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Front — Infrared imagery from patrol over Nezperce 
National Forest, Idaho. Lower fiducial mark in right 
margin is automatic target alarm on a wildfire iu 
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ite Creek fire — still burning in the end of a fallen 
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SUMMARY 
A ma thematic-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 operatiuaal 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 Mountains. Results of these tests indicate that 
approximately 50 percent of all possible wildfire tar- 
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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INTRWUCTION 

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 small 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 11362, 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 



Et 

} 
1 

w 



Noste 1966). Prom thr»r rtrly ttudlM. w* con . 
eluded lh-' (U ihr butr tnhntqur (I.*., air- 
borne IR fir» dttectlon) wwatound approach; 
(2) detection probabllitiet In a wider ranfe of 
timber canopies should be examined; and (3) 
an investment in more reliable equipmen* was 
necessary. 

As a result of our 1964 work, we realited a 
very valuable spin-off of the detection pro- 
gram - the capability for mapping larft wild- 
fires. As a result, the fire mapping system 
was installed in an Aero Commander 500 B air 
craft. In July 1966. 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 1966. the 
fire detection instrumentation described in Ap- 
pendix V was installed in this plane. This instru- 
mentation was based on the concept illustrated 
in figure 1. 

The study was expanded in 1966 and 1966 
from the four timber types that wer» specified 
in the original ARPA task assignment to in- 
clude 13 types; these were chosen to span the 
full range of canopy densities found in the 
north temperate xone of the Western Hemi- 
sphere. The Society of American Foresters 
(1966) recognises approximately 160 timber 
types, of which about 76 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 opere'Jooal pairob (July 6 lo 
ifepiember 1) encompaMed the mapr portion 
of the forest fire leaeon m the northern Rocky 
Mountains. The oblecim of Iheat patrols was 
to scan as many natural wtldfiret as possible m 
order to gam operaUooal experience and test 
the detection system 

While planning this report «e felt that we 
had Information lo convey to three sepataie 
and distinct audiancaa. The Am of theaa. of 
course. Is the ARPA. whoa» support we pale- 
fully acknowladg» Thai Iheie are two other 
distinct audlencas - fomt land mansgm and 
systems darifn englnam - M symptomatic of 
the genm) lack of communication that often 
exists between systems development group» 
and systems user apncHs which «t partii u 
larly acute In fürest fir» detection. 

In this report we have lited lo show the tor- 
ett land managm that small blent forest flrsa 
can be detected with itaaonable probabdity 
using airborne infrared equipment. Ho«wver. 
lookouts and visual air patrols will still find 
some fires that the IR stumers may mtss and 
vice vena; and only lookouts can provide con- 
tinuous surveillance of high hataid vena. On 
the other hand, IR systems provide new smoke 
penetration and nightunw detection capabtli- 
das. An integrated-combtned systems approach 
will be necessary to achieve the most effective 
fire detection. 

We have tried to demonstrate lo the systems 
design engineers that forest fire detection is not 
a simple thermal mapping Job. To be effective, 
this system must find the fire UrgeU when they 
an very small and dlatrlbuted over vast land 
anas. The fin larfela must be precisely In sated 
to be of any use to fin suppression forces. In 
this report, we outline the basic nquirements 
for a forest fin detection system and discuss 
the capability of the system to detect hot fin 
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 1966). 
This final report is concerned with the detec- 
tion probability work we have conducted since 
1966 when we adopted the detection equip- 
ment built to our specifications. 



Figure 2. — Imagery shown above is from flights over ponderosa pine (932), hdgepole 
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 while 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 
mitliradians). the poor thermal resolu lion (3° to5° 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 
camera. The exces- 
sive noise and 
improper response 
of the AN/AAS-5 
system made the 
target difficult to 
locate on the 
imagery. 

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. 
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Figure 5. - These two 
pieces of imagery of 
the aspen test site 
of Michigan 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 
electronics. 



Figure 6. - This 
imagery was taken 
over the pin oak 
test area in 1966. 
Changes in the 
electronics im- 
proved the optical 
resolution and 
temperature 
resolution of this 
imagery over those 
shown in figs. 2 
through 5. How- 
ever, some sweep 
jitter and electronic 
instabilities are 
evident. 

Figure 7. - The 
terrain adjacent to 
the white spruce 
test area along the 
Tanana River in 
Alaska is wet and 
boggy: it produces 
a flat thermal con- 
trast. The horizon- 
tal bars are due to 
shifts in the elec- 
tronic clamp of 
the CRT intensity 
level. Note that the 
bright specular 
reflection of the 
sun off the flat 
water surface does 
not affect the 
exposure of the 
surrounding ter- 
rain. The ability 
of the system to 
recover from satur- 
ation is one of the 
absolute require- 
ments in fire 
surveillance. 

1 



MTBCTION THKOirr 

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 
a detection 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 a linear 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 i temperatures can be made by 
judicious consideration 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. 

8 



The only remaining consideration for detec- 
tion is the target radiance available at the en- 
trance aperture of the IR 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 nonflaraing, sustained combustion 
the temperature must range between 550° and 
700° C. 

3. In most fuels, combustion must exceed 
several inches in its least dimension 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.1 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;<)amieson 1963; Wolfe 
1965). Almost invariably, system performance 
is described by a signal ratio — peak target sig- 
nal (Vp) to root mean square (rms) noise (Vn) 
voltage ratio, Vp/Vn- Such descriptions assume 
that 't 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: (l)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 statistical 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; Hotter and others 1962; Jamieson and 
others 1963). Obviously, a given background 
»< ?ne 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 backgrounds. 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. 

1 Reports on file at the Northern Forest Fire Labora- 
tory indicate that five 1-square-foot combustion zones 
are found within a 30foot perimeter in forest fires 
during the initial 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 upatial fre- 
quencies commonly found in the Bitterroot 
Mountains of western Montana is shown 
below. At least two distinct spatial fre- 
quency patterns are ecident on this imagery. 
The first is the major drainage pattern of 
dark valley 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 higher spatial frequency distribution 
caused by the minor ridges and draws and 
exposed rock faces. Note also that the river 
bottom along the top of the frame is warm 
relative to the background, white the higher 
valleys 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 eroded 
washed drainage pattern (below). The speck- 
led high frequency distribution of vegetation 
is another discrete background phenomenon. 

Figure 11. — The images 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. 

11 



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. 

Figure 13. — Agricultural areas have a geomet- 
rical spatial pattern (above). Lakesand reser- 
voirs are generally  large; however,   their 
shores have a sharp and discrete thermal 
contrast. 
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Figure 14. — Rockslides on southern exposures 
form a discrete and significant classof back- 
grounds, which makes fire detection diffi- 
cult i below). 

Figure 15. — This imagery is of the Gibbon 
Geyser Basin in Yellowstone National Park 
(above). Geothermal activity poses an obvi- 
ous problem to fire detection. 
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Equipment Development 
Designers of forest fire detection systems 

must recognize that (1) the purpose is toac- 
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 

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 is given by : 

I (x',y') = //W (x,y) K (x,y; x', y') dx dy     Eq. 1 

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. 
For example, the input to our scanner is a radia- 
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 p?rt of the system is a product of a 

response function, Rf    ..  L and a modulation 

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 been adequately 
covered in the literature (Institute of Science 
and Technology  1962,  1963,  1965, 1966, 

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 olackbody temperature, 
TßB. ü 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, AX, 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, TßB. of the instan- 
taneous field of view (IFOV)." 

W'(X,TBB,x,y) = 

. y+Ay. x+Ax,. \+A\ ,.        , „„x ,,  * ..,. . 
iy   /x   fx c(X,x,y)W(X,V,x,y)dXdxdy 

AxAyAX 

1     X+AX —/ C.X-5 (expfCjATBBMr'dX       Eq 2 
A A   A 
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Note that the spectral dependence of W (X, 
TBB> '

S
 
l10t idontical to that of \V(X. T) within 

the element AX. Serious problems concerning 
'IBB arise when the hot target is included in the 
elemental area. There is always a I'BB "iat satis- 
fies equation (2). However, TßB 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, e(\), of the source and/or the real spatial 

distribution of thermodyiiumic icmptTatun-i 
From the source, the radiation travmemin 

optical path to the scanner'irntranceaiNTtun*. 
Aa (at 2 in fig. 11. The Rpeclral dwuribulion >>f 
the transmission, T(X), of radtadun IhnmKli 
the optical patli is dependent on alino>phen> 
composition. The scutU'ring and ulwurulion 
effects of limber canopies are included inTlX i. 
The spectral responsivily, R( X l, drppnds on the 
detector that is used We include the *|iei tral 
characteristics of the optical system n. !<iv i 

The signal Sj. from the detector in re^poiiM- 
to radiant pt wer, W, from the teirum i» 

Sd(TBB.t) = wAaj :/:W(X,TBB.>')T(X)R(X)/.(r-rt»dXdr     Eq, 3 

where 
^ _ /    AxAy \ 

\h2/cos30/ 

= aß is the lateral angular resolution times 
longitudinal angular resolution2 

r = vector notation of coordinates x, y on the 
terrain object plane 
t = time 
r = scanning rate in the object plane 
f> (r - rt) is the scanner-receiver modulation 
function h 
From scanner geometry,' f = ——r- 0 

COS2 e 
where 
h = aircraft altitude 
0 = scan angle 
0 - rotational speed of scanning IFOV. 

6 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, ft 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 1R line scanners, 

2Longiludinal resolution is in the direction of the 
aircraft flight path; lateral resolution is in the direction 
along the scan line, perpendicular to the flight path 

J Rigorously, 0 is measured in the vi i Ucal plane ofx 
(with no y component); y is the aircraft speed, and 
x - Oh/COS2 0 /> the scanning sweep speed and f ^ x 
because the rati-, y/x is very, very small. 

those spread functions are mrde nsigmficam in 
comparison to the size of the f.eld »top. The 
rectangular area, AxAy, of ft f'»r n nquaiv field 
stop projected on t le ground is 

ah        »Jh m tjh1 

AxAy»—;  
cos'O   costf    cos'« 

and the dwell time, r ■ Ax/r ■ a 10, is constant 
over the full width of the scan line. The size. 
AxAy, of the IFOV (the projection of the reso 
lution element onto the terrain object planet 
varies as the aspect angle, 0, along the scan line. 

The thermal washout at the edges of the 
imagery of certain discrete classes of back- 
ground objects (see figs. 8 to 15) is caused by 
the averaging of TßB over ••^ 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 electric 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(t')-G(t, t'ISd (t). Eq. I 

15 



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, SQ, is applied to the Z input of a 
CRT (4 in fig. 1). Thus, emittance of the source 
is rented 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') I 5' (r' - r't')dt'.   Eq. 5 

I is the photographic exposure per unit of sig- 
nal for the CRT-camera system; and 6 '(r' - ft') 
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, y. 

D(r') = y 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- 

put Noise equivalent power, NEP (or NET de- 
fined in equation 2), of the system in 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-io-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 5' 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. 
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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 given in 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 markets 
are shown in the imagery of figure 19. The 
down track mileage marks from the navigation 
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 tht 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 fires 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 hour and 
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-milIiradian instantaneous fields of view. 
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Figure 16.— Convair T-29B aircraft. 

Figure 17. — Equipment racks and tape recorder installation in aircraft. 
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Figure 18.—Navigation and observation console containing Doppler radar and navigation computer. 

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; 
Band 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 per acre, diameter at 
breast height, etc. (see Timber Cruise tabies, 
Appendix 11). These measurements were used 
to constructf he prediction model as described 
in Appendr III. 

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 a varia- 

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 mint'tes after ignition to lows be- 
tween 550° to 600° 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 Pi's subjec- 
tive target measurements on the IR imagery. 

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

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 between 
the 3-, 9-, and 15-foot radii target. 

Figure 20. — Imagery of 20 
target arrays in the 
aspen test area. 
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Imagery was recorded in flighv 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 
c ircumference 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, far right). 

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 5 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 Hj 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 

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 tho 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 
probability is the fraction of total fires that a PI 
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 rpadings of target signal strength are 
better indications of system performance be- 
cause we have more statistical confidence in a 
measure of target magnitude thn,ri we have in 
the yes-no dichotomy. In these tests, the PI 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 
piecPi 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 (number 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 IB. system; 
B, transfer function demonstrating target calibration technique. 
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SLATE  693 . ASPEN 

TARGET STRENGTH 

Figure 22. — 
Oscilloscope traces of target signals of typical test imagery 
(aspen, northern Michigan, August 2, 1965). 

24 



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. 

0 5 10 15 20 
P. I.   recount (number of targets) 

Figure 23. — Percent real time observer count 
versus PI recount. 

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 t jst plots were 
between 2,000 and 3,600 feet. 

The AN/AAS-5 scanner had been modified 
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. 

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 (fjg. 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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Figure 24. — Scanner installation at mountaintop location. 

the horizontal profiles of all tree crowns wert 
mapped, and studies were made of target sig- 
nals received through 2,500 different optical 
paths from this test plot (Wilson and Noste 
1966, p. 24). The profiles did not provide an 
accurate estimate of the amount of crown ma- 
terial actually intercepting the scanner-to- 
target line of sight. It was apparent that we 
needed some measurement of the vertical dis- 
tribution of crown material to account for at- 
tenuation along various slant paths through the 
timber crowns. 

In later tests on the 50°, 54°, and 60° test 
plots, an intercept profile cruise was made by 
mapping all crown material intercepting the 
scanner-to-target line of sight. That is, we 
mapped all material intercepting the plane de- 
termined by the test line and scanner location. 
These data provided the basic information for 
statistical correlation between target signals 
and the obscuring crown material. 

Figure 25. — Typical oscilloscope signal trace showing target signatures for mountaintop tests: 
A, signal trace of background adjacent to target area without target; and B, signal background 
with target. 
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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 be assigned hazard 
priorities and graded into fire detection classes, 
using criteria developed in the feasibility 
studies. 

3. Lightning storm activity and current 
weather information should bo 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 aircraft'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 from the 
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 for such 
a large area had been extremely difficult to ob- 
tain. This problem was eased somewhat by use 
of the wether 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 
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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 northwestern 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 

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 
USD A Forest Service maps; a weighted average 
of detection probability was calculated for 
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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 and a 
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 Northern Rocky Mountain region, 
lightning storm activity generally occurs in the 
afternoon 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 transferred to a 
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 

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 km wn 
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, burning 
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 

were made on 21 of the 36 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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Figure 29. - Flight plan of Patrol #12, July 23, 1967. This patrol grid, of six flight legs, covers 
the high priority areas of lightning activity that are shown in figure 28. The imagery from this 
patrol is displayed on the supplemental foldout inside the back cover. Fifty-three hot targets 
were counted on this patrol (see table 33, Appendix IV). 
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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 selection. The information 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 National 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 3,540 2,820 720 High voltage failure 
15 1,620 650 970 Aircraft engine failure 
16 6,200 6,200 
17 5,510 5,510 
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 all 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, 9, 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 tolerance composition, and 
crown configuration. We might expect canopy 
densities to be very different in other stands of 
the same type because of variations in species 
composition, age, stocking, and site quality. We 
can make predictions of detection probability, 
based on percent detection measurements, 
only for timber stands that are comparably 

stocked to our test sites. 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 a low- 
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 rolls off with aspect 
angle more quickly than it does on species in 
either of the other two categories. 

F. S. Baker (1949) states that his tolerance 
table is based on a general concensus of Ameri- 
can foresters, and cautions that tolerance is not 
a scientifically (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 shown n figure 30. PI 
bias (known locations of i?.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)1-40 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 

function predicted and approaches zero be- 
tween 60° and 65c. 

45 48    50 54 58 
Aspect angle (degrees) 

— Percent detection versus aspect Figure 31 
angle for the mountaintop tests (larch 
Douglas-fir timber type). 
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Table 2. — Detection results of the mountaintop tests 

Aspect 
angle 

Total number 
targets 

Number 
observed 

Percent 
detection 

Average signal 
strength 
(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 
1 The 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. 

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. Indeed, successful 
detection in the aspen and pin oak timber types 
at aspect angles greater than 30° can be attrib- 
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Figure 33. — Correlation of detection prob- 
ability and signal strength for all aspen data. 

uted directly to our ability to find a very large 
number of these marginal targets. Fortunately, 
we have a promising solution to this marginal 

target problem — a two-color temperature dis- 
criminatiui with scan-to-scan correlation (Ap- 
pendix V). 

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

where S is the signal strength and Sf is the 
detection signal threshold. 

This distribution of signal strengths appears 
to depend on the spatial distribution ("patchi- 
ness") of the crown material. For example, 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 is no 
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 
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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, Ps 

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

Ps = A+BS+CS2 Eq. 8 
The functional coefficients A, B, C and a "Co- 
efficient of Determination," R2 (table 3) were 
evaluated.4 

*The ratio of the regression sum of squares to the 
total sum of squares (i.e., the fraction of the total 
sum of squares accounted for by the regression) is 
sometimes called the coefficient of determination and 
denoted by R2. 

Table 3. — Coefficients for target obscuration model 

Timber stand A B C J R2 

Northern hardwoods 0.233 2.503 -2.323 0.139 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 .171 .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- 
ical fit of our data, equation (8), and should not 
be extrapolated beyond our observed signal 
strengths. The fit is not good for weak or strong 
average signal strengths, S. Graphs of the detec- 

tion predictions, Ps, for the conifer and decid- 
uous test areas are shown as A and B, respec- 
tively, of figure 36. These "predictions" may 
be compared to the measured detection prob- 
abilities in figure 30. 
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Figure 36. — Predicted detection probability (percent), Ps, versus aspect angle in A, coniferous 
and B, deciduous timber types. 

Operational Tests 
A total of 21 night detection mission- was 

flown within the 400-mile-radius patrol zone 
during the 1967 fire season. Coverage per mis- 
sion ranged from 650 square miles to 6,200 
square miles. 

There were 1,434 TDM trips on the imagery, 
of which 601 were interpreted as hot targets 
and the remaining 833 were initially inter- 
preted as false alarms. 

Hot Targets 
Of the 601 hot targets, 310 wure reported to 

the National Forests (table 34, Appendix IV) 
— 213 were confirmed by the ground crews 

and 55 could not be confirmed. Two targets 
reported as campfires turned out to be wild- 
fires, 71 turned out to be other hot targets. 

We flew over 134 wildfires that were pos- 
sible targets of which 87 were detected (65 per- 
cent). Sixteen of the 47 fires missed registered a 
target on the imagery but did not trip the TDM 
system. These 16 fires were found on the im- 

agery after reports were obtained from the Na- 
tional Forests. 

False Alarms 
Of the remaining 833 false alarms, 43 were 

roads, 56 snow, 43 ridges, 448 lakes and rivers, 
and 243 random noise. 

In addition, 55 targets that had been re- 
ported as fires to the National Forests but 
could not be confirmed were later classified as 
errors — 34 were classed as false alarms and the 
remaining 21 had good target signatures on the 
imagery. These 21 targets were located in re- 
mote alpine areas and apparently bumed out 
before they could be found by the ground 
crews. 

Target Intensity 
The distribution of target signal strengths 

for detected fires smaller than one-half acre is 
shown in figure 37. Signal strength is measured 
on a scale 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 a sample 
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 burned 13 and 18 
hours before detection. They were not flown 
earlier because they ignited during the period 
the aircraft was under repair for engine failure. 
One of these fires burned 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 on 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 under 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 evenly distributed with regard to aspect 
angle — 13 were located at aspect angles of 20° 
or smaller, 15 were located between 20° and 
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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 relative! y 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) 
wei ■ 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 oflocation 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. 

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 experience 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 25 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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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 Scientific Name 

Alder Alnus B. Ehrh. 
Alpine fir Abies lasiocarpa (Hook.) Nutt. 
American elm Ulmus americana L. 
Ash Fraxinus L. 
Aspen Populus tremuloides Michx. 

Populus grandidentata Michx. 
Balsam fir Abies balsamea (L.) Mill. 
Balsam poplar Populus balsamifera L. 
Basswood Tilia americana L. 
Beaked hazel Corylus cornuta Marsh. 
Black oak Quercus velutina Lam. 
Cane Arundinaria tecta 
Cherry Prunus serotina Ehrh. 
Cherrybark oak Quercus falcata var. pagodaefolia Ell. 
Dogwood Com us L. 
Douglas-fir Pseudotsuga menziesii (Mirb.) Franco 
Eastern hemlock Tsu^a canadensis (L.) Carr. 
Elm CZ/mus L. 
Engelmann spruce Picea engelmannii Parry 
Grand fir Abies grandis (Dougl.) Lindl. 
Hackberry Celtis occidentalis L. 
Hawthorn Crataegus L. 
Hickory Carya spp. 
Honeylocust Gleditsia triacanthos L. 
Lodgepole pine Pin us contorta Dougl. 
Mountain maple Acerspicatum Lam. 
Persimmon Diospyros virginiana L. 
Pin oak Quercus palustris Muenchh. 
Poison ivy Rhus radicans L. 
Ponderosa pine Pinus ponderosa Laws. 
Red alder i4/nus rubra Bong. 
Red maple Acer rubrum L. 
Red oak Quercus ruöra L. 
Sassafras Sassafras albidum (Nutt.) Nees. 
Serviceberry Amelanchier Med. 
Silver maple i4cersoccharJnum L. 
Soy (American) hornbeam Carpinus caroliniana Walt. 
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Sugar berry 
Sugar maple 
Swampwhite oak 
Sweetgum 
Sweet pecan 
Vine maple 
Water oak 
Western hemlock 
Western larch 
Western redcedar 
Western white pine 
White birch 
White oak 
White spruce 
Willow 
Willow oak 
Yellow birch 

Celtis laevigata Willd. 
Acer saccharum Marsh. 
Querem bicolor Willd. 
Liquidambar styracitlua L. 
Carya illinoensis (Wangenh.) K. Koch 
Acer circinatum Pursh 
Quercus nigra L. 
Tsuga heterophylla (Raf.) Sarg. 
Larix occidentalis Nutt. 
Thuja plicata Donn. 
Pin us monticola Dougl. 
Betula papyrifera Marsh. 
Quercus alba L. 
Picea glauca (Moench) Voss. 
Salix L. 
Quercus phellos L. 
Betula alleghaniensis Britton 

47 



Description of Test Areas 

PRECEDING PAGE BLANjf 

49 



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. 

Lodgepole Pine Test Area 

The area is located on the east side of Gold 
Creek approximately GVA 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 
lawt mber grows on the northeastern portion 
of the area. Larch — Douglas-fir timber bor- 
der the souch and east edges. Density of the 
lodgepole 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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ture timber is 120 feet. The average diameter 
of the dominant species is 17 inches but the 
average for the stand overall is 12 inches. This 
site is classed as tolerant of shade because of 
the dominance of cedar and hemlock in the 
test area. The timber density can be estimated 
from table 7. 

White Spruce Test Area 

The stand is located on State land about 
37 air miles southeast of Fairbanks, Alaska, 
on an island formed by two channels of the 
Tanana River. 

The topography is flat —typical of the 
Tanana River Valley. Islands and bars are con- 
tinually being built up and eroded away by 
the river. As these islands increase in size, 
brush invades and helps to stabilize them, 
which in turn is followed by invasions of 
white or black spruce. These islands will be 
present until erosion occurs following a shift 
in the river. Fire also plays a part in the eco- 
logical pattern of the land. These factors re- 
sult in fairly young, even aged stands. 

The test area is predominantly white 
spruce with a few balsam poplar. The stand is 
quite dense; however, the crown cover aver- 
ages only 47 percent. Average height of domi- 
nants is 79 feet. The understory is generally 
sparse; a few willow and alder shrubs are 
scattered through the stand and along the 
shore. The ground cover is composed almost 
entirely of a deep, heavy cover of mosses and 
lichens. During the test period in late June, 
the frostline was about 3 feet below the ground. 
White spruce is a shade tolerant species. 

Reproduction and understory of this stand 
have an average height of 7 feet and an aver- 
age diameter of 3 inches. The density of the 
understory species in stems per acre follows: 
white spruce (381), balsam poplar (1.7), wil- 
low (3.4), alder (8.6). 

The timber density can be estimated from 
table 8. 

Engelmann Spruce Test Area 

The area is located on a plateau about 2 
miles southeast of Skookum Butte Lookout 

on the Powell Ranger D'dric*, Clearwater Na- 
tional Forest, in Idaho. Terrain is slightly roll- 
ing, and no slopes exceed 10 percent. 

The timber is a heavy density stand of 
overmature Engelmann spruce with scattered 
grand fir and alpine fir in association. The 
average he^ht of dominant and codominant 
trees is 98 feet. Basal areas around the test 
targets range from 120 to 360 square feet per 
acre, averaging 225 square feet per acre. The 
Engelmann spruce cover type is tolerant to 
shade. The timber density can be estimated 
from table 9. 

Oak-Hickory Test Area 

The test area is located in theStinchfield 
Wood Management Unit, which is maintained 
by the University of Michigan, approximately 
15 miles northwest of Ann Arbor. The area is 
characterized by a morainic topography, 
which is rolling with deep depressions. The 
soils are generally of the Bellefontaine sandy 
loam type and their quality has been reduced 
by severe grazing and fire treatments carried 
on before 1925. In addition to the fire treat- 
ments, selective cutting carüt d v.n prior to 
1925 contributed to a marked reduction in 
the quality of the stand. 

Until 1952, management activities were 
limited to protective measures to control fire 
and prohibit grazing. In 1952, a hardwood 
management unit was established and cutting 
treatments have been made periodically to re- 
move inferior trees and thus the quality of the 
stand has been improved. As a result of the 
prohibition against grazing, a hardwood un- 
derstory has now become established. 

The present overstory is composed largely 
of black oak. White oak, cherry, and a mini- 
mal amount of hickory and miscellaneous 
species make up the remainder of the stand. 
We judged the site to be in the intermediate 
shade tolerance class. The reproduction and 
understory average 7 feet in height and 3 
inches diameter. 

The average density of the understory 
species in stems per acre follows: cherry 
(262), ash (111), hickory (95), sugar maple 
(90), sassafras (57), serviceberry (42), silver 
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maple (28), white oak (23), basswood (14), 
red oak (9), elm (9), and black oak (7). 

The timber density can be estimated from 
table 10. 

Larch-Douglas-fir Test Area 

The area is approximately I'/i miles east of 
State Highway 31, and I'/a miles north of 
Pierce Lake on the Condon Ranger District, 
Flathead National Forest, in Montana. Terrain 
is moderately rolling slopes. 

Timber on the area is medium density old- 
growth Douglas-fir and larch, which is classed 
as intolerant to shade. Reproduction is sparse 
and predominantly Douglas-fir, an average of 
40 feet high and almost 100-percent crown 
closure. Density of the timber is uniform over 
the entire area, varying only in species com- 
position. Basal area ranges from 20 square 
feet to 260 square feet; average overall basal 
area was 149 square feet per acre. The timber 
density can be estimated from table 11. 

Aspen Test Area 

The stand is located about 10 air miles 
southwest of Ken ton, Michigan, on the Ken- 
ton Ranger District, Ottawa National Forest, 
in Ontonagon County. The topography is flat 
to gently rolling, interspersed by boggy areas. 
The soil type is a Gogebic fine sandy loam. Re- 
peated burning has depleted the soil quality. 

The original stand was composed of a mix- 
ture of white pine and northern hardwoods 
with white pine predominating. The white 
pine was logged about 1898 —and the hard- 
woods about 1907. Until 1928, the area was 
burned every year to "green up the woods" so 
it could be used as pasture. 

The present stand is composed predomi- 
nantly of aspen and red maple with some scat- 
tered white birch and balsam fir. The domi- 
nant trees average 69 feet in height. It appears 
that the site has not recovered sufficiently to 
support much more than aspen and at least 
one more cycle of aspen may be expected. We 
classified this site as very intolerant of shade. 

The reproduction and understory have an 
average height of 7 feet and an average diam- 

eter of 3 inches. The average density of the 
understory species in stems per acre follows: 
red maple (127), aspen (64), cherry (35), bal- 
sam fir (28), silver maple (24), sugar maple 
(21), serviceberry (7), white spruce (5), and 
white birch (5). 

The timber density can bo estimated from 
the table 12. 

Second-Growth Douglas-fir Test Area 

The test area is located on State land in the 
Toutle River Drainage, approximately 35 
m'hs east of Castle Rock, Washington. The 
te»i site is located on the river bottom land 
and has no major land relief. 

The stand was originally composed of 
Douglas-fir with some western hemlock. Cut- 
ting occurred at a very early date (arovnd 
1900). It is apparent from the old stumps and 
the present stand that fire did not follow the 
logging. The present stand is composed of a 
mixture of Douglas-fir and hemlock with mi- 
nor amounts of western redcedar. The under- 
story is composed of hemlock, vine maple, 
and red alder, varying in density from light to 
medium stocking. With the continued exclu- 
sion of fire, the stand will eventually revert to 
western hemlock and western redcedar. It is a 
shade tolerant site. The timber density can be 
estimated from table 13. 

Old-Growth Douglas-fir Test Area 

The test area is located 2 miles south of 
Willow Flats on the Glide Ranger District of 
the Umpqua National Forest in Oregon, on a 
high, rolling plateau, bordered on the east and 
west by clearcuts. It is bisected by a ridge ap- 
proximately 30 feet high. Test plots were 
placed along the top and bottom of this ridge 
on relatively flat ground. 

The timber is composed of well stocked 
old-growth Douglas-fir with some scattered 
western hemlock. The understory is com- 
posed of hemlock poles and some scattered 
vine maple and rhododendron, varying in den- 
sity from light to medium stocking. The stand 
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is approximately 450 years of age, and aver- 
ages 187 feet in height. The shade tolerance is 
intermediate. 

Data derived from the timber cruise on this 
area were limited. The gross volume figures in 
board feet per acre are as follows: Douglas-fir, 
160,000; hemlock. 32,000. The basal area is 
392 square feet per acre. 

SwMtgum*Mfetor Oak Tkst Arta 

The stand is locat«d in Madison Parish 
about 12 air miles southwest of Tallulah, 
Louisiana, on land owned by the Chicago 
Mills and Lumber Company. The topography 
is flat. Relics of drainage ditches constructed 
during the period it was farmed are still dis- 
cernible. 

The stand is typical of a river bottom hard- 
wood type. Prior to the Civil War the area was 
cultivated primarily for cotton. After the war, 
the land was left idle and reverted to timber. 

The stand is even aged: however, current 
cutting practices and the maturation of the 
stand are changing it to an uneven aged stand. 
The soils are quite deep and heavy; as a result, 
large areas of similar stands are being cleared 
and planted to soybeans. The stand is well 
stocked (68 percent sweetgum and water 
oak), averaging 118 feet high and 70 percent 
crown closure. The remainder is composed of 
a wide mixture of sweet pecan, willow oak, 
honey locust, red maple, elm, red oak, and 
hackberry. It is classed as intolerant to shade. 
Intermediate and improvement cuts have been 
made in the stand; as a result, the residual vol- 
ume is generally of high quality. 

The understory is light to medium and 
part« of the stand have a heavy cover of cane. 
Lianas are common throughout the stand; 
however, few dense tangles are found. The 
reproduction and understory of this stand 
have an average height of 7 feet and an aver- 
age diameter of 3 inches. The average density 
of understory species in stems per acre fol- 
lows: dogwood (121), hackberry (81), water 
oak (71), elm (34), ash (26), sweetgum (24), 
and soy hornbeam (16). 

The timber density can be estimated from 
table 14. 

Pin Oak-Swaatgum Tatt Araa 

The stand is located about 19 air miles 
west of Carbondale, Illinois, on the Murphys- 
boro Ranger District, Shawnee National For- 
est, in Jackson County. The topography is 
flat: about half of the area was under water to a 
depth of up to 4 inches during the test period 

The stand is situated between the Missis- 
sippi and the Big Muddy Dikes on the Missis- 
sippi flood plain. Periodic inundation o/curt 
on most of the stand during high water pe- 
riods, which normally occur in the spring of 
the year. As a result, tree growth is restricted 
t > water tolerant trees (such as pin oak) on a 
large portion of the stand. 

The stand is well stocked, primarily with 
pin oak. cherrybark oak, and swampwhite 
oak (83 percent). The remainder includes 
varying amounts of red maple, sweetgum, 
hickory, and elm. The average height of the 
dominant species is 101 feet; their average 
crown closure is 76 percent. The understory is 
relatively light, made up primarily of elm and 
red maple. The ground cover is dense in some 
areas, composed primarily of poison ivy; it is 
bare where inundation occurs. Except for the 
cherrybark oak on the drier sites, the timber 
is short and of poor form. Logging has been 
limited since the formation of the present 
stand, which is of intermediate shade tolerance. 

Reproduction and understory ha"«* an aver- 
age height of 7 feet and an average diameter 
of 3 inches. The density of the understory 
species in stems per acre follows: elm (71), 
red maple (66), hickory (17), ash (17), sweet- 
gum (10), pin oak (7), anH swampwhite oak 
(7). 

The timber density can be estimated from 
table 16. 

Northam Hardwoods Taat Araa 

The test area is located 4 miles south of 
Kenton, Michigan, on the Kenton Ranger Dis- 
trict, Ottawa National Forest, in Ontonagon 
County. The topography is flat; a few dry 
streams intersect the area. The soil types are 
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of tho Gogabic-MuniMng atsociation, which 
huvt' a relatively deep, fin«' sandy loam surface 
soil. 

The original stand on the test area was 
composed of a mixture of conifers and hard- 
woods. Tho conifers were logged during the 
period 1890-1910. Logging of the hardwoods 
started about 1910 and continued through 
1925. The area was covered with seedlings 
about 8 feet high and a few old culls when it 
was acquired by the Forest Service in 1931. 

In 1961. the stand was cut and thinned to 
improve its quality. The present stand is in ex- 

cellent condition, composed primarily of 
supar maple with minor amounts of birch, 
cherry, hemlock, red oak, and silver maple, all 
in excellent condition. The test stand is classi- 
fied as very tolerant to shade. The reproduc- 
tion and understory have an average height of 
7 feet and an average diameter of 3 inches. 

The average density of the understory 
species in stems per acre follows: sugar maple 
(364), silver and red maple (68), and miscel- 
laneous (12). 

The timber density con be estimated from 
table 16. 
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Tible 5. — Data derived from timber t ruiie of pondcrosa pine test area 

Timber meaaurements 
Ponderou Larch— Average or 

pine Douglu-fir total 

Ü7 0.1 67.1 
5.316 13 5.330 

1.14 1 06 1.13 
14.5 14 14.5 

58 00 58.1 

Treet/acre 
Volume (bd. ft./acre)1 

Average beaai arra/treo (M|.ft.) 
Average diameter (inches), weighted 
Average tree height (ft.), weighted 
Average lower crown limit, both 

•peciet in mixeditand(ft.) — — 18 
Average crown thickneu (ft ). 

both specioa — - 40 
Cumulativettemdentity. all ploU (inches) 6.540 82 6.62:'. 
Apparent crown cover density (percent) 

from aerial photos over test fire areai — ~ 60 

'Scnbitrr /of rule wot tued for all merthanlablc volumn Cruite includn all merchanlable Irret 8 iwhet diam 
tlrr and larger (by 2lnch clauet) 

Table 6. - Data derived from timber cruise of lodgepole pine test ar*a 

Lndgepole       Ponderou        Average or 
Timber measurements pine pine total 

Trees/acre 
Volume (bd.ft./acre)' 
Average basal area/tree (sq. ft.) 
Average diameter (inches), weighted 
Average tree height (ft.), weighted 
Average lower crown limit, both 

species in mixed stand (ft.) 
Average crown thickness (ft.), both species 
Cumulative stem density, diameter. Trees 

in each diameter class (inches) 
Crown cover density (percent) as 

estimated by aerial photos over test fire area  
1 Scribner log rule was used for all merchantable volumes. Cruise includes all merchantable trees f inches diam- 
eter and larger (by 2inch classes). 

156 5.2 161.2 
8.730 320 9,050 

.57 1.02 .796 
10 14 10.1 
62 53 61.7 

    28 
— — 44 

— — 2,662 

_ 80 
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Table 7. — Data derived from timber cruise of weitern white pine teat area 

Western       Western        Western         Grand fir         Average 
Timber measurements white pine      hemlock       redcedar  

Treec/am» 126.8 76.0 156.6 61.1 104.9 
Volume (bd.ft./acre)1 12,611 4.301 13,2H7 3,333 8,398 
Volume (cu. ft./atre) 2.281.26 1.004.73      2.791.60 704.00 1.696.37 

'Srnbnrr /..*• rule u<a< ««*</ fur all mrnhanlablf folumet fru/M mcludr» all mcnhanlablr lirrt H inchrt dtam 
tier and larger (by 2 inch elaaet) 

Table 8. -Data derived from limber cruise (site class. 3* inches) of white spnce teat area 

Timber measurements While spruce Balsam |»t«|»l»r Average or toUl 

Volume (i-u. ft./acre) 4.642 31 4,673 
Average diameter (inchesl 6.8 9.6 6.8 
Basal area (<c|. ft./acre) 186.6 1.6 187.0 
Average height (ft.) 63.4 68.7 63.4 
Treea/acre 892 3 896 
Percentage of apecieg in area 99.6 0A  

Table 9. — Data derived from timber cruise of Engelmann spruce test area 

Larch- Grand Alpine Engelmann Average 
Timber measurements Douglas-fir fir fir spruce or total 

Trees/acre 0.7 6.3 20.7 133.0 160 
Volume (bd. ft./acre)' 63 1,621 3,841 36.864 41.208 
Average basal area/tree 

(»q. ft) 1.48 1.74 1.47 1.71 1.6 
Average diameter (inches), 

weighted 16.6 18 16.5 18 17.6 
Average height (ft.). 

weighted 48 83 82 88 86 
Average lower crown limit 

(ft.), all species in 
mixed stand — _ — — 23 

Average crown thickness 
(ft.), all species — — — — 62 

Cumulative stem density 
(inches), all plots — — — — 10,344 

Crown cover density (per- 
cent) from aerial photos 
over test areas — — — — 100 

'Scribner log rule was used for all merchantable volumes. Cruise includes all merchantable trees 8 inches diam- 
eter at d larger (by 2-inch classes). 
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Table 10. - Data derived from timber cruiae of oak-hickory ttat area 

Size Black Whit« Miacel- Average 
Timber meaauremenU claaa oak oak Cherry Hickory laneout or total 

Inche» 
Volume leu. fl./acn*! 3* 816.4 399.9 69.3 66.5 92.8 1.444.9 
Volume (bd. ft./acre)1 H* 3.156 1.410 — — 128' 4.694 
Dentity («U>m«/acre) ;j. 51.5 430 42.8 60.6 88.6 286.5 
Baaal area (»«) ft./Acre) a* 38.5 18.5 4.5 7.0 6.5 75.0 
Average diameter (inche«) 3* 12 8 4 4 1 6 

'Scnhner lot; rule «MM utfd tot oil merrhonlablt vitlumet Crutur include* all merchanlaale treet H mchet atom 
eler and larger (by 3 inch clout*) 

'include* cherry and hickory 

Table 11. - Data derived from timber cruiae of larch-Doufics-fir teat ana 

Douglas- Lodgepole Engel mann Larch Average 
Timber meaauremenU fir pine spruce- 

alpine fir 
or total 

Trees/acre 71.1 14.9 11.0 23.8 120.8 
Volume (bd. ft/acre)' 8.168 1,316 1.800 5,639 16,923 
Average basal area/tree 

(»q. ft.) 1.20 .69 1.25 1.73 1.21 
Average diameter (inches), ■ 

weighted 15 11 15 17 14.9 
Average height (ft.). 

weighted 75 77 80 97 82 
Average lower crown limit, 

all species in mixed 
stand (ft.) — — — — 35 

Average crown thickness 
(ft.), all species — — — — 47 

Cumulative stem density, 
all plots (inches 2,656 238 450 1,536 -•724 

Apparent crown cover 
density (percent) from 
aerial photos over 
test areas — — — — 80 

lScribner log rule was used for all merchantable volumes. Cruise includes all merchantable trees 8 inches diam- 
eter and larger (by 2-inch classes). 
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Table 12. — Data derived from timber cruiae (aize rlau: 3+ inches) of aapen teat area 

Red White Balaam White Average 
Timber meaaurements Aapen maple birch fir apruce or total 

Volume (cu. ft./am*) 3.092.7 396.2 184.7 63.5 20.6 3.756.7 
Banal area (aq. ft  m r.-i 154 47 10 7 2 220 
Treeu/acre 529 166 34 18 2 749 
Average diamotor (tnchea) 8.2 6.5 7.9 6.8 9.5 7.9 
Corda/acre 39.1 5.0 2.3 .8 .3 47.6 

Table 13. - Data derived from Umber cruiie ot aecond-frowth Dougtasfir teat art« 

Si» DouglM* Hemlock Wettern Hardwood Average 
Timber meaaurtmenU dm fir redctdar or total 

Inch*» 
Volume (bd. ft./acn»)' 12* 40.097 25.200 1.031 900 67.230 
Volume (cu. ft./aero) 3*     6.559.10 4.402.92 245.88 114.17 11.327.55 
Average diameter (inchet) 3* 24.7 14.9 11.1 6.3 171 
Average height (ft.) 3* 172 113 61 40 123 
Tree«/acre 3* 30 56.2 9.6 6.4 102.2 

'Srritaff log mir wot ued for all mrrchonlable volume» Crulm includn all mtrehanlable Irret 8 inchet dmm 
eltr and larger (by 2-lneh clauet) 

Table 14. — Data derived from timber cruiae of iweetgum-water oak tect aiea 

Size Sweet- Water Sweet WUlow Miscel- Average 
Timber measurements class gum oak pecan oak laneous1 or total 

Incke» 
Volume(bd. ft/acre)' 3+ 4.907 3.684 676 679 466 10.111 
Volume (cu. ft./acre) 3+ 1.626 977 174 168 236 3,181 
Average diameter (inches) 3+ 10.9 11.1 16.0 7.2 6.4 9.7 
Average diameter (inches) 10+ 12.9 16.1 16.0 17.6 13.3 13.7 
Average height (ft.) 10+ 78.6 79.0 106.0 51.0 44.0 69.0 
Basal area (aq. ft./acre) 3+ 47.6 24.6 4.0 4.6 9.6 90.0 
Trees/acre 10+ 43.3 16 2.7 1.7 G.9 68.0 
Trees/acre 3+ 65.3 28.1 2.7 10.7 30.7 137.5 
Species percentage in area All 48 20 2 8 22 
1 Includes honey locust, sugar berry, red oak, red maple, and elm. 
iScribner log rule was used for all merchantable volumes. Cruise includes all merchantable trees 8 inches diam- 
eter and larger (by 2-inch classes}. 
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Tablt Id. - Log of dcipctiun probability teat flighu 

Twt area Fllihl Teat area Fliiht 
Date No.         " Dato ^ 

Intrrlur 6/17/63 4 Ouk III« kurv 7/17/65 64 
|H»iuliTi.»i> pint» 6/18/63 5 (52)' 7/18/65 7& 
(237»' 6/26/63 6 7/19/65 70 

6/27/63 m 
t 7/20/65 77 

7/1'63 8 
Northern 7/28/65 HO 

l-«Kim|H•:. pine 7/9/63 11 hardwood« 7/29/65 HI 
(218) 7/12/63 

7/16/63 
12 
14 

(25) 

7/19/63 15 Aapen 8/2/65 82 
6/25/64 20 (16) 
T/9/64 23 
8/4/64 29 ■ Second-growth 9/20/65 95 
8/8/64 31 Douglo» fir 

• 6/22'65 
7/9/65 

67 
71 

1      (230) 

7/10/65 72 Old-growth 9/25,65 «•7 
6/28/67 195 Dougiak-ftr 

(229) 
Knur-noun 7/25/63 18 
aprure 7/26/63 19 Sweetgum- 5/20/66 130 
(206) 7/29/63 20 water oak 5/21/66 131 

7/31/63 22 (92) 5/24/60 132 
8/1/6". 23 
8/21/63 33 Pin oak Sw. etgum 

(65) 
5/31/66 ISj 

Lan-h   Douglas fir 8/27/63 34 
(212) 8/28/63 35 While apruce 6/18/66 143 

8/29/63 36         I (Interior Alaska) 6/20/66 144 
9/3/63 37         j (201) 6/22/66 145 
9/6/63 38 
9/18/63 41 

Western 7/22/64 2 
white pine 7/23/64 3          1 
(215) 8/30/65 

8/31/65 
9/1/65 

91         | 
92 
93         j 

1 Numben in pannthenet art type demgnatuiiH auigned by the Society of American Foretlen. "Forett 
cover typet of North America (exctuuve of Mexico], "67 p. Washington, D. C  Soc. Amer. Forett 
(Reprinted in 1967, 6th Edition) 
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Table 19. - Detection probability claiMt for forest cover typet of North America 
CLASS 1 

SAP' SAP 
typr 1 imli. i type ty»*e Timber type 
no. no. 

WESTERN UNITE» STATES 

202 \Uilt.- »pin. .• Hif- h 234 Oak-Madrunr 
203 I'upiarBinh 23& Cut ton wood-Willow 
204 Black »prui • 236 Bur o*k 
20ft Mm h«mlock-Sub«lpint> fir •237 Interior punderoMi puu* 
20H Whitrbvk pine 238 We«lem juniper 
209 Hniilr. mi. pinr 239 Plnyon-Juniper 

•212 Lart-h   I)oug|a»-fir 240 Anauna (^pmu 
214 I'oiicl.t.'.rt pmr   l.aft h   Ouugltuflr 241 tntenur live oak 
217 A»pen 242 Metquitr 

•218 I.IKjgl'IMlll-     pill.' 24 ft Pari ftc pond^ruta pinr 
219 Limber pinr 246 CdifumM Hack uak 
220 Rocky Mm juniper 247 Jeffrey pine 
221 ited oJil.r 248 Kiiobconv pine 
222 Black cuttonwodd-Willuw 249 Canyon live oak 
233 2ft0 Ihg&t pirn Oak 

EASTERN UNITED STATES 

1 Jack pine 61 White pme-ChetUiul oak 
2 Black kprucp-White «pruce 57 Yellow-poplar 
3 Jack pine-Paper birch 61 River btrch-Sycamore 
6 Jack pine-Black aprjee 66 Ashe juniper 
8 Jack pine Aipen 67 Mohrsoak 
9 While spruce-Balaam flr> Aspen 68 Meenuite 

10 Black spruce-Aspen 69 Send pine 
11 Aspen-Paper bi.ch 70 Longfeaf pine 
13 Black spruce-Tamarack 71 Longleaf pine-Scrub oak 
16 Red pine 72 Southern scrub oak 

• 16 Aspen 73 Southern redcedar 
17 74 Sand live oak-Cabbage palmetto 
18 raper Dircn 76 Shortleaf pine 
19 Gray birch-Red maple 77 Shortleaf pine-Virginia pine 
21 White pine 78 Virginia pine-Southem red oak 
36 White spruce-Balsam fir-Paper birch 79 Virg nia pine 
38 Tamarack 80 Lob. »lly pmeShcirtlritf pine 
42 Bur oak 81 Loblolly pine 
43 Bear oak 83 Longleaf pine-Slash pine 
45 Pitch pine 8-1 Slash pine 
46 Eastern redcedar 86 Cabbajge palmetto-Slash pine 
17 Eastem redced; - Pine 9& Black willow 
49 Eastern redcedar-Pin^Hardwood 98 Pond pine 
60 Black locust 

(con. next page) 
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Table 19. - (con.) 

CLASS 2 

SAF SAF 
type 
no. 

Timber type type 
no. 

Timber type 

WESTERN UNITED STATES 

♦201 White spruce 216 Blue spruce 
♦206 Engelmann spruce-Subalpine fir 226 Pacific silver fir-Hemlock 
210 Interior Douglas-fir 227 Western redcedar-Western hemlock 
211 White fir 228 Western redcedar 
213 Grand fir-Larch-Douglqs-fh 243 Ponderosa pine-Sugar pine-Fir 

•215 Western white pine 244 Pacific ponderosa pine- Douglas-fir 

EASTERN UNITED STATES 

4 White spruce-Balsam fir 54 Northern red oak-Basswood-White ash 
5 Balsam fir 55 Northern red oak 
7 Black spruce-Balsam fir 56 Northern red oak-Mockernut hickory- 

14 Northern pin oak Sweetgum 
20 White pine-Northern red oak-White ash 58 Yellov -poplar Hemlock 
22 White pine-Hemlock 59 Yellow-poplar- White oak—Northern 
29 Black cherry red oak 
30 Red spruce-Yellow birch 76 Shortleaf pine-Oak 
32 Red spruce 82 Loblolly pine-Hardwood 
33 Red spruce-Balsam fir 85 Slash pine-Hardwood 
34 Red spruce-Fräser fir 87 Sweetgum- Yellow poplar 
35 Paper birch-Red spruce-Buisam fir 88 Laurel oak-Willow oak 
37 Northern white-cedar 89 Live oak 
40 Post oak-Black oak 93 Sugarberry-American elm-Green ash 
41 Scarlet oak 94 Sycamore-Pecan-American elm 
48 Eastern redcedar-Hardwood 96 Overcup oak-Water hickory 

* 52 White oak-Red oak-H'ckory 97 Atlantic white-cedar 
53 White oak 

CLASS 3 

WESTERN UNITED STATES 

207 Red fir *229 Pacific Douglas-fir 
223 Sitka spruce *230 Douglas-fir-W. hemlock 
224 Western hemlock 231 Port-Orford-cedar^-Douglas-fir 
225 Sitka spruce-Western hemlock 232 Redwood 

EASTERN UNITED STATES 

23 Hemlock 39 Black ash-American elm-Red maple 
24 Hemlock-Yellow birch 60 Beech-Sugar maple 
25 Sugar maple-Beech-Yellow birch * 65 Pin oak-Sweetgum 
26 Sugar maple-Basswood 62 Silver maple-American elm 
27 Sugar maple 90 Beech-Southern magnolia 
28 Black cherry-Sugar maple 91 Swamp chestnut oak-Cherrybark oak 
31 Red spruce-Sugar maple-Beech * 92 Sweetgum-Nuttall oak-Willow oak 

'Society of American Foresters' type designation. 
*Flight tests conducted. 
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As noted or: page 33, we concluded that 
detection probability cannot be predicted re- 
liably from our data for other stand densities. 
However, we can show that the effect of 
stand density on signal attenuation is predict- 
able. 

In actuality, timber stands are quasirandom 
distributions of trees of various sizes and 
species, 'n order to develop a mathematical 
model to predict the obscuration of targets by 
timber canopy we will define an ideal timber 
stand as having randomly distributed trees of 
the same species. All of the trees will have the 
characteristics of the average tree; i.e., diam- 
eter, crown height, etc. In such a stand we 
recognize that there are two mechanisms that 
will obscure a fire target from an airborne IR 
line scanner: (1) the total attenuation of the 
target by very large obscuring material (single 
tree boles, combinations of tree boles, etc.); 
and (2) the partial attenuation due to smaller 
(finer) canopy material (small limbs and foli- 
age). 

In any natural timber stand an individual 
target may be completely unobscured, partial- 
ly attenuated, or totally obscured. We cannot 
expect to predict the signal strength from a 
target for a given single observation. The fol- 
lowing formulation is to predict a probable 
target signal — the signal one would expect to 
observe on an "average" observation. We con- 
sider that the timber stand is made up of a 
random stand of trees boles (large material) 
that support a homogeneous and spatially con- 
tinuous canopy (fine material) as diagramed 
in figure 38. 

The total expected transmission, T, for the 
timber stand is equal to the product, T^Tß, 
of the expecced transmissions through the 
canopy (TQ) and boles (Tß), respectively. The 

attenuation density of the obscuring media 
must be expressed in terms applicable to for- 
est mensuration in order that tho model be of 
practical use. 

A tree bole closely approximates an in- 
verted paraboloid of revolution whose vertical 
cross-sectional area is 2/3 dh, where d = tree 
diameter, h = tree height. When viewed from 
an aspect angle, 8, the horizontal ground area, 
a, obscured by the tree, a = 2/3 dh tan 0. 

Figure 38. — Conceptual model showing 
obscuration effects of timber canopies. 
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The observable, or unobscured. part of a 
unit area in which there is one obscuring tree 

2/3 dh tan Q' boleisTB = (l-a)= ^1 - >q. 43,560 
In this equation we have defined unit area (1 
acre = 43,560 square feet) in forest mensura- 
tion terms. This means that d and H must be 
measured in feet to satisfy this equation. 

The probable transmission through the tree 
boles for a stand of n (tree boles/, ere) with 
individual characteristics, d,, hj, is equal to 
the probable unobscured ground area, 

TB = n (i 
i=l 

2/3 djh, tan e \ 
 TOBÖ )■ 

If all trees are of average size as we have as- 
sumed, then 

TB = (I 
2/3 dh tan 9 

43,560 )" 

If an adjustment is made for the orienta- 
tion of the shadows thrown by the bole (all 
oriented in the same direction), this equation 
is more properly of the form 

(1 -d)n(l- htanG)". 
Similar adjustments could be made for the 

nonrandom spacing of trees, the vignetting of 
? target on the edge of a shadow, the exclu- 
sion of fire from the basal area, etc. 

100 

^   80 
I 
i a 
g    60 I 

TJ 

40 

20 

•■1 

• ••• t 
• • •• i 

• 
• 
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• i 

20 40 60 80 

Detection lest meaiurement (percent) 

100 

Figure 39. — Correlation of detection prob- 
abilities between model predictions and test 
measurements. 

This formulation provides the mechanism 
for handling several size classes of trees in the 
same stand (e.g., different species in an under- 
story-overstory association). One might have 
n, trees/acre of size class di, h,; n2 trees/acre 
of d;, hj; and n,, trees/acre of da, h3. Ob- 
viously, the expected tree bole transmission 
for such an association would be 

TB=( 
2/3d,h| tan 6\"i 

43,560       / 

2/3 d2h; tan eN'^ 
43,560       / 

2/3d,hT tan G >"' 
43,560       / 

In general, the finer material of the timber 
"rowns only partially attenuates the target 
radiation (by absorption and scattering phe- 
nomena). A continuous "nd homogeneous at- 
tenuating material suggests an exponential 
transmission model. In such a material, the 
differential intensity, -di, absorbed out of a 
small optical path, is proportional to the path 
length, dx, and the incident intensity, I. 
Thus, 

di = - oldx 

orTc= I/I0 =e-<™ 

where the constant of proportionality, cr, is 
the attenuation coefficient of the material 
(i.e., <r is similar to a loosely defined optical 
density). It remains for us to determine this 
"optical density" and path length through the 
timber crowns. 

Consider a unit volume, V = aH, where a = 
1 acre and H = one average crown height. And, 
consider the volume of one average tree crown,« 
vc = 2/3(-|-D2 H) for deciduous trees (ovaloids 
of revolution). 

Given n trees per acre, the ratio nvc/V is 
the fraction of unit volume that is filled with 
obscuring crown material. The slant path, r, 
through the unit volume is H sec 0 (aspect 
angle is measured from the vertical). Thus, the 
expected (or probable) path length, X, inter- 
cepted by crowns is 

•m nGf D: H 
~¥H  H sec 0 
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or 
n|-D2 

x = G153Sü-Hsece 

wher? G is geometrical factor (1/3 for coni- 
fers, 2/3 for deciduous). 

n-fD2 

The factor, Jj%gfl, is equal to crown clo- 

sure, cc, (in percent). The individual crowns 
are not opaque but have an optical density, J; 
thus, the average or expected transmission 
through the crowns is 

Tc = exp(-JG (cc) H sec 0). 
The optical density J, is independent of 

timber stand density (J will vary from one 
timber type to another but will not vary with 
the number of trees or their size). 

To complete the exposition of the con- 
cept, one may conceive of the attenuation coef- 
ficient, a, and path length, x, [<r=JG(cc) 
and x = H sec 6], as representing the trans- 
mission through a continuous and homoge- 
neous attenuating media. Note here also that 
the product ax = ff; X| +(r-iX2 = (Ji G| (cc)i H, 

+ ^GjfcchHj] :ec 9 
provides for several possible crown classes. 

The expected transmission, T, of target 
radiation through the timber is 
T a p-JG (cc)H secen _ 2/3dhtane)

n. 
u 43,560 

Eq. 10 

Estimates of T were made by measuring the 
signal strength of the target signature. These 
estimates were made from the voltage output 
of the scanning system for the mountaintop 
tests, and from the film density on tiie air- 
borne IR imagery. 

The primary reason for constructing the 
obscuration model was to predict the depend- 
ence of detection probability on measurable 
timber cruise parameters. 

The timber cruise parameters from the 
white spruce test plots were used in equation 
(10) to generate transmission predictions for 
each target at each aspect angle. These calcu- 
lated canopy transmissions were used in equa- 
tion (8), page 37, to generate a set of detec- 
tion probabiliiv predictions. In figure 39, uhese 
probability predictions are plotted in compar- 
ison with the actual measurements of percent 
detection from the test flights. 

Detection probability measurements, Pj, 
are made from observations of an array of five 
1-square-foot targe's (see page 37). The coef- 
ficients A, B, and C in the correlation equa- 
tion (8) are valid only for signal strengths 
that are comparable to the five 1-square-foot 
target configurations. However, we can esti- 
mate the probability of detecting any number 
of 1-squaro-foot targets. 

Assume (1) that the obscuring media are 
randomly oriented relative to the five individ- 
ual 1-square-foot targets, and (2) that the 
probability of detecting a single target is P,, 
then the following logical sequence gives the 
probability of detecting m targets. The prob- 
ability of not detecting one target is (1-P,). 
The probability of not detecting at least one 
of m targets is (1-P, )m. The probability, Pm, 
of detecting at least one of m targets is 
Pm = l-(1-Pl)m. 

The assumption of randomness is not rigor- 
ously true in actual timber stand distribu- 
tions. Any formulation based on this assump- 
tion will only predict a lower limit for detec- 
tion probability when the size of openings be- 
tween trees, size of the tree crowns, and size 
of the target arrays are similar. That is, wit'i 
actual spatial distribution it is more likely 
that one of the m targets is observable; thus, 
in practice, actual detection probabilities 
should be higher. 

Measurements of signal strength (or timber 
obscuration) and measurements of percent de- 
tection must be considered as two separate 
and independent sets of -^ata for statistical 
analysis. A rigorous formulation of detection 
probability as a function of target signal 
strength is impossible because (1) the spatial 
distribution of timber crown material was not 
known in the airborne tests; (2) the meteoro- 
logical and environmental conditions were not 
constant; and (3) calibration controls for the 
several mountaintop and airborna systems 
were inadequate. 

In principle, such a formulation should be 
possible. A questionable example is our com- 
parison of airborne and mountaintop data in 
figure 32. In this example, the comparison is 
ba^d on target signal-to-background signal 
ratios, but the control measurements of the 
backgrounds are inadequate. 
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Table 20. —Signal strength frequency distribution by aspect angle for old-growth Douglas-fir test area1 

Relative 
signal 
strength 

Aspect angle (degrees) 

0 10 20 30 40 50 60 

0 25.3J 31.85 9.33 28.33 43.33 0 0 
.33 2.22 1.48 2.67 10.00 0 0 0 
.67 2.22 1.48 8.00 2.50 6.67 0 0 

1.00 4.44 5.19 9.33 11.67 16.67 p 0 
1.33 4.00 2.22 4.00 5.83 0 0 0 
1.67 2.22 .74 6.67 3.33 3.33 0 0 
2.00 5.78 9.63 4.00 2.50 10.00 0 0 
2.33 7.56 2.22 6.67 3.33 3.33 0 0 
2.67 3.11 3.70 2.67 2.50 0 0 0 
3 00 2.67 5.19 10.67 1.67 0 0 0 
3.33 7.56 4.44 4.00 6.67 3.33 0 0 
3.67 4.89 4.44 10.67 6.67 6.67 0 0 
4.0P 7.11 3.70 1.33 3.33 0 0 0 
4.33 3.11 2.96 4.00 4.17 3.33 0 0 
4.67 6.67 9.63 10.67 4.17 0 0 0 
5.00 11.11 11.11 5.33 3.33 3.33 0 0 

1 Society of American Foresters forest cover type designation No. 229. 

Table 21. —Signal strength frequency distribution by aspect angle for second-growth Douglas-fir test area1 

Relative 
signal 
strength 

Aspect angle (degrees) 

0 10 20 30 40 50 60 
0 22.73 23.00 27.50 28.08 32.31 36.67 0 

.33 6.36 3.00 4.50 7.31 7.31 6.57 0 

.67 4.55 3.00 4.00 6.54 6.15 13.33 0 
1.00 5.91 9.00 9.00 11.54 14.23 6.67 0 
1.33 3.18 5.00 4.50 6.54 4.62 3.33 0 
1.67 5.45 7.00 5.50 6.54 6.15 6.67 0 
2.00 5.45 5.00 7.00 6.54 3.46 0 0 
2.33 6.36 4.00 4.00 2.69 5.00 5.00 0 
2.67 5.91 12.00 8.50 4.23 4.62 8.33 0 
3.00 2.73 0 6.50 3.08 3.46 1.67 0 
3.33 3.64 4.00 3.50 3.85 2.69 3.33 0 
3.67 4.09 3.00 3.00 2.69 2.69 6.67 0 
4.00 7.27 7.00 5.00 1.92 1.92 1.67 0 
4.33 6.82 1.00 .50 1.92 .77 0 0 
4.67 2.73 6.00 2.50 3.08 1.92 0 0 
5.00 6.82 8.00 4.50 3.46 2.69 0 0 

Socic ty of American Foresters forest cover type designation No. 230. 
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Table 22. — Signal strength frequency distribution by aspect angle for white !spruce ' at area' 

Relative 
signal 
strength 

Aspect angle (degrees) 

0 10 20 30 40 50 60 

0 1.79 1.67 5.82 9.69 21.04 45.00 0 
.33 .36 1.11 2.73 5.00 9.38 12.73 0 

.67 1.43 1.67 3.18 4.69 9.79 9.55 0 

1.00 6.79 6.67 12.27 20.00 22.50 15.00 0 
1.33 5.00 7.22 6.36 8.13 7.50 4.09 0 
1.67 6.07 5.00 8.18 5.94 5.42 3.18 0 
2.00 4.64 5.56 10.91 10.31 6.25 3.64 0 
2.33 6.43 9.44 7.27 10.31 4.38 1.82 0 

2.67 9.29 6.67 5.91 5.00 4.79 2.27 0 

3.00 6.43 3.89 6.36 4.69 2.08 .91 0 

3.33 7.86 11.67 8.64 4.69 2.92 .45 0 

3.67 7.86 9.44 5.00 4.06 2.50 .45 0 
4.00 8.93 11.67 5.91 2.50 1.04 .45 0 
4.33 7.14 3.33 3.64 3.75 .42 0 0 
4.67 4.29 10.00 4.55 .31 0 0 u 
5.00 15.71 5.00 2.27 .94 0 0 0 

'Society vf American Foresters forest cover type designation No. 201. 

Table 23. — Signal strength frequency distribution by aspect angle for western white pine test area1 

Relative 
signal 
strength 

Aspect angle (degrees) 

0 10 20 30 40 50 60 

0 11.88 13.00 12.00 20.83 27.50 33.75 50.00 
.33 3.13 0 4.00 3.33 3.00 1.25 0 
.67 2.50 4.00 0 2.50 6.50 6.25 10.00 

1.00 15.63 17.00 22.00 23.33 28.00 26.25 0 
1.33 1.88 4.00 5.00 4.17 7.00 8.75 5.00 
1.67 5.00 4.00 4.00 6.67 2.50 0 10.00 
2.00 8.75 6.00 13.00 9.17 5.50 6.25 5.00 
2.33 1.88 4.00 6.00 2.50 4.50 5.00 5.00 
2.67 4.38 3.00 7.00 5.00 5.50 2.50 10.00 
3.00 11.88 8.00 3.00 5.00 2.00 2.50 5.00 
3.33 5.63 5.00 5.00 2.50 1.00 1.25 0 
3.67 5.00 5.00 7.00 5.00 2.00 6.25 0 
4.00 9.38 7.00 4.00 3.33 .50 0 0 
4.33 2.50 2.00 2.00 1.67 1.50 0 0 
4.67 5.00 7.00 2.00 2.50 2.50 0 0 
5.00 5.63 11.00 4.00 2.50 .50 0 0 

Society of American Foresters forest cover type designation Mo. 2/5 
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Table 24. — Signal strength frequency distribution by aspect angle for lodgepole pine test area1 

Relative 
signal 
strength 

Aspect angle (degrees) 

0 10 20 30 10 50 60 
0 4.17 15.63 12.50 12.07 16.07 14.06 21.88 

.33 2.08 6.25 6.73 5.60 6.55 7.81 17.19 

.67 2.08 0 .96 6.90 6.55 9.38 17.19 
1.00 7.64 0 5.77 14.22 8.33 4.69 15.63 
1.33 7.64 0 .96 4.31 10.71 1.56 4.69 
1.67 9.03 9.38 2.88 11.64 8.33 3.13 9.38 
2.00 13.89 15.63 3.85 11.21 3.57 6.25 9.38 
2.33 15.28 6.25 6.73 9.91 5.95 9.38 3.13 
2.67 7.64 0 11.54 6.47 7.74 12.50 0 
3.00 7.64 6.25 5.77 5.60 4.76 3.13 0 
3.33 4.17 3.13 10.58 3.02 3.57 14.06 1.56 
3.67 6.25 3.13 19.23 3.02 1.79 8.25 0 
4.00 4.17 6.25 2.88 2.16 4.17 6 25 0 
4.33 2.78 3.13 5.77 2.16 7.14 1.56 0 
4.67 1.39 15.63 3.85 .43 1.79 0 0 
5.00 4.17 9.38 0 1.29 2.98 0 0 

1 Society of American Foresters forest cover type designation So. 218. 

Table 25. — Signal strength frequency distribution by aspect angle for aspen test area1 

Relative 
signal 
strength 

Asp ect angle (degrees) 

0 10 20 30 40 50 60 

0 11.67 6.67 2.50 12.50 11.50 17.50 25.00 
.33 •   1.67 3.33 0 5.00 4.50 4.17 10.63 
.67 0 5.00 2.50 5.00 7.00 11.67 5.63 

1.00 15.00 16.67 25.00 18.75 33.50 38.33 25.63 
1.33 3.33 8.33 250 3.75 4.00 7.50 6.88 
1.67 6.67 0 0 3.75 5.50 1.67 6.25 
2.00 11.67 5.00 2.50 7.50 7.00 4.17 3.13 
2.33 6.67 8.33 5.00 7.50 7.00 5.00 3.13 
2.67 6.67 6.67 15.00 7.50 4.00 2.50 3.75 
3.00 6.67 1.67 2.50 6.25 4.50 2.50 3.13 
3.33 8.33 5.00 2.50 7.50 2.50 .83 1.88 
3.67 1.67 8.33 12.50 2.50 2.50 1.67 2.50 
4.00 5.00 5.00 7.50 3.75 1.50 0 1.88 
4.33 3.33 3.33 2.50 3.75 1.50 .83 .63 
4.67 0 5.Ö0 10.00 3.75 2.50 .83 0 
5.00 11.67 11.67 7.50 1.25 1.00 .83 0 

Society of American Foresters forest cover type designation A'o. 16. 
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Table 26. - Signal strength frequency distribution by aspect angle for Northern Hardwoods test area1 

Relative 
signal 
strength 

Aspect angle (degrees) 

0 10 20 30 40 50 60 

0 19.38 21.00 23.89 25.00 33.50 36.67 50.71 

.33 5.63 5.00 6.11 7.78 7.00 7.08 7.14 

.67 6.25 6.50 5.56 7.22 6.50 3.75 2.86 

1.00 21.25 17.50 13.33 26.67 22.50 24.58 18.57 

1.33 1.88 3.50 6.11 3.89 4.00 5.00 2.14 

1.67 4.38 2.50 5.56 4.44 4.50 1.25 1.43 

2.00 11.25 9.00 8.89 6.67 5.50 7.08 7.86 

2.33 .63 4.00 S.33 3.33 4.50 3.75 1.43 

2.67 3.13 1.00 3.33 .56 3.00 2.08 1.43 

3.00 3.75 3.50 6.11 2.78 1.00 2.50 3.57 

3.33 2.50 6.00 5.56 2.78 3.50 3.75 1.43 

3.67 6.88 10.50 2.78 1.67 .50 1.25 0 

4.00 5.63 4.50 2.78 3.33 2.00 .83 .71 

4.33 1.25 .50 1.11 1.67 1.50 .42 .71 

4.67 1.88 4.50 2.22 1.67 0 0 0 

5,00 4.38 .50 3.33 .56 .50 0 0 

'Society of American Foresters forest cover type designation No. 25. 

Table 27. - Signal strength frequency distribution by aspect angle for pin oak-sweetgum test area' 

Relative 
signal 
strength 

Aspect angle (degrees) 

0 
3.33 

10 20 30 40 50 60 

0 9.44 8.33 11.67 18.13 0 0 

.33 .83 1 11 2.50 6.67 6.25 0 0 

.67 1.67 2.22 5.83 10.00 9.38 0 0 

1.00 22.50 15.56 20.83 24.17 33.75 0 0 

1.33 2.50 7.22 10.83 9.17 5.00 0 0 

1.67 4.17 7.78 9.17 6.67 3.75 0 o 
2.00 6.67 7.22 4.17 2.50 6.25 0 0 

2.33 6.67 11.11 2.50 9.17 3.13 0 0 

2.67 8.33 5.56 5.00 3.33 1.25 0 0 

3.00 5.83 6.11 7.50 4.17 6.25 0 0 

3.33 10.83 7.78 5.83 6.67 3.75 0 0 

3.67 5.83 3.33 5.00 1.67 2.50 0 0 

4.00 6.67 2.78 5.00 .83 .63 0 0 

4.33 1.67 4.44 1.67 2.50 0 0 0 

4.67 2.50 2.22 2.50 0 0 0 0 

5.00 10.00 6.11 3.33 .83 0 0 0 

'Society of American Foresters forest cover type designation No. 65. 
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Table 28. — Signal strength frequency distribution by aspect angle for gum-oak test i irea' 

Relative 
signal 
strength 

Aspect angle (degrees) 

0 10 20 30 40 50 60 

0 6.00 14.38 13.33 15.00 23.21 31.00 0 
.33 3.00 2.50 2.50 2.50 5.00 6.00 0 
.67 3.50 2.50 4.17 5.00 3.57 4.00 0 

1.00 15.00 7.50 17.50 19.17 11.43 17.00 0 
1.33 2.50 3.75 1.67 4.17 3.57 8.00 0 
1.67 5.50 3.13 2.50 9.17 6.43 4.00 0 
2.00 7.00 4.38 4.17 5.00 8.57 3.00 0 
2.33 4.50 5.63 3.33 8.33 5.36 1.00 0 
2.67 13.50 11.25 8.33 6.67 7.14 4.00 0 
3.00 6.00 8.75 5.83 5.83 4.64 5.00 0 
3.33 2.00 3.75 5.00 3.33 4.64 5.00 0 
3.67 5.00 6.88 6.67 1.67 2.50 3.00 0 
4.00 4.00 6.25 4.17 4.17 3.57 2.00 0 
4.33 1.00 6.25 3.33 2.50 1.79 2.00 0 
4.67 8.50 3.75 7.50 2.50 4.64 4.00 0 
5.00 13.00 9.38 10.00 5.00 3.93 1.00 0 

1 Society of American Foresters forest cover type designation No. 92. 

Table 29. - Signal strength frequency distribution by aspect angle for oak-hickory test area1 

Relative 
signal 
strength 

Aspect angle (degrees) 

0 10 20 30 40 50 60 

0 10.32 7.14 9.44 15.00 18.33 35.00 38.00 

.33 5.32 5.00 6.11 3.46 7.50 5.00 9.00 

.67 3.71 3.57 3.89 7.69 6.11 7.67 10.00 

1.00 21.29 22.14 16.67 21.54 25.28 24.67 25.00 
1.33 5.16 2.86 3.89 3.08 5.83 4.87 4.00 

1.67 4.35 3.57 1.67 3.85 4.44 4.67 4.00 

2.00 8.39 8.57 7.78 9.62 5.00 4.00 2.00 
2.33 6.77 5.00 6.11 8.46 4.72 4.33 4.00 
2.67 5.48 1.43 4.44 3.85 5.83 3.33 2.00 
3.00 6.45 7.86 8.89 5.38 3.89 1.67 1.00 
3.33 4.35 2.86 5.56 2.31 1.11 1.00 0 
3.67 2.90 5.00 1.67 3.08 1.39 1.33 1.00 
4.00 5.32 7.14 3.89 2.69 4.44 1.67 0 
4.33 1.77 3.57 2.22 3.85 1.11 .67 0 
4.67 1.45 2.14 2.78 1.54 1.94 .33 0 
5.00 6.94 12.14 15.00 4.62 3.06 0 0 

1 Society of American Foresters forest cover type designation No. 52. 
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DETECTION PROBABILITY CURVES FOR 13 TEST AREAS 
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Data From Operational Patrol Tests 
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Z^ül!™^ 0f Na,i0nal f0K^ "* **' Patrok 
Order of „*.,,, Fire frequency        Average No.        priorjtv 
priority Nat.onal Forest        pet m^ZZL      forest fires f™of 

per storm 

4 

1 

6 

9 
10 

9 

REGION 1 
1 Clearwater 
2 St. Joe 
3 Bitterroot 

Nezperce 

53.4 
64.9 
53.8 
57.8 
44.8 
35.9 
36.4 
31.2 
38.8 
32.0 
19.5 
29.6 

Deerlodge ,2 7 

12.9 
9.9 
8.6 

5 Coeur d'Alene 
'' Kootenai 
7 Kaniksu 
8 Colville 
9 Lolo 

10 Helena 
11 Flathead 
12 Custer 
13 

14 Lewis & Clark 
15 Gallatin 
16 Beaverhead 

Bighorn 
Shoshone 

1 Boise 
2 Cache 
3 Payette 
4 Salmon 
5 Caribou 

Bridger 
7 Sawtooth 
8 Challis 

Targhee 
Teton 

REGION 2 

6.8 
5.1 

REGION 4 

52.9 
17.3 
36.4 
32.2 
10.4 
8.2 

13.2 
13.8 
9.5 
6.5 

REGION 6 

2 ^heUr 106.0 
* Ochoco 78 . 
3 Deschutes 46'j 
4 Fremont 502 
8 Gifford Pinchot iß, 
6 Umatilla 
7 Wenatchee 
8 Mt. Hood 

69.3 
49.8 
20 8 

Wallowa-Whitman 49 5 
10 Snoqualmie 
11 Okanogan 
12 Winema -Q . 
13 Mt. Baker J^J 

16.0 
25.6 

1 Development of priority factor is explained on page 28. 
Based on cslimaled storm occurrence. 

4.11 3.74 
4.33 3.74 
2.56 2.40 
2.27 2.13 
2.17 1.83 
1.69 1.66 
1.67 1.54 
1.5fi 1.50 
l.!4 1.36 
.94 .87 
.92 .86 
.85 .83 
.43 .42 
.41' .40 
.31! 

.30 
.29 .28 

.492 
.48 

.362 
.34 

2.59 2.32 
2.47 2.30 
2.53 2.27 
1.53 1.36 
.94 .88 
.77 .73 
.632 

.59 
.632 

.58 
.58 .54 
.38 .36 

5.76 5.64 
5.10 4.87 
4.61 4.43 
4.182 

4.15 
5.57 3.83 
3.96' 3.59 
3.61 3.33 
4.162 

2.97 
2.92 2.72 
2.672 

2.60 
2.41' 2.11 
2.08 2.02 
1.48 1.04 
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Table 33. - Number of targets detected on 1967 patrol flights by kind 

Wildfires e | 
Flight 
patrol 
no. 

e 
0 

:|| II CO 

9» 

S3 o 
1 1 

1 
1 1 

^ 1 , 

1 
§ ■a 

I 

h 
11 
s.s .S g 1 

1 2 8 1 1 1 1 14 
2 17 1 5 3 1 2 29 
3 20 1 2 6 2 1 2 34 
4 4 7 1 1 3 3 19 
5 9 3 17 3 2 1 1 3 4 2 2 47 
6 1 5 3 2 1 2 14 
7 9 1 17 1 4 6 2 6 2 48 
8 1 16 1 6 24 
9 2 1 17 4 4 1 2 1 14 3 49 

10 1 18 1 2 1 1 3 27 
11 3 1 3 8 4 2 5 26 
12 3 3 17 1 -7 11 3 3 1 3 1 53 
13 2 3 1 14 2 3 2 3 1 4 1 36 
14 4 6 1 1 1 13 
15 5 5 1 11 
16 44 5 2 2 5 1 59 
17 2 8 1 4 5 3 1 24 
18 9 1 1 1 1 1 14 
19 4 12 2 5 1 1 2 27 
20 2 3 3 1 4 2 15 
21 11 2 2 3 18 

Total 
targets 89 14 16 5 218 27 42 73 8 30 21 34 17 7 601 

See table 35 on page 84. 
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Table 34. — Confirmation of target identification of campfires and wildfires 
reported to the National Forests 

Identification Number Percent 

841 
14/ 

TARGETS REPORTED AS WILDFIRES 

Wildfires confirmed by Forest 
Second reports on a previously detected fire 
Campfires 
Slasl1 burning 
Misce'laneous hot targets 
Uncon "irmed reports 

Tital 174 

TARGETS REPORTED AS POSSIBLE WILDFIRES 

Wildfires confirmed by Forest 
Campfires 
Miscellaneous hot targets 
Unconfirmed reports 

Total 39 

TARGETS REPORTED AS POSSIBLE CAMPFIRES 

Confirmed as wildfires 2 
Reported as campfires or miscellaneous 95 

Total 97 

56.3 

21 12.1 
14 8.0 
11 6.3 
30 17.2 

3 7.7 
7 17.9 
4 10.3 

25 64.1 
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fable HO. - tatieti detected on the 1967 fire patrols, but never found by suppression forces 

Date Fire m, SAP timber 
cover type Elevation Remarks 

Feet 

m 31-2 Douglas-fir 8,000 Fire found near area on 7/19, but 
location given makes it impossible 
to be the target. 

1/13 M-b Alpine fir 7,000 High, rocky area. 
1/13 96-6 Alpine fir and 7,000 Detected on -.wo flights. High 
1/14 lodgepole pine alpine and goat rock area. 
1/13 08^6 Alpine fir 7,000 Detected on two flights. High 
7/14 alpine and goat rock area. 
7/14 117-7 Ponderosa pine 6,000 Lookout reported lightning strike 

and burst of flames-fire never found 
7/14 124-7 Alpine fir 8,000 High alpine and goat rock area. 
7/14 134-7 Lodgepole pine 7,000+ 
7/14 140-7 Alpine fir (?) 7,000+ High, rocky area. 

143-7 Alpine fir (?) 7,000 High, rocky area. 
7/14 154-7 ? 7,000 
7/1? 183^9 Lodgepole pine 5,000+ Even stand of lodgepole pine. 
7/23 272-12 Douglas-fir, 

larch, and 
lodgepole pine 

6,000+ High, rocky country with pockets 
of good timber. Broken up by 
rockslides ana cliffs. 

362-16 ? 5,000+ Appears to be heavy timber. 
364-16 ? 7,000 

^-16 NCF' 6,000 Appears to be high, rocky country. 
fl Alpine fir (?) 7.000+ High, rocky country. 

Alpine fir (?) 6,000+ High and rocky. 
NCF 7,000 

•niper (?) 4,000 Fire reported. Never found. 
'erosa pine 5,000 

-fir 7,000 Lightning hit tree in average 
stand of Douglas-fir. 

i on site. 
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Table 36. ~ lß67 wildfires detfpM by IR before vi^sl dptec^gn 

Fire no. IR detected 

Date   Time 

Time 
reported 
to forest 

Dnte   Time 

VlsMlly 
deteeted 

Date   Time 

Pound by 
suppression 

fpfpes Sife 

Pate      time 

6-1 7/6 0400 0700 Not detepted 7/8      0930 2,700 sq- ft. 
69-5 7/13 0210 0830 Not detected 7/18    U10 <.25 acre 
92-6 7/13 0506 0830 Morning 7/13    1940 <.25 acre 
93.6 7/13 0506 0830 Morning 7/18    1435 <.25 acre 
94-5 7/13 0606 0830 Mowing No action taken Sn^g 
176-9 7/18 2310 7/19 0730 7/19    1656 7/19    2Q16 <.25 acre 
273-12 7/23 2220 7/84 0630 Not detepted 7/34    1620 800 sq. ft. 
459-18 8/28 0317 0730 9/1    m\ m   im 2.3 apfes 
460-18 8/28 0330 0730 8/28    0880 8/28    0900 ■03 ^crp 
489-19 8/29 0347 0800 Not detPPtpd 8/39    1010 360 sq, ft: 
498-20 8/31 0341 0700 8/31    0725 8/81    1145 •1 »pre 
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Table 37. — IR detection ptr(ormance by timber classes anc1 aspect angle 

Timber 
detection 

class1 

Aspect angle 
0o-l0o        10°-20°       20°-SO0        30°-40° 40°-50° 50°-60° Total 

DETECTED FIRES 

1 1 6 2 3 0 1 13 
2 2 2 2 2 1 0 9 
3 0 0 0 0 0 0 0 

Total 3 8 4 5 1 1 22 

UNDETECTED FIRES2 

1 0 1 0 0 0 0 1 
2 0 1 0 0 2 1 4 
3 0 0 0 0 0 0 0 

Total 0 2 0 0 2 1 5 

COMPLETE MISSES (NO TARGET ON IMAGERY) 

1 0 0 2 1 2 1 6 
2 0 0 2 1 2 1 6 
3 0 0 0 0 0 0 0 

Undetected 
Total 0 2 4 2 6 3 12 

'Sec definition of these classes on page 33. 
2Target recorded on imagery but alarm on automatic target discriminator failed to trip. 
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Under pendln envirpnmental conditions, we 
might p*pect that the min'.mwm «nd maximum 
temperatures qf the terrain baokground could 
bP Tra|n-a90sK and Tm?x=310 K. Thus, the 
maximum temperature difference, ATmsx » 
20° K. 

The effpctive radiation difference can be c$h 
culated by equation (2) on page 15. 
AW(2Q0K)=J.8 watts/(cm2 steradian 0K). The 
radiation difference available at the scanner 
aperture from the background would be 
äWA(20

O
K) = 2.4 x 10-,0 watts/cm? assuming 

a spectral band pass of 3 to 6 microns, an at- 
mospheric transmission of 50 percent, and a 
scanner resolution of 4 x 10* steradians, 

A 700° K fire target has a radiant power, 
W(fire) (between 3 and 6« with 50 percent at- 
tenuation). W(f)=095 watts/cm1 steradian. 
The radiation from the fire that is available at 
|he (scanner i? W^f)> wA WA(f )^w fW{f) where 
wf is the ßolid angle subtended by the fire target 
from the scanner. The criterion for this fire to 
be detec^d is that its radiation output, WA(f), 
must exceed the background radiation signal 
WA(20pH)i(*;f W(f) > h WA(ao0K) or 

Wf AWA^0gK) 

W(f) 

?a.5 x IO*" steradians. 

llien, for a scanner resolution, cjgMX 1.0"6 

steradians, cof/cog > 6 X 10-4. Thus, we con- 
clude that a 700° K fire is detectable from a 
20° K terrain b^pkground if jt exceeds 
6/10,000 of the instantaneous fißld of view 
(IFOV) of ihe scanner- 

The following equation, wl'ich iß based on 
equations (2) and (7) (see pages 15 gnd 36), 
provides a more exact solution fpr detection 
criterion: 

jdW(XtTBG)ATmaxT(mw 
Fire Area > 

IR Scanner, Receiver, 
Optics, Filters 

Most of the optical-mechanical scanners 
that are commercially available are adequate 
for general thermal mapping. Our present scan- 
ner (Texas Instruments, Inc. FFS-1) is a modi- 
fied version of the Texas Instrument RS-7 
(table 38). It has an effective aperture of 
about 100 cm1, a focal length of 16.5 cm, and a 
field stop of 0.0625 cm3. The scanner (includ- 
ing the 3-to 6-mlcron filters) has a typical trans- 
mission of 70 percent (filters are changed from 
time to time), We can characterize its response 
function (see page 14) as an "optical gain," G0, 
which is defined as the output-to-input ratio of 
radiant flux density. For our scanner, 

This optical gain is a constant. It is not sub- 
ject to "saturation" or "roll off," nor does it 
affect the noise threshold of our complete de- 
tection system, These are logical concepts; for 
example, it is conceivable that the input flux 
pould be large enough to cause a decrease in 
transmission or a "roll off" in optical gain. In 
this sense, the filters are used to control the 
spectral band pass of the system (i.e., optical 
gain is a function of spectral wavelength). 

Scanninpi systems of the RS-7 type sweep 
the resolution element across the object plane 
at twice the rotational speed of the scanning 
mirror. Our mirror rotates at 4,000 r.p.m, The 
lateral resolution, a, is 2 mrd. (determined by 
foeal length and field stop). The active scan, or 
total field of view, is 120° (nominally 2 
radians). 

The 4,000 r.p.m. mirror provides a scan rate 
Ö = |J 4,000 X 2 * 800 rad/sec. 

The dwell time, T,of each resolution ele- 
ment is 

9 X IQ'3 

T = «/0~ -= 2,5f»sec. 

IFOV Area   /W(X,Tf) T(X)R(X)dX 
Eq. 11 

800 rad/sec 
The scanning rate and the geometrical con- 

figuration of the resolution element com- 
pletely specify the modulation function, 
ö(r-rt). of the scanner. The rectangular reso- 
lution element is determined by the square 
field stop, The field stop produces a square 
wave modulation for a point source by means 
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Table 38. — History of development of equipment for IR forest fire detection system 

Year Aircraft Equipment Results 

1962    Beechcraft AT-11 

1963    Bee ±craft AT-11 

AN/AAS-5 scanner 

AN/AAS-5 (modified for 
Polaroid readout) 

1964    Aero Commander 500B     AN/AAS-5, Polaroid 

Convair T-29 AN/AAS-5, KD-14 rapid 
film processor 

1965    Aero Commander 500B     Reconofax XI scanner 

Convair T-29 

1966    Aero Commander 500B 

Convair T-29 

1967 Aero Commander 500B 

Convair T-29 

1968 Convair T-29 

1969 Beechcraft King Air 

RS-7 scanner, Litton CRT, 
KD-14, Tape recorder 

Reconofax XI, Dual 
Polaroid 

RS-7, Litton CRT, KD-14, 
Tape recorder, APN 81 
Doppler 

Reconofax XI, Dual Polaroid 

RS-7, Litton CRT, KD-14, 
Target discrimination module 
Bendix DRA-12 Doppler 

RS-7, Litton CRT, KD-14, 
TDM, DRA-12 Doppler 

RS-7, Litton CRT, KD-14, 
TDM, DRA-12 Doppler, 
2-color temperature 
discriminator 

First imagery obtained 
through smoke. Preliminary 
look at detection of small 
fires under forest canopy. 

16 flights over wildfires, 
imagery dropped to fire 
bosses. Data collected on 
detection probability versus 
scan angle in four coniferous 
types. 

49 flights over wildfires, 
gained experience in use of 
imagery for fire control. 

No data due to equipment 
problems. 

Preliminary equipment 
evaluation, no operational 
data due to equipment 
problems. 

Data collected on detection 
probability versus scan 
angle in three coniferous 
and three deciduous timber 
types. 

System delivered to Div. 
Fire Control for operation. 

Data collected on detection 
probability versus scan 
angle in one coniferous and 
two deciduous timber types. 
First fire patrols. 

Operational, R&D terminated. 

21 fire detection patrols. 

Equipment modified for 
2-color system and to reduce 
size and weight for installation 
in smaller aircraft. 

Equipment tested. 25 opera- 
tional fire detection patrols. 
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of the displacement vector, (r-rt). The width 
of the square wave (5) is o in the object space 
and r in the time domain. The resultant »«so- 
lution on the IR imagery depends on the 
fidelity of subsequent processing of this square 
wave signal. 

Detectors 

Several types of detectors have adequate re- 
sponse in the 3- to 6-micron spectral region 
around the l,000oK (fire) black body peak. Se- 
lected examples of photoconductive (PbS, 
PbSe, and InSb) detectors have produced good 
fire detection imagery. Since 1964 we have 
used photovoltaic (PV) InSb detectors exclu- 
sively for fire detection. We have had consist- 
ently good performance from the PV, InSb 
detector; thus, our electronic problems (cou- 
pling detectors to preamplifiers) were mini- 
mized by standardizing on one good type of 
detector. 

Manufacturers publish typical response 
curves for their detectors (fig. 42). PV, InSb 
detectors develop a short circuit current, which 
is directly proportional to the number of 
effective photons, and also develop an open cir- 
cuit voltage, which is proportional to the log of 
the number of effective photons. Like all pho- 
todiodes, PV, InSb detectors do not require the 
use of bias current for signal generation. 

Standard procedures for system design gen- 
erally recommend that detector detectivity, 
D*(X), be used for analysis such as in equation 
(3) on page 15 and for detector procurement 
specifications. However, there is a very real dan- 
ger in this procedure. D* (Jones, Goodwin, and 
Pullan 1960) is a normalized signal-to-noise, 
S/N, measurement from the detector for given 
incident power. A given detector material (e.g., 
InSb or Ge:Hg) has an inherent responsivity, R, 
(volts/watt) that is determined by the type of 
material and, more or less, by the art of detec- 
tor manufacture. 

Solid state technology has improved the D* 
of detectors primarily by lowering the internal 
detector noise approaching the background 
noise limit ("BLIP" detectors). Thus, a detec- 

tor with large D* may not have as high respon- 
sivity as another detector with poor D*. 

The quality of a scanning system is deter- 
mined by the S/N ratio at the output terminals 
of the system. The cryogenic IR detector en- 
joys an inherently lower noise level than the 
electronic load that it is trying to drive; and 
therein lies the danger. We have never observed 
this detector noise at the output of an opera- 
tional system. Good IR scanning systems are 
almost invariably noise limited in the first pre- 
amplifier stages of the electronic chain. Thus, if 
we desire a large S/N ratio at the system output, 
we must start with a large detector responsivity 
at the input and not necessarily the best D*. 

If the average responsivity, R, of our detec- 
tor is taken as 1 X 10' volts per watt between 3 
to 6 microns for ambient temperature sources, 
we can estimate the signal from the detector as 
follows: Recall 

I^P = 1.2 X 10-" watts/(cm20K) 

G0 • A (detector) • R (detector) 

then 

AS _AWA 

Äf~ÄT 

= 7.5 X 10-* volts/0K. 

The signal representing a 20° K contrast would 
be AS20oK ~ 150 iivolts, and the signal from 
a 700° K.fire that is big enough to fill the 
field of view will exceed Sf > 250 millivolts. 

The time varying signal will have compo- 
nents whose amplitude will depend on their 
thermal contrast and whose duration will de- 
pend on their size. The sizes will range in extent 
from a full scan line (for a broad uniform 
source) equivalent to a time duration of about 
21/4 msec, down to a small point (smaller than 
the resolution element) that will produce a 
pulse whose width is 2.5 Aisec. (i.e., the dwell 
time of the resolution element). The above re- 
sponse and modulation requirements are well 
within the capabilities of PV, InSb detectors. 

Several detector-preamplifier coupling tech- 
niques are appropriate for IR line scan thermal 
mappers. Each technique has particular 
advantages:5 

5Texas Instruments. Infrared devices. 33p., illus. 
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Figure 42. — Characteristics of 
InSb detectors: A, Frequency 
response; B, responsivity; and 
C, spectral detectivity. 
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1. Tlif detector may be operated directly 
into the preamplifier through a d.c. blocking 
condenser. This metiiod is advantageous for 
small detectors, or in cases where spectral 
band-pass filter has reduced the input radiation 
and, as a result, also reduces the short circuit 
current of the detector to less than 1 ;uamp. 

2. The detector may be operated in series 
with a variable bias supply and in parallel with 
a fixed load resistor whose resistance is much 
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Figure 43. — Characteristics of the video ampli- 
fier: A, Gain: and B, frequency response. 

larger than that of the detector. Low noise, 
solid state circuitry must be used in the pre- 
amp. The preamp should be designed for a min- 
imum noise figure for the parallel load. This 
technique complements high responsivity 
detectors. 

3. The detector may be operated into a pre- 
amp load resistance much lower than that of 
the detector. This technique reduces the RC 
time constant of the circuitry and utilizes the 
fast intrinsic response speed of InSb pho- 
todiodes. 

4. The detector may be coupled directly in- 
to a current gain preamp that will automati- 
cally maintain the zero bias condition of the 
detector at the input irradiance changes. 

Preamplifiers, Amplifiers, 
and Video Signals 

The electric signals from the detector are 
time dependent. Following standard engineer- 
ing practice, the modulation characteristics of 
electronic components are designed and evalu- 
ated in the time-frequency domain through the 
LaPlace transform   S(f) = / Sftje'^ftdt. 

The spatial resolution of the scanner is de- 
pendent on amplifier frequency bandwidths, 
etc. In this regard, IR line scanners require rela- 
tively wide bandwidths. The high frequency 
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limit is determined by the fidelity with which 
the square wave resolution element is to be re- 
produced. Recall it has a pulse width, T * 2.5 
/jsec. Each full cycle would be 5 /usec long and 
an upper frequency limit of 200 kc would be 
adequate, if one were to reproduce a cyclic in- 
put signal representing alternate hot and cool 
sources, each one resolution element wide. 

Another high frequency limit, f = n/?, is in- 
dicated if the requirement is to respond with a 
signal, S, to a hot point target (smaller than the 
resolution element) signal, S0, S = S0(l-1/e) 
within 1/n of the dwell time, r. Or, one might 
require 1 mc upper frequency limit if the re- 
quirement is to reproduce the resolution ele- 
ment's square wave response to a hot point 
source with the fidelity required by the fifth 
harmonic of the fundamental frequency. 

On the low frequency side of the modula- 
tion function, we must reproduce the profile of 
the 120° scan line, 200 Hz square wave without 
slope or distortion of any kind. A d.c. lower 
limit is desirable for this purpose; however, we 
have made satisfactory imagery with capacitive 
coupling and a 2.0 Hz low frequency cutoff 
(for exceptions, see Hirsch and others 1968, 
app. IV, p. 41). 

The •"response" function, or gain of an am- 
plifier, is the ratio of output-to-input signals 
(Sout/Sin) and is generally unitless (volts/volt, 
etc.). In some cases (as in the current mode 
detector-amplifier circuit), the units may be 
volts of output per amperes of input. Gains of 
electronic components are a function of the 
amplitude of the signal being processed 
(fig. 43). The electronic components are satur- 
ated by large signals. 

In a well-designed system, the practical lim- 
iting noise is most likely the thermal (TAfR) 
noise from the load resistance in the early 
stages of amplification. This noise is most no- 
ticeable because it is amplified by all succeed- 
ing stages. When the limiting noise is measured 
at the system output and compared to an equiv- 
alent input temperature contrast, it determines 
the system NET. 

The dependence of gain on signal amplitude 
and signal frequency may be used to advantage 
in many cases. For example, we faced the prob- 
lem of maintaining enough sensitivity to ob- 
serve small signals of background contrast and 

yet restricting large amplitude signals from hot 
targets to the dynamic range of the film. This 
was easily solved by proper selection of ampli- 
fier gain versus signal amplitude curve. 

The time dependent output signal. S(t'). is 
determined by the inverse LaPlace transform, 
S(t') = j" S(f)e-ij7rft'df, which takes into 
account all applicable amplitude and band- 
width limitations on S(f). The gain of the 
electronic system is Ge = S(t')/S(t). The per- 
formance characteristics of some of the am- 
plifiers we have evaluated are shown in fig. 44. 

Target Discrimination 
Module 

Our early development of automatic target 
discriminators exploited the unique character 
of the hot target signals. These targets are much 
smaller than the instantaneous field of view 
(IFOV) and thus produce a pulse width, r, the 
IFOV dwell time. The signal amplitude of the 
targets exceeds the maximum background con- 
trast if the targets are hot enough and exceed 
some small fraction of the scanner resolution 

in the scanner element (700oK and 6X 10-4w 
case developed on page 88). Our first discrim- 
ination circuits were simple signal threshold 
discriminators whose performance was very 
poor because of the many false alarms genera- 
ted by high amplitude random noise pulses 
from aircraft electronic and radio frequency 
sources. The technique of narrow band filtering 
was incorporated into a pulse height/pulse 
width discrimination circuit. The resistance/ 
capacitance filter networks created many false 
alarms by differentiating the sharp thermal 
edges of lakes, roads, ridgetops, etc. Although 
these circuits produced excessive false alarm 
rates they were successful in detecting signals 
of hot fire targets. 

In the summer of 1967 we added a target 
discrimination module (TDM) to our system. It 
takes advantage of the overscanning capability 
of the system (fig. 45). Signals from the video 
electronics are amplified and filtered to obtain 
signals that are scaled to threshold levels and 
pulse width limits of interest for detection. The 
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signal is fed to a pulse selector that produces 
logic pulses coinciding with any signal element 
above a selected amplitude threshold and signal 
elements within selected minimum and maxi- 
mum pulse widths. The logic pulses are delayed 
in a serial memory for one scan line and are 

compared at the i omparator with logic pulses 
produced by the corresponding portion of the 
following scan line. If a pulse occurs in the same 
place on two successive scan lines, the compara- 
tor activates the output driver, which in turn 
triggers an external alarm and marks the target 
on the imagery. 
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Figure 44. — Characteristics of detector pre- 
amplifiers: A, Gain; B, frequency response; 
and C, impedance. 

Cathode Ray Tube, 
Camera, and 
Recording Film 

The cathode ray tube (CRT) transforms an 
electronic signal to light intensity. The analo- 
gous time-space transform is made by electro- 
magnetic deflection of the CRT spot, 6 '(r-rt), 
which is the inverse of the scanning mirror 
operation. 

The CRT sweep, or beam deflection system, 
is responsible for keeping the video signal in 
register on the output IR imagery. The four 
major criteria for undistorted imagery are: 

1. The CRT spot must be synchronized 
with the scanning mirror to very close toler- 

VKttJn. 
Input Amp 

A Filttr 
PulM S«l«eter 

Mamory 

Comparator 

Output 

Circuit 

Film Morkar 

Figure 45.  — Block diagram of target dis- 
crimination module. 
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ances. These tolerances are referred to the 
system input and specified typically as ±1/10 
of the resolution element (or ±.2 mrd). 

2. The sweep is also stabilized for aircraft 
roll. In our system the imagery is corrected for 
±10° of aircraft roll by electronic stabilization 
from a vertical gyro reference. 

3. The constant scanning speed, 0, pro- 
duces a nonlinear displacement, fasec20 
(where 9 « 6t) across the terrain. We rectilin- 
earize our imagery (i.e., "orrect this lateral 
angular distortion) by electronically driving the 
CRT spot at a velocity, r'« sec2 9, such that 
distance on the imagery is proportional to dis- 
tances on the ground. 

4. The film slew rate must be adjusted rela- 
tive to the operational V/H of the aircraft. The 
basic requirement is that the ratio of the lateral 
and longitudinal components of the image 
printing vector, r', must equal the ratio of the 
respective components of the scanning vector, 
r. Geometrically, it follows that the film slew 
rate equals J—H. cot -2., 

H 2        3 
where d = width of the imagery. 

The size and shape of the CRT spot, 6', 
(fig. 46) is different than that of the scanning 
(5 ); it is circular and is nearly constant 
in size (d), as it is displaced over the face of the 
CRT. When we drive the CRT sweep, r' <* 
sec2 9, for rectilinearization, we produce a 
nonlinear dwell time, T', for the CRT spot. Geo- 
metrically T' = d/r « cos2 9. 

The exposure of the film is proportional to 
the product of the light flux density transmit- 
ted to the film by the relay camera lens from 
the CRT spot and the dwell time of the spot, 
E« Ir'. 

To maintain constant exposure across the 
film, we must remove the cos2 9 dependence of 
exposure. This is dorn by electronically gener- 
ating a sec2 9 intensity correction. The effect of 
the intensity correction and rectilinearized 
sweep is that the CRT spot is brighter and 
moves faster at the edges of the scan line while 
it is dimmer and moves slower in the center. 
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The camera relay lens is a 6-inch focus f/1.9 
Cathode Ray Navitar (ELGEET Optical Co., 
Rochester, New York) with an adjustable iris 
to f/16. The resolving power of this lens greatly 
exceeds the resolution requirements of the 
system (i.e., its modulation transfer function 
(MTF) is constant — approximately 100 per- 
cent) over the range of spatial frequencies of 
interest. The magnification ratio (photo image/ 
CRT image = 3.5 in./4.5 in.) is approximately 
0.8. The lens response function and photo- 
graphic exposure of the film depend on the ad- 
justment of f/stop. 
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Figure 47. — Characteristics of Hyscan film: 
A, v curve (response function; B, resolution 
function (MTF); and C, spectral response 
of Hyscan film and P-l 1 phosphor. 

Our IR imagery is recorded on high resolu- 
tion, high contrast films designed for high tem- 
perature, rapid access processing. General Ani- 
line and Film Corporation's Hyscan film char- 
acteristic 7 curve and transfer function are 
given in fig. 47. A rigorous calculation of expo- 
sure is almost impossible because of ambiguous 
definitions of light flux density (Biberman 
1967). A rough judgment of the response of 
Hyscan film to P-ll phosphor on the CRT can 
be made from the spectral curves of figure 47. 
but it is difficult to relate this sensitivity to the 
ordinate of the CRT response function (foot 
candles) of figure 46. In addition, the film 
speed depends on the processing and exposure 
conditions. At the beginning of each flight 
operation, a series of test exposures under pre- 
vailing conditions is made to determine CRT 
brightness, lens {/stop, etc. The dynamic ranges 
and shapes of these curves (figs. 42 through 
47) are useful in system design to properly 
engineer the total system response. In partic- 
ular, the electronic amplifiers (where we have 
considerable design freedom and latitude) must 
be adjusted so that the desired background 
thermal sensitivity, dynamic range, and reso- 
lution are properly reproduced on the IR 
imagery. 
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Standard 
Performance Parameters 

It is standard practice to calculate a well de- 
fined set of performance parameters (Wolfe 
1965) for the purposes of evaluating and com- 
paring airborne IR line scanners. The character- 
istic parameters of our system follow. 

• 120° total field of view (TFOV)± 10° for air- 
craft roll correction. 

• 2-mrd optical resolution determined by 
Vi-mm2 detector area in the image plane of a 
6.5-inch focus collector. The optical system is 
capable of much better resolution (<.5 mrd); 
however, we have compromised at 2-mrd opti- 
cal resolution because of practical considera- 
tions of resolution, signal/noise ratios, scanning 
rates, etc. 

• 200 line scans per second. For contiguous 
scanning, the ultimate capability of the system 
is 0.4 rad/sec (velocity/height ratio) if the lon- 
gitudinal optical resolution is 2 X 10'3 radians. 
The V/H concept is a source of much confusion 
and ambiguity in the literature (e.g., we nor- 
mally operate our system in the neighborhood 
of .02 rad/sec-15,000 to 20,000 feet over ter- 
rain at 250 to 300 m.p.h.). This produces an 
overscan such that each point of terrain is 
scanned or observed about 20 separate, unique, 
independent times. 

• Approximately 2° C noise equivalent tem- 
peratures (NET) measured in the laboratory 
under conditions equivalent to the 0.4 rad/sec 
scan rate with ambient backgrounds. A statisti- 
cal integration occurs on the output imagery 
when we operate at 0.02 rad/sec. We would 
observe (S/N/j = 1 for one scan observation if 
we were to observe a 20C background tempera- 
ture difference in the presence of an effective 
20C noise. If we overscan 20 times, 
(S/N)20 = 1,>/2Ö=4.5. Thus, our observed 
NET is less than MJ

0C. 

• A figure of merit, n = R/fAT'Aa), is deter- 
mined by the system limited resolutions, 
AT = NET, and Ao = IFOV, and the field sam- 
pling rate R (i.e., the rate at which independent 
thermal measurements are made). When the 

perion iance parameters are properly inter- 
preted, the figure of merit, n, of our system 
between 1964 and 1967 was approximately 
n = 4X 105 (se^Kmrd)-'. 

Because fast scanners and detectors are 
available, it is not necessary to degrade the 
other performance parameters of the system 
just to improve thermal resolution (e.g., one 
might be tempted to slow the scan speed to 
produce contiguous scanning at V/H = 0.02 
rad/sec and give the detector time to make the 
XA°C temperature measurement by "one look" 
contiguous scanning, as recommended by 
design-tradeoff philosophy). 

The improvement in effective NET by over- 
scan has a fortunate effect on image quality 
when we significantly change altitude. As we go 
to higher altitudes, the resolution element pro- 
jected on the ground increases in size. We 
would expect from equation (2) on page 15 
that the observable thermal contrast, TJJJJ, be- 
tween adjacent resolution elements would de- 
crease because TQQ is averaged over larger ter- 
rain areas. By overscanning, this lower thermal 
contrast remains observable. 

Another alternative that we have speculated 
about might be to utilize the full 0.4 rad/sec 
contiguous scan capability to improve our opti- 
cal resolution by decreasing the size (X 1/20) 
of the resolution element and argue that indi- 
vidual measurements in 20 smaller, adjacent 
areas will provide just as good an average ther- 
mal measurement as before. However, consider 
the convolutions (equations (3) and (5) on 
pages 15 and 16, respectively) and the sets of 
orthogonal scanning functions, 5 and 5' in the 
case of the 20 times overscan. If the scanning 
functions are in phase and register (i.e., it =r't' 
within tolerances required by the 1/20 resolu- 
tion scar.), then the overscan generates 20 com- 
pletc sets of contiguous imagery — thermal dis- 
tribution functions that have a unique value at 
each resolution element. The 20 sets are inter- 
laced such that the maximum cross correlation 
that can exist between corresponding resolu- 
tion elements of consecutive sets is about 0.95 
(i.e., no two sets overlap more than 19/20). By 
the same reasoning, the minimum cross correla- 
tion is 0.5 (50-percent overlap between the 
first and eleventh scan lines). 
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If we superimpose these 20 sets of imagery 
in exact register (recall that they are not com- 
pletely correlated spatially), we should observe 
an improved spatial resolution. In principle, 
special 5 's can be designed that have zero cor- 
relation; thus, the ultimate resolution would be 
determined only by the displacement between 
scan lines. However, we have the following 
practical engineering limitations such as: (1) 
The synchronization and register are difficult 
to achieve; (2) the video electronic bandwidths 
that would be required are the same as those 
required of a 20-times resolution system; and 
(3) the transforms, 5 and 6', are not exact in- 
verses of one another (i.e., 5 is generally deter- 
mined by the area of the detector in the focal 
plane of the scanner and is a rectangular spatial 
function with unknown contour, while 6' is 
usually a circular CRT spot). 

Brute force methods, such as more horse- 
power to turn a scan mirror faster, have a limit. 
With ^ood design technique, system perform- 
ance depends on the tolerances of such para- 
meters as scan sync-register and signal proces- 
sing fidelity at least as much — probably more— 
than it depends (1) on scan rate, (2) the V/H 
ratio at which the system is operated, or (3) the 
optical resolution. Furthermore, one must have 
some insight to properly handle these tradeoffs 
in order to design a better than average system. 

Later Equipment 
Development 

The equipment used through 1967 was opti- 
mized to detect small, hot targets in wildland 
terrain. We performed extensive field tests of 
its operational capability. However, the critical 
question still remained, "Is it an effective oper- 
ational tool for finding small, hot targets?" The 
answer depended in part on the specific oper- 
ational goals: How small are the targets? How 
reliable must they be detected? We concluded 
that the system of 1967 was at the margin of 
effectively detecting the small targets of inter- 
est to the Forest Service. 

Our studies demonstrated that a large num- 
ber of these small, marginal targets does exist. 
If the small target signals were buried in the 
background contrast, the target w&s not detect- 
able. However, even for many small targets a 

temperature discrimination between target and 
background could be made by comparing the 
relative amplitudes of target and background 
signals in two spectral regions. Furthermore, 
the system was readily adapted to a two-color 
temperature discrimination technique. 

Since 1967 we have added a second spectral 
channel to our rystem (fig. 48). This channel 
operates in the 8.5- to 11-micron region of the 
ambient background radiance peak. An Hg:Ge 
detector is placed in the focal plane of the scan- 
ner beside the InSb (3- to 4.1-micron) detector 
and brought into scan register by electronic- 
time delay. Thus, both channels look simultan- 
eously at the same IFOV.6 

The two spectral bands (3- to 4.1-micron 
and 8.5- to 11-micron) were very carefully 
chosen to eliminate the effects of changes in 
concentration of atmospheric moisture on the 
relative signal amplitudes in the two channels. 
The effective blackbody temperatures defined 
in equation (2) on page 15 emphasize the con- 
cept of the TJJB (\) average over the IFOV at 
the two widely different wavelengths. 

The electronic signal in channel A is ad- 
justed (by a factor K) relative to channel B such 
thatKSAmax = SBmax' or: 

K/^(X, t) ATmax T(X) RA(X) dX 

= l^J)ATmaxT(X)RB(X)dX 

at the A and B inputs to a differential ampli- 
fier. ATmax = T2-Ti is determined by the 
warmest and coolest IFOV's of the back- 
ground, respectively. The output signal of the 
differential amplifier, SRA-B' ^rom internal 
calibration sources, is nulled (zero contrast) 
for the temperatures, Tj and T2. The contrast, 
AT = T2—T is not zero for any other back- 
ground temperature, T # T^. Fig. 49 shows 
computed values of the relative signal, Sg.^—g' 
as a function of background temperature for 
various values of K. 

This bispectral difference signal enhances 
the target signal-to-background signal ratio. A 
comprehensive description of this system and a 
performance analysis axe being prepared for 
publication. 

''By convention, the InSb (3- to 4.1-micron) channel 
is "A" channel and the Hg:Ge (8.5- to 11-micron) 
channel is "3" channel. 
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Figure 48. — Schematic of two-color IR fire detection system. 

Figure 49. — Computed values of the relative 
signal (KA-B) as a function of background 
temperature for various values of K. 
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Headquarters for the Intermountain Forest and 
Range Experiment Station are in Ogden, Utah. 
Field Research Work Units are maintained in: 

Boise, Idaho 
Bozeman, Montana (in cooperation with 

Montana State University) 
Logan, Utah (in cooperation with Utah 

State University) 
Missoula, Montana (in cooperation with 

University of Montana) 
Moscow, Idaho (in cooperation with the 

University of Idaho) 
Provo,   Utah   (in  cooperation   with 

Brigham Young University) 
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