sampling, Var. Prob. = variable probability sampling.
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performed'the usual linear regressibh analysis of variance in
which the signjficanée'of-the relationship can be tested with
jthelF statistic.. This statistic is the ratid of the Mean Sum '
of Squares d&e fo regression and the Méan Sum of Squares due
to'errdr (see Section 5.2.3).' '

© 5.4.5 Results of the Final Evaluation

This section describes the results of our final evaluation.
The fjrst part covers the results obtained with the digital
MSS'interpretation §ystem;.the second part covers thé'UZ,high-
flight interpretation‘model. Each of the parts is subdivided
 acCording to the sample units used: the parcel and the ES
PSU. For each of these subsections the results afe tabled by
(1) stage combinétion.(Z)Athe tybe'of'estihates used; (3) the

total, thé‘mean, érea only; and (4):by the data set used.

5.4.5.1. MSS Digital Interpretation Results

Sample Unit SP Péfce]
» The test site interpretation results for the MSS
digitai interpretation sysfem and. the parce} sample unit
- are presented in Table 13. Without héving resorted'tO'
any further statistical ana]yéis, wé are of thé opinion
that the results of this-tdb]e subport'the fol]owing

conclusions.
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(1)

(2)

The F statistics. listed in Table 13 show that

all Tinear relationships are significant at the

95% probability level (compare F with Fo 95);
" A11 of the relationships, with the exqeption 6f

. the MSS-ES and MSSQSP combinations of the U2

set for the mean volume are also signif{cant at -

the 0.999 level. Thus, there is no doubt

regarding the statistica]isignificance of the

- applied results of the models. The remaining

_Aquestion is: .What benefits can be obtained

from their application?

'We_alfeady mentioned that land area plays an

'important role in the magnitude of the variance.

" . To eliminate the area effect, so as- to assess

the pure effect of the interpretationzmodel, we

used the procedures outlined in the previous

~ section.” The analysis of the mean:volume per

- square mile shows that the‘contribution of the

digital system,'when averaged overAstagevcombinations,

data sets and sampling methods, amounts to

_ about 13%. The disadvantage of using the mean

volume is that additional variation .is introduced

- in the process of converting from the total

volume to the mean volume per square mile.

Hence, the 13% estimate may be on the low side.
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Comparing the area only gains with the
total volume gains we can compﬁté_thé.differehcés
listed in Table 14, which are attributable to

the digital interpretation system.

Table 14. | RELATIVE GAIN DIFFERENCES ATTRIBUTABLE TO THE

DIGITAL INTERPRETATION SYSTEM (computed frbm Table 13)

Stage

Combinations Ratio Strat. Regr. 1 Var. Prob.

“Full set

© MSS-ES
Uz Set
MSS-ES

9.9 182 67 6.8

5.0 16.3 2.3 - 0.0

~ -With the exception of straﬁified’sampling,
these differences are generally much smaller
than the 13% gains for the mgén volume per

square mile indicated in Table 13. For variable

- probability sampling it would seem that no gain

was realized from: the interpretation model.
Another way to evaluate the sampling

methods is to express the contribution of the

_ 1nterpretation model in terms of the loss in

precision that would be incurred if area only. -

were used,irathef than when-combined with the
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" ‘'volume prediction. In this manner, the percentage-

is based on a value which does not depend on

the variation of the size of the sample units.

- Table 15 presents these losses for the stage

combinations used in'Table 14,

Table 15. RELATIVE LOSSES TO BE INCURRED WHEN USING

THE AREA"ONLY ESTINATE, RATHER THAN THE PARCEL TOTAL

Relative Loss (Percent).

~ Stage .
Combinations{ Ratio Strat. Regr. Var. Prob.
‘Full Set . ' |
'MSS-ES - 14.8 27.0 | 10.3 7.35
0 set N . |
MSS-ES 6.4 | 227 | 31 | o0

(3)

We stafed earlier (section 5.3.3.3) that the U2
estimates were used to train the digital interpretation

system. - Therefore, one would expect better

‘results for théjMSS-UZ stage combination than

for the MSS-ES and MSS-SP stage combinations.
An inspecfion of Table 13 reveals that this is
indeed the case. When averaging over the

samp]iﬁg methods, the relative gain for the

' MSS-U2 combination for mean volume amounts to

19.8%,vversus 1].3% for the MSS¥S? combination.
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(4)

During the course of the investigation, we

discoveréd'that high timber volumes per acre -

- escape ‘detection on small-scale images. The -

1ogica]-rea§on'for this phenomenon is-that the

main characteristics interpreted from the image

“that are:related to vo]ume'are spatié], On the

other hand, timber volume is only partly a

_function of the spatial arrahgement of the

trees.. AIt.is therefore, Iogicai>to hypothesize
that image estimates are bettef correlated with
other image estimates than with estimates. |
partly based on ground data. This ndtion was’
Confirmed in'the digital interpretation experiment
where we obtained consistently better results

with the U2 estimates than with the $P parcelj
record data.

When inspecting. the differencéibetween the

- MSS-ES.and MSS-SP stage combinations for mean |

volume, it would seem that the MSS-ES combination
has. lower relative gains than the MSS-SP combination,

where the MSS-ES ¢0mbinatioh~is one in which

‘photo estimates in the first two stages are

related.. For total vo]ume,'the difference

- seems to be reversed in the cases of regression

sampling and stratified sampling.
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(5).

In Tab]é.l3 the resU]ts are-preSented for the

full set and the U2 set. Here, it can be seen

~ that, generally, the results for the full set

are better than those for the U2 set. Two PSUs
not incTuded in the U2 set are situated in
traiﬁfng area B. 4Therefore-when using the U2
sef, this pért of the training area is excluded

from the analysis, which may explain the decline

in gain for the U2 set.

An important aspect of our final evaluation was

_to assess the performance of the sampling

methods when coupled with an auxiliary interpre-

“tation model. For this evaluation two parameters

were of major interest; (1) the overall yield

of the method in terms of gain in sampling,
precision, and (2) the stability of this yield
for different stage and interpfetation model
cémbinations;. To assist'{n this evaluation we

ranked the sampling methods, based on the gains

shown in the columns of Table 13. These rankings

are the fo]]owiné:

Yield ~  °  Stability
1. Stratified . - Regression
2. Regression . Stratified'

3. Variab]e'Probability Variable Probability

4. Ratio 4 : Ratio
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‘Thus it would seem that for the particular

situation and type of data involved, stratified

and regression Samb]ing would be. preferable oyér:_

variable probability sampling and ratio sampling, .

although in many cases the differences between )
'-theée methods may be slight. Héwever, all “

methqu yield a higher precision than stréight

-mu]tistage'sahplfng that fails to utilize dafa

obtained from space and/or aerial platforms. -

Sample Unit: ES-PSU
. The results for the.MSS digital interbretatiOn'

system for the ES-PSU sample unit»are listed in Table 167:
.we did not make an'érgg_gglx_analysis for this type df.
'sampié unit. Howéver, in -addition to the MSS-ES combination
(withhthe ES estimates obtained.by-subsémp1ing with 70 mm
’ _photograbhy and tree dendrometry) we have listed the
gains for the SP-ES stage combination. This cohbinatibn
was used in EarthSaf's Southern Pacific Lénd Company
timber inventory,.in which the»ES;RSUs were selected on
the basis of existing SP parcel record data. Table 16
“indicates  that a gain of 56.6% was obtained in this
invenfory by using the exfstiﬁg estimates‘in variable
_ probébi]ity sampling: If the results of the MSS digital
interpretation sttem had been Qsed in;tead, the gain

would have been 44.2%
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.fab]e 16. TEST RESULTS FOR THE MSS DIGITALAINTERPRETATION SYSTEM
- SAMPLE UNIT ES PSU :

: . Relat1ve gain in prec1510n Statistical
Stage (percent) . _ ~__Significance
Combinations | Ratio Strat. Regr. Var. Prob. F - 0.95 . r-
| ToTAL voLUME -“i | o
Mss-ES |43l - 49.0 442 |35 408 0.70
SP-ES 49.7 - 61.8 56.6 ' (63.2 . 4.08  0.78
MEA VOLUME f | |
MSS-ES - - '9.9 6.4 ]];3~ - 17.0 4.98 4.08 " 0.34
SP-ES 39.6  67.8 5.6 48.3 - [41.6 = 4.08" 0.72

MSS: MSS digital interpretation estimates. :
ES: EarthSat estimates obtained by subsamplIng with 70 mm
photography and tree dendrometry. _
SP: Estimates obtained from SP parcel records.
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Insofar as applicable, the conclusions tﬁat can
be drawn from Table 16 do nbt.conffadict the results of
Table -13. All1 linear relétibnéhips afe,égain significant
at the 95% level. For total volume the best results were
thaihed with regression sampling (stratified sampling
~was not considered). The contr%bution due to the interpretation
system as determined from the ﬁean volume analysis averaged |
over the -sampling methods was 11.2%. Variable probabilify

‘ sampling gave the highest‘result of 17%Af0r‘this analysis.

5.4.5.2 U2 RC-10 Human Interpretation Model Results -

~Final test results for the U2 model are presented

in Table 17 for the SP parcel sample unit, and in Table 18

"~ for the ES-PSU sample unit. The results in these tables

- can be summarized as follows: | |

| (1) Al relationships, except one, are statistically
1signiffcant at the 0.95 level. Thé_excepfion
is thé meanAvo]ume-relationship for the U2/ES
stage combination.

~(2) The mean.volume.resu]ts, thch iddfcate the
contribution of the model proper, averagéd over
stage combination, sample-units,and;samp]ing
-methods, indicate an aveFége'gain-of approximately
1%. Surprisingly, this gain is in the same

category as the one obtained with 'the MSS
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digital interpretation system. When inspect{ng

the gain figures for the various sampling

" methods and 'stage combinations, however, one

notices that the U2 model exhibits much greater
variatiou from method to method. Strafified

samp]ing'for.the U2/ES stage combination, using

‘;the parcel as the sample unit, yields a gain of
~more than 40% In this'situatfon,'regression.
_sampllng would have y1e1ded a ga1n of 26%.

_-Var1ab]e _probability sampling would have contr1buted

nothing under these circumstances If the SP

parcel records had been used a 20% loss in -
precision would have been incurred in this
case. . | |

One can specu]ate that the -greater variability
of_the;UZ mode! among data sets, stage combinations
and sample units is 'due to non-linearity of the.'
mode]. fhe 1arge'gains obtainable with strafified
sampliﬁg support this notion. .The'non-linearity

may result from the interpreters changing their

~ standards over time. A digital system is not

~subject to such changes.
~The notion thatvﬁmage-related estimates correlate

. better with other image-related estimates than

w1th ground re]ated data is supported by the
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fesulfs in Table 17. Gains are generally
~ higher for the U2/ES combination than for the
U2/SP combination.. N 4
(4)  Again ranking'the samp1fng methods accqrdfng to.
| theif mean_ahd variance when computed over the
columns of Tables 17 and 18; we.obtained the
following rankings for yield and stability.- -

Yield  Stability

Stratified Stratified
Regression Ratio
Ratio Regfession

Variable Probability

Variable Probability

5.4.6 General Conclusions Regardingﬁthe Final Test Site

EVa]uation

Considering all of the factors that were involved in

" the final evaluation, we believe that the results obtained

support the following conclusions with regard to:eaqh factor:

(1) The combined. effect of afea and interpfetatioh model -

(2)

s not simply the product of the components; instead-

there seems to be a negative interaction.

The-overall gain obtainable for the MSS interpretation

'system and the U2 model (averaging over sample units -

and sampling methods) seems to be-in the §ame category,
namely, 13%. However, the variation between methods

and ﬁnits is much greater for the. U2 model. With
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Table 17. - TEST RESULTS FOR THE U2 RC-10 HUMAN INTERPRETATION MODEL
SAMPLE UNIT: SP PARCEL -

Relative gain in precision - Statistical

Stage | (percent) ~_Significance
Combinations | Ratio -- Strat. Regr. Var. Prob.. F Fo.95 r
TOTAL VOLUME | o | | |

U2/ES 19.61 43.0  37.3 . 24.8 55.5 © 4.08 0.6

U2/sP B IRER S B | R K I XS 28.4  4.08  0.48
MEAN VOLUME | | _ |

U2/ES 7.8 0.6 2.1 0.5 - |32.8 408 0.5

u2/sP 0.9 2.2 2.6 -20.2 - |13.4  4.08 0.3

U2: High- f]lght U2 1nterpretat1on model estimates.

ES: EarthSat estimates obtained by combining interpretation of T 40,000 scaTe
aerial photographs with SP parcel records. ,

SP: Estimates obtained from SP parcel records.

Table 18: TEST RESULTS FOR -THE U2 RC-10. HUMAN INTERPRETATION MODEL
‘ * SAMPLE UNIT: ES PSU

' Relative gain in precision : Statistical
. Stage 4 (percent)- _' Significance
Combinations | Ratio - Strat. ‘Regr. Var. Prob. F Fo.95 r
TOTAL VOLUME
US/ES 7.2 - '33.8 8.2 (1429 4.08  0.58
. MEAN VOLUME | | |
US/ES -7.5 26.8 8.5 - 0.6 2.61  4.08  0.29

u2: High-flight U2 1nterpretat1on model est1mates .
ES: Estimates obtained by subsampling ES PSUs w1th 70 mm photography
- and tree dendrometry
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(a)

(5)

this model a maximum géfn of  40.4% is indicated in

the mean-volume .analysis using stratified sampling.

‘The largest gain for the digital ERTS system is

30.3%, also for stratified sampling in the.MSS U2

‘stage combination. On the other hand, the smallest

' gain obtained-for the U2 model is ~20.2%'fof variable

probability sampling in-the U2 SP stage combination;

the smallest gafn for the digital system is -2.4%

~for ratio sampling in the MSS ES stage combination

and U2 data set.
The‘fype of sample unit does not $eem to change the

contribution of the digital interpretation model in

~any significant way: 'a‘different'Set of EarthSat

data used for the ES-PSU confirmed the magnitude of

~ contribution of 13%.

The results for,theAfull data set wére,befter than

-those obtained with the partial U2 set;'the'differente‘

may be explained by the fact that practically none

~of the PSUs in the UZ set are situated in the.system

tréinihg area.
Considering'the behavior of the various sampling

methods for the combined digital'and U2 models in

‘terms of their yield and stability,‘We obtained the

following ranking:
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 Yield - Stability °
| Sfratified o ) Regression
Regression. . Stratifiéd
Variable Probability Ratio
Rétiov >‘ : - Varfable Probability
| from which it éppears that under the prevailing
circumstances stratified. and regressibn sampling are-
“to bé.pgrferred,to'ratioAand‘variab]e probabi]ityA
Asémp]ing. However, there were certain situations in

which variable probability sampling was best.
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6.0 SUMMARY, RECOMMENDATIONS -AND CONCLUSIONS

6.1 Objective of .the Investigation

The investigation was concerned with a mu]tiStage forest

~inventory syétem. Its main'objectivé was to evaluate the usefulness

-of ERTS-1 imagery for the space platform stage of fhe inveniory..' |

SecondSry ijectives were the development and testing of new techniques

to make obti%um'use of ‘available remote sensing.information; not -

only at the space ievel, but also.at the subsequénf aircraft ievéls,
Within this framework we outlined three areas of interest:

(1) fhe deve]opment:bf precisioh anﬁotation techniques for the

types of imagery involved; (2) the.deve]opment'of-interpretatioﬁ o

ﬁode]s:and systems-fo& the vafious image types; and‘(3) the testing

of these models in a realistic survey context for different sampling

methods,AStage combinations and sampling units.

6.2 Work Performed

To achieve our objecfiies, we déSignatediaftesf'sité in the
Trinity Alps of Northern California where we had conducted a timber'
inventory for the Southern Pacific Land Company. As a result of
this-inventory, we Had'at our disposal a large voigme of}bertinént
~data that could be used to cbnduct our experiment.'.Southern.Pacific
Land Company ownership is of the checkerboard type, where as the
basic is unit the one-squafe-mi]e GLO,]ahd'seCtion. A great deai
_oi our work was centered around this type of ‘land unif. |

The ERTS éovérage uéed'for our reséérch was,obtained in October

- of 1972. During that same period a Uz under-flight was made during
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which color infrared'photographs were taken nith an RC-10 camera.
Our work started with the development of an anajytical precision -
sampfe'unit annotation technique for the U2 photographs. We used a
method similar to the one we had used in the Southern Pacific
timber jnventory_on 1:40,000 scale photographs. However,_the
control for'each photo was not obtained fromimaps, but'from the
results of a?b]ock-adjustment of the U2 photographs. The RMSE of
this_bTotk'adjustment was;approxﬁmately 10-m, an excellent result
~for 1:i20,000 scale photographs. Using.the teChnique, all relevant
"-SP.parcels were annotated on the U2 photographs.
The'next phase was -to deve]op an annotetion.process tor the
-‘ERTS‘MSS images Here, we recogniied the special problems resu]ting‘
from the scanner geometry and the space platform. To cope with.
these prob]ems we developed a spec1a1 flexible resection technique
in whlch-any parameter can be enforced at a preset value. In th1s
A'manner we were able to introduce.ephemeris data.to-inprove'the
accuracy of the resectton. The MSS resections showed that the
| accuracy.with which map points could be.1ocated‘on the MSS imagery
“was in the range of IQOIto 200 meters RMSE. The SP parcel boundary
coordinates were digitized‘from 10 USGS 15' quadrangle maps and - .
‘then'projected onto the MSS images using the resection resu1ts.
After the comp]et1on of the image annotatlon we focused our’
attent1on on the development of 1nterpretat1on models and technlques;
Spec1f1ca11y we.developed.a human interpretation mode] to est1mate

timber volumes from the U2 photographs, and we programmed a-dfgita]
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_ sysfem.to provide timber volume estimates from the MSS compnter :
tapes.
The digita]_ERTS MSS interpretation system was designed in the

form of three components: ‘(])'an MSS .image handling system;.(z) a
training system':and (3) a biomass or timber volume predictiOn
system. The‘1mage hand]1ng system was requ1red to hand]e the
portions of the image correspond1ng to the samp]e units. It 1nteracts
w1th the precision annotation process to prov1de‘prec1se d1g1ta1
resu]ts‘for parcels-with irregular shapes in diverse Tocetions.f
The training system consists mainly of an unsupervised:clustering
routine.  This routine is based on Bulter's vector field method in
which cluster centers are equated~with zerogravity nodes. The 4
- classes assoeidteqbnith the cluster center are related to the image
by means of'a'neanest.neighbor classification method.- For each
| class we est1mated the timber volume 1eve1 by regress1ng known
parce] volumes on the class percentages for each parcel The.
pred1ct1on system uses the cluster centers and the class volume
levels to predict timber volume by parcel us1ng nearest neighbour
classification and regression methods. The comb1ned resu]t of the
sysfems_components is e confinuous volume prediction capability by -
parcel. |

. The iest part of ouf work was to test the models and techniddes
in a sample survey context. The models were evaluated in both the
training and the-test phases. For the‘Case of veniable probability

sampling, we were able to show that the evaluation in the training.
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bhase'is an upper bound to the results for the-test phase. - Therefore,
a decline in results when switching.frbm-training to test site
‘seems unavoidable. The same is true, for the.other séﬁpling
methods, but was not demonstrated in this investigation.

Tﬁe objective of the>fin$1 evaluation was to assess the mbde]s 
‘over a muéh Iarger area. We were pafticu]arly interested in (1)
the difference in results betweeﬁ the training site and the test
site; (2) ﬁombinations,of és;imate§ prdvided‘by the models as they
,wodld-be combined.in'a multistage survey; (3) sampling methods to
be used for theée stage cbmbinations; ahd (4) fhe performance pf ,

the interpretation models with:differént'types of sample units.

6.3 Results QObtained

The results of our resection experiments showed that the MSS '
geometfy'ﬁou]dia]]ow the use of the Southerh-Pacific Laﬁd Company
parcel (one sduare mile or éVen less) as the -basic annotation and
sample unit. | : |

A represéhtative-ckbss se¢tion of these units was used to
obtain the coefficients for theAUZ-hqmén interpretation mpdé]. The-
'regu]ts of this‘regrggsfbn analysis (training) supported the idea
that a good linear re]atiphship could be developed between the
model estimates and the eétimates obtained from SP" records. Multip]el
correlation coefficients of 0.7 and higher were obtained.

The digital. interpretation system was first tested.oh two 64-

square-mile contiguous training areas, one. of which contained a
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water body. In all our tests, we evaluated the reduction in variance
.‘or gain in,precisiqh that could Be obtained by usjng the auxiliary
information provided by\fhe interprétation model with the following i
sampling methods: ratio estimates, stratified sampiing, regression
sampling and variable probability sampling. The first test area
supporteq the idea that relatively high gains 1n(precjsion cou]d'be |
'obtéined usigg'the diéital interpretation technique. .Gaihs in tﬁe
order of 50% were not unéommon.
Using this test afea.we performed a factorial éxperiméht in
'which we.systematically tried various band combinations,AQith and
without the jnbldﬁfon of a éontrast factor. A major result of this
test was the discbvery that_most of the,responsé of the system was
due to the inclusion 6f the difference between band 5 and band 7 in
| the cfustefing space. Contrast was nbt found‘to}be‘a significant
facﬁor. |
"~ To éstab]jsh the fact that the good results were. not entirely
dﬁe'fo the presence of a Qaterzbody in the first test area, we -
fepeated the experiment oﬁ a secoﬁd test area which cbntained no.
water. The results of the first experiment Were ent{re]y‘confirmed
by this tesf. Indicated gains in sampling pkecision wgre‘somewhat
1owér, however: approximately 30%7
| A:combined fréining:was performed Qsing tﬁe ffrst and second
training areas. }ﬁesults fof_this run'wére in the order of a 40%

gain in sampling precision.
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To test the digital interpretatfdn system and the U2 model in
the-coniext of a mu]tistage 1nveptory, we'applied'the mode]s to a
much larger test area. Th1s was not a cont1guous area but it
' cons1sted of a conglomerate of sample un1ts d1str1buted over a 1500
square mile site. Two types of sample units were used: the SP
parcel and fhe ES-PSU which Qae made up of from 1 to 8 adjacent
parce]s‘ ; | ' | |

The ObJeCt1VES of this. test s1te eva]uatlon were (1) to evaluate
kthe models; (2) to 1nvest1gate the dec11ne in gain from tra1n1ng
' area to test area; (3) to investigate different stage combinations;
(4) to ihveStigate the behavior of the mode]s_re]ative to the two
types of sample dnite; and (5) to eva]uate‘the variouslsamp]ing .
methods . | o . | |

A majorAfesult of_fhis final evaluation was that with Vefy few ‘
exceptions all 1inear re]ationships'tested were statistically
'significapt; | | . o

The gain in precision; however, had eeriously dec]ined”and was
how'in the order of 10 to 20%. To evaluate fhis gafh in termS;pf
the pure- contribution of the interpretation model, we'had to eliminate
the effect-of:area by converting timbef‘vo]ume'estimates»for the
total parcel to estimates on a mean Qo]ume per square mile basis.
This conversion may have introduced some addftiona] variation.’

When estimates based on area only were tried, it appeared that the
additional gain achieved for the~parce1 tofa] estimates-was not the
product of the gains for the area on]y and mean volume est1mates

Instead there appeared to .be a negat1ve interaction.
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Testing of the U2 human interpretation_mode1 revea]edithat the
- gains in sampTiﬁg brecision for this model were on the avérage not
-much -better thqn those for th§ digital inteﬁprétation system;_ This
was surprising,-gince the:tra%ning results had been superior to
‘those obt@iped‘for thé'digital system. However, The variation in
gains ré]atiyéAto the various combinations of samp]iﬁg methods,
stage combin;tions and -sample units was:much larger for the U2
model than for. the digital system;  For the U2 model a maximum.gain
of 40.4%‘Was achievéd‘for one combinafion, a minimum-of -20.2% for
another. The extremes for the digité] systemvwere 30;3%_and ;.
2.43. - | o
Additional conélusions‘that‘can‘be drawn from the results
obtqined in the‘fiﬁal_evalhation are the‘following.' The type-of
~ sample unit did not seem to make any'differénéé in terms of .the
gain in sampling precision provided'by the models. Experimentation
with stage combinatfons revealed that the dfgitaT estimates corrélated
_best with the U2 estimates. This was no doubt due to the fact that
the U2 estihqtes were used to train the digifa]fsysteﬁ; In a more
generé] sense it-seemed that photo estimates were better correlated’
with other photo éstimates‘in comparison with groundiderivéd estimates.
An ana]ysfs of the sampling methods involved showed that fégression
sampling and stratified éampling‘are preferable.td ratio estimateg_
and variable probability sampling under tﬁe circumstan@es. in-
particular, the userfvvgriéble probability sampling is not advisable

when correlations are low and the linear assumption may'not hold.
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This is also true for regression and ratio sampling, but use of the

latter two may be less risky in unknown situations. . -

6.4 Recommendations And Conclusions

_ Recommendationg for a-cdntinued research effort-fa]l-into two
categorieszhg(l) fhose related to impfoving the present models and
" techniques fér use under thg conditions presénted in this rebort;

and (2) those fe]ated to a much broader application of ERTS MSS{
imagery and U2 high-flight imagery in multistage forest inventories
on a larger scale under a variety of cénditions.

Some recommendations of the first category are the foliowing.i
In our opinion, the digital interpretation system can.be greatly
improved on. The tests described in this report are only'the first
-tests realized Qith the System; fwo areas for impro?ement come to
hind immediately. The intel size of 8x8 pixels is probably too
]éfge, and §ystem performance éou]d probably be enhanced by switching
to'a 4x4 or a 2x2 intel size. The sforage problems associated with -

"this intel size were solved already in the 1aterAstage of this
investigation. | o '

In ouf work with the MSS digital data we also noticéd that fhe
distinction between watér and dark north facing slopes with high
volumes was a.precarious one;_ Tﬁe dec]ine-in gain -experienced from
tréining to test area may partly be due'to a subtle shift between °
these'tone signatures. Additional research would be'necessary to
remedy this situation. Perhaps we were handicapped in this respect
'by.the'fact that'we used October imagery with a Yg]atively low sun.

andle.
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The-UZ humdn interprétation'mode] could be improved and gtabilfzed
over.larQEr areas by using more than one photo interpreter. 'Severé] |
interpreper; could mutually yerify their interpretatién standards
as‘the'interpretation prbgresses..'lndivfduai ihterpretations could
then be aveiqged to provide'more consistent estimates.

Perhaps;one of:the,most'jmportant ghéstipns of multistage
forest inventory has not-been dealt with in this research.' We

- investigated the interpretation models iﬁ termg'of th stage cbmbinaa‘
tions. However we did not attempt fo define optimal combinétions

of several mdde]s,_samp]ihg methods, and mu]tip]e‘étaéés simu]taneous]yf
When.cohsidéring.multistageAinventory, one shquld be conﬁerned with
mu]tiple combinations pf interpretation‘mode]s and samp]ihg méthpds,:

as the hiddén benefits of the technique wouid result from these |

~ optimum combinations. Time and budgetary constraints prevented us

from exploring this area, however.
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