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PERFORMANCE EVALUATION OF ELECTROMAGNETIC TECHNIQUES
FOR THE LOCATION OF TRAPPED MINERS

By John Durkin!

ABSTRACT

The Bureau of Mines has conducted field studies in coal mines through-
out the United States to determine the effectiveness of electromagnetic
techniques in locating miners trapped underground following a mine acci-
dent. Data from these tests have been used to generate models of
expected signal and noise distributions as found above mines throughout
the coalfields. These distributions have aided in placing the expected
performance of a through-the—earth electromagnetic communications tech-
nique into a probabilistic framework. Results show that at a 10-pct
false alarm rate, the expected probability of detecting a miner's signal
from a depth of 1,000 ft is 54 pct; at 500 ft it is 95 pct. These
depths exceed the actual depths of 90 pct and 50 pct, respectively, of
U.S. coal mines. Sensitivity studies have shown that at a depth of
1,000 ft, for every 3 db of improvement in signal-to-noise ratio, the
probability of detection increases 6 to 8 pct.

1Electrical engineer, Pittsburgh Research Center, Bureau of Mines, Pittsburgh, Pa.



INTRODUCTION

mine disaster
contracted
of Engineer-

Following the Farmington
in 1968, the Bureau of Mines
with the National Academy
ing Q§)2 to recommend means to increase
the probability of survival and rescue
of men trapped in underground mines.
The Bureau considered these recommenda-
tions as the starting point for
a continuing concentrated research
effort to improve survival and rescue
capability.
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The condition of a mine after a fire or
explosion is unpredictable; for example,
cables may be cut and passages blocked.

A hardened communication system that
advances with the working face would be
prohibitively expensive and might be
inoperative when needed. Detection of

and communication with miners trapped
underground requires signaling from the
surface through the mine workings or
directly through the strata.

\~.

FIGURE 1. - lllustration of the operation of the trapped-miner transmitter.

“Underlined numbers in
end of this report.

parentheses refer to items in the list of references at the



The two major areas 1investigated in
rescue communications are electromagnetic
(EM) and seismic. A review of the opera-
tion and capability of seismic communica-
tions with trapped miners was published
in 1981 (3). The present paper examines
the potential effectiveness of the EM
signaling system and is particularly
concerned with the statistical analysis
of experimental magnetic field strength
data taken at 94 coal mine sites well
distributed over the U.S. coalfields.
This data-gathering venture was intended
to provide the necessary information for
studies of probable effectiveness of the
EM signaling system prior to initiating
the formulation and promulgation of new
regulations bearing on the use of such a
system.

During the last decade theoretical
studies and field tests have indicated
that the best chance of successfully res-
cuing trapped miners rests in a system
consisting of an underground narrowband
transmitter and a surface receiver,
either used in a helicopter or hand-
carried by surface personnel, that would
both detect the signal and 1locate its
origin. Figure 1 illustrates the princi-
ple of operation of the EM trapped-miner
signaling device and associated surface
receiving hardware. The transmitter and
receiver were developed by Collins Ra-
dio (1).3 An improved version has
recently been built by General Instrument
Corp. (GI) (5) and is shown in figure 2.

In practice, the miner would attach the
belt-worn transmitter to a caplamp bat-
tery and deploy 300 ft of #18 copper wire
around a coal pillar. 1If the loop cannot

be deployed around a coal pillar, it
can be deployed along a passageway
where attempts are made to maximize

the loop area. The transmitter delivers
to the loop a pulsed square wave
voltage of 630, 1,050, 1,950, or 3,030 Hz
of 100-msec duration and a 10-pct duty
cycle. The established EM field is
then detected by surface personnel. Once

for identifica-
imply

3Use of brand names is
tion purposes only and does not
endorsement by the Bureau of Mines.

FIGURE 2. - Trapped-miner EM transmitter with
caplamp battery.

the signal is detected, the surface crew
deploys a large loop of wire coupled to a
high-power audio amplifier that can be
used for transmitting voice communica-
tions to the trapped miner. The under-
ground transmitter contains a baseband
to receive the
surface, and the

voice signals
miner can

receiver
from the



respond in code by keying the transmitter
off and on. Figure 3 shows the life
expectancy of the caplamp battery when
operating the transmitter. The range of
values was obtained when wusing an old
battery with an 8-hr discharge to an
upper bound where a new battery with no
discharge was used. A 2-ohm resistance
was used as a load on the transmitter for
these results. From figure 3 it can be
seen that the transmitter can be expected
to operate for approximately 2 to 4

days.

The objective of the field tests was
twofold: First, to define a signal
transmission measurement and analysis
program to obtain a reliable data base

for characterizing the signal transmis-
sion properties of overburdens in the
U.S. coalfields; and second, to use this
data base to predict the 1likelihood of
successful performance of the EM trapped-
miner signaling system. The mines sam-—
pled for these tests were selected from a
population of all coal mines on the basis

of both the overburden depth and for the
number of miners employed at the mine.
The sample reflected concern both for the
physical dependence of signal penetration
on depth and for the number of miners
exposed to potential emergencies within
each depth interval. Figure 4 shows the
cumulative distribution of mines as
related to the maximum depth and demon-
strates that approximately 90 pct of the
coal mines within the United States are

less than 1,000 ft deep. These tests
were performed by Westinghouse (17) and
Bureau personnel. The analysis of the
data as presented in this paper was per-

formed by personnel of Arthur D. Little
Inc. and the Bureau; details of this work
can be found 1in an excellent report by
Lagace (7). Numerical values of field
strength and noise 1levels are slightly
in error in the Lagace report owing to
calibration errors in the anteanna which
were discovered later. Adjustments were
made, and the data are correctly reported
in this report.

EARTH TRANSMISSION LOSS

To predict the surface signal level as
produced from an underground transmitter,
it is necessary to understand the
expected loss the signal incurs when
transmitted through the earth. Unfortu-
nately, the geological structure of the
overburden above coal mines differs from
mine to mine, which gives rise to differ-
ing electrical conducting properties.
Therefore, for a given mine depth it can
be expected that signal transmission
characteristics will wvary significantly
from mine to mine. Consequently, one
must rely on statistical iuformation of
the earth's transmission loss, A major
objective of the 94-mine field test was
to obtain enough data on the earth's
transmission loss, as found over a large
population of coal mines, to confidently
characterize expected signal loss from an
underground transmitter.

obtaining these
tests, magnetic
transmitter

To 1insure success 1in
data during the field
moments of the wunderground

were used that were artificially higher
than would be expected from a transmitter
to be used by a miner. Therefore, in

most cases, an earth transmission loss
value for each mine was obtained.
A strategy could then be  formed to
predict the expected surface signal
strength based upon a given magnetic

moment.

The root-mean-square (RMS) values of
the vertical magnetic field, H,, of all
of the data taken were normalized
to a transmitter magnetic moment (M) of
M = 1 amp-m?. Since the surface field is
directly proportional to the magnetic
moment of the wunderground transmitter,
the expected level of the surface field
for a given transmitter «could then be
found by accounting for the actual mag-
netic moment used. Following this nor-
malization, statistical studies were per-—
formed to relate the surface field
strength and mine depth at each frequency
tested.
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FIGURE 3. - Caplamp voltage variation with time while operating the trapped-miner transmitter.
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Each normalized data point can be de-
noted as §S;;, where the subscript 1
represents the specific frequency and the
subscript j represents the specific depth
of test for each mine. Thus, each sur-
face measurement S;. taken can be con-
sidered as a single observation of signal
strength at a predetermined frequency and
overburden depth level at a particular

mine.

The relationship between field strength
and mine depth was found through regres-
sion analysis. This work assumes that
the errors are normally distributed and
the variance 1is equal across the inde-
pendent variable. These assumptions were
considered, and it was concluded that
meaningful statistical inferences from
the regression analysis were acceptable.

regression models were
The model found
data is
nor-

Several linear
hypothesized and tried.
to best fit the behavior of the
one in which the mean value of the

malized signal strength Sij is linearly
related to the logarithm of overburden
depth., This is shown in equation 1:

S,; = a; +B8; log (depth) + ¢; (1)

ij i J°
Here S;. is the normalized vertical mag-
netic field signal strength (expressed in
decibels re 1 pamp/m-RMS for the ith
frequency and depth j for a transmit

magnetic moment of M = 1 amp-m?).

The parameters o; and B; are to be
estimated from the data, where depth is
known in meters. The parameter €ij
represents a random variable that is nor-
mally distributed, with expected value
zero and variance oziJ, which is the same
for all values of j.

The derived regression lines for each
of the four frequencies are plotted in
figures 5 through 8. The R2 statistic, a

measure of goodness of fit, indicates
that the log-linear relationship 1is
appropriate.

been esti-
known as a
defined as

Two types of intervals have
mated from the data. One is
confidence interval, which is

a range of values computed from the sam-
ple that can be expected to 1include the
true (but wunknown) mean value with a

known probability. Figures 9 through 12
display 95-pct confidence intervals with
dashed lines. To illustrate this concept
using figure 9, it follows from the
field experiment that the probability is
0.95 that the interval from -8 to -14 db
includes the true mean normalized signal

strength for a transmitter of magnetic
moment M = 1 amp-m? at 630 Hz and an
overburden depth of 190 ft.

While the confidence interval repre-
sents a probability statement about a
mean value over many trials, it 1is also

of interest to quantify the expected out-
come of a single trial. For example,
what signal strength could be expected if
a test were conducted at a predetermined

frequency and overburden depth? This
situation 1is depicted by prediction
intervals, also plotted in figures 9

To illustrate this concept,
again using figure 9, the probability is
0.95 that another test performed at
630 Hz at a depth of 500 ft would yield a
signal strength between =51 and -24 db.
Also plotted in figures 9 through 12, for
comparison, is a curve of the free-space
vertical field strength that would be
measured on the surface in the absence
of the lossy overburden media.

through 12.
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Figure 13 summarizes the normalized
average overburden response as a function
of depth and frequency by plotting the
four regression lines and the free space
curve on one graph. This figure shows
that the frequency dependence of signal
strength is relatively insignificant for

depths less than 500 ft, and that the
change across the band 1is only about
10 db even at the maximum depth of
1,500 ft.

These summary normalized overburden
response plots, together with the can-
fidence and prediction levels of this
section, can be used to generate

signal strength produced
on the surface above coal mines as a
function of overburden depth and oper-
ating frequency for transmitters having
any prescribed magnetic moment versus
frequency characteristics in the 630- to
3,030-Hz band. This assumes that, for a
fixed magnetic moment, the size of the
transmitting loop has no influence on the
surface field. It 1is recognized that
this assumption is not totally wvalid, as
demonstrated by Wait (16), but it is felt

estimates of
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FIGURE 13. - Normalized overburden response
curves—uplink regression results; Average
surface vertical signal strength versus over-
burden depth by frequency.

used during the
offsets for mea-
field were not
influence the

that the size of loop
tests and the typical
suring the surface

severe enough to greatly

results.

GENERAL INSTRUMENT TRANSMITTER

Using the results of the previous sec-
tion on earth transmission loss sta-
tistics, the expected surface signal
strengths produced by the recently devel-
oped GI transmitter can be predicted by
computing the expected magnetic moment at
each frequency and then translating each
of the overburden response curves of fig—
ure 13 upwards by an amount equal to the
values of the magnetic moment expressed
in re 1 amp-mZ2.

The GI loop antenna consists of 300 ft
of #18 copper wire, arranged in a square.

This loop configuration was chosen
because it best represents the practi-
cal 1implementation  of the strategy

that the miners will be instructed to
follow. Figure 14 shows the predicted
surface field strength when the GI trans-
mitter 1is wused. Also shown are the
expected magnetic  moments for each
frequency.

D
o

(9]
(o]

SURFACE FIELD STRENGTH (H,},

£
a
§~2o N -
= NN
s 0 ) \\\
o Magnetic moment .\\\\ N
o of Gl transmitter
v 0 | M N .
f ] M Hz
-0 Mz amp~-m- dbre | amp-m 6304
630 665 56.5 . 1050
1050 617 55.8 \ J
-20 |- 1,950 498 54.0 . N 1950
3030 383 51.7
” \\qox
-30 I R ST U S BRI RSO e
150 200 250300 400 500 700 1,000 1,500 2,000

OVERBURDEN DEPTH, ft

FIGURE 14. - Predicted uplink response curves for
General Instruments transmitter: Average sur-
face vertical magnetic field signal strength ver-
sus depth by frequency.
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SURFACE EM NOISE

sets of magnetic field
were obtained during
the measurement program. The first was
by Westinghouse using the Collins man-
carried receiver. This set of data was
found to be in error owing to intramodu-
lation problems caused by the simultane-
ous measurement of discrete manmade noise
and broadband noise. The second set of
data was obtained by a Bureau team per-
forming tests at 27 of the mines tested.

Two independent
noise measurements

were gathered on tape
in the laboratory.

The Bureau's data
and later analyzed

For purposes of signal detectability,

the RMS wvalue of the vertical magnetic
field is of interest. The statistical
distribution of this noise, wusing the

Bureau data base, at each frequency for a
receiver bandwidth of 30 Hz is shown in
figures 15 through 18,

SURFACE SIGNAL~-TO-NOISE RATIO

In the previous sections, the behavior
of signal data and noise data obtained in
this study has been characterized by sta-
tistical relationships. It has been
found that both the signal and noise data
are log normally distributed. To develop
an understanding of detection probabil-
ity, it is necessary to characterize the
probability distributions of the surface
RMS signal-to-noise ratio (SNR) at each
frequency.

The basic input for the derivation of
RMS—-SNR estimates on the surface is sum—
marized in table 1. Mean RMS signal
strength and standard deviation values at
each frequency for different mine depths

are given, adjusted to pertain to the GI
transmitter. Mean RMS noise strengths
and their standard deviations are also

given at each frequency.

TABLE 1. - Estimated parameters characterizing signal and noise

distributions above coal mines

Overburden depth, ft

630 Hz | 1,050 Hz | 1,950 Hz | 3,030 Hz

ESTIMATED MEAN SIGNAL I[N DECIBELS RE | pamp/m FOR GI TRANSMITTER

T 37.50 37.51 34.50 32.27
5000 ceessccscsessesascsas 18.84 17.31 13.93 9.18
1,00000c0eecencccccccannna .19 -2.90 -6.63 -13.92
1,500000cececnsacssssseeee | —10.72 -14.71 -18.66 =27 .42
Standard deviation..seeees 6.65 6.52 7.08 8.92
ESTIMATED MEAN NOISE IN DECIBELS RE 1 pamp/m / /30 Hz
All depthSeeeseseecscssees 4.3 -2.8 -11.3 -17.1
Standard deviationNeseesoeees 13.5 11.5 12.5 12.5
The independence of signal and noise This paper 1is designed so
distributions, in addition to the mean 1s plotted at the 50 percentile
property of normality exhibited by each point and the mean plus and minus
distribution, permits straight-forward one standard deviations
combination of the two distributions to at the and 84 percentile
generate SNR probability estimates. The respectively. Such normal probabil-
sum (or difference) of two normally and ity plots are given 1in
independently distributed variables is through 22 for five different
also normally distributed. burden depths at each of

The SNR distributions
plotted using

are conveniently
normal probability paper.

frequencies.,
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These four figures provide a straight-
forward method to estimate the probabil-
ity of having various SNR's in actual
practice. The vertical axis represents
the area wunder the normal curve from
minus infinity to some SNR value R, and

provides the probability of
SNR value 1less than or equal to R
Table 2 shows the probability

at different depths.

TABLE 2. - Probability of achieving a signal-to-noise ratio of interest

above coal mines using General Instrument transmitters

Signal-to-noise ratio, db

[ 250 ft ] 500 f£ ] 1,000 ft [ 1,500 ft

achieving an

of achiev-
ing an SNR of interest for each frequency

ior of probability

630 Hz
Less than —3.ceeeececssacssecsseass | 0.0057] 0.1101 0.5306 0.7993
=3 t0 Oeeenescvrososssesosssasencans .0045 0446 .0821 .0535
O tO 3eeeeeoesoosocsososcsosasscsosnne .0072 .0552 .0773 .0430
3 tO Oeveoevvoscasassssssaasssnsans 0113 .0653 .0697 .0331
6 tO Deveveesssesecsssvcasosscnnnne 0167 .0740 .0602 .0243
9 t0 l2ieeeeoccesoscscosessssoscnncas .0238 .0802 0497 0172
AbOVE 12.iuieeeeeesossossessosannnes .9308 .5707 .1304 .0296
1,050 Hz
Less than =3.eeecesecccacceocssnsses | 0.0003] 0.0346 0.4109 0.7595
=3 t0 Oeeeccorososonsccaossssocsnssce .0004 .0224 .0935 0671
O tO 3eeovecsersseocssssvscasoscsansae .0009 .0324 .0933 .0538
3 tO Oeeeosoacsnsccsosscssccasonsenne .0018 0445 .0880 .0408
6 tO Jevereoessocovovsesossscssonsona .0034 .0577 .0785 .0293
9 tO l2¢eeeeoesvsoscscosossccssasons .0061 .0709 .0663 .0198
AbBOVE 12¢eeeevceccvoososasssscasossne .9870 .7375 .1695 .0296
1,950 Hz
Less than =3.ccescsocscccccescscese | 0.00021 0.0190 0.2868 0.6263
=3 t0 Oeveveeoccncsscansssscasssncse .0002 .0129 .0793 .0600
O tO 3eececorssoosscsscsvscsocscccaas .0004 .0193 .0855 .0710
3 tO Bevessacorcoscscescssnosncsnoe .0009 .0277 .0878 .0601
6 tO Devrerccecvoscnssssosssannsnne .0017 .0377 .0859 0484
9 t0 l2ceeteecovvscsscsscssssscnnns .0031 .0490 .0801 .0371
ADOVE 12ceeoeesooossvovscesscsasnsane .9935 .8344 2944 .0770
3,030 Hz
Less than =3.eeeeecccscssccscesesss | 0.0001] 0.0189 0.3314 0.6994
=3 t0 Oeeeveoececsvcssnsnssosncssnnna .0001 .0123 .0804 .0697
O tO 3eeecrocesosccssssasoscssnsocsscas .0003 .0182 .0843 .0596
3 £O Bevesoseesscscsscsscnsssancsns .0005 .0259 .0845 .0487
6 tO Devessneonscosscsssocnnnnccons .0010 .0351 .0809 .0381
9 t0 l2ceeteecescscacsossosasncanssnne .0019 .0455 .0740 .0284
AbBOVE 12¢eeescesonsssvocosossnnanna .9960 .8441 .2646 .0561

It is instructive to observe the behav-
estimates associated

performance occurs
the frequency band even though

in the upper

with exceeding a given SNR as a function occurs through the earth at the higher
of overburden depth and frequency. Fig— frequencies. This can be explained by
ure 23 gives the probability of the RMS the rapid decrease in surface noise level
signal being at 1least greater than as frequency increases.

the RMS noise. Note that the best

more loss
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FIGURE 23. - Probability that mean RMS signal is greater than or equal to RMS noise for
the General Instruments transmitter,

SIGNAL DETECTION CRITERIA

Recognition Differential Method

rescue effort when
using a trapped-miner transmitter rests
on the ability of surface personnel to
confidently detect the signal from the
underground transmitter. The pulsed sig-
nals from the underground transmitters
are detected by searchers carrying rescue
receivers equipped with a handheld loop
antenna and headsets. The mode of detec-
tion is aural, based on the headset sig-

The success of a

nals perceived by the ear. It is then
necessary to establish a relationship
between the nature of the signal, SNR,
and the probability of aural signal
detection.

The aspects of the signal that influ-

ence detection are (a) frequency,
(b) signal length, and (c) signal repeti-
tion. The primary aspect of the noise

for detection considerations, besides its
level, is its Dbandwidth. How each of
these parameters affects the signal
detection capability must be understood;
then their results can be combined to
generate a probability-of-detection curve
as a function of SNR.

The present receiver mixes the received
signal with an internal oscillator to a
higher frequency for purposes of narrow-
band filtering, and then mixes the fil-
tered signal again to present a listening
signal of 978 Hz to the operator. The
ability to detect a tone masked by broad-
band noise as a function of frequency has
been studied by Urick (15). In this
work, an entity known as critical band-
width evolved. When the ear listens for
a tone, it acts as a narrowband filter
centered at the signal frequency. The
masking of the signal by the noise will
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influenced by the noise within
this critical band. Noise outside this
band will have no influence on signal
detectability. Figure 24 illustrates the
critical bandwidth values as a function
of frequeacy and shows that «critical
bandwidth 1is approximately 60 Hz at the
9738-Hz listening frequency of the rescue

receivers (15).

only be

The effect of
tone is shown in figure 25.
tic data taken by a number of investiga-
tors are combined in this figure to show
the “recognition differential” required
versus pulse length for a 50-pct proba-
bility of detection (15). The recogni-
tion differential is the amount in deci-
bels by which the signal level needs to
exceed the measured noise spectrum level
(noise level in 1 Hz within critical band
of interest) to provide a 50-pct proba-
bility of detection.

the length of a pulsed
Psychoacous-

The GI transmitters have a fixed pulse
duration of 100 msec, which prescribes a
recognition differential of 23 db to
achieve a 50-pct probability of detec-—
tion. To determine the significance of
the 23-db recognition differential in
terms of required SNR, a bandwidth must
be chosen, The bandwidth wused in the
receiver is 30 Hz, one-half of the criti-
cal bandwidth of the ear at the listening
frequency. It is assumed here that the
noise reaching the operator's ear is
produced solely by the receiver aand that
the attenuation provided by the headset
is sufficient to justify disregarding
ambient acoustic noise in the area of the
operator. Studies (19) have shown that

bandwidths approximately
critical bandwidth will
manner detection—wise
as those having a system bandwidth equal
to the critical bandwidth. Therefore,
for purposes of the trapped-miner system,

systems with
one—half the
behave in the same

an SNR of 23-10 log 30 = 8 db 1is needed
to yield a 50-pct probability of
detection.

A final factor affecting detection is
the signal repetition rate. Garner (4)
provides data on the effect of the
repetition of a pulsed tone on signal
detectability. Figure 26 illustrates
these findings. This work shows that as
the repetition rate of a 50-msec pulse of
a 1,000-Hz signal is changed £from 1 per
4 sec to l per sec, 2 db 1less SNR is
required. Reviewing Garner's data would
indicate that an even greater improvement

might be expected for the trapped—-miner
transmitter, but the lack of data at
repetition rates less than 1l per 4 sec
precludes a guarantee of this. There-
fore, a conservative 2-db improvement
value will be used. The 50-pct proba-
bility of detection SNR criterion of (8-

2) db, or 6 db, will be used.

This work quantifies the necessary SNR
to establish a 50-pct detection probabil-
ity. It is also necessary to extend this
work to determine detection probabilities
at any other SNR. The results of this
extension are shown in figure 27 and
table 3. This plot can be used with the
earlier established expected SNR for the
underground GI transmitter to establish
signal detection probabilities.

TABLE 3. - Probability of signal detection by observer versus signal-to-noise

ratio for the recognition differential method

Signal-to-noise Probability of

ratio, db detection

0.00

S e 0 s e 000000000000 002
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Receiver Operating Characteristic Method

dis-
pro-

differential, as
cussed in the previous section, may
vide misleading conclusions since the
percentage of correctly identified sig-
nals 1is given unaccompanied by informa-
tion about either false alarms or correct
rejections. This problem occurs because
assumptions made about an observer's per-—
formance are not necessarily correct. If
the observer is told to be certain that a
signal is present, then the curve of fig-
ure 27 would be shifted to the right and
the recognition differential would be
higher. If, however, the observer is
told to be very sure not to miss any sig-
nals, then the curve of figure 27 would
be shifted to the left. In the first
case, the observer misses the signal more
often; in the second case, the observer
produces more false alarms. Ideally it
would be desirable to have a criterion-—
free measure in order to make meaningful
statements about an observer's perform-
ance in signal detection.

The recognition

criterion—free mea-
from earlier
the theory of

This work

Fortunately, this
sure can be obtained
work by Peterson (10) on
signal detectability (TSD).
relates statistical decision theory to
the general detection problem. The
theory was originally developed to
describe mathematically ideal or optimal

detection processes, but it has become
apparent that it represents a good
approximation to a descriptive theory
of human detection and recognition

behavior (13).

dl
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The fundamental detection problem of
TSD defines two parameters, the index of
detectability (d') and the threshold
criterion (c¢), which when combined pro-
vide a useful measure of performance. To
understand the concept of these two
parameters, refer to figure 28. Plotted
in this figure are the probability den-
sity functions for noise alone (N) and
for signal plus noise (SN). The mean of
the N distribution has been placed at

zero so that d' is read directly as the
position along the abscissa of the mean
of the SN distribution.

The distance between the means may be

a measure of the observer's
It is a measure of the dif-
ference in sensory response to noise and
signal plus noise stimuli and 1is analo-
gous to SNR. However, despite this close
analogy, it is impossible to assign
definite values of SNR to d'. The value
c as shown in figure 28 is analogous to a
threshold, and in the case for d', no
definite value can be assigned to it.

regarded as
sensitivity.

To obtain a measure of d' and ¢ and of
the effectiveness of the test system, an
experiment 1is performed in which an

observer is provided a series of observa-
tion periods. At the end of each period,
the observer reports his or her observa-

tion as noise only, or as signal plus
noise. To accomplish this task, the
observer establishes a criterion, repre-
sented by ¢ of figure 28, and responds
"no” when a particular observation 1is
less than ¢ and "yes"” when it is
greater.

N 7
7

SN

N

p=0

C sz:d'

FIGURE 28, - N and SN distributions showing d’ and c relationships.
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Of the two parameters of interest, d'
is fixed by the experimental conditions
and defines the limitation imposed on the
observer by the characteristics of N and
SN, and by his or her own sensitivity to
these characteristics. The observer to
some degree controls ¢, but this con-
trol 1is to a large extent dictated
by the physiological framework of the
test.

discussed ear-
given such

In a typical test, as
lier, the observer may be
instructions at the start of the test as
"Don't miss any signals,” or "Be very
sure you have a signal when you say yes.”
What it is necessary to do then 1is to
structure the test properly in order to
obtain results that will both demonstrate
the observer's ability to accurately
detect the signal and provide a measure
of the false alarm rate. A form that
provides this desired result is commonly
known as the receiver operating charac-
teristic (ROC) curve and is illustrated
in figure 29.

The ROC curve can be generated directly

from the N and SN distributions of fig-
ure 28, The area wunder the N distribu-
tion to the right of ¢ represents the

' N

N\
N
AN
N
AN
AN
N\
AN
\,
N\
N\
AN
\
\\ N
LD

P N
2 N
z
a

° P(YIN) !

FIGURE 29. - Receiver operating characteristic
curve,

probability of false alarm, P(YIN). The
area under the SN distribution to the
right of c represents the probability of
detection, P(Y|SN). Each possible value
of c generates a pair of values that may
be mapped as a point in the P(Y|SN)-
P(Y|N) plane as shown in figure 29. The
d' parameter value is the distance along
the negative diagonal between the ROC
curve and the chance line. Thus, a set
of values of d' defines a family of ROC
curves.

In practice, the simplest way to obtain

the d' wvalue 1is to present to the
observer a series of tests in which a
signal may or may not be present on each
test. From these tests, results are

obtained on the probability of correctly
identifying a signal, P(Y|SN); probabil-
ity of false alarm, P(YIN); probability

of a miss, P(NISN); and probability of a
correct rejection, P(N|N). These values
may then be used to enter a table of

areas under a unit area normal distribu-
tion to obtain d'. However, this yields
only one point on an operating charac-
teristic on the negative diagonal. Since
the whole ROC curve provides important
additional information, it 1is desirable
to use a method that allows several
points to be plotted and an ROC curve to
be fitted to them. Such a method, called
the rating-scale method, is made possible
by giving the observer more than two
response alternatives, which allows the
observer to adopt several threshold
criteria simultaneously. This is done by
asking the observer to rate each test
during which a signal might have been
presented on a four-point rating scale;
for example--

0 - Confident, signal absent

1 - Less confident, signal absent

2 - Less confident, signal present

3 - Confident, signal present
Such a four-point rating scale gives
three points on an ROC curve. If these

are plotted on normal-normal probability
paper, a best-fit line may be drawn and
d' obtained from the graph.
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PROBABILITY OF DETECTION ESTIMATES

Recognition Differential Method

emergency situation,
the chances of
including time of

In an actual mine
many factors influence
rescuing the miners,
arrival of the rescue team, life expect-
ancy of the miners, search times, and
operation time of the underground trans-—
mitter. This report has not discussed
these points but rather has investigated
the detection probability for an existing
signal being measured by a rescue team in
an area that in general is directly over
a trapped miner. Even within this mea-
surement, there are factors such as geol-
ogy, noise, and depth that influence the
probability of success. Although these
factors preclude our stating the success
of this measurement 1in a deterministic
manner, we can, as outlined in this
paper, quantify our chances in a proba-
bilistic framework.

The probability of detection curve in
figure 27 actually represents a condi-
tional probability; that is, the likeli-
hood that detection will occur given the
presence of a fixed RMS SNR. As a con-—
sequence, the chance of detecting a sig-
nal transmitted through the earth can be
calculated according to

P(D and R¢) = P(R¢) x P(DIR),  (2)

where P(D and Ry) represents the proba-
bility of achieving an SNR of size Ry and

also detecting the signal in the noise.
P(R¢) is the probability of the occur-
rence of an SNR of size Ry, and P(D|Ry)
is the conditional probability of detect-

ing a signal given an SNR of size Ry.

Figure 27 gives P(DIR¢), and figures 19
through 22 show the SNR probability dis-
tributions. The latter figures show that

these probabilities depend on frequency
and depth. Using additional subscripts
to account for these parameters, the

probability of acheiving an SNR of size
Ry and detecting the signal transmitted
from a depth i at frequency j is

Pijk (D and Ry) = Pij (R¢) x P(D|R¢). (3)

However, the primary result 1is the
expected probability of detecting a sig-
nal transmitted at a specified depth for
a known frequency summed over all pos-—
sible R¢'s. This is given as

P

ij (D) =1I Pijk' (4)

These probability formulas and concepts

can best be illustrated by a numerical
example. For a transmission frequency of
3,030 Hz at an overburden depth of
1,000 ft, the data from table 2, also

given in table 4, can be used with the

results shown 1in figure 27 to obtain
probability of detection for each SNR
interval.

TABLE 4. - Detection probabilities

Signal-to-noise Probability of achieving Interval Probability of
ratio interval, signal-to-noise ratio midpoint, detection at
db in interval db midpoint
Less than -3..... 0.3314 Less than -3 0.00
3 to Devevenanns .0804 -1.5 .00
O to 3eeverennees .0843 1.5 .00
3 O Beveevnonens .0845 4.5 .15
6 O Feevnnnnnnns .0809 7.5 .85
9 to 12ceececnsse 0740 10.5 .99
Above 12.i0e0enns 2646 Above 12 1.00
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summation formula, equa-
expected probability of

Applying the
tion 4, the

detection at 1,000 ft and a
3,030 Hz is estimated to be—-

frequency of

Pi 000, 3,030 = (0.3314) (0) + (0.0804) (0) + (0.0843) (0.01)

+ (0.0845 (0.15) + (0.0809) (0.85)

+ (0.0740) (0.99) + (0.2640) (1.00)

= 0.43

The interpretation of this quantity is

the recognition differential method of

that a signal transmitted at 3,030 Hz observer detection.
through an overburden depth of 1,000 ft
has a 43-pct probability of being Figure 30 shows the extension of these
detected on the surface in the general calculations to other frequencies and
area above the transmitter when wusing depths.

1.O T l l

.9 _

N KEY
' -—— 1950 Hz _

PROBABILITY OF SIGNAL DETECTION
T

0 | |

O~—0 3030 Hz
A—aA 050 Hz _
O— 0 630Hz

I ] L

250 500

750

1,000 1,250 1,500

OVERBURDEN DEPTH, ft

FIGURE 30. - Predicted probability of signal detection versus overburden depth by frequency for the
Gl transmitter as found by the recognition differential method.



Receiver Operating Characteristic Method

In work by Ristenbatt (ll) tests were
performed to verify the signal detecta-
bility performance of the present system.
Tests were done using nine observers and
the actual transmitter and receiver. The
signal from the transmitter was mixed
with wideband white noise and entered
into the receiver at input SNR of 0 db,
3 db, and 6 db. The acoustic output of
the receiver was then connected to a
headset worn by the observer. Each
observer was exposed to a series of
100 trials at each input SNR. Each trial
lasted for 15 sec. After each 15-sec
period, the observer chose one of four
scaled responses as discussed earlier as
the rating scale method.

These data were then used to determine
the expected probability of detection
(Pp) and probability of false alarm (Pgp)

at the different SNR's. This testing
provides the ROC for the present
receiver, and the results are shown in

figure 31. The shaded area around SNR of
0O and 6 db shows the variability in the
data obtained. The variability around

the SNR = 3 db wave is similar to that of
the 0-db curve but 1is not shown in the
interest of retaining clarity in the fig-
ure. Therefore, for a particular input
SNR and preassigned Pg,, it 1is possible
to determine the expected Pp of the
observer.

The practical effect of false alarms is
increased delay due to search time.
Hence, false alarms are important not
only for comparing different receivers
but also in understanding the practical
impact a receiver may have in a search
and find mission.

It is the opinion of the author that an
acceptable operating point for the
false alarms of this system would be
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) | T SR R N N S|
2 345 10 20 30 40 50 60 70 8 90
P
F A
FIGURE 31. - Receiver operating characteristic curve
for the trapped-miner receiver,
Ppa = 0.10. At this Pp,, figure 31 shows

the expected P for the observer for

different input SNR's.

It is now possible to recalculate the
probability of detecting the trapped
miner's signal based upon the ROC of the
receiver. This work is similar to the
method followed in the previous section,
but the detection probabilities of the
observer, based upon the recognition con-

cept, are replaced by that of the ROC
method and the data obtained by way of
figure 31.

These results are shown in figure 32

and show a slight improvement over those

shown in figure 30.
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FIGURE 32. - Predicted probability of signal detection versus overburden depth by frequency for the
Gl transmitter as found by the ROC method.

SENSITIVITY ANALYSIS

It is informative to observe the amount
of 1increase in signal detectability for
increases 1in SNR of the trapped-miner
signal on the surface of the mine.

Figures 33, 34 and 35 show the expected
probability of detection as the expected
SNR is improved over that found from the
field tests for values of +3 db, +6 db,
and +12 db. As expected, the probabil-
ities increase greatly, going from 54 pct
for mno SNR improvement at 630 Hz
and 1,000 ft to 84 pct for +12 db SNR
improvement.

Additional insight is provided by way
of figure 36, where the detection proba-
bilities are shown for each frequency at
a depth of 1,000 ft as the SNR is
improved. To obtain a detection proba-
bility of 90 pct at 1,000 ft, a frequency
of 1,950 would be used and an SNR
improvement of approximately 18 db would
be needed. A rough estimate shows that

for all frequencies the probability of
detection increases between 6 and 8 pct
at 1,000 ft for every 3-db improvement in
SNR.

areas of investigation may be
studied to acquire larger SNR. The obvi-
ous first <choice 1is to increase the
strength of the signal source. However,
inherent constraints due to intrinsic
safety considerations would 1limit any
gain by this technique to only a few
decibels. Correlation techniques could
be wused where an array of receiving
antennas could improve detectability.
This is the objective of a current
project Qli). Incoherent integration of
the present signal has been suggested
by Ristenbatt (12) and is the technique
proposed by General Instrument Corp. (6)
in an adaptation to the present receiver.

Various

through correlation
noise at the

Noise cancellation
techniques involving the
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FIGURE 33. - Predicted probability of signal detection versus overburden depth by frequency for the
Gl transmitter as found by the ROC method with a 3-db SNR improvement.
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FIGURE 34. - Predicted probability of signal detection versus overburden depth by frequency for the
Gl transmitter as found by the ROC method with a 6-db SNR improvement.
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FIGURE 35. - Predicted probability of signal detection versus overburden depth by frequency for
the Gl transmitter as found by the ROC method with a 12-db SNR improvement.
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FIGURE 36. - Predicted probability of signal detection versus SNR improvement by frequency for
the Gl transmitter for a mine depth of 1,000 ft.



receiving antenna and a distant antenna
outside the signal's range is an area for
future study.

signal that

detect a
signal in
could be

The parameters of the
affect an observer's ability to
pulsed continuous wave (CW)
noise, discussed earlier,
studied to improve detectability. How-
ever, these studies must also be con-
scious of the efficient use of the power
of the transmitter battery and of schemes
used in search procedures.

Possibly the most promising venture to
improve signal detectability is a project
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report except that the signal is not
pulsed, but rather transmitted continu-
ously. The surface receiver is a micro-

computer which coherently integrates the
transmitted signal. The principal idea
is to exchange time for signal detecta-
bility. The receiver continually moni-
tors the signal, and if it exists and is
within the detectable range of the
receiver, it will eventually be detected.
This system was originally designed to
detect signals transmitted from a depth
of 3,000 ft and should be able to easily
detect signals at a depth of 1,000 ft in
a few minutes of operation. Location is
performed by vector calculation of the

under investigation by Develco (2). signal at a number of receiving-antenna
Here, the wunderground transmitter is locations.
similar to the one discussed in this

SUMMARY

This paper has discussed the results of
an extensive field-testing program to
evaluate the performance of the EM
trapped—miner transmitter. Analysis of
these data has enabled one to place into
a probabilistic framework the ability to
confidently detect the signal from the
underground transmitter, Two methods
have been used to determine the probabil-
ity of signal detection. The first,
known as the recognition differential
method, has indicated that the probabil-
ity of signal detection at a depth of
1,000 ft is 45 pect; at 500 ft it is
90 pct. These depths exceed the actual
depths of 90 pct and 50 pct, respec-
tively, of U.S. coal mines.

The second method, which
to the former, is known as

is preferred
the receiver

method relates both
and false alarm rate.

signal detectability
Using this method,

it was found that for a 10-pct false
alarm rate the probability of detection
at 1,000 ft and 500 ft is 54 and 95 pct,

This information is vital
for the future formulation and promulga-
tion of new regulations written for the
use of the EM system. Studies are under-
way to improve the detection capability
by providing signal-processing capability
to the receiver. Future work will look

respectively.

at a systems approach when wusing this
technique. This study will investigate
each element involved in a successful

rescue effort, such as search strategies
and 1life expectancies. Coupled with
the results discussed in this paper,
a thorough understanding of the effective

implementation of the EM system should be

operating characteristic method. This obtained.
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