USDA Forest Service
Research Paper INT-93
1971

726953

ABBORNE INFRARED
FOREST FIRE
DETECTION SYSTEM:
FINAL REPORT

f}\pprovod for public release;
Distribytion Unlimited

Reproduced by

NATIONAL TECHNICAL
INFORMATION SERVICE

Springfieid, Va. 22151

INTERMOUNTAIN FOREST AND RANGE EXPERIMENT STATION
NORTHERN FOREST FIRE LABORATORY
MISSOULA. MONTANA 5°¢801



. . - e e A e it vy

ACKNOWLEDGMENTS

“";'m;“‘— The authors gratefully acknowledge financial, tegh-
MFF SECTION O nical, and Cooperative assistance by several agencies
and organizations in accom plishing the tasks included
in this report. Among them are:
Bendix Corporation
T Department of the Army, Office of the Secretary
L s saessarsn s of the Army
IRTIMTIO/AVALABILITY eoven Department of Defense, Advanced Research Projects
ML | AVAL wye SPECIAL Agency
The Electronic Command, U. §, Army Materie]
Commangd
ﬂ Litton Industries
J Montana State Forestry Department

Texas Instrument Company

Um'versity of Michigan, Infrared Physics Laboratory,
Institute of Science and Technology

USDA Forest Service, National Forest Administration

COVER PHOTOS

Front — Infrared imagery from patrol over Nezperce
National Forest, Idaho, Lower fiducial mark in right
margin is automatic target alarm on g wildfire i),
Granite Creek drainage.

Back — Photos of target area and closeup of the Gran-
ite Creek fire — still burning in the end of a fallen
Snag, with very ljttle smoke.



Secudtytéﬁuilflcatlon

DOCUMENT CONTROL DATA - R&D

(Security ciessification af title, bedy of ebetract and indening annotation muet be entered when the eaverei! report ie cleseilied)

| ORIGINATIN G ACTIVITY (Cormpesate suther) 20. REPORT SECURITY C LASBIFICATION
USDA Forest Service Unclassified
Intermountain Forest § Range Exp. Station YIS

Northern Forest Fire Laboratory, Missoula, Montana

3 REPORT TITLE

Aicborne Infrared Forest Fire Detection System: Final Report

[ 4 ORSCRIPTIVE NOTES (Type of repert and inelueive dates)

Final Report, April 1962 to December 1967

s AUTHOR(S) (Leei name. firet name, inlilel)

Wilson, Ralph A. Madden, Forrest H.

Hirsch, Stanley N. Losensky, John B.
TR!PORT DATE 78. TOTAL NO. OF PAGES 7b. NO. OF REFS

May 1971 99 38
88. CONTRACT OR SRANT NO. fo. ORISINATOR'S REPORT NUNI.N’)
0CD-0S-72-174
s prossct na. ARPA ORDER #636 Research Paper INT-93, 1971
Work Unit 2521A

€. H. aT.u'l.:‘”-on'r NO(S) (Any sther numbere thet may be aseigned
«. ARPA Program Code No. 5860

10. AVAILADILITY/LIMITATION NOTICES

Distribution of this document is unlimited.

Y

11. SUPPL EMENTARY NOTES  Study Title: 12. SPONSORING MILITARY ACTIVITY

"THE EVALUATION OF AN AIRBORNE INFRARED| Dep. of the Army, Office of the Secretary
MAPPER AS A TOOL FOR DETECTING AND Office of Civil Defense

MEASURING FIRES." Washington, D. C, 20310

15. ABSTRACY o

Outlines the basic requirements for an airborne infrared forest
fire detection system and discusses the capability of the system
to detect hot fire targets in natural forest backgrounds. / )

Y,

e — e—
DD .22 1473

Security Clsssification



Security Classification

LL}
KEY WORDS

LINK A LINK B LINK C

ROLE wT ROLE wY ROLE wT

airborne infrared line scanners
deection probability

target obscuration

forest fire

spectral response

background noise

i. ORIGINATING ACTIVITY: Enter the name and addreas
of the contractor, subcontractor, grantee, Department of De-
fense activity or other organization (corporate author) iasuing
the report.

2a. REPORT SECURNITY CLASSIFICATION: Enter the over
all aecurity ciassification of the report. Indicate whether
‘“Restricted Daca ia included Marking ia to be in accord
ance with appropriate security regulationa.

2b. GROUP: Automatic downgrading is specified in DoD Di-
rective 5200. I0 and Armed Forcea Industrisi Manual. Enter
the group number. Aiso, when applicabie, show that optionai
gnn:lngl have been used for Group 3 and Group 4 aa author-
ized.

3. REPORT TITLE: Enter the compiete report titie in ali
capitai ietters. Titlea in ali caaea ahouid be unciasasified.
UIf a meaningful titie cannot be aslected without cissaifice
tion, ahow title ciaasification in ali capitaia in parentheais
immediateiy foliowing the title.

4. DESCRIPTIVE NOTES: If eppropriste, enter the type of
report, e.g., interim, progreas, summary, annual, or final.
Give t:; inciuaive datea when a apecific reporting period is
covered.

S. AUTHOR(S): Enter the name(a) of author(s) ss shown on
or in the report. Enter 1aat name, firat name, middle initiul,
If military, show rank snd branch of aervice. The name of
the principai author ia sn abaolute minimum requirement.

6. REPORT DATE: Enter the date of the report aa day,
month, year; or month, year. If more than one date appesra
on the report, uae date of publication.

7a. TOTAL NUMBER OF PAGES: The total page count
shouid follow normal paginstion procedisea, Lo, enter the
number of ages containing information

7b. NUMBER OF REFERENCES Enter the total number of
referencea cited in the report.

8s. CONTRACT OR GRANT NUMBER: If sppropriste, enter
the applicabie number of the contract or grant under which
the report waa written

8b, 6c, & 8d. PROJECT NUMBER: Enter the appropriate
military department identificstien, such aa project number,
subproject number, aystem numbera, task number, etc.

9a. ORIGINATOR'S REPORT NUMBER(S): Enter the offi-
cial report number by which the document wili be identified
and controiled by the originating activity, This number must
be unique to thia report.

95. OTHER REPORT NUMBER(S): If the report hes been

assigned any other report numbera (either by the originetor
or by the sponsor), also enter thia number(s).

INSTRUCTIONS

10. AVAILABILITY/LIMITATION NOTICES: Enter sny iim-
ita’;ons on further dissemination of the report, other than thoae
impoased by security ciassification, using standard atatements
such as:
(D) '*Quaiified requeaters may obtain copies of this
report from DDC."’
“Foreign announcement and diasemination of thia
report by DDC la not authorized.’’
*U. S. Government agenciea may obtain copiea of
thia report directly from DDC. Other qualified DDC
uaera shali request through

)
©)]

U, 8. military agencies may obtain copiea of this
report Cirectly from DDC. Other qualified uaers
shall requeat through

O]

" All diatribution of thia report ia controlied Qual-

(5)
ified DDC uaers shali request through

”
’

If the report haa been furnished to the Office of Technical
Services, Department of Commerce, for asle to the public, indi-
cate this fact and enter the price, if known

11, SUPPLEMENTARY NOTES: Use for additional expiane-
tory notes.

12, SPONSORING MILITARY ACTIVITY: Enter the name of

| the departmentai project office or 1aboratory sponsoring (pey~

ing for) the research and development. Inciude address.

13. ABSTRACT: Enter an sbatract giving a brief and factual
summary of the document indicativs of ths report, even though
it may aiso appesr elaewhere in the body of the technicai re-
port. If additional space is required, a continuation aheet
shall be sttached.

It is highly desirabie thst the sbstract of claasified re-
ports be uncissaified. Each paragraph of the abatract shaii
end with an indication of the military aecwity clavaification
of the information in the paragraph, represented as (TS), (S),
(C), or (V).

Thers is no limitation on the length of the abatract. How-
sver, the auggeated length is from 150 to 225 words.

14. KEY WORDS: Key worda are technicallv meagingful terma
or short phrases that characterize a report and may be used as
index entriea for cataloging the report. Key words must be
selected so that no security classification is required. Iden-
fiers, such aa equipment model designation, trade name, miii-
tary project code name, geographic location, may be uaed as
key words but will be followed by an indication of technical
context. The asaignment of links, rules, and weighta ia

optional.

Security Classtlitcation



USDA FOREST SERVICE
RESEARCH PAPER INT-93, 1971

AIRBORNE INFRARED
FOREST FIRE DETECTION SYSTEM:
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SUMMARY

A mathematic-functional representation of airborne
infrared line scanners is used for development of an
effective forest fire detection system. Conventional
statistical descriptions of forest backgrounds are found
to be useless for predicting detection probabilities. In
situ fire detection probability measurements in 13 tim-
ber types representing the major forested areas of
North America are presented. Detection probabilities
approach 100 percent in the open-grown, shade-
intolerant timber types; but the probabilities are mar-
ginal (50 to 60 percent) in the more shade-tolerant
types, such as Douglas-fir rain forests on the West Coast
and dense hardwood forests around the Great Lakes.

Also presented are the operatiuial procedures for
the system and th ' aircraft navigational requirements
that were developed on wildtirc patrol test flights made
during the 1967 forest fire season in the Northern
Rocky Monuntains. Results of these tests indicate that
approximately 50 percent of all possible wildfire var-
gets are detected using the system. Proposed are some
real time autocorrelation techniques that will signifi-
cantly improve the detection capability of the system.
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INTRODUCTION

This work was undertaken because of a
mutual interest of the Department of Defense,
Advanced Research Projects Agency (ARPA),
and the USDA Forest Service in the problems
of detecting hot targets against natural terrain
backgrounds using airborne infrared (IR) line
scanning instrumentation. The study objectives
were broadly defined in ARPA Order No. 544,
which contains three specific task assignments
that were modified from time to time during
the course of the study. The basic problem was
to examine the target obscuring effects of tim-
ber foliage or canopies on sma!l charcoal fires in
the forest cover types of North America. A con-
current objective was to develop an optimum
system for airborne forest fire detection in-
cluding the development of the operational
patrol procedures.

Our work, beginning in 1962, is described in
a series of three reports. This report, together
with the Interim Report (1966), covers the de-
velopment of the fire detection system. The
third report, Fire Mapping 1968, supplements
these two reports; however, it is limited to the
development of the system’s performance in
mapping very large forest fires.

In 1962, we had planned a three-phase inves-
tigation of airborne IR fire detection problems
to (1) develop the equipment; (2) measure fire
detection probabilities of controlled targets in
specific timber stands; and (3) develop opera-
tional patrol procedures.

The first year, 1962, was devoted primarily
to acquiring and becoming familiar with the
military IR line scanning equipment and
adapting it to our needs. An AN/AAS-5 IR
scanner was borrowed from the U.S. Army
Materiel Command and installed in a Beech-
craft AT-11 aircraft. We found that major mod-
ifications were needed in this hardware to ac-
complish the fire detection mission.

In the summer of 1963, we measured detec-
tion probabilities in only four timber types:
ponderosa pine, lodgepole pine, larch-
Douglas-fir, and Engelmann spruce. The idea
was originated for estimating the target-
obscuring effects of timber canopies using
shade tolerance as a basis. We found that a
standard dual-omni aircraft navigation system
was inadequate for wildfire detection patrols.
Also, we developed the following equipment
requirements for operational patrol: (1) Rapid
access to imagery; (2) a larger total field of
view; (3) better optical resolution; (4) in-
creased temperature sensitivity; and (5) more
precise air navigation.

In 1964, we tried an operational test of the
equipment and of navigational procedures that
we had developed for wildfire patrols in a
6,000-square-mile area southwest of Missoula.
Our tests failed because of IR equipment mal-
functions.

The first 3 years of work are reported in the
Fire Detection Interim Report (Wilson and
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Noste 1966). From these early studies, we con. ,
cluded thet (1) the basic technique (i.e., air-
borne IR fire detection) was a sound approach;
(2) detection probabilities in a wider range of
timber canopies should be examined; and (3)
an investment in more reliable equipmen® was
necessary.

As a result of our 1964 work, we realized a
very valuable spin-off of the detection pro-
gam — the capability for mapping large wild-
fires. As a result, the fire mapping system
was insta.led in an Aero Commander 600-B air-
craft. In July 1968, this system was placed in
operation in the Forest Service. A detailed de-
scription of the electronic signal processing re-
quired for fire surveillance is presented in Ap-
pendix V of the Fire Mapping Report.

During 1964, a Convair T-29B aircraft was
obtained from the U.S. Air Force;in 19685, the
fire detection instrumentation described in Ap-
pendix V was installed in this plane. This instru.
mentation was based on the concept illustrated
infigure 1.

The study was expanded in 1965 and 19668
from the four timber types that werr: specified
in the original ARPA task assignment to ir.-
clude 13 types; these were chosen to span the
full range of canopy densities found in the
north temperate zone of the Western Hemi-
sphere. The Society of American Foresters
(19566) recognizes approximately 1560 timber
types, of which about 75 types cover extensive
geographic areas. Flights were made over test
areas representing the 13 timber types in Louis-
iana, Illinois, Michigan, Montana, Idaho,
Oregon, Washington, and Alaska. Figures 2
through 7 are samples of imagery of these test
areas.

We realized that it was impossible to ac-
quire enough flight data to predict reliably the
detection performance at large aspect angles.
As an alternative, a fixed platform was installed
on a mountaintop within a larch - Douglas-fir
timber stand, from which we were able to ex-
amine fire targets in detail. From the data, we
developed a preliminary model for predicting
detection probability based upon density dif-
ferences in timber stands. In addition, recorded
target signals from the mountaintop were used
to develop the first automatic target alarm
circuits.

The 1967 operstional patrols (July 8 to
September 1) encompassed the major portion
of the forest fire season in the northem Rocky
Mountains. The objective of these patrols was
to scan as many natural wildfires as possible in
order to gain operational expenence and test
the detection system.

While planning this report we felt that we
had information to convey (o three sweparste
and distinct sudiences. The first of these, of
course, is the ARPA, whoe support we grate-
fully scknowledge. That there are two other
distinct sudiences — forest land managers and
systems design engineers — is symptomatic of
the general lack of communication that often
exists between systems development groups
and systems user agencies which are particu-
larly acute in forest fire detection.

In this report we have tried to show the foe-
est land managers that small latent furest fires
can be detected with reasonable probebility
using airbome infrared equipment. However,
lookouts and visual air patrols will still find
some fires that the IR scanners may miss and
vice versa; and only lookouts can provide con.
tinuous surveillance of high hazard areas. On
the other hand, IR systems provide new smoke
penetration and nightiime detection capabili.
ties. An integrated-combined systems approech
will be necessary to achieve the most effective
fire detection.

We have tried to demonstrate to the systems
design engineers that forest fire detection is not
a simple thermal mapping job. To be effective,
this system must find the fire targets when they
are very small and distributed over vast land
areas. The fire largets must be precisely Iccated
to be of any use to fire suppression forces. In
this report, we outline the basic requirements
for a forest fire detection system and discuss
the capability of the system to Jdetect hot fire
targets in natural forest backgrounds.

Our work prior to 1964 on detection prob-
ability and system development including the
results of our early patrol tests is described in
the Interim Report (Wilson and Noste 1968).
This final report is concemed with the detec.
tion probability work we have conducted since
1965 when we adopted the detection equip-
ment built to our specifications.



Figure 2. — Imagery shown above is from flights over pondercsa pine (932), lnodgepole
pine (135), Engelmann spruce (211), and larch—Douglas-fir (526) test areas. These were
taken during the summer of June, July, and August 1963, using a Polaroid attachment to
the AN/AAS-5 scanner. The Polaroid provided rapid access to the imagery for the detection
tests, but would be inadequate for an extended patrol mission. The fire targets are ob-
servable and can be identified because we knew where to look (test areas are laid out within
the white rectangles). Obviously, the targets would be difficult to discriminate from other
background anomalies on a fire patrol mission because of the poor optical resolution (4 to 6
milliradians), the poor thermal resolution (3° to 5° C.), and the inadequate processing of the

electronic signal.



Figure 3. — Imagery
of the western white
pine test area on the
Priest River in Idaho
was made using the
continuous strip
cantera. The exces-
sive noise and
improper response
of the AN/AAS-5
system made the
targe! difficult to
locate on the
imagery,
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Figure 4. — Imagery
of the western white
pine test area was
made in 1965 using
the new Texas
Instruments scanner
and Litton elec-
tronic system.
Although some
instabilities are still
evident in the
imagery, the targets
are much easier to
discriminate from
the background.




Figure 5. — These two
pieces of imagery of
the aspen test site
of Micliigan and the
second-growth
Douglas-fir in
Washington, were
made over terrain
backgrounds having
very low temperature
contrast (the
temperature differ-
ences measured on
the ground were 4"
to 7" C.). In both,
the terrain detail is
adequately mapped,
the target signatures
do not mask the
surrounding back-
ground by over-
saturating the
eleetronics.




Figure 6. — This
{magery was taken
over the pin oak
test area in 1966.
Changes in the
eleetronies im-
proved the optical
resolution and
temperature
resohution of this
imagery over those
shown in figs. 2
through 5. How-
eter, some sweep
Jitter and electronic
instabilities are
erident,

Figure 7. — The
terrain adjaeent to
the white spruee
test area along the
Tanana River in
Alaska is wet and
boggy. it produees
a flat thermal eon-
trast. The horizon-
tal bars are due to
shifts in the elee-
tronie elamp of
the CRT intensity
level. Note that the
bright speeular
refleetion of the
sun off the flat
water surfaee does
not affeet the
exposiure of the
surrounding ter-
rain. The ability
of the system to
reeover from satur-
ation is one of the
absolute require-
ments in fire
surrveillanee.




DETECTION THEORY

Background and Targets

Timber provides the fuel for the fire target
on the forest floor or in treetops or snags. The
timber canopy attenuates the target radiance.
And the timbered areas, together with grassy
meadows, brush patches, barren rock faces and
slides, and north-south slopes, provide the
background radiant noise from which the tar-
get must be discriminated.

In addition to detection, we must locate the
target relative to topographic features of the
terrain background. In the sense of differenti-
ating between desirable signals and undesirable
noise, the terrain background is simultaneously
adetection noise and a location signal.

Current state-of-the-art IR thermal mappers
can produce imagery of background terrain
with adequate resolution for the purpose of tar-
get location. Observable targets, of course, are
printed in the background imagery. The detec-
tion of those targets is not a linear operation
because the many possible inputs can produce
only two outputs —a Yes-No dichotomy.
However, IR mapping is alinear operation on
orthogonal functions in the sense of superposi-
tion (i.e., the superposition of input signals pro-
vides a superposition of output signals).

No system is rigorously linear; however, the
superposition requirement must hold over the
dynamic range of the detection system — from
significantly below the limiting background
noise level up to a target signal level where the
target detection probability approaches 100
percent.

We must recognize the photointerpreter (PI)
as an integral part of any detection system
because he makes the final decision. This de-

cision function is also nonlinear, but the PI has
an infinite advantage over an automatic line
scan target discriminator (i.e., he has the facil-
ity for two-dimensional shape recognition).

Our concept of the ideal system includes an
automatic target discriminator that sorts out all
possible target signals. In such a system, the PI
would simply review the automatic target
alarms and eliminate those targets that he
judged to be false alarms (campfires in camp-
grounds, bulldozer and construction equip-
ment, and geothermal activity).

We should point out that false alarms may
originate from two sources: (1) From thermal
anomalies in the background scene, or (2} from
internally generated noise in the system. Both
of these types of false alarms are errors of com-
mission. Missing a target that really exists is an
error of omission that we must also avoid.

The choice of target threshold is an easy one
if the automatic target discriminator can be set
without concern for the relatively few false
alarms caused by high peak signals. The unpre-
dictable character of the peak signals is the ma-
jor fault of statistical descriptions of non-
Gaussian background noise.

Reliable estimates of minimum and maxi-
mum backgroun 1 temperatures can be made by
judicious considuration of local meteorological
data. These temperature estimates determine
the peak-to-peak background contrast that is
used to select the optimum detection threshold
level for the automatic target discriminator.
Such estimates provide a more useful criteria
for threshold selection than would any conceiv-
able statistical description of background noise.



The only remaining consideration for detec-
tion is the target radiance available at the en-
trance aperture of the (R system if given (1) an
acceptable system capable of mapping the ther-
mal background, (2) a realistic estimate of the
peak-to-peak background radiance, and (3) a PI
who can intelligently discriminate against false
alarms by their unique extra-radiant character
(slope, location, etc.).

The undetected, incipient forest fire has
never been observed. However, the following
generalizations of its character can be made:

1. It exists under a timber canopy, from
which its fuels are derived.

2. For nonflaming, susiained combustion
the temperature must range between 550° and
700° C.

3. In most fuels, combustion must exceed
several inches in its least dimeiision to be self-
sustaining.

4. Generally it will be located on an ex-
posed air-fuel surface.

The typical target can be defined as not
more than 5 square feet of glowing combus-
tion.! This target is obscured to an unknown
extent by the intervening timber canopy.

Theoretical treatments of detection proba-
bility start with a definition:

Detection probability is the probability
that the target signal exceeds a threshold
signal. The threshold signal is a signal level
that the system operator may select by
judicious consideration of the properties
of the target, the background noise, and
the IR system.

The target signal is calculated by determin-
ing the system response to the target radiation
(Wolfe 1965).The minimum acceptable thresh-
old level is determined by fixing the maxi-
mum allowable false alarm rate. The false alarm
rate is dependent on the characteristics of the
background noise and the IR system’s scanning
function (Karr 1957;Genoud 1959).

Much has been published describing per-
formance of IR search systems in '‘ideal’’ back-
grounds (Hudson 1969; jamieson 1963; Wolfe
1965). Almost invariably, system performance
is described by a signal ratio — peak target sig-
nal (Vp) to root mean square (rms) noise (Vp)
voltage ratio, Vp/Vn. Such descriptions assume
that it is possible to determine the false alarm

rate for any detection threshold level from in-
complete statistical descriptions of the back-
ground noise (e.g., rms noise). Implicit in this
assumption are the following: (1) The entire
set of possible backgrounds have completely
random properties (spatial and temporal);
(2) these backgrounds have invariant statistical
properties from one background to another;
and (3) these s‘atistical properties do not vary
with the relative position of the observer (i.e.,
direction of view).

Robinson (1959) concludes:

... that these particular incomplete de-
scriptions are only of value for a very re-
stricted class of backgrounds. With most
backgrounds and most systems, these
methods are useless insofar as they can be
used to predict performance.

In other words, it would be very naive to
consider wildland terrain backgrounds as
having ideal, analytic statistical properties —
they are not stationary, they are not ergodic,
and they are not Gaussian.

Some have suggested more complete des-
criptions of backgrounds are needed (Robinson
1959; Holter and others 1962; Jamieson and
nthers 1963). Obviously, 2 given background
= 2ne can be completely described by its spatial
distribution of radiance, R(x). That is, R(x) is
uniquely determined for every point (x) in the
background. But, even a complete set of these
detailed descriptions, R(x), does not meet the
ergodic ensemble requirement for terrain back-
ground description (i.e., the value of a param-
eter — average peak radiance — is not the same
when averaged over one scene or when averaged
over the entire set of scenes).

The problem can be stated another way: A
system should be capable of detecting targets
against a wide selection of backgrourds. On
any given mission, the detection threshold
should be set with reference to the background
that exists at that time in that locale. Thus set,
the system will detect targets more reliably
than if the threshold is set higher to miss false
alarms for all possible backgrounds that might
exist at any other time or place.

" Reports on file at the Northern Fores! Fire Labora-
tory indicate that five 1-square-foot combustion zones
are found within a 30-foot perimeter in forest fires
during the initiat attack phase.



Figures 8 through 15 show some of the
effects of terrain backgrounds that are impor-
tant in fire detection.

Figure 8. — An example of the spatial fre-
quencies commonly found in the Bitterroot
Mountains of western Montana is shown
below. At least two distinct spatial fre-
quency patterns are evident on this imagery.
The first is the major drainage pattern of
darl: vallev bottoms and warm exposed
southern faces. The minor ridges and draws
form a second distinct spatial frequency
distribution.

Figure 9. — The river bottom at the top of the
imagery shown above has little terrain detail
which is due to low frequency spatial con-
tours of the background. The higher alpine
terrain at the lower end of the picture has
much liigher spatial frequency distribution
caused by the minor ridges and draws and
exposed rock {aces. Note also that the river
bottom along the top of tlie frame is warm
relative to the background, wlile the higher
vallevs are cool.
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Figure 10. — The high plateau area of eastern
Oregon has a peculiar spatial distribution of
backgrounds which is caused by the croded
washed drainage pattern (below). The spech-
led high frequency distribution of vegetation
isanotherdiscrete background phenomenon.

Figure 11. — The imagery shown above the
exposed grassy slopes in the Salmon River
country of Idaho shows the nighttime resid-
ual heat left by day time solar radiation. The
hot spring and creek can be seen in the cen-
ter of the imagery just below the major river
drainage pattern that runs horizontally
across the frame.
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Figure 12. — In the imagery below, the cool
valley bottoms form a drainage pattern of
low spatial frequency: the alpine meadows
at the top and bottom form a spatial distri-
bution of higher frequency.

12

Figure 13. — Agricultural areas have q geomet-
rical spatial pattern (above). Lakes and reser-
voirs are generally large; however, their
shores have q sharp and discrete thermal
contrast.



Figure 14. — Rockslides on sotithern expostires
form a discrete and significant class of back-
grounds, which makes fire detection diffi-

cult (below).

is of the Gibbon
1l Park

Figure 15. — This imagery
Geyser Basin in Yellowstone Natior
(above). Geothermal uctivity poses an obui

ous problem to fire detection.
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Equipment Development

Designers of forest fire detection systems
must recognize that (1) the purpose is to-ac-
quire and interpret certain information; (2) the
equipment must process and reproduce the in-
formation without losing any significant detail;
and (3) a well-designed system plays a major
role in the decisionmaking process.

Initially, such information is a spatial distri-
bution of cool, warm, and hot radiating sur-
faces. Thus, we first had to formulate a general
expression for the radiant emittance distribu-
tion in the extended object plane of the terrain

I(x,y')=/fW(x,y) K (x,y;x’, y’) dx dy

K is the functional transformation of the
total system. K is also the product of all re-
sponse and transform functions of the individ-
ual components of the system. The calibration
of this function for our feasibility tests is dis-
cussed on page 22,

The total system and each identifiable sys-
tem component has a characteristic input-
output relationship. For this analysis, each
transformation function is separable into a
modulation function and a response function.
Forexample, the input to our scanner is aradia-
tion difference, W(x, y), between adjacent ter-
rain areas. The detector output is a time de-
pendent voltage, S(t). The transformation, U,
for this .ort of the system is a product of a

response function, R(volts and a modulation
watts

function, M(x, y, t). Thus U = R‘M such that
the scalar product S(t) = W(x,y)-U(x,y,t). The
two functions, R and M, affect the ‘‘thermal
resolution” and the “‘optical resolution” of the
system, respectively.

The performance characteristics of airborne
IR thermal mappers have heen adequately
covered in the literature (In.titute of Science
and Technology 1962, 1963, 1965, 1966,

as Born and Wolf (1964-65) did for incoherent
object illumination.

Let W(x, y) specify the radiant emittance
for the point (x, y) in the object plane of the
terrain. The properties of the imaging system
may be characterized by a transform function,
K(x,y; x",y"). K is defined by the photographic
exposure per unit area of the x, y plane at the
point (x’, y’} in the reconstructed image plane.
This exposure is caused by radiant emittance of
unit amplitude at the object point (x, y). Thus,
the spatial distribution of photoexposure on
the IR imagery isgiven by:

Eq.1

1968; Wolfe 1965; Jamieson and others 1963;
Holter and others 1962). However, fire detec-
tion systems have unique operational require-
ments. The scanning of the terrain and the re-
construction of its image in fire detection sys-
tems follows the numbered sequence shown in
figure 1. The radiant power from the source (1)
traverses an optical path to the airborne scan-
ner (2) where it is sensed by the detector and
electronically processed (3). The electrical sig-
nal is applied to the CRT (4) and the CRT spot
is projected onto the film (5).

An equivalent plackbody temperature,
TRB, is usually defined as the temperature of
an “ideal” radiation s >urce that provides the
same radiant power as the ‘‘real’’ source being
observed in the spectral region, A, of the ob-
servation,

The total radiance emitted from a small res-
olution element is averaged over the elemental
area, AxAy (see 1 in fig. 1). The elemental area
must include the hot target, if it is present. The
following equation serves as the definition and
physical interpretation of ‘‘average, effective
blackbody temperature, TBB, of the instan-
taneous field of view (IFOV).”

+ +
1 g POV, XRAX, AHAA o v) WOLLX,Y) dAdxdy
W'\, TBB,X,y) =————V¥ X A
AxByAX
1 aan
= o G (exp(C, ATBBI) A Eq.2
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Note that the spectral dependence of W' (X,
TRBRB) is not identical to that of W(X, T) within
the element AN, Serious problems concerning
TRBB arise when the hot target is included in the
elemental area. There is always a TRB that satis-
fies equation (2). However, TBB does not ap-
proximate the true thermal temperatures of the
source when the source significantly departs
from the ideal blackbody conditions. When
such is the case, we discard the simplified ideal
blackbody assumption in favor of the actual
spectral distribution (i.e., the real spectral char-
acter, ¢(\), of the source and/or the real spatial

SA(TBB.t) = wAal _ 7 W TRR.I) T (X) R(A) b(r-rt)drdr

where
Axdy

w - ———
<h2 /cos® 0)

= a'f is the lateral angular resolution times
longitudinal angular resolution’

r = vector notation of coordinates x, y on the
terrain object plane
= time
r = scanning rate in the object plane
5 (r - rt) is the scanner-receiver modulation
function . h .
From scanner geometry,” r 009 0
where
h = aircraft altitude
0 = scan angle
6 = rotational speed of scanning IFOV.

5 performs the space-time convolution and
has a maximum value of unity and a width
equal to the effective size of the resolution ele-
ment of the scanner, In principle, 5 includes the
transform (MTF) of the point spread function,
which in theory depends on optical resolution,
the time constant of the detector, scan rate,
etc. In most well designed IR line scanners,

2 Longitudinal resolution is in the direction of the
aircraft flight path; lateral resolution is in the direction
clong the scan line, perpendicular to the [light path.

3 Rigorously, 0 is measured in the var&ical plane of x
(with no y componenl}; y is the aireraft speed, and
% = Oh/COS? 0 is the seanning sweep speed and t = %
because the rati- v/ is very, very small,
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distribution of thermodynamie temperatire)

From the souree, the radiation traverses an
optical path to the scanner’s entrinee aperture,
Ag (at 2 in fig. 1). The spectral distribution of
the transmission, Y(\), of raditon through
the optical path is dependent ou atinospheri
composition. The scattering and obsenration
effects of timber canopies are ineluded i TN 1
The spectral responsivity, R(M ), depends on the
detector that is used. We include the spectral
characteristics of the optical systemin My,

The signal Sq. from the deteetor mn respoiise
to radiant pe wer, W, from the terram s

Eq. 3

those spread functions are mede nsignificant n
comparison to the size of the field stop. The
rectangular area, AxAy, of & for u square field
stop projected on f.ae ground is

ah sh . wh®
cos’0 cos) cos’v

Ax Ay =

and the dwell time, r = Ax/r = a /0, 1s constant
over tire full width of the scap line. The size,
AxAy, of the IFOV (the projection of the reso-
lution element onto the terrain object plane
varies as the aspect angle, 0, along the scan lhine.

The thermal washout at the edges of the
imagery of certain discrete classes of back.
ground objects (see figs. 8 to 15) is caused hy
the averaging of TBB over the larger IFOV at
the ends of the scan lines. At the same time.
other size classes may be printed with good
contrast. This observation supports our con-
tention about the non-Gaussian character of
forest backgrounds.

The time dependent electrie signal from the
detector is amplified and processed by well
known techniques (3 in fig. 1). From a practical
engineering standpoint, the processing through
amplifiers. filters, etc., requires that we look in
detail at the time-frequency transforms of indi.
vidual components (see Appendix V). For this
functional representation we will define the
gain, G, of time-dependent signals from the
electronic system such that

So (') = G (1, t') Sq (). Eq. 4



Note that G need not be linear. In fact, system
requirements for adequate thermal resolutior
at low signal levels (terrain background) and
large dynamic range (hot fires) suggest a highly
nonlinear, electronic gain. The first stages of
signal amplification are generally the source of
the limiting system noise.

The signal, Sy, is applied to the Z input of a
CRT (4 in fig. 1). Thus, emittance of the source
is related to the visible output — spot intensity
of the CRT —and is characterized by a re-
sponse, I, (e.g., luminosity per volt) and a spa-
tial distribution 6°. The spot is focused on a
photographic emulsion moving normal to the
scanning direction and results in an exposure.

E(r') = [So(t') 1 6° (r' - 't')dt’. Eq. 5

I is the photographic exposure per unit of sig-
nal for the CRT-camera system; and §'(r’ - £'t’)
is the time-position transform of the writing
CRT spot on the photographic film.

The photographic film (5 in fig. 1) is pro-
cessed with a characteristic, v.

D(r’') = v logE(r’) Eq. 6

is the film’s optical density as a function of
position, r' on the film.

The limiting system noise may be printed on
the film. Knowing the system transfer func-
tion, we can calculate the noise equivalent in-
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put. Noise equivalent power, NEP (or NET de-
fined in equation 2), of the system is defined as
the difference in input radiant power,
AW(TBB), that will produce a film density
contrast equal to the density contrast produced
by the limiting system noise. To determine a
value of NEP, we must explicitly define our
noise measurement (i.e., peak-:o-peak or RMS,
bandwidth, etc.) and the equivalent radiation
signal (shape, size, power, etc.).

The imagery is an exact reproduction of the
thermal scene, and film density is functionally
equivalent to terrain temperature, D(r')=W(r’),
only to the extent that:

1. The total transformation from equation
(3) to equation (6) is linear and the principle of
superposition holds. The radiant power must
approximate an ideal radiator in the spectral
range of the observation, and the radiation con-
trast must significantly exceed the equivalent
system noise.

2. That the 8 and &' are properly synchro-
nized and produce complete sets of orthogonal
functions, S(t) and D(r’). Note that the image
resolution is determined by the total “spread”
in the product of all these transforms, including
those, G(t,t'), within the electronic video
chain.



Equipment

The equipment installed in the Convair T-29
aircraft is shown in figures 16, 17, and 18. This
aircraft was an ideal flying laboratory in which
equipment development and modifications
were easily performed.

The IR receiver (including mechanical
mount, optics, drive motor, and InSb detector)
is a stripped down version of the RS-7 IR line
scanner built by Texas Instruments, Inc.

Several preamplifiers have been built and
tested in attempts to resolve the video prob-
lems, such as amplifier noise, target and back-
ground dynamic range, and low thermal con-
trast of backgrounds. A discussion of preampli-
fiers is givenin Appendix V.

The electronic equipment for signal pro-
cessing and CRT display was built by Litton
Industries, Electronic Tube Division. Slant
range correction (rectilinearization), electronic
roll correction and good d.c. amplification of
the video signal were designed into the
equipment.

The imagery is reproduced on an Ansco
rapid film processor — KD-14 camera system.
This camera produces continuous strip imagery
that is available for viewing within a few
seconds after flying over an area.

The navigation system that was in the T-29
when we obtained it from the Air Force was an
AN/APN-81 Doppler radar. We replaced it in

1967 with a more reliable Bendix DRA-12/
CPA-24 Doppler radar navigation system. Both
of these systems compute aircraft position
from the track of the Doppler radar and the
aircraft compass heading.

In 1967, we added the target discrimination
module (TDM) to our system. The TDM pro-

vides a marker pulse for the imagery and a trig-
ger for an external alarm. The target markers
are shown in the imagery of figure 19. The

. down track mileage marks from the navigation
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system are also shown.

Auxiliary instruments that were necessary
for these tests included an extra set of flight
instruments — altimeter, groundspeed indica-
tor, etc. — for the test observer, and elec-
tronic test equipmer.t for monitoring, proces-
sing, calibrating, ana recording of the video
signals.

The operational goals for the fire detection
system were arbitrarily established by consider-
ing three factors: economics of fire detection,
performance of alternative detection systems,
and the expected capabilities of IR line scan-
ners. The goals were as follows:

1. Detect fizes as small as 1-square-foot of
burning material.

2. Locate these fires relative to the ther-
mally mapped background terrain.

3. Patrol 5,000 to 10,000 square miles per
patrol mission.

As suggested by Wolfe (1965), these goals
reduce to a set of system performance param-
eters as follows:

1. Aircraft speed of 200 miles per hourand
10-mile-wide coverage gives 2,000 square miles
per hour capability.

2. 15,000 to 18,00 feet altitude with 120°
wide field of view will provide 10-mile-wide
coverage with adequate overlap for navigation
of adjacent patrol strips.

3. The thermal and optical resolution re-
quirements reduce to a capability of observing
1° or 2° C. background temperature dif-
ferences; 30- to 70-foot objects are resolved
with 2-milliradian instantaneous fields of view.



Figure 16. — Convair T-29B aircraf.

w

Figure 17. — Euipment racks and tape recorder installation in aircraft.
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Figure 19. — This IR image,
made at 12,000 feet above
terrain, covers approximately
40 square miles. A, Inserted
by the navigation system,
these marks show 5-mile
intervals along the track;

B and C, automatically
inserted by the TDM to
indicate the presence of a
fire target. and D, latent
forest fire.
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Airborne Detection Probability Tests

We used Baker’s (1949) table for ranking
tree species by shade tolerance as a qualitative
indicator of crown density because species hav-
ing dense crown foliage logically (1) would ob-
scure fire targets, and (2) be more tolerant of
shade. Thus shade tolerance was used as one
scale of measurement for crown density. As a
result of preliminary investigations, however,
we found that a second scale of measurement
for crown density was needed for insuring reli-
able prediction of detection probabilities. To
do this better, we took field measurements of
tree crowns in terms of height, diameter, and
closure, as well as stems pcr acre, diameter at
breast height, etc. (see Timber Cruise tabies,
Appendix 11). These measurements were used
to construct the prediction model as described
in Appendi+ 111,

The individual test areas were fully stocked.
We preferred that the trees be confined to the
early, mature stage and that the stands be of a
basically pure type (Society of American For-
esters 1954, p. 67) to allow explicit description
of the composition of the test stands. These
timber cruises were made in each test area using
the variable radius Bitterlich plot technique
(Grosenbaugh 1952, p. 32-37).

Each plot location was described according
to slope, aspect, and basal area. These same plot
locations were used as the test fire points.

In four of the test areas — second-growth
Douglas-fir, western white pine, northern hard-
woods, and lodgepole pine — the diameters and
heights of each tree bole and tree crown that
intercepted the scanner line of sight were meas-
ured for all aspect angles from 0° to 60°.

An analysis of 250 smokejumper reports in-
dicated a typical spot fire consists of five
1-square-foot burning areas in a 30-foot-
diameter circle. A typical spot fire spreads
slowly along a broken perimeter, leaving a
burned out interior and a large amount of cold
or dead fire edge. Such fires in the dormant, or
incipient state, maintain a fairly constant live
burning area that disperses as hotspots burn
apart. Therefore, we simulated these fires using
five 1-square-foot buckets of burning charcoal
equally spaced on the circumference of avaria-
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ble radius circle. We termed these “‘test fire
arrays.”’ The circle radius was varied in 3-foot
increments from 3 to 15 feet. Spacing of 300
feet between test fire arrays facilitated separa-
tion on the IR imagery. Fifteen to 20 test fire
arrays were laid out in each of the 13 test areas.

The buckets of burning charcoal closely ap-
proximate Lambertian radiators. Temperatures
of these range from highs between 850° to
900° C. 30 minuvtes after ignition to lows be-
tween 550° to 6U0° C. 5 hours after ignition.
These temperatures were affected by meteoro-
logical conditions — the most apparent being
the effect of wind.

During the flight tests, a ground crew moni-
tored these target temperatures as well as ter-
rain background temperatures. Meteorological
records were kept of wind, air temperature, and
relative humidity. These measurements were
needed in data analysis to remove the variable
effects of atmospheric water absorption and
target temperatures. The ground crew also
changed the radii of the test fire arrays upon
instruction from the flightcrew.

In addition to the pilot, copilot, and crew
chief, the flightcrew included a flight observer
and an equipment operator. The flight observer
monitored the IR imagery while the equipment
operator adjusted system electronic controls so
that terrain background contrast covered the
lower half of the film gamma curve. On the film
the upper portion of the gamma curve was re-
served for fire target signatures. System settings
corresponding to film exposure (cathode ray
tube bias, or level) and temperature contrast
(amplifier gain) were logged by the observer.
These records proved invaluable for system
development, but were inadequate for rigorous
data analysis.

After 1965, most of the test data were also
recorded on magnetic tape as well as film. The
magnetic tape was used extensively for system
development and performance checks. In ad-
dition, it provided precise data on target
strength for comparison with the Pl’s subjec-
tive target measurements on the 1R imagery.

Test flights were made at 8,000 feet over
terrain. The aspect angle was varied in 10" in-



crements. The scanner optical system was tilted
in pitch angle for aspect angles from 0° to 40°.
The aircraft flightpath was offset for aspect
angles from 40° to 60°.

For cost reasons, we simplified this pro-
cedure and adopted a “rule-of-thumb” flight
plan as follows:

1. Two passes were flown over the test area
from opposite directions (i.e., 30 to 40 target
observations), after which the flight observer
counted the targets on the imagery. This pair of
passes was made looking straight down (0° as-
pect angle) with the targets on a 9-foot radius
(halfway between 3 and 15 feet). If near
100-percent detection was observed, the aspect
angle was increased to 10° and the next pair of
passes was flown. As long as percent detection
“looked good,” two passes were made at each
succeeding 10° aspect increment to a maxi-
mum of 60°.

Figure 20. — Imagery of 20
target arrays in the
aspen test area.

2. When, or if, the percent detection de-
creased significantly, two to six additional
passes were made at each 10° increment until
the flight observer had established a representa-
tive average percent detection. This procedure
was continued out to an aspect angle of 60", or
until the percent detection had fallen to less
than one-half of its 0° aspect value.

3. If the target data were high (80- to
100-percent detection), we assumed the detec-
tion of fires over 9 feet also would be good and
the ground crew was instructed to move the
targets to a 3-foot radius. However, if the
9-foot data were low (less than 80-percent de-
tection), the targets were enlarged to 15-foot
radii and, the 10° angle increment procedure
was repeated. Six-foot and 12-foot fire radii
were tested only if it was necessary to fill in
large differences of percent detection hetween
the 3-, 9-, and 15-foot radii targeus.




Imagery was recorded in flighi on 5-inch
film using a KD-14 rapid process camera and
simultaneously on magnetic tape using an Am-
pex 1300 recorder. Figure 20 is sample imagery
of a 20-target test area in the aspen test area. In
this imagery, the test fires were placed on the
circumference of a 3-foot-radius circle and
viewed vertically (0° from the nadir). Forty to
100 pieces of imagery in each timber type were
necessary to determine the capabilities of the
detection system and to determine what fire
size and aspect angle limited performance.

A simplified schematic of the test system
and its associated response functions are shown
in figure 21 to demonstrate our calibration
technique. A density wedge was photographed
on film and used to measure target strengths
directly from the imagery. This wedge is the
film record of calibrated signals introduced at
the system input by a pulse generator. The
wedge provides the PI with a scale 0 to 5 of
target strengths for various background densi-
ties (fig. 21B, farright).

Figure 22 shows the video traces of indi-
vidual target signals that were tape recorded
simultaneously with the imagery shown in fig-
ure 20. The numbers in the upper left-hand cor-
ner of each set of traces identify individual tar-
gets. Signal strengths (0 to 5) are subjective
evaluations of target intensity from filmed
imagery — 0 represents no detectable target
and b represents a saturated target. The PI’s
subjective measurements are well correlated
with the actual signal strengths. Thus, we relia-
bly read the target signals directly from the
imagery. We then normalize these data to con-
stant atmospheric path, target temperature,
and aircraft altitude.

Adjustments made by the equipment opera-
tor proved to be a crude data normalization
procedure in itself. For example, the flight ob-
server made compensating adjustments of the
imagery’s thermal cortrast in response to
changes in environmental conditions (e.g., at-
mospheric H, O absorption or target tempera-
ture). Thus, our hot target signatures as read
from the imagery could not be used to deter-
mine optical attenuation coefficients of the
timber canopy. This was disappointing. How-
ever, this did not seriously affect our primary
objective of measuring the system’s detection
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capability because we recognized that the cal-
ibration wedge is only a reference scale for
target comparison.

The only system requirements for adequate
data acquisition are (1) that the terrain back-
ground be easily observable above the system
noise limit; and (2) that the flight observer
must adjust the gain and level controls for
optimized imagery, as described above.

It must be emphasized that the PI was al-
ways aware of the precise location of the tar-
gets in these tests; therefore, he was confi ‘ent
of his ability to identify targets that were hid-
den in the background. Actual detection of an
individual fire is a yes-no dichotomy. Detection
probaktility is the fraction of total fires that a Pl
observes on the output imagery. Detection
probability should be related directly to the
target signal strength. Even though we are pri-
marily interested in the number of targets de-
tected, the readings of target signal strength are
better indications of system performance be-
cause we have more statistical cor.fidence in a
measure of target magnitude than we have in
the yes-no dichotomy. In these tests, the P] was
obviously biased by previous knowledge of tar-
get location. By requiring the observer to esti-
mate target signal strength, a more objective
measure of detectability is provided.

In the operational mode, detection perform-
ance will depend — in part — on the PI’s ability
to pick out submarginal targets, which in these
tests were included as positive detections.

Each ‘“‘piece” of imagery represents one pass
over the test area and contains the target signa-
tures of 15 to 20 test fire arrays. At least two
pieces of imagery were made at each aspect
angle and for each fire size in each timber type.
Three different PI’s read each piece of imagery;
thus, each primary data point (average signal
strength) represents the average of three read-
ings of at least 30 individual target signatures.
In cases where the flight observer determined
*“unusual’’ differences (numbker of targets on
imagery or magnitude of target signals) be-
tween the first two passes, additional pairs of
passes were flown until the differences were
subjectively resolved. This procedure was a
compromise (as we have already inferred) be-
tween statistical confidence in the data and
economy of operation.
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Figure 21. — A, Schematic of IR system,
B, transfer function demonstrating target calibration technique.
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The flight observer monitored the IR
imagery in “real time’’ for the primary purpose
of directing the progress of the tests. In figure
23, his record of targets observed in flight are
correlated with the later, more detailed recount
by the PI's. The observer efficiency (ratio of
flight observer’s target count to the PI's target
count) was 86 percent — average over 493
pieces of imagery from nine test areas.

Two types of error by the flight observer are
possible: (1) Identification of targets that ac-
tually have no signature on the imagery (false
alarms) — this error (of commission) occurred
very seldom; or (2) missing or failing to count
targets with identifiable signatures — this error
(of omission) was far more common. Most of
the missed targets (14 percent) had very weak,
marginal signatures.

Mountaintop Tests

The objective of the mountaintop tests was
to measure detection probability at large verti-
cal angles in one timber type.

The scanner was installed on a cliff over-
looking the Bear Creek Drainage test area (fig.
24). This area is located west of Victor, Mon-
tana, in a well-stocked, mature larch —
Douglas-fir stand associated with grand fir,
Engelmann spruce, alpine fir, and lodgepole
pine.

Test plots were established in the timber
stand at 45°, 48°, 50°, 54°, 58°, and 60° aspect
angles. Each test plot consisted of two lines 250
feet long and about 15 feet apart, oriented at
right angles to the scanner line of sight. Slant
ranges from the scanner to the tust plots were
between 2,000 and 3,600 feet.

The AN/AAS-5 scanner had been niodified
to improve its dynamic range and lower its
noise level. The video signal was amplified by
about 40 db. Target signals (A-scan traces) were
recorded on Polaroid film from a Tektronix
535 oscilloscope (fig. 25). Electronic gain was
periodically calibrated to compensate for drift
caused by changes in environmental condi-
tions.
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Figure 23. — Percent real time observer count
versus P[ recount.

A 1-square-foot burning charcoal target was
moved in 1-foot increments along the test lines,
providing approximately 500 individual target
readings at each aspect angle (fiz. 26). Radio-
metric tests in the laboratory wind tunnel had
revealed that significant temperature fluctua-
tions would occur as a result of wind and physi-
cal jostling of the fire bucket. Every possible
precaution was taken in the field to minimize
these fluctuations. Weather data, bucket tem-
peratures, and background temperatures were
recorded continuously.

Unobscured control targets were located at
least 20 feet outside each end of the test line.
These control targets provided an additional
target calibration signal and aided the scanner
operator in locating the test lines.

A detailed timber cruise was made of all
trees located within 50 feet in front of each test
line; each tree was identified by recording spe-
cies, d.b.h., tree height, crown height, and
crown width. Trees exceeding 5 inches d.b.h.
also were measured that were growing between
50 and 100 feet in front of each test line. In
earlier tests we had made a detailed timber
crown study at the 45° test plot during which
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F‘igufr:e 24. — Scanner installation at mountaintop location.
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the horizontal profiles of all tree crowns were In later tests on the 50°, 54°, and 60° test
mapped, and studies were made of target sig-  plots, an intercept profile cruise was made by
nals received through 2,500 different optical mapping all crown material intercepting the
paths from this test plot (Wilson and Noste  scanner-to-target line of sight. That is, we
1966, p. 24). The profiles did not provide an  mapped all material intercepting the plane de-
accurate estimate of the amount of crown ma-  termined by the test line and scanner location.
terial actually intercepting the scanner-to- These data provided the basic information for
target line of sight. It was apparent that we  statistical correlation between target signals
needed some measurement of the vertical dis- and the obscuring crown material.

tribution of crown material to account for at-

tenuation along various slant paths through the

timber crowns.

Target signal —\

Figure 25. — Typical oscilloscope signal trace showing target signatures for mountaintop tests:
A, signal trace of background adjacent to target orea without target; and B, signal background
with target.
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e
Figure 26. — Burning target on 60° test line.

Operational Patrol Flights

Seven patrol flights were made during July
and August of 1966. Sixty targets were de-
tected on these seven missions — 29 campfires,
10 dwelling: 4 slash fires, 12 fire targets, and 5
false alarms. Light fires were missed. Detailed
data for the 1966 fire patrol season are given in
tables 30 and 31, in Appendix IV.

A prototype pulse-height discriminator for
automatic target alarm was evaluated during
this patrol test season. Its perfcrmance was
very encouraging. It was “alarming™ on all hot
targets; however, it also appeared to be *‘alarm
ing” on lakes and other terrain details. The IR
imagery was recorded on magnetic tape, which
permitted further evaluation and development
of the discriminator during the winter of
1966-67.

We concluded from the 1966 patrol tests
that consideration should be given to the fol-
lowing:

1. The overall size of the patrol area should
be enlarged to increase the likelihood of wild-
fire observance.

2. Forested areas should ve assigned hazard
priorities and graded into fire detection classes,
using criteria developed in the feasibility
studies.
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3. Lightning storm activity and current
weather information should be acquired for the
patrol areas.

4. A plan for collecting fire reports from
fire control personnel should be developed.

5. A pulse height/pulse width target dis-
crimination module (TDM) should be added to
the system.

6. The aircrafi’s navigation should be re-
placed.

An extensive zone 400 miles within a radius
of Missoula, Montana, was established in which
missions were to be flown in 1967 (fig. 27).
This area was divided into eight zones, with
preplanned refueling and overnight stops.

Meetings were held with personnel fromthe
41 National Forests located within this zone to
explain the purpose of the study and to ensure
timely acquisition of ground reports on wild-
fires. Information on lightning storms forsuch
a large area had been extremely difficult to ob-
tain. This problem was eased somewhat by use
of the we..her radar unit at Missoula and the
Salt Lake City network. The Missoula radar
unit provided hourly maps of individual storm
cells within a 200-mile radius of Missoula: these



Figure 27. — Shaded
area shows 1967 patrol
area (400-mile radius of
Missoula, Montana); circled
areas are ARTC radar network
from Salt Lake City, Utah.

maps were the backbone of our weather intel-
ligence. The Salt Lake City center provided tel-
etype reports every 2 hours of storm activity
from six radar units in southern Idaho, Utah,
and riorthwestern Wyoming. Telephone reports
of lightning storms were obtained directly from
National Forest personnel in the Cascade
Mountain area of Washington and Oregon.

The probability was high that storms would
occur simultaneously in a number of areas
within the patrol zone, or would cover an area
larger than could be flown on a single mission.
Each National Forest was assigned a priority
index in order that missions could be planned
to observe a maximum number of fire targets.
This priority factor (PF) was calculated from
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the past 10 years’ fire-weather histories and ex-
pressed as a relative number of fires per storm
day per million acres. The PF ranged from 0.29
for the Beaverhead National Forest to a high of
5.76 for the Malheur National Forest (table 32,
Appendix II).

Inasmuch as the forest canopy plays a signif-
icant role in IR fire detection, we adjusted the
PF’s for species composition so that the PF val-
ue would more closely predict the number of
fires that would be detected by IR. This had the
effect of favoring patrols in the open timber
types. The areas of timber in detection classes
1, 2, and 3 (see p. 33) were measured from
USDA Forest Service maps; a weighted average
of detection probability was calculated for



each of the 41 National Forests, assuming: 100
percent detection for class 1 timber; 75 percent
detection for class 2 timber; and 50 percent
detection for class 3 timber. We assumed fires
would be equally distributed in all timber
types.

The elapsed time between lightning occur-
rence and the time an area could be flown was
determined by the rate of dissipation of clouds
after a storm. We also attempted to adjust the
PF to account for fires that would be detected
and, in some cases, manned and controlled be-
fore they could be flown with the IR scanner.
From the fire histories of each National For-
est, a tabulation was made of the percent of
undetected fires versus elapsed time between
origin and detection. This readjustment also ac-
counted for time lapses between different
storms in different areas. Thus, the urgency of
patrolling an area that had had a high PF anda
storm on the previous day could be compared
to an area that had a lower PF and a storm
since the previous day.

In the Northertn Rocky Mountain region,
lightning storm activity generally occurs in the
aftermoon and early evening; the storm dissi-
pates by late evening. Thus, daily storm activ-
ity, which was plotted on a planning map, was
updated until 1900 hours (fig. 28). Possible
mission areas were blocked out on the map and
an adjusted PF assigned to each of these areas.
The area with the largest probable number of
target detections was selected for patrol.

A patrol mission briefing was held for the
aircrew, during which flight plans were final-
ized based on flying conditions and lightning
storm activity. On occasion, a high priority area
had to be passed over because of late cloud
dissipation.

Latitude and longitude of the starting and
ending points of the first patrol leg were read
from the planning map; values were used to
compute the course and distance of the first leg
of the patrol. This first leg was transferredtoa
sectional aeronautical chart. The remaining legs
were plotted parallel to the first (fig. 29). The
average altitude over terrain determined the
spacing interval, which varied from 5 to 7 nauti-
cal miles. A prominent land feature was se-
lected on each leg of the patrol grid to be used
as a checkpoint. Information was provided to
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the navigator in the format shown in figure 40,
Appendix IV. The checkpoints also were
plotted on a USDA Forest Service Series A map
to provide detail to the flight observer when
checking the imagery.

Missions were scheduled for sometime after
2200 hours, depending on time required to fly
to the beginning point of the first leg of the
mission. The course and distance of the first leg
were set in the Doppler computer. As the plane
proceeded down the first leg, the computer
showed the miles-to-go to the end of the run
and the miles right or left of the desired track.
This navigation system worked well during the
1967 tests.

No attempt was made to locate targets in
flight. The imagery was available to the PI’s by
0600 hours. Targets were located on USDA
Forest Service Series A maps and recorded on
data forms (fig. 41, Appendix IV). In difficult
areas, Forest Service timber-type maps also
were used because they have vegetation cover
information.

The PI classified targets into four categories:

1. Fire target. — (a) If in an isolated loca-
tion, any well-defined target on the film; or
(b) if near roads, streams, or possible human
activity, any target of greater intensity than
normally expected from a campfire.

2. Possible fire, — (a) These are targets that
may have the same characteristics as a fire tar-
get, but are possible campfires because of their
location; or (b) targets that tripped the TDM,
but did not appear on the film because of their
location and intensity.

3. Campfire. — These are targets in kncwn
campgrounds or situated in an area that makes
it highly probable that they are campfires (e.g.,
by a major road or a heavily used stream or
river).

4. Other. — All other hot targets (e.g., hot
springs, houses, mills, etc.)

Targets in the first three categories were re-
ported to the National Forests as soon as inter-
pretation was completed.

The reports to the National Forests included
target category, location by legal description,
and recognizable landmarks. A followup call
was made later in the day to determine if any
targets had been confirmed and if any fires had
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Figure 28. — Shaded areas show where lightning storms occurred on July 23, 1967, in the patrol
area. This was derived using thunderstorm activity maps issued hourly by the Missoula radar

unit for that day.

been missed by the scanner. The areas around
fires that were accessible to our ground crew
were examined to determine the type and den-
sity of crown obscuration, fire size, burming
characteristics, location and fuel, and amount
and type of smoke available for visual detec-
tion.

During 1967, lightning activity was limited
in the western portion of the 400-mile patrol
zone; thus, the number of missions flown in
this area was less than anticipated. Patrol flights
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were made on 21 of the 35 possible operational
days (table 1). Eight of the days (23 percent),
on which flights were not made, had little or no
lightning activity; 5 days (14 percent) had light-
ning but late cloud dissipation prevented sched-
uling a patrol mission. One mission had to be
scrubbed because of restrictions on pilot hours.
However, late dissipation of cloud cover caused
some problems, primarily in the early part of
the season. A daytime mission capability could
alleviate this problem to some extent. It ap-
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pears that a normal convective storm will not
cause problems. However, cloud cover associ-
ated with frontal systems may linger and pre-
vent some missions.

The average dissipation time for thunder-
storms within the patrol zone during 1967 was
1900 hours for the northwest forests, 2015
hours for the northeast forests, 2145 hours for
the southwest forests, and 2315 hours for the
southeast forests. Cloud cover resulted in 2-
percent loss of total IR coverage. In most cases,
this loss was due to patches of clouds scattered
over the patrol area; however, on one flight, 25
percent of the mission was aborted because of
solid cloud cover at one end of the mission area.

U. S. Weather Bureau reports were usually
correct in predicting cloud dissipation. We did

not miss any fires on the IR imagery because of
cloud cover.

The effectiveness of the PF’s that were used
to plan patrol missions is difficult to evaluate.
It was impossible to determine the number of
fires that were started in areas that were not
patrolled; consequently, we had no reference
to compare to the number of fires in the partrol
area. It appears that the basic premise for the
PF is correct; there were no obvious errors in
area selaction. The inforination obtained from
the U. S. Weather Bureau radar networks was
essential for the planning of IR detection
flights. Radar provides good weather informa-
tion for large areas; this eliminates the need for
contacting each Nationa! Forest in a proposed
patrol area.

Table 1. — Difference between planned patrol coverage and area actually flown

Area planned Area actually

Flight to be flown flown Difference Reason
Square miles Square miles Square miles
1 5,080 3,050 2,030 Navigational problems
2 3,910 3,910
3 4,040 4,040
4 2,680 2,680
5 5,760 4,380 1,380 Low on fuel
6 5,080 3,810 1,270 Cloud cover
7 4,630 4,630
8 2,690 2,690
9 5,020 4,570 450 Cloud cover
10 5,740 2,870 2,870 High voltage failure
11 2,600 2,600
12 4,320 4,320
13 4,020 4,020
14 3,640 2,820 720 High voltage failure
15 1,620 660 970 Aircraft engine failure
16 6,200 6,200
17 5,510 5,610
18 5,020 3,210 1,810 High voltage failure
19 5,140 5,140
20 4,710 4,710
21 2,640 2,640
Total 89,950 78,450 11,500
Average 4,283 3,736 548
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Percent Detection
From Airborne Tests

Yes-no detection probability is the percent
of the existing fires that are observed and
counted from the imagery. We must reempha-
size that these data include, as detected fires, all
targets that were observed at known locations.
Detection probabilities are presented as a func-
tion of aspect angle out to 60° for fire radii of
3, 9, and 15 feet (Appendix III). Measurements
of detection probability of 6- and 12-foot fire
radii are included only when great differences
are observed among the 3-, 9-, and 15-foot
measurements. Furthermore, such measure-
ments are incomplete beyond the aspect angle
at which percent detection falls below one-half
of its value at 0°.

We have discussed restraints imposed on
data acquisition. The data, however, are suffi-
cient to cover ail marginal cases. For example,
if a fire 3 feet in radius is detectable at 50- or
60-degree aspect angles in a particular timber
type, one may infer that fires 6, 2, 12, and 15
feet in radius also are detectable at all aspect
angles. Similarly, if fires 15 feet in radius are
marginally detectable at the nadir, we infer that
fire targets smaller than 15 feet in radius also
would be difficult to detect at aspect angles
greater than 0°.

The 13 timber types represented a wide
range in species toleraice, composition, and
crown configuration. We might expect canopy
densities to be very different in other stands of
the same type because of variations in specius
composition, age, stocking, and site quality. We
can make predictions of detection probability,
based on percent detection meas.irements,
only for timber stands that are comparably
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stocked to our test sitcs. There is no basis in our
data for predicting the effects of variation of
timber density on detection probability within
a given timber type. However, the attenuation
of target signal strengths by timber crowns can
be correlated with differences of stand charac-
teristics between targets within a test area (see
page 37).

The 13 timber types were divided into three
categories of detection difficulty to evaluate
our criterion of shade tolerance for site selec-
tion (table 17, Appendix II; fig. 30). Detection
category 1 includes the generally more intol-
erant species, which are characterized by 95
percent detection at small vertical angles and at
least 50 percent detection probability to 60°.
The species in detection category 2 have alow-
er overall detection probability than those in
category 1. Detection probability begins to
drop off at smaller aspect angles than it does in
category 1. The more tolerant species in cate-
gory 3 exhibit poorer detection at smaller an-
gles; detection probability rol's off with aspect
angle more quickly than il does on species in
either of the other two categories.

F. S. Baker (1949) states that his toleran-e
table is based on a general concensus of Ameri-
can foresters, and cautions that tolerance is not
a scientificaliy (rigorous) defined variable. He
further points out that tolerance changes with
tree age and environment.

Our test sites were selected from medium to
heavily stocked, mature stands. We must re-
emphasize that there is no rigorous basis for
extrapolating our percent detection results into
the broad range of stand densities within a par-
ticular timber type that one may encounter in
practice.

Unaccounted variables — for example, ter-
rain and slope — will lower the detection prob-
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Figure 30. — Detection probability versus vertical scan angles in three major classes of timber
types (9-foot fire radius).

ability curves that are showr in figure 30. Pl
bias (known locations of te:t targets) also
makes these curves higher than ve would ex-
pect on operational patrol. However, the heav-
ily stocked, mature timber stands on our test
sites made target detection more difficult than
we would expect on patrol over typically
stocked timber stands.

The mountaintop detection probabilities are
shown in table 2 and in figure 31. To be detect-
able, a target signal must be larger than some
threshold signal. This threshold signal is deter-
mined by the background signal around the tar-
get. 'This is analogous to the criteria used in the
flight test for the five 1-square-foot targets. It
permits simultaneous plotting of flight test and
mountaintop test data (fig. 32).

In the Interim Report (Wilson and Noste
1966), we reported a function (Cos 6)'4° as
being best fit curve to the detection probability
data. Our subsequent tests were more
comprehensive and detection probability drops
off much sharper beyond 50° than the cosine
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function predicted and approacies zero be-
tween 60° and 65°.
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Figure 31. — Percent detection versus aspect
angle for the mountaintop tests (larch —
Douglas-fir timber type).



Table 2. —- Detection results of the mountaintop tests

Average signal

Aspect Total number Number Percent strength
angle targets observed detection (relative)

45° 323 168 52.0 20.9

48°! 266 81 31.0 12.8

50° 486 245 50.4 25.9

54° 548 186 33.9 10.3

58° 391 105 26.9 4.8

60° 485 51 10.5 1.8

YThe 48° test line was in a marginal location at an azimuth nearly parallel to the
cliff and was partially screened by shrubs and rocks projecting from the cliff.
Also, the 48 data were taken under marginal, inclement weather conditions.

Target Signal Strength and Timber Obscuration

The optical density of target signatures on
IR imagery provides sufficient information to
make estimates of attenuating effects of timber
crowns and boles. Attenuation of the target sig-
nal by a denser crown canopy results in a weak-
er target signature on the IR imagery. Target
signatures were read subjectively by three inde-
pendent PI's. The first step in our analysis was a
simple statistical test to demonstrate that the
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Figure 32. — Larch—Douglas-fir flight test data
to 40°, extended past 60° by the mountain-
top data.
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estimates of signal strength are a justifiable
measure of the detection system capability.

This statistical test is demonstrated by plot-
ting the average signal strength against the num-
ber of positive targets (yes detections) observed
in all aspen imagery (fig. 33). Each point repre-
sents the average target signal strength that pro-
duced the given percent detection for all flight
passes. A strong correlation exists between tar-
get strength and detection probability. Similar
correlations exist for all 13 timber types.

Signal strengths remain constant or rise from
0° to 20° and then fall off towards 60° (fig.
34). We used an arbitrary 0 to 5 scale to esti-
mate the fire target signatures. In so doing it is
general practice to assign a signal strength of 1
to target intensities equal to or less than the
maximum background density. It is these weak
marginal targets (density approximately 1) that
represent questionable targets counted in the
percent detection results shown in figure 30.
Under operational conditions, it is unlikely
these targets would have been detected had
their exact location not been known when the
imagery was read by the PI.

Figure 35 attests to the large number of mar-
ginal tests that we counted. lideed, successful
detection in the aspen and pin oak timber types
at aspect angles greater than 30° can be attrib-
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uted directly to our ability to find a very large
number of these marginal targets. Fortunately,
we have a promising solution to this marginal
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target problem — a two-color temperature dis-
criminaticn with scan-to-scan correlation (Ap-
pendix V).

If the frequency distribution of signal
strength, N, is known (in particular, its de-
pendence on the timber cruise parameters),
then we can write a formulation for detection
probability, P:

_1 .o (dN
P=y.J ST(agi) ds
where S is the signal strength and S is the
detection signal threshold.

This distribution of signal strengths appears
to depend on the spatial distribution (‘‘patchi-
ness’’) of the crown material. Forexample, the
bimodel signal distribution of weak and strong
signals in the old-growth Douglas-fir test stand
is indicative of concentrated patches of crown
material interspersed with patches of open
spaces. On the other hand, the aspen was a
homogeneous stand. Unfortunately, there isno
standard forestry cruise parameter to measure
this patchy effect, and we did not make provi-
sions in our experimental design to make such
measurements.

The model of timber obscurations (Appen-
dix III) is based on the average crown density of
the timber stand and thus it does not account
for the variance from homogeneity in crown

Eq. 7
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Figure 34. — Typical curves of the relative target signal strength distribution as a function of
aspect angle for A, old-growth Douglas-fir and B, aspen timber types (post-1965 tests).
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material. The model reliably predicts the aver-
age signal strength but does not give a signal
strength distribution from which we can pre-
dict a detection probability using equation (7).
These signal distributions in tables 20-29 in Ap-
pendix III are also inadequate because each is
measured from a single test area characterized
only by an average stand density.

We established an empirical functional re-
lation that was equivalent to equation (7) for
our data. That is, detection probability, P

(five 1-square-foot targets), is empirically cor-
related with average signal strength, S:

P; = A+BS+CS? Eq. 8
The functional coefficients A, B, C and a “Co-
efficient of Determination,” R? (table 3) were
evaluated.*

4The ratio of the regression sum of squares to the
total sum of squares (i.e., the fraction of the lotal
sum of squares accounted for by the regression) is
sometimes called the coefficient of determination and
denoted by R?.

Table 3. — Coefficients for target obscuration model

Timber stand A B C J R?
Northern hardwoods 0.233 2.503 2323 0139  0.71
Oak-Hickory .270 2.645 -2.624 .080 67
Aspen 452 1.946 -1.928 113 .65
Gum-Oak 194 2.237 -1.596 .098 73
Pin oak .540 1.420 -1.166 .128 47
Western white pine 463 1.207 -0.606 17 47
White spruce .339 2.412 -2.090 235 .79
Lodgepole pine .463 1.710 -1.323 194 .51
2nd-growth Douglas-fir .136 2.737 -2.614 .106 .56
Old-growth Douglas-fir .393 0.732 0.163 .080 .50
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Coefficients A, B, and C describe the empir- tion predictions, P, for the conifer and decid-
ical fit of our data, equation (8), and shouldnot  uous test areas are shown as A and B, respec-
be extrapolated beyond our observed signal tively, of figure 36. These ‘“‘predictions’” may
strengths. The fitis not good for weak orstrong  be compared to the measured detection prob-
average signal sirengths, S. Graphs of the detec-  abilities in figure 30.
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Figure 36. — Predicted detection probability (percent), P, versus aspect angle in A, coniferous
and B, deciduous timber types.

Operational Tests

A total of 21 night detection mission- was  agery after reports were obtained from the Na-
flown within the 400-mile-radius patrol zone tional Forests.
during the 1967 fire season. Coverage per mis-
sion ranged from 650 square miles to 6,200 False Alarms

square miles. Of the remaining 833 false alarms, 43 were

There were 1,434 TDM trips on the imagery,  roads, 56 snow, 43 ridges, 448 lakes and rivers,
of which 601 were interpreted as hot targets  and 243 random noise.

and the remaining 833 were initially inter- In addition, 55 targets that had been re-
preted as false alarms. ported as fires to the National Forests but
Hot Targets could not be confirmed were later classified as

errors — 34 were classed as false alarms and the

Of the 601 hot targets, 310 were reported to  remaining 21 had good target signatures on the
the National Forests (table 34, Appendix IV)  imagery. These 21 targets were located in re-
— 213 were confirmed by the ground crews  mote alpine areas and apparently burned out
and 55 could not be confirmed. Two targets  before they could be found by the ground
reported as campfires tumed out to be wild-  crews.
fires, 71 tumed out to be other hot targets. .

We flew over 134 wildfires that were pos- Target Intansuty
sible targets of which 87 were detected (65 per- The distribution of target signal strengths
cent). Sixteen of the 47 fires missed registereda  for detected fires smaller than one-half acre is
target on the imagery but did not trip the TDM  shown in figure 37. Signal strength is measured
system. These 16 fires were found on theim-  on ascale of 0 to 5, where 5 is a saturated target
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and 2 is a normal strength required by a PI to
identify a random target above the back-
ground. Using this scale, 52 percent of all hot
targets and 69 percent of the 39 natural wild-
fires might have been missed by the PI (signal
less than 1) if he didn’t have the aid of the
TDM.

These 39 fires are considered to be asample
of incipient fires that must be found by any
detection system. Fires under suppression at-
tack provide unknown amounts of radiation
for detection; therefore, in the following anal-
ysis, only unmanned fires are considered. Our
detection success in this group is 23 of 39 (59
percent).

1. Detected by TDM. — There were 23 un-
manned wildfires detected by the TDM, of
which 9 were detected previously using conven-
tional methods (14 had not been detected). Six
of the previously detected fires were detected
by visual method within 2 hours after ignition;
however, no fire control problems would have
resulted on these six fires if detection had been
delayed until the area was patrolled with the IR
scanner. The other two fires bumed 13 and 18
hours hefore detection. They were not flown
earlier because they ignited during the period
the aircraft was under repair for engine failure.
One of these fires bumed 5 acres, which was
caused primarily by a delay in initial attack
rather than failure of early detection.

Of the 14 fires not detected by visual meth-
ods, four were subsequently found by visual
methods using target locations determined
from IR scanner; six were found and sup-
pressed by ground crews, and the remaining
four were never found. None of these 14 fires
became serious control problems.

2. Undetected by TDM. — There were five
fires undetected by the TDM. These fires were
judged to be marginal targets for IR detection.
(On such targets a spot is seen 2a the IR image-
ry at the location given for the fire, but the
TDM does not mark the imagery, which is
caused by incorrect setting of the TDM.) Such
marginal targets normally should be detected.
One of these five fires had been detected pre-
viously by conventional methods.

3. Fires missed by airborne IR detection
system. — There were 12 fires missed by the IR
system. Four of these were detected previously
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Figure 37. -- Distribution of target signal

strengths for detected fires smaller than one-
half acre.

by conventional means and suppressed in less
than 1 hour, which indicated that the fires
were small. In these four fires, the time be-
tween IR mission and initial attack was at least
8 hours. They were ground fires that could have
been detectable during a second patrol on a
succeeding night if they had not been sup-
pressed. Unfortunately, during the delay be-
tween patrol flights, fires of this size could de-
velop into major fires that could cause con-
siderable damage.

The remaining eight fires missed by the IR
system had not been detected visually when the
aircraft flew over them; they were found from
6 hours to 11 days later. Seven of these fires
could have been scanned a second time before
they were found (i.e., 24 hours between igni-
tion and detection).

The unmanned fires were burning ur.der var-
ious types of timber canopies and were scanned
at various aspect angles. Of the 39 unmanned
fires, 20 were burning in detection class 1 tim-
ber and 19 were in detection class 2 timber.
This breakdown among classes is approximate-
ly what we had predicted because there are few
detection class 3 timber stands in the patrol
zone.

Fire locations read from the IR imagery
were eveuly distributed with regard to aspect
angle — 13 were located at aspect angles of 20°
or smaller, 15 were located between 20° and



40°, and 11 between 40° and 60°. This is close
to what one would expect if detection proba-
bility versus angle was the only effect. How-
ever, it is quite surprising because equal angle
increments do not subtend equal ground dis-
tances.

The 39 fires constitute a small sample for
detailed analysis. However, we might conclude
that:

1. Most of the detected fires were observed
at aspect angles less than 40° and most of the
misses occurred at aspect angles over 40°.

2. More targets were detected in detection
class 1 timber than in detection class 2 timber;
conversely, more targets were missed in detec-
tion class 2 timber.

3. Four out of the five TDM misses that had
observable IR target signatures were in the de-
tection class 2 timber. The distribution of these
misses with aspect angle does not appear signif-
icant.

Many fires are started by lightning in the
interior of snags and rotten trees. The size of a
snag fire remains relatively small until a fire-
brand falls to the ground o. the exterior of the
tree begins to burn. We had assumed that fires
confined to snags at the time of observation
would be more difficult to detect than ground
fires. However, 6 of 10 snag fires (60 percent)
wer ' detected; whereas, 16 of 24 (66 percent)
of the ground fires were detected.

Target Location

We attempted to locate all targets to the
nearest one-fourth mile, or 40-acre block, using
Forest Service Series A maps which are scaled
one-half inch to the mile (table 4). Targets lo-
cated from the IR imagery were compared to
the fire locations listed on the standard Forest
Service fire report forms (5100-29).

The accuracy of location is dependent large-
ly on image quality and terrain detail. Homo-
geneous timber stands and flat terrain provide
little detail on IR imagery, thus, accurate loca-
tion of targets is difficult. Some correlation is
evident between scan angle and location accu-
racy; however, number of targets obtained at
aspect angles over 40° is too small for reliable
estimates of error.

40

The system must be adjusted to obtain max-
imum terrain contrast on the imagery. For
most areas, the lack of terrain detail on avail-
able Forest Service maps poses a major prob-
lem. Aerial photographs provide better terrain
detail than do these maps; however, they are
not annotated so that the PI can identify tar-
gets according to legal descriptions.

Twenty-six fires within the area patrolled
had not been exposed to visual detection, Elev-
en of these (42 percent) were detected and re-
ported to the National Forests (table 36, Ap-
pendix IV). Three (12 percent) were detected
by IR but had been detected by visual methods
before the IR reports were sent to the National
Forests. Four (16 percent) were recorded on
the imagery but the TDM did not mark them.
Eight (30 percent) were missed by the IR detec-
tion system.

The targets missed and the false alarms were
due partially to our limited expericace in ad-
justing the TDM trip level. However, the princi-
pal cause was a basic flaw in the TDM design;
specifically, electronic filter differentiated the
video signal thus nullifying the effect of pulse-
width discrimination. This seriously affected
the operator’s ability to establish a satisfactory
trip level.

In-flight photointerpretation is a realistic
goal and would permit dispatching of fire con-
trol forces within 1 hour of detection.

Table 4.—Location accuracy for detected fires

Scan angle
0°- 20°- 40°- Aver-
Location error 20° 40° 60° age
------ Percent ------
Less than 1/8 mile 24 22 6 18
1/8 mile 43 35 26 35
1/4 mile 19 13 32 20
1/2 mile 10 30 6 17
3/4 mile 4 0 19 7
1 mile 0 0 12 3
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Scientific Names of Forest Species
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Following is a list of species, by common and scientific name (Harlow and Harrar 1950,
Holmgren and Reveal 1966; Little 1953), mentioned in this report:

Common Name

Alder

Alpine fir
American elm
Ash

Aspen

Balsam fir
Balsam poplar
Basswood
Beaked hazel
Black oak

Cane

Cherry
Cherrybark oak
Dogwood
Douglas-fir
Eastern hemlock
Elm

Engelmann spruce
Grand fir
Hackberry
Hawthormn
Hickory
Honeylocust
Lodgepole pine
Mountzain maple
Persimmon

Pin oak

Poison ivy
Ponderosa pine
Red alder

Red maple

Red oak
Sassafras
Serviceberry
Silver maple
Soy (American) hornbeam

Scientific Name

Alnus B, Ehrh.

Abies lasiocarpa (Hook.) Nutt.
Ulmus americana L.

Fraxinus L.

Populus tremuloides Michx.
Populus grandidentata Michx.
Abies balsamea (1..) Mill.
Populus balsamifera L.

Tilia americana L.

Corylus cornuta Marsh.
Quercus velutina Lam.
Arundinaria tecta

Prunus serotina Ehrh.

Quercus falcata var. pagodaefolia Ell.
Cornus L.

Pseudotsuga menziesii (Mirb.) Franco
Tsuga canadensis (L.) Carr.
Ulmus L.

Picea engelmannii Parry

Abies grandis (Dougl.) Lindl.
Celtis occidentalis L.
Crataegus L.

Carya spp.

Gleditsia triacanthos L.

Pinus contorta Dougl.

Acer spicatum Lam.
Diospyros virginiana L.
Quercus palustris Muenchh.
Rhus radicans L.

Pinus ponderosa Laws.

Alnus rubra Bong.

Acer rubrum L.

Quercus rubra L.

Sassafras albidum (Nutt.) Nees.
Amelanchier Med.

Acer saccharinum L.

Carpinus caroliniann Walt,.
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Sugarberry Celtis laevigata Willd.

Sugar maple Acer saccharum Marsh.
Swampwhite oak Quercus bicolor Willd.
Sweetgum Liquidambar styracitlua L.
Sweet pecan Carya illinoensis (Wangenh.) K. Koch
Vine maple Acer circinatum Pursh

Water oak Quercus nigra L.

Western hemlock Tsuga heterophylla (Raf.) Sarg.
Western larch Larix occidentalis Nutt.
Western redcedar Thuja plicata Donn.

Western white pine Pinus monticola Dougl.

White birch Betula papyrifera Marsh.

White oak Quercus alba L.

White spruce Picea glauca (Moench) Voss.
Willow Salix L.

Willow oak Quercus phellos L.

Yellow birch Betula alleghaniensis Britton
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The 13 test areas are a representative sam-
ple of the major forested areas of North Amer-
ica. They were chosen to cover a wide range
of canopy densities on the basis of shade
tolerance.

The following descriptions provide some
insight into the character of these test areas
(also see table 17).

Ponderosa Pine Test Area

The area is located on a bench south of the
Big Blackfoot River, in the Lubrecht Experi-
mental Forest, which is managed by the Uni-
versity of Montana.

The ponderosa pine type is very intolerant
to shade. The timber primarily consists of a
medium density stand of residual ponderosa
pine interspersed with stagnated pole stands.
Average height of dominant and codominant
trees of the young, thrifty, and mature timber
is 58 feet. In the areas of reproduction, the
average height is 12 feet, consisting of about
80 percent total crown. Density of the pon-
derosa pine increases toward the south side of
the test area (10 percent average slope with a
north aspect) where it becomes intermingled
with Douglas-fir. The ponderosa pine de-
creases to scattered clumps in a predominant-
ly Douglas-fir stand. Basal area at target loca-
tions ranges from 0 to 190 square feet per
acre: the less dense plots were on the north
side of the area. The timber density can be
estimated from table 5.
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Lodgepole Pine Test Area

The area is located on the east side of Gold
Creek approximately 6% miles north of State
Highway 200, on the Missoula Ranger Dis-
trict, Lolo National Forest.

The area is situated on a bench with low
ridges and minor draws. A marsh borders the
northeast side of the area. No slopes exceed
20 percent.

The timber is a very dense stand of stag-
nated lodgepole pine; this type is very intoler-
ant ‘o shade. Some young ponderosa pine
rawt.mber grows on the northeastern portion
of tne area. Larch — Douglas-fir timber bor-
derz the south and east edges. Density of the
lodgepoiz pine is fairly uniform throughout.
Basal area at the target locations ranges from
0 (in small openings within the stand) to 227
square feet per acre. The timber density can
be estimated from table 6.

Western White Pine Test Area

The area is located along Moores Creek in
the Priest River Drainage about 5 miles north-
west of the Falls Ranger Station in the Kanik-
su National Forest. Terrain is variable with
flat valley bottoms and abrupt steep ridges.
Slopes increase to 30 percent in the southwest
portion of the test area.

The timber consists of mature western red-
cedar and western white pine with an under-
story of western hemlock and cedar. The aver-
age height of dominant and codominant ma-
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