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FOREWORD 

This repor t  was p r e p a r e d  b y  Arthur D.  Li t t le ,  Inc . ,  

Cambridge,  Massachusetts ,  under  USBM Contract  No. J0188037. The 

con t rac t  was  i n i t i a t e d  u n d e r  the  Coal Mine Health a n d  Safety 

Program. I t  was  adminis tered  u n d e r  the  technical  direct ion of the  

P i t t sburgh  Mining a n d  Safety Research Center with M r .  John Durkin 

ac t ing  a s  t h e  technical  project  officer.  M r .  William McCarty was 

t h e  contrac t  admin i s t ra to r  for the  Bureau of Mines. 

This repor t  i s  a  summary of the  work recently completed a s  

p a r t  of t h i s  contrac t  d u r i n g  t h e  period May 1978 to Ju ly  1980, a n d  

Contract  H0346045, Task Order No. 3, Task B, d u r i n g  t h e  period 

March 1976 to October 1977. This repor t  was  submitted b y  the  

a u t h o r s  i n  J u l y  1980. 

No invent ions  or pa ten t s  were developed,  a n d  no app l i ca t ions  

for invent ions  o r  pa ten t s  a r e  pending.  

The a u t h o r s  wish to  t h a n k  John Durkin,  Harry Dobroski, 

Wymar Cooper a n d  C a r l  Ganoe, of the  United States Bureau of 

Mines, P i t t sburgh  Mining a n d  Safety Research Center ,  for t h e i r  

encouragement a n d  a s s i s t a n c e  in  t h i s  work ; Howard E .  Pa rk inson ,  

present ly  of the  United Sta tes  Department of Energy,  Carbondale  

Energy Technology Center ,  for the  i n i t i a l  suppor t  of t h i s  work; 

A.  F a r s t a d  a n d  D .  Kalvels of t h e  Westinghouse Geophysical Ins t ru-  

mentation Systems measurement team for t h e i r  cooperation a n d  

perseverance;  a n d  a l l  t h e  United Sta tes  coal  mining companies who 

contr ibuted to  the  success of t h i s  program b y  providing the  

measurement team access  to t h e i r  mines a n d  the  cooperation 

requ i red .  
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I .  SUMMARY 

A.  OVERVIEW 

In response to the  Coal Mine Health and  Safety Act of 1969, 

the  Bureau of Mines of the United States Department of the  Inter ior  

embarked upon a program to perform research and  development 

aimed a t  increas ing the  surv ivab i l i ty  of miners t rapped  under- 

ground a f te r  a coal  mine d i sas te r .  A p r inc ipa l  ingredient  of th i s  

program was the  development of p rac t ica l  and  effective means to 

detect ,  locate,  and  communicate with miners t rapped  within exten- 

s ive  mine workings. 

This report  assesses the  expected detectabi l i ty ,  on the  

surface  above mines, of electromagnetic s igna l s  produced by a 

rescue t ransmit ter  ac t iva ted  by miners t rapped  underground. This 

assessment i s  based cn a s t a t i s t i c a l  ana lys i s  of experimental  

s igna l  and  noise d a t a  taken a t  a representa t ive  sample of coal 

mine s i t es  well d is t r ibuted cver  the United States underground coal  

f ie lds .  

B .  OBJECTIVES 

This s tudy had  two main objectives. The f i r s t  was to  charac-  

terize the  electromagnetic s igna l  transmission behavior of over- 

burdens  above the  coal  mines. The second was to estimate the  

likelihood of successfully detecting electromagnetic s i gna l s  t rans -  

mitted by miners t rapped  beneath these overburdens.  A secondary 

objective was to formulate a n  approach ,  based on search theory,  

for the al location of post-disaster search efforts aimed a t  detecting 

the l a rges t  number of miners capab le  of being rescued pe r  unit of 

search effort.  

Arthur D Little, Inc 



C. APPROACH 

A theoretical  approach to the  character izat ion of overburden 

s igna l  transmission behavior was impract ical ,  because of the  

v a r i a b i l i t y  and  complexity of the  overburden mater ia l  of coal  

mines. Therefore, a n  approach based on measured s igna l  d a t a  

taken a t  mines well d is t r ibuted throughout the  U.S. coal f ields was 

chosen. To make inferences concerning s igna l  transmission charac-  

t e r i s t i cs  over the  en t i re  population of U.S. underground coal 

mines, we adopted a s t a t i s t i c a l  approach a t  the  outset .  We selected 

a representa t ive  sample of mines a n d  performed regression ana lyses  

to charac te r ize  the  s i gna l  transmission behavior of overburdens a s  

a function of depth and  frequency.  The predicted s i gna l  behavior 

was then combined with experimentally based dis t r ibut ions  of the  

background noise, and  a u r a l  detection charac te r i s t i cs  of s i gna l s  i n  

noise. These were used to generate  curves  of the e.xpected 

probabi l i ty  of detection for t rapped  miner s igna l s  versus  over- 

burden depth and  operat ing frequency. 

The overal l  program objectives were accomplished through a 

col laborat ive  effort which took advantage  of the  sk i l l s  and  

resources of three  pa r t i e s ;  namely: Arthur D.  Lit t le ,  Inc . ,  a s  the 

experiment design and  d a t a  ana ly s i s  team; Westinghouse Geo- 

physical  Instrumentation Systems a s  the  measurement team; a n d  the 

United States Bureau of Mines, Pi t t sburgh Mining and  Zafety 

Research Center, a s  the  overal l  coordination a n d  support  team. 

D.  RESULTS 

The f i na l  resu l t s  in  the  form of expected probabi l i t ies  of 

detection a r e  plotted in  Figure 1-1. These plots represent the  l ikeli-  

hood, on the  average ,  of t rapped  miner s igna l s  being detected on 

the  sur face  above U.S. coal mines hav ing  the  indicated overburden 

Arthur D Little, Im- 



- 
- 
- 
- FREQUENCY (Hz) 

- 
- El---.4 3030 

- - 1050 
- O----4 630 
L 

- 
- 
- DATA SOURCES 
- - SIGNAL (WESTINGHOUSE) 

- NOISE (BUREAU OF MINES) - 
- 
7 

- 
- 
- - 

, 1 1 1 1  1 1 1 1 1 1 1 1  1 1 1  1 1  1 1  1 1  1 1  1 1 1 1 1 -  

0 250 500 750 1000 1250 1500 
OVERBURDEN DEPTH (FEET) 

FIGURE 1-1 PREDICTED PROBABILITY OF SIGNAL DETECTION VERSUS 
OVERBURDEN DEPTH BY FREQUENCY FOR THE GENERAL 
INSTRUMENTS TRANSMIlTER 



depths .  The plots app ly  for the  General Instruments t ransmit ter  

and  a u r a l  detection b y  a searcher  using a Collins receiver 

equipped with a headset .  

At any  pa r t i cu l a r  mine s i te  a n d  given overburden depth ,  

t r apped  miner s igna l s  can  e i ther  be detected or not be detected 

dur ing  a search exercise.  If such a detection experiment i s  

repeated a t  several  mines hav ing  the same overburden depth ,  the 

predicted expected percentage of experiments t h a t  will achieve 

s igna l  detection a t  each operat ing frequency i s  a s  shown i n  

Figure 1-1. For example, i f  the device were tested a t  many 

locations hav ing  a 750-foot overburden,  i t  i s  expected t h a t  the  

transmitted s igna l  would be detected a t  about 68 percent of the 

locations for the operat ing frequency of 1950 Hz, and  a t  about 

43 percent of the locations for 630 Hz. The curves  a l so  indicate  

t h a t  the chances of being detected a r e  higher  for s igna l s  i n  the 

upper p a r t  of the 630 to 3030 Hz frequency band .  

Detailed discussion of some implications of these resu l t s  i s  

presented i n  Sections X and  XI. The discussion centers  on four 

a r e a s  : 

detectabi l i ty  re la ted  to overburden depth prof i les ,  

d iurnal /seasonal  noise va r i a t i ons ,  and  miner dis t r ibut ion ; 

sensi t iv i ty  ana lyses  a n d  experiments; 

des i rab i l i ty  of confirmatory tes t s ;  and  

cperat ional  ut i l ization considerations from two points of 

view -- use of the  in-mine t ransmit ters  by the t rapped  

miners, and  use of the  surface  detection equipment by  the 

search and  rescue team. 

L 
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E.  ORGANIZATION OF REPORT 

Section 11 describes the events and  circumstances which led 

to this  comprehensive program involving the measurement and  

ana lys i s  of da t a  from many coal mines. In Section 111, the overall  

philosophy of the tes t s ,  the mine selection process, and the 

specific measurements performed a t  each mine a r e  discussed. 

Section IV describes the process of compiling and  verifying the 

extensive set of da t a  taken a t  94 mine s i tes  to produce a f inal  

da t a  base  for both s ignal  and noise. Section V presents the l inear  

regression analyses  of the s ignal  da t a  and  the derived regression 

models describing the s igna l  transmission behavior of U.  S. coal 

mine overburdens a s  a function of depth and  frequency. Section VI 

presents,  using the transmission model of Section V, the s ignal  

s t rength expected on the surface for the planned General Instru- 

ments transmitter.  Section VII characterizes the s ta t i s t ica l  distri-  

bution of the expected background noise on the surface. In 

Section VIII ,  probabili ty distributions a r e  generated for the 

signal-to-noise r a t io  expected on the surface a t  each frequency. 

Section IX describes the a u r a l  detection of pulsed CW tones in  

noise and  presents signal-to-noise requirements for detection. In 

Section X, the results of the previous sections a r e  combined to 

generate the f ina l  curves describing the expected probabili t ies of 

detection for t rapped miner s ignals  a s  a function of overburden 

depth and  frequency. Section XI discusses the implications of these 

resul ts  and recommendations. 
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11. THE NEED 

In response to the Coal Mine Health and Safety Act of 1969, 

the Bureau of Mines of the United States Department of the Interior 

embarked on a program to perform research and development aimed 

a t  increasing the survivabi l i ty  of miners trapped underground 

during coal mine disasters .  A pr incipal  ingredient of this program 

was the development of pract ical  and effective means to detect, 

locate, and communicate with miners t rapped within the extensive 

mine workings. The sooner such miners can be found a t  a mine 

d isas te r  s i te ,  the greater  w i l l  be their  chances of surviving.  This 

benefit w i l l  accrue because of the more efficient and effective 

allocation of the limited mine rescue resources generally avai lable  

a t  disaster  si tes to help rescue miners before they succumb to 

injur ies  or noxious mine environments. 

Two means were conceived and developed to provide trapped 

miners with this location and  communication capabi l i ty:  an  electro- 

magnetic ( E M )  s ignal ing system, and a seismic s ignal ing system. 

This report examines the potential effectiveness of the electro- 

magnetic s ignal ing system and i s  par t icu lar ly  concerned with the 

s ta t i s t ica l  ana lys i s  of experimental magnetic field strength da ta  

taken a t  94 coal mine s i tes  well distributed over the United States 

coal f ields.  The objective i s  to obtain an  experience-based assess- 

ment of the probable effectiveness of this electromagnetic s ignal ing 

system prior to ini t ia t ing the formulation and  promulgation of new 

regulations bear ing on the use of such a system. 

The need to conduct th i s  specific, comprehensive program 

involving field measurements and ana lys i s  of da ta  from a la rge  

number of coal mine sites became apparent  i n  1975-76. At tha t  

time, the Bureau of Mines had  completed development of electro- 

magnetic trapped-miner s ignal ing and receiving hardware.  This 

hardware was based on intr insic  safety requirements and  on 
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ava i l ab l e  geological information regard ing  the  an t ic ipa ted  sever i ty  

of overburden s igna l  at tenuation charac te r i s t i cs .  Namely, the  

ave rage  effective e lect r ical  conductivity of the  overburden was 

considered to be approximately 0.01 mho/m. Performance estimates 

based  on t h i s  va lue  of conductivity predicted effective s i gna l  

detections for a n  overburden depth of 1,000 feet using a n  in t r in-  

s ica l ly  safe t ransmit ter  design ut i l iz ing the miner ' s  c ap  lamp 

ba t te ry  a s  a pr imary source of power. 

Figure 11-1 i l lus t ra tes  the pr inciple  of operation of the EM 

trapped-miner s igna l ing  device a n d  associated detection/receiving 

hardware  on the surface .  The f igure  a l so  depicts  the sedimentary 

na tu r e  of both a coal  seam a n d  the  numerous l aye r s  of different  

mater ia ls  comprising the  overburden above a coal seam. The EM 

s igna l ing  t ransmit ter  shown i n  Figure 11-2 was developed by 

Collins Radio based on the above requirements and  ,assumptions.  

This t ransmit ter  was tested a t  severa l  deep mines i n  the  Appa- 

l ach ian  coal f ie lds  hav ing  overburden depths between 500 and  

1,000 feet ,  and  the resu l t s  were successful a s  ant ic ipated.  

However, t h i s  equipment was a l so  tested a t  mines shallower than  

500 feet;  the resu l t s  were unsat is factory a n d  unant ic ipated.  

Namely, some o r  a l l  of the frequencies tested in  the  630 to 3030 Hz 

band did  not penetra te  the overburden with s ignif icant  s t rength  to 

be detected on the  surface  a t  these shallow mine s i tes .  Further- 

more, the  reasons for the  lack of successful detections above the  

shallow overburdens were not apparen t .  

These unant ic ipated,  negat ive  resul ts  precipi ta ted the  need to 

es tab l i sh  a way to character ize  the  s i gna l  transmission behavior of 

overburdens above United States coal mines, and  to assess  t he  

impact of th i s  behavior on the  expected detectabi l i ty  of t rapped  

miner EM s igna l s .  Such a character izat ion and  assessment is 

requ i red  before the  promulgation of new regulat ions .  This require-  

ment led  to the  establishment of the  extensive measurement and  

d a t a  ana ly s i s  program whose resu l t s  a r e  presented i n  th i s  repor t .  
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111. THE EXPERIMENT 

A.  PHILOSOPHY OF TESTS 

The objective of t h i s  s tudy was twofold: f i r s t ,  to define a 

s i gna l  transmission measurement and  ana ly s i s  program t o  obtain a 

re l i ab le  d a t a  base  for character iz ing the s igna l  transmission 

propert ies of overburdens i n  the  United States coal  f ie lds ;  and  

second, to use t h i s  d a t a  base  to predic t  the likelihood of success- 

ful  performance of the EM trapped-miner s igna l ing  system. A t rans -  

mission measurement program was requ i red ,  because the limited 

information on,  and  the  inherent  va r i ab i l i t y  and  complexity o f ,  

overburden e lect r ical  charac te r i s t i cs  above U.S. coal mines made a 

theoretical  approach infeasible.  Furthermore, we concluded t h a t ,  i n  

o rder  to obta in  resu l t s  t h a t  would account for th i s  va r i ab i l i t y ,  the  

measurement program should consist  of simple measurements made a t  

a l a rge  number of mines throughout the  United States coal  f ie lds ,  

ins tead  of a comprehensive set  of measurements made a t  only a few 

selected mines. 

We a l so  concluded t ha t  a representa t ive  sample of mines 

should be selected from the  population of a l l  coal  mines on the 

ba s i s  of both the overburden depth a n d  the number of miners 

employed a t  the  mine. Namely, the sample should reflect proper 

concern both for the physical  dependence of s i gna l  penetrat ion on 

overburden depth and  the number of miners exposed to potential  

d i s a s t e r s  within each depth i n t e rva l .  Since th i s  program would 

require  the  cooperation a n d  par t ic ipat ion of approximately one 

hundred mines, i t  was a l so  important to design the  tes ts  to not 

in terfere  with mine production ac t iv i t i es  and  to require  a .  minimum 

time within the mine. 

These c r i t e r i a  were sa t is f ied by designing the  experiments so 

t h a t  the  in-mine tes t  crew required only two people, who could 
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conveniently hand-carry  a minimum of equipment to one pre- 

des ignated non-interfering location within the mine, set  up a n d  

complete a l l  t e s t s ,  and  leave the mine, a l l  within a s ingle  working 

sh i f t .  This minimum interference with mine production operations 

was accomplished through the efficient design of the  measurement 

procedures a n d  the  pre-test arrangements made with mine personnel 

pr ior  to enter ing the  mine. 

I t  was fu r ther  decided to accomplish the overal l  program 

0bjective.s through a collaborative effort to t ake  advantage  of the 

ava i l ab l e  sk i l l s  a n d  resources of three  pa r t i e s ,  namely: Westing- 

house Geophysical Instrumentation Systems, a s  the measurement 

team; Arthur D. Lit t le ,  Inc . ,  a s  the experiment design a n d  

ana ly s i s  team; and  United States Bureau of Mines Pi t tsburgh 

Mining and  Safety Research Center (PMSRC), a s  the  support  team 

t h a t  provided v i t a l  s taff  resources a n d  coordination to both the  

f ield measurement and  the d a t a  ana ly s i s  act iv i t ies  of th i s  program. 

The remainder of th i s  section br ief ly  describes the mine selection 

and  field measurement act iv i t ies .  

B .  MINE SELECTION 

To make meaningful inferences about the overa l l  performance 

of the candidate  EM detection system throughout the U.S. coal 

f i e lds ,  i t  was necessary to conduct tes ts  a t  a sufficient number of 

mines. Since experimental  resul ts  were intended to be represen- 

t a t i ve  of a l a rge  number of act ive  mines, each with unique 

physical  a n d  operat ional  charac te r i s t i cs ,  i t  was necessary to 

ut i l ize  some type of sampling process to determine specific test  

locations for the  program. By invoking s t a t i s t i c a l  sampling theory 

in  the selection process,  i t  was possible to: 

(1) as su re  the va l i d i t y  of estimated performance measures 
subsequently der ived from tes t  resu l t s ;  

P 
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( 2 )  increase  the precison of these est imates;  and  

(3 )  reduce or  eliminate the poss ibi l i ty  of built-in b iases  in  
in terpret ing tes t  r esu l t s .  

I t  was decided a t  the  outset of the  program t h a t  tes t  resul ts  

from approximately one hundred different  mine locations would be 

sufficient for est imating the transmission charac te r i s t i cs  of the 

overburden above coal  mines, a n d  necessary to provide a n  

adequate  d a t a  ba se  for est imating overa l l  probabi l i ty  of successful  

s i gna l  detection on the surface  i n  a meaningful quan t i t a t ive  sense. 

1. The Sta t is t ica l  Mine Sample 

Although a simple random sample of 100 mines could have 

been selected from the  to ta l  mine population ( i n  which case  each 

mine would have  a n  equa l  probabi l i ty  of being se lec ted) ,  i t  was 

reasoned t h a t  the  sampling plan should reflect two addi t ional  

important considerat ions;  namely: ( 1 )  since the performance of the 

device was l ikely  to be depth-dependent , the  dis t r ibut ion of mines 

selected should t ake  into account the g r ea t e r  va r i ab i l i t y  in  tes t  

r esu l t s  ant ic ipated a t  g r ea t e r  depths than  a t  lesser  depths;  and  

( 2 )  since most mines a r e  re la t ive ly  small i n  terms of number of 

miners employed, the p robabi l i ty  of mine selection within a depth 

in te rva l  should be based  on the number of workers to be protected 

a t  the  mine, thereby g iv ing  l a r g e  mines a jus t i f iably  g rea te r  

chance of being selected than  smaller  mines. By ut i l iz ing these two 

concepts i n  designing a sampling p l an ,  i t  was felt t h a t  the  

ana ly s i s  of tes t  r esu l t s  would yield more meaningful and  precise 

est imates of transmission behavior re la t ive  to a l l  mines a n d  miners - 
eventual ly  employing the  device. 

The population considered was identif ied from a computer 

l i s t ing  of 1,222 act ive  coal  mines in  the  United States obta ined 

from PMSRC. This computer l i s t ing  was constructed by PMSRC from 

two independent computer d a t a  bases ,  one from MSHA t h a t  contained 
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d a t a  on the  number of miners a t  each mine, and one from the  

Bureau of Mines Eastern Field Operations Center t ha t  contained 

d a t a  on the  maximum overburden depth a t  each mine. This l i s t ing  

included the  mine name, add re s s ,  maximum overburden depth ,  

number of miners employed, and  MSHA identif ication number. A l l  

mines were subsequently s t ra t i f i ed  according to maximum mine over- 

burden depth va lues  into 15 different  depth in te rva l s .  Total miners 

employed a t  a l l  mines contained within each depth i n t e rva l  were 

a l so  t abu la ted .  Although the  sample could have been al located 

proportional  to  the size of the  s t r a t a  ( t h a t  i s ,  the  ra t io  of the  

number of mines sampled to the  to ta l  number of mines would be 

constant  within each i n t e r v a l ) ,  i t  was decided to v a r y  the  

sampling fraction based on consideration ( 1 )  above. 

To determine ac tua l  sampling f ract ions ,  a  technique known a s  

optimum al locat ion(2)  was  used,  which i s  based on the  pr inciple  

t h a t  l a r g e r  samples a r e  required i n  s t r a t a  t ha t  exhibi t  g r ea t e r  

va r i ab i l i t y .  This pr inciple  can be  expressed a s  follows: 

where 

"h = sample size for the h-th s t ra tum; 

Nh = to ta l  number of mines i n  the h-th s t ra tum; 

= var iance  of the  charac te r i s t i c  being measured i n  the 
Sh h-th stratum (e .g  ., the  estimated probabi l i ty  of 

successful  transmission a t  a specified f requency) ;  and  

= to ta l  sample size (approximately 100 mines).  

- 
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By estimating the  re la t ive  va r i ab i l i t y  Sh, i t  was determined 

t h a t :  

4 percent of the  mines would be sampled in  each of three  
s t r a t a  less  than  400 feet deep; 

10 percent of the  mines would be sampled in  each of s i x  
s t r a t a  between 400 and  1,000 feet deep; and  

15 percent of the  mines would be sampled in each of s i x  
s t r a t a  g r ea t e r  than 1,000 feet.  

These resu l t s  a r e  i l lus t ra ted  in  Table 111-1. 

As s ta ted  i n  ( 2 )  above,  the sample selection process within 
each depth in te rva l  was based  on the  number of miners employed 

a t  each mine. This technique,  known a s  sampling with probabi l i ty  

proportional  to size,  can be  i l lus t ra ted  by the  following simple 

example for f ive mines in  a given depth in te rva l :  

Probabi l i ty  of 

Mine -- Number of Miners Being Selected 

The important features  of the sampling procedure used in th i s  

program a r e  summarized below: 

Each mine h a d  a chance of being selected for t h i s  test .  

The chance ( i . e . ,  the  p robabi l i ty  of selection) was known 
beforehand and  was based  on the re la t ive  size of the  mine 
i n  terms of miners employed. 
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Table 111-1 

Sampling Fractions b y  Depth In te rva l s  

T I -  --- -r 1 I Maximum I Total number Sample I Total Number I I 

I 

1 Mine Depth I of Active Mines Size Sampling 
(nh) Fraction 

of Miners 
(all mines) 

I Total I 1222 102 100,619 
- 

Source: Arthur D.  Little, Inc. 
a n d  United States Bureau of Mines Composite 
Computer File based  on MSHA and  Bureau of Mines 
Mine Data Files a s  of 1975. 
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The selection process was random. 

A l l  depth  i n t e rva l s  were represented.  

Test resu l t s  could be used to  make va l id  inferences about 

a l l  mines. 

The sample of 102 mines selected i n  t h i s  manner for t h i s  

program is given i n  Table A-1 of Appendix A, i n  which the  

selected mines a r e  ordered by  increas ing  depth i n t e rva l s  and  by 

increas ing  number of miners pe r  mine within each depth in te rva l .  

Examination of t h i s  l i s t i ng  a lso  reveals  t ha t  the mines a r e  well 

d i s t r ibu ted  among the major and  minor underground coal-producing 

s ta tes  i n  the United States coal  f ields.  

2. The Final  Mine Sample 

The s t a t i s t i c a l l y  selected mine sample described above a n d  

l is ted i n  Appendix A provided a guide for the  organizat ion and  

implementation of the  f ield measurement program. Although a reason- 

able  attempt was made to  v i s i t  the specific mines selected,  

necessi ty,  mine ava i l ab i l i t y  and  prac t ica l  t r ave l  schedule con- 

s t r a i n t s  introduced devia t ions  from the  o r ig ina l ly  selected sample 

of mines. However, we believe these deviations do not s ignif icant ly  

affect or  b i a s  the resu l t s  der ived from the d a t a  obtained from t h i s  

measurement program. 

The following i s  a brief  l i s t ing  of reasons for deviation from 

the o r ig ina l  mine selection p l a n ,  with respect  to the specific mine, 

the ant ic ipated overburden depth ,  o r  the number of miners employ- 

ed  at the  mine: 
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Delays i n  the ava i l ab i l i t y  of mine population information 
required t h a t  a number of mines a l r eady  tested replace  
selected mines hav ing  s imilar  charac te r i s t i cs ;  

a Some mines selected from the  1975 mine information d a t a  
base  no longer exis ted a s  operat ing mines a t  the time of 
the tes t  program; 

In  some cases ,  the  d a t a  ba se  information regard ing  
maximum overburden depth and  number of miners was 
found to be erroneous on a r r i v a l  a t  the  mine, requ i r ing  
t h a t  the  measurement team set t le  for a test  s i t e  with a 
shallower overburden depth than  planned;  

Some mines were not ab le  to accommodate the measurement 
teams within the  time frame of the  planned field t r i p  
schedules ; 

Occasionally, mines which can best  be c lass i f ied a s  
" targets  of opportunity" were vis i ted  on some of the f ield 
t r i p s ,  because of the i r  ready  ava i l ab i l i t y  within the  geo- 
g r aph i ca l  region vis i ted  and/or favorable  selection 
charac te r i s t i cs .  

Care was taken to adhere  to the sp i r i t  and  form of the  

o r ig ina l  selection l i s t  while coping with the rea l i t i e s  imposed on 

the  p rac t ica l  implementation of such a n  extensive f ield measure- 

ment program over a period of 24 months, from September 1977 to 

September 1979. 

At the completion of the  tes t  program, measurements had  been 

performed a t  94 mine s i tes  well d i s t r ibu ted  within the  U.S. coal  

f ie lds .  The specific 94 mine s i tes  sampled i n  th i s  program a r e  

l i s t ed  i n  Table B-1 of Appendix B, together with selected mine a n d  

tes t  information about each mine s i te .  The mines i n  Table B-1 a r e  

ordered by  s t a t e  within major coal-producing regions,  and  by 

county i n  each s t a t e ,  scanning from west to eas t  and  then south- 

ward within each s ta te .  Included i n  the  t ab le  i s  the  following 

information about each mine: i t s  location,  the  seam, mine tes t  

number, Westinghouse f ield report  number, seam thickness ,  number 

of miners, overburden dep th ,  horizontal  offsets between t ransmit ter  

II 
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a n d  r ece ive r  for both u p l i n k  a n d  downlink t r ansmiss ion  t e s t s ,  t h e  

month a n d  y e a r  of t e s t ,  a n d  mines wi th  Bureau of Mines t a p e  

r eco rded  d a t a .  A l i s t i n g  of mine t e s t  numbers  a s soc ia t ed  with e a c h  

f i e l d  r epor t  h a s  been inc luded  a s  Table  B-2 for convenient  

re ference .  

F igu re  I  11-1 dep ic t s  t h e  g e o g r a p h i c a l  d i s t r i b u t i o n  of a c t u a l  

mines t e s t ed  b y  coun ty  wi th in  t h e  U.S. coa l  f i e l d s .  Examinat ion of 

t h i s  map r e v e a l s  t h a t  the  count ies  t e s t ed  a r e  well  d i s t r i b u t e d  with- 

i n  t h e  U.S. c o a l  f i e l d s .  F igu re  111-2 dep ic t s  t h e  a c t u a l  v s .  

p l a n n e d  d i s t r i b u t i o n  of se lec ted  mines v s .  ove rburden  dep th  

i n t e r v a l s .  Examinat ion  of F igu re  111-2 r e v e a l s  t h a t ,  for t h e  

p r a c t i c a l  r e a s o n s  c i t e d  above ,  t he  a c t u a l  d i s t r i b u t i o n  of mine s i t e s  

r e f l ec t s  a  s u b s t a n t i a l  over -sampl ing  of mines l e s s  t h a n  300 feet  

deep  a n d  a  co r re spond ing  under-sampl ing  of mines with o v e r b u r d e n  

g r e a t e r  t h a n  700 feet deep .  Th i s  means t h a t  t he  f i n a l  mine sample  

was  somewhat ine f f i c i en t ,  i n  t h a t  i t  over-sampled sha l low mines 

h a v i n g  a  h i g h  a n t i c i p a t e d  p r o b a b i l i t y  of s i g n a l  de tec t ion;  namely ,  

n e a r  u n i t y .  Fur thermore ,  t h i s  occur red  a t  the  s a c r i f i c e  of d a t a  

needed for t he  deepe r  mines which wzre expected  to  e x h i b i t  much 

g r e a t e r  v a r i a b i l i t y  among t e s t  r e s u l t s .  Attempts were made t o  

p rov ide  mid-program correc t ions  to  t h i s  skewing of t he  sampl ing  

d i s t r i b u t i o n  of dep th  i n t e r v a l s .  This  co r rec t ive  ac t ion  was  on ly  

p a r t i a l l y  success fu l  for a  number of r e a s o n s ,  t h e  most impor t an t  of 

which be ing  t h e  r e l a t i v e  s c a r c i t y  of mines h a v i n g  deep o v e r b u r d e n s .  

C. CONDUCT OF TESTS 

The t e s t s  were des igned  t o  be a s  s imple a n d  s t r a i g h t f o r w a r d  

a s  poss ib l e ,  not on ly  to minimize the  inconvenience to  mine 

o p e r a t o r s ,  b u t  a l s o  to  maximize t h e  l ike l ihood of o b t a i n i n g  u s a b l e  

d a t a  from measurements  t a k e n  i n  demanding  a n d  h a z a r d o u s  env i ron -  

ments .  The p r i m a r y  objec t ive  w a s  to  measure  u p l i n k  s i g n a l  t r a n s -  

mission th rough  t h e  o v e r b u r d e n  d i r e c t l y  above  a  t rapped-miner  EM 

t r a n s m i t t e r  connected t o  a  s i n g l e  t u r n  loop of wire w r a p p e d  a r o u n d  

33 
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a coal  p i l l a r ,  depicted in  Figure 11-1. Note t ha t  the  p lane  of the  

surface  receive loop antenna must be oriented horizontally,  not 

ver t i ca l ly ,  to  detect the  ver t i ca l  component of magnetic f ield.  In 

the  v ic in i ty  of the  point directly above the  trapped-miner t rans -  

mitter ,  the  ver t i ca l  component of the  magnetic f ield w i l l  be 

s ign i f ican t ly  s t ronger  t han  the  horizontal .  Therefore, the  ver t ica l  

component i s  the  pr imary one used to detect t r apped  miners. The 

horizontal  component, which experiences a nul l  d i rect ly  above the 

t ransmit  an t enna ,  i s  used to ge t  a more precise location of the  

miner. 

The small and  l ightweight Collins Radio trapped-miner 

t ransmit  and  receive equipment was used to ga the r  the f ield 

s t rength  d a t a .  This provided di rect  experience and  resu l t s  on the 

ab i l i t y  of s i gna l s  from these devices to be successfully detected 

above coal mines i n  the  presence of ambient noise, a s  well a s  

providing the  desi red s i gna l  s t reng th  da t a .  However, since the  

limited-power t rapped  miner t ransmit ters  might not be detectable 

above some deep or h ighly  lossy overburdens ,  downlink t rans -  

mission tes ts  were a l so  made. This was accomplished by us ing a 

s ignif icant ly  s t ronger  t ransmit ter  on the surface ,  where i t  was 

possible to use heavy ,  bu lky ,  high-power equipment. The goal  was 

to  uti l ize appropr ia te ly  normalized downlink resu l t s ,  i n  the  

absence of va l id  upl ink d a t a ,  b y  applying the  pr inciple  of recip- 

rocity.  A detai led description of equipment configurations and  

procedures used i n  the f ield measurement program i s  given in  

Reference 1. The following brief  description i s  included to g ive  the  

reader  a sense of the  measurements and  procedures.  

1. Uplink Measurements 

The ver t i ca l  component of s igna l  magnetic f ield penetra t ing 

the  overburden,  and  the  corresponding ver t ica l  component of 
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ambient noise magnetic f ield,  were measured. Arrangements were 

made with the mine operator to choose a transmit location a t  the 

desired overburden depth tha t  allowed the surface team to set up 

i t s  equipment a t  an  easi ly  identified and  accessible location 

direct ly  above the mine transmit location. Most of the time, the 

measurement team was able  to obtain the desired t ransmitheceive 

geometry, and sometimes this  occurred a t  the sacrifice cf some over- 

burden depth. At other times, achieving th i s  objective required 

considerable in i t i a t ive ,  perseverance,  and  courage by  the surface 

crew to reach,  set  up ,  and  perform the measurements on narrow 

benches cut into steep mountainsides in the Appalachian coal f ields.  

Attempts were a l so  made to select in-mine and  surface 

measurement s i tes  away from conducting cables ,  pipes,  and other 

long conductors. In some instances ,  inductive coupling to these 

conductors might accidentally provide e i ther  a n  a l ternat ive lower- 

loss conducting pa th  between the mine and  the surface EM 

equipment, or perhaps a more favorable long-wire antenna effect. 

In many cases ,  tests had  to be conducted in the presence of such 

s t ruc tures ,  because i t  was not always possible to avoid them. This 

did not seriously impede the ana lys i s  of the associated d a t a  or the 

corresponding resu l t s ,  because in most cases  the presence of the 

conductors did not appear  to produce a significant discernible 

effect or  t rend in  the d a t a .  

Figure 111-3 i s  a block diagram of the  mine subsurface EM 

transmitter equipment and the surface equipment used to detect and  

measure the s t rength of the received s igna l  and  noise. Figure 11-2 

i s  a photograph of the Collins EM transmitter a t tached to a 

miner 's  cap  lamp bat tery.  A one-turn loop of #12 wire was 

connected to the terminals a t  the  top of the transmitter and  

wrapped around one (or  sometimes two) coal p i l l a r s ,  a s  depicted in  

Figure 11-1. The 0.1-ohm precision resistor i n  series with the loop 

was used with a portable Tektronix oscilloscope to monitor the 

shape,  and  measure the peak-to-peak value,  of the loop current  

waveform for use in  magnetic moment calculations.  
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The surface  measurement equipment consisted of the  Collins 

EM receiver a n d  500-turn, 15-inch diameter loop an tenna ,  a s  por- 

t r ayed  i n  Figure 111-4. In  th i s  program, the  plane of the  receive 

loop was oriented hor izontal ly ,  usua l ly  by lay ing  i t  on the 

ground.  The ca l ib ra t ion  box,  a t t enua tor ,  and  por table  Hewlett- 

Packard  s i gna l  generator ,  shown in  Figure 111-3, allowed the use 

of a h igh ly  re l i ab le  substi tut ion method to measure the  absolute 

va lue  of the  magnetic f ield with the  uncal ibra ted temperature- 

sensi t ive  Collins receiver.  The method ( ) consisted of recording 

the  s i gna l  generator  vol tage required to produce the  same meter 

deflection on the  EM receiver a s  t h a t  produced by the  measured 

s igna l  o r  noise magnetic f ie ld .  

Four representa t ive  channels  used by the  t rapped  miner 

equipment were selected to assess  performance var ia t ion  with 

frequency across  the  band  of in te res t .  The channel  frequencies 

chosen were 630, 1050, 1950, and  3030 Hz, each of which a r e  

located halfway between harmonics of the  60 Hz power g r i d  

frequency.  

The measurements were performed according to the  following 

prear ranged  schedule to compensate for the  lack of communication 

between the in-mine and  surface  teams. A preset  amount of time 

was allowed for both surface  and  in-mine measurement teams to ge t ,  

into place  a n d  se t  up the i r  equipment before the  tes t .  Test 

commencement time was typ ica l ly  set  a t  10:OO a.m. The hour was 

divided into four 15-minute segments, each al located to a ser ies  of 

uplink and  downlink s igna l  and  noise measurements a t  one of the  

four frequencies.  The test  sequence was in i t i a ted  by 630 Hz 

downlink transmissions,  us ing the  equipment described below, for 

the  f i r s t  seven and  a hal f  minutes of the f i r s t  &minute segment. 

The second seven-and-a-half minutes of the  &minute segment 

consisted of uplink transmissions a t  630 Hz. This sequence of 

operat ions  was repeated dur ing  the  following three  15-minute 
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segments for the  frequencies of 1050, 1950, and  3030 Hz, respec- 

t ively .  Afterward, the  f i r s t  &minute sequence was usua l ly  

repea ted ,  i n  case  e i ther  the surface  or  the in-mine team was un- 

ab le  to  meet the tes t  in i t ia t ion schedule. In  many cases ,  the  

complete one-hour tes t  sequence was repeated.  F ina l ly ,  when 

possible,  noise read ings  were taken a t  the beginning or end of the 

seven-and-a-half minute segments, to  provide an  approximate 

comparison between measured s igna l  levels and  ambient noise levels 

measured a shor t  time before o r  a f te r  the s igna l .  However, i t  was 

not a lways possible to  accomplish t h i s  dur ing  the  measurement 

sequence, in  which case  the  noise measurements were taken a f te r  

the  s i gna l  tes ts  were completed. 

2 . Downlink Measurements 

The downlink measurements uti l ized the same ' receive equip- 

ment configuration i n  the  mine a s  used on the surface  for upl ink 

measurements. However, the  downlink t ransmit ter  on the  surface  

consisted of a n  aud io  frequency s igna l  generator ,  a pulse in ter-  

r up t e r ,  and  a high-fideli ty,  high-power amplifier d r iv ing  a 

one-turn, 500-foot per iphery loop antenna deployed on the surface  

of the  ground.  This equipment was capab le  of t ransmit t ing both 

pulsed CW tones and  voice transmissions in to  the overburden.  I t  

was a l so  capab le  of genera t ing  CW RMS magnetic moments of up to 
2 20,000 Amp-m , independent of frequency,  to provide improved 

penetrat ion capab i l i ty  i n  deep and/or high-loss overburdens.  

Transmit moments generated i n  the  mine ranged  between about 300 

and  1,500 ~ m ~ - m ~  depending on loop size and  frequency.  I n  mines 

with re la t ive ly  shallow overburdens ,  less  than  approximately 700 

feet deep,  voice transmission was attempted to  ga the r  information 

re la ted  to the  more diff icult  problem of successfully t ransmit t ing 

voice through the  overburden.  
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3 Bureau of Mines Surface Noise Measurements 

During the  l a s t  half of the  f ield measurement program, the  

Bureau of Mines' Pi t t sburgh Mining and  Safety Research Center 

conducted a n  independent se r ies  of surface  noise measurements a t  

27 of the  mine s i tes .  These measurements were made dur ing the 

uplink/downlink measurements conducted by the Westinghouse field 

measurement team. The Bureau of Mines equipment consisted of the 

Collins 500-turn, 15-inch diameter receive loop antenna fed through 

a n  appropr ia te  preamplif ier  into a wideband instrumentation tape  

recorder.  The recordings were l a t e r  analyzed by PMSRC, us ing 

d ig i t a l  FFT (Fas t  Fourier Transform) ana ly s i s  equipment to 

generate  RMS noise level information i n  selected narrow bandwidths 

centered on each of the  four channel  frequencies of 630, 1050, 

1950, and  3030 Hz. Detailed descr ipt ions(3)  of th i s  equipment and  

t he  FFT ana ly s i s  can  be  obtained from the  Bureau.  of Mines 

Technical Project Officer. 

4.  Additional Supporting Information 

To a s s i s t  the  overa l l  assessment of the s igna l  transmission 

d a t a ,  the  measurement team obtained a wide range  of addi t ional  

support ing information on each mine and  i t s  environment. This 

information included mine s ize ,  age ,  power usage,  type of mining 

and  hau lage ,  number of miners,  overburden thickness ,  seam mined, 

seam thickness ,  a geologic log of the overburden s t r a t a  nea r  the 

specific tes t  s i t e ,  approximate ana ly s i s  of the coal ,  genera l  

descriptions of the in-mine a n d  surface  test  s i t es  and  environ- 

mental condit ions,  and  a mine map showing the  p a r t  of the mine 

where the tes t  s i t e  was located. These maps depicted the location 

of the r a i l s ,  be l t s ,  power l ines ,  water  l ines ,  g a s  l ines ,  bore 

holes,  and  other objects a n d  surface  features  t h a t  might have  some 

bear ing  on the measured field d a t a .  

I* 
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IV. DATA COMPILATION AND VERIFICATION 

A .  APPROACH 

The painstaking task of compiling and verifying the extensive 

d a t a  taken by the Westinghouse measurement team a t  94 mine s i tes ,  

prior to detailed s ta t is t ical  ana lys i s  by  Arthur D. Little, Inc. ,  was 

undertaken a s  a collaborative effort between Arthur D .  Little, Inc. ,  

and the U.S. Bureau of Mines, Pit tsburgh Mining and Safety 

Research Center. PMSRC performed the in i t ia l  tasks  of gather ing,  

verifying, and coding measured and  supporting da ta  from the 

Westinghouse field reports a s  they were received. They then 

assembled a n  easi ly  accessible computer da t a  fi le,  consisting of the 

or iginal  da t a  and  derived parameters,  on a mine-by-mine basis .  

This process included checks for completeness and  consistency in  the 

da t a  obtained from the field reports and  the clarification of ques- 

tionable issues with the Westinghouse measurement team. 

When the computer d a t a  fi le had  been assembled for a l l  

94 mine s i tes ,  i t  was sent in  a compatible computer tape format to 

Arthur D.  Little, Inc. ,  for f inal  verification and  extensive 

ana lys i s .  This phase of the work was a laborious one, for the 

following two reasons: Firs t ,  i t  was necessary to produce a f ina l ,  

verified,  and complete da t a  base of both s ignal  and noise da t a  

obtained from a n  extensive and  specialized field measurement 

program, conducted over a n  extended period of time, by different 

f ield crews, under widely varying and difficult environmental and  

operational conditions. Second, i t  was necessary to assess the 

relevance to the determination of depth and frequency relationships,  

of a la rge  number of observed, and  possibly important, experi- 

mental conditions existing a t  each test  s i te ,  such a s  distance from 

conductors, t ransmit tedreceiver  horizontal offset, overburden 
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composition, environmental condit ions,  etc.  Any such measurement 

program i s  prone to the generation of some erroneous d a t a ,  incon- 

s is tencies ,  and  secondary va r i ab l e s  of questionable importance. 

These had  to be ferre ted ou t ,  assessed,  and  resolved by a 

specia l ly  t a i lo red ,  i t e ra t ive  purg ing  process to  a r r i ve  a t  a f i na l  

d a t a  base  t h a t  could be used with confidence. 

This section i s  devoted to descr ibing the p r inc ipa l  elements 

of the  purg ing  process,  a n d  the  resu l t s  i n  terms of pre l iminary 

and  f i na l  d a t a  bases  for s i gna l  and  noise. This phase  of the  work 

a lso  involved a considerable  amount of successful collaboration 

between ADL and  PMSRC technical  staff  a s  we sought to resolve 

questions regard ing  s igna l  a n d  noise d a t a  and  experiment con- 

f igurat ions  within the  mines a n d  on the surface .  

In add i t ion ,  d a t a  taken by  a Bureau of Mines PMSRC measur- 

ement team was analyzed and  eventual ly  chosen to serve a s  the  

f ina l  surface  noise d a t a  base .  During the second half of the  

measurement program, the  PMSRC team made independent surface  

noise recordings a t  27 mine s i t es .  The noise levels on these record- 

i ngs  were found to  be a t  va r iance  with many of the  Westinghouse 

read ings  taken with the trapped-miner surface  receiver.  These 

discrepancies  led  to a comparative ana ly s i s  of the Bureau and  

Westinghouse noise d a t a  by ADL and  Bureau technical  s t a f f ,  result-  

i ng  i n  the  decision to use  the  Bureau of Mines noise d a t a .  

B. DESCRIPTIVE STATISTICS 

1. Signal  Verification and  Purging Process 

A number of i n i t i a l  l i s t i ngs ,  cross-tabulations,  and  pre- 

l iminary ana lyses  were performed i n  order  to discern t rends  a n d  

re la t ionships ,  and  to formulate methods to ident i fy  "outliers" i n  

the d a t a  t h a t  appeared  to  devia te  from the  sample averages .  For 

L.. 
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example,  s eve r a l  key quan t i t i e s  were r a n k  ordered by  depth  for 

each of the  four frequencies to  examine a n y  obvious t rends .  These 

va r i ab l e s  were the  sur face  magnetic f ie ld  a s  measured,  the  su r face  

magnetic f ie ld  normalized for a nominal in-mine magnetic moment 
2 of 750 Amp-m , the  in-mine magnetic f ie ld  a s  measured,  the  in-mine 

magnetic f ie ld  normalized for a nominal magnetic moment of 
2 7,500 Amp-m , both the  upl ink transmission loss (TLU) i n  dB, a n d  

the  downlink transmission loss (TLD) in  dB, defined below, A T L ,  

defined a s  the  difference between upl ink a n d  downlink transmission 

losses (TLU - T L D )  in  dB, the  in-mine moment ( M m  = N I A ) ,  a n d  m m m  
the  sur face  magnetic moment ( M  = N I A 1.  N ,  1 ,  a n d  A a r e  the  

S S S S  

t ransmit  loop number of t u r n s ,  cur ren t  in  amperes,  a n d  a r e a  i n  

squa re  meters, respect ively .  The transmission loss  i s  defined a s  the  

amount b y  which the  presence of the  overburden decreases  the  

magnetic f ie ld  s i gna l  s t reng th  below the  f ield s t reng th  produced b y  

a n  inf in i tes imal  s t a t i c  magnetic dipole of the  same s t reng th .  Namely, 

TLU and  TLD a r e  defined a s  follows: 

where SEMF and  MEMF a r e  su r face  a n d  in-mine ver t i ca l  components 

of magnetic f ield s t reng th  i n  dB r e  1 pA/m, respect ively;  Mm a n d  

Ms a r e  the  in-mine a n d  surface  t ransmit  magnetic moments i n  
3 

~mp-mL,  respect ively;  a n d  D i s  the  overburden depth i n  meters. 

The above quan t i t i e s  were then cross-tabulated by  depth  a n d  

frequency a n d  aggrega ted  i n  e igh t  depth  i n t e rva l s  to g ive  means, 

s t a n d a r d  devia t ions ,  maximum a n d  minimum va lue s ,  a n d  number of 

mines within each depth  i n t e rva l .  The d a t a  aggrega ted  by  depth  

i n t e rva l  were a l so  subjected to  i n i t i a l  l i n e a r  regression ana ly se s ,  

t he  most useful  being the  regression between field s t reng th  a n d  the  

logari thm of depth  a t  each measured frequency.  Tabula t ions  a n d  

regression resu l t s  showed a s t rong re la t ionship  of decreas ing 

s i gna l  s t reng th  v s .  log of depth ,  ind ica t ing  a power law type of 
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behavior.  A weaker re la t ionship  was found between decreasing 

s igna l  s t reng th  with increas ing  frequency. These resu l t s  indicated 

the  genera l  na tu r e  of the re la t ionships  expected,  but  d id  not 

exp la in  s ignif icant  var ia t ions  from th i s  behavior on a mine-by- 

mine ba s i s .  

An attempt was  made to  identify mines exhibi t ing systematic 

deviant  behavior a s  a function of proximity to long conductors i n  

the mine or on the  sur face ,  or  l a rge  horizontal  offset. of the  t rans -  

mit and  receive an tennas .  To a s s i s t  i n  t h i s  endeavor,  a n  attempt 

was made to  identify and  c lass i fy  so-called "average" transrvission 

loss behavior vs .  frequency within each of the  e ight  depth inter-  

va l s .  This c lass i f icat ion exercise proved to be f ru i t l ess ,  because 

of the  completely unsystematic behavior d isplayed by the 

aggrega ted  transmission loss versus  both frequency . a n d  depth.  

Namely, i t  d id  not increase  monotonically with increas ing 

frequency,  nor d id  i t  increase  monotonically with increas ing depth 

i n t e rva l .  This completely unsystematic behavior of the  aggrega ted  

transmission loss ,  together with i t s  wide va r i ab i l i t y  about the  

average ,  led to the  conclusion t ha t  the magnetic f ield s t rength  

i t se l f ,  ins tead  of the  der ived transmission loss o r ig ina l ly  in tended,  

should be the  pr imary va r i ab l e  of in teres t  to character ize  the  

transmission charac te r i s t i cs  of mine overburdens of the  U.  S. coal  

f ields.  However, we did  conclude t ha t  both transmission losses 

( T L U  and  T L D )  and  the  quan t i ty  ATL would, i n  conjunction with 

other key ident i f iers ,  be  h igh ly  useful  for t agg ing  so-called 

"outlier" read ings  demanding closer sc ru t iny  on a mine-by-mine 

bas i s .  

Comprehensive screening,  ver i f ica t ion,  and  purg ing  processes 

were in i t i a ted  on the  upl ink and  downlink d a t a  to identify those 

d a t a  points requ i r ing  closer examination.  This was accomplished 

pr inc ipa l ly  through the  generation of a screening cha r t  constructed 

with the  mines r a n k  ordered by  depth ,  and  character ized i n  terms 

of four key indices of potent ia l  problem behavior.  The four key 

indices were: 46 
C 
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Transmission loss negat ive  or  suspiciously deviant .  A 

negat ive  transmission loss indicates  a f ield s t reng th  

reading g rea t e r  than  t ha t  ob ta inab le  from a n  equivalent  

infinitesimal dipole moment i n  f ree  space i . .  , i n  the 

absence of the  overburden) .  This could indicate  a gross ly  

erroneous read ing ,  or  the presence of a lower loss 

propagation p a t h  between the  surface  and  the  mine, l ikely 

caused by nearby  e lect r ical  conductors. 

A T L  out l iers  g r ea t e r  than  or  equa l  to 10 dB. This would 

indicate  a l a r g e  unexpected difference i n  the upl ink and  

downlink transmission charac te r i s t i cs .  

Outlier va lues  of the  normalized surface  magnetic f ield 

g r ea t e r  than  or equa l  to 10 dB from corresponding pre- 

l iminary regression estimates based  on the  unpurged d a t a  

base .  A l l  surface  magnetic f ield values  were adjusted to 

those for a nominal transmit  moment of 750 ~ m ~ - m ~  for 

th i s  calcula t ion.  

Receivedtransmit ter  loop horizontal  offset t angen ts  g rea te r  

than  0.1, where the offset tangent  i s  defined a s  the  r a t i o  

of the horizontal  offset between centers  of transmit  and  

receive loops to the  overburden depth.  

The following columns were a l so  added to the  cha r t  to a id  the  

screening process : mine number, indication of no test performed, 

indicat ion of missing s igna l  l eve l s ,  indication of questionable noise 

r ead ings ,  and  the  va lues  of the  r a t i o  of transmit  loop r ad iu s  to 

the  overburden depth for those mines with offset t angen ts  g r ea t e r  

t han  0.1. Any mine d a t a  scoring on one or  more of the four key 

indices described above on a n y  frequency were examined in  de t a i l ,  

down to the  f ie ld  repor t  and  f ina l  repor t  l eve l ,  to  determine 

Arthur D Little, lnc 



( a )  whether the  t abu la ted  magnetic field s t rength  levels were 

correctly t ranscr ibed  into the  computer d a t a  base ,  and  ( b )  i f  

correctly t ranscr ibed ,  whether they should be re ta ined a s  va l id  

r ead ings  or be excluded a s  defective d a t a  or a s  d a t a  fa l l ing  into 

a special  res t r i c t ive  category. 

The f ina l  judgments regard ing  exclusion of d a t a  were a lways  

conservat ive ,  i n  the  sense t h a t  d a t a  were re ta ined unless  the  

weight of evidence aga in s t  them was c lea r ly  strong.  As a resu l t ,  

ve ry  few d a t a  points were excluded,  and  only for the  following 

reasons:  

Defective receiver equipment, or suspected defective equip- 

ment coupled with highly  dev ian t  read ings  ( a s  determined 

from the  Westinghouse f ield reports  and/or f ina l  r e p o r t ) ;  

Negative transmission losses g r ea t e r  than  or equal  to  

1-4 1 dB; negat ive  transmission losses less  than  1-4 I dB 

were allowed because sample calcula t ions  indicated t h a t  

overburden depth repor t ing e r ro r s  on the  order  of 10 to  

20 percent ( a  r a r e  bu t  r ea l  possibil i ty a t  some mines i n  

t h i s  program) could produce e r rors  on the  order  of 2 to 

5 dB in  the  calcula ted transmission loss.  These infrequent 

e r ro r s  stemmed from the  absence of accurate  information 

on si te depth or absolute horizontal  location of the  

in-mine and  surface  measurement s i t es .  

Signal  levels based on the  use of the  temperature 

cal ibra t ion c h a r t ,  not on the s igna l  injection method. 

These chart-based levels a r e  l ess  re l i ab le ,  because they 

a r e  based on laboratory-prepared cha r t s  of receiver 

response versus  receiver temperature i n  degrees Farenhei t ,  

which depend cn est imating the  physical  receiver tempera- 

t u r e  in  the  tes t  environment. This comparatively 

unrel iable  method was used a s  a fa l lback when the  s igna l  

subst i tu t ion method was unava i lab le .  
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Very l a r g e  horizontal  offset t angen ts ;  i . e . ,  g r ea t e r  t han  

0.45 in  conjunction with deep overburdens.  Only two mines 

fe l l  in to  t h i s  category,  hav ing  not only a l a r g e  tangent  

but  a numerically l a r g e  horizontal  offset,  which placed 

the an tennas  s ignif icant ly  f a r  a p a r t  horizontally.  

A f if th category was a l so  used i n  a few ins tances  to delete some 

d a t a ;  namely: 

a Signal levels judged to be l ess  re l i ab le  than  corres- 

ponding levels der ived from Bureau of Mines surface  t ape  

recordings.  These levels were subsequently replaced by  

the Bureau of Mines va lues .  

The i n i t i a l  screening,  ver i f ica t ion,  and  purg ing  (de le t ing)  

of the d a t a  were performed in  t h i s  manner. The transmission losses 

(TLU, T L D )  were ca lcu la ted  based on the o r ig ina l ly  recorded infor- 

mation on loop an tenna  a r e a s ,  dimensions, cu r r en t s ,  and  numbers 

of t u r n s ,  used a t  the  94 mine s i t es ,  a s  recorded by the Westing- 

house measurement team for both uplink and  downlink transmission 

tes ts .  The loop cur ren t s  i n  the surface  an tennas  were t r ue  

s inusoids ,  and  measured with a n  RMS meter; therefore,  the  derived 

antenna magnetic moments were the required RMS values  for the 

fundamental  frequency of the  t ransmit ter .  However, the in-mine 

cur ren t s  were exponent ia l ,  periodic ac  waveforms, not s inusoids ,  

and  the  recorded approximate "RMS currents"  were der ived from the  

peak-to-peak values  recorded with the por table  oscilloscope on the  

b a s i s  of a s inusoidal  waveform assumption. These cur ren t  values  

did  not represent the requ i red  t r ue  RMS values  for the  loop cur ren t  

component a t  the fundamental  frequency of the in-mine t ransmit ter .  

Therefore, we obta ined a more accura te  and  dependable estimate of 

the in-mine RMS fundamental  cur ren t  a n d  a lso  of the  upl ink t rans -  

mission loss ,  TLU,  i n  order  to allow a more accurate  and  re l i ab le  
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screening and  purg ing  of d a t a ,  a n d  subsequent d a t a  ana ly s i s  

based on a l l  magnetic f ield read ings  normalized to a uni t  s t rength  
2 of M = 1 Amp-m . This was accomplished by the method described 

in  Appendix C. 

2. Tabulation of Magnetic Moments and  Screened Signal  Data 

The RMS values  of in-mine fundamental loop cur ren t ,  

computed by  the method of Appendix C, were used to generate  the 

required fundamental  magnetic moments for the in-mine loop 

an tennas  t abu la ted  i n  Table 1V-1. The corresponding RMS values  of 

fundamental  magnetic moment for the surface  loop an tennas  a r e  

t abu la ted  i n  Table IV-2. 

The RMS values  of the fundamental in-mine magnetic moment 

( M F U N D )  l i s ted  i n  Table IV-1 were used to regenerate  the key 

evaluat ion indices  of TLU and  ATL for a revised screening and  

verif ication c h a r t  to make the f i na l  d a t a  purge.  This f i na l  assess-  

ment resul ted i n  the purg ing  of only one addi t ional  uplink d a t a  

point. Table IV-3 presents  a complete tabula t ion of the RMS 

va lues ,  a t  the t ransmit ter  fundamental  frequency,  of a l l  the upl ink 

ver t ica l  magnetic f ield s t reng ths  measured on the surface  above 

mines, appropr ia te ly  annotated to indicate  the specific na tu r e  of 

missing d a t a  and  to indicate  which d a t a  points were selected for 

delet ion,  and  the specific reason for each deletion. Table IV-4 

presents  the corresponding resu l t s  for the RMS va lues ,  a t  the t rans -  

mitter fundamental  frequency,  of a l l  the downlink ver t ica l  magnetic 

f ield s t reng ths  measured i n  the mines, appropr ia te ly  annotated a s  

i n  Table IV-3. 

Table D-1 of Appendix D presents  a more comprehensive 

tabula t ion of the  screened,  bu t  undeleted,  values  of surface  a n d  

in-mine ver t i ca l  magnetic f ie ld  s t reng ths ,  r ank  ordered by  mine 
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Table IV-l 

In-Mine Collins Transmitter RMS Magnetic Moment ( MMFund) 
At Fundamental Operating Frequency 

Versus Frequency and Depth a t  94 Coal Mine Sites 

RMS Moment in  Amp-m 
2 

Frequency (Hz) 
Mine No. State Depth ( f t . )  - 630 - 1050 - 1950 - 3030 

N = No test  measurement performed. 

Source: Arthur D Little, Inc. ,  Westinghouse ( 1 9 4 ) ,  and  U.  S. Bureau 
i 5  of Mines . 
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Table IV-l(Continued) 

Mine No. State Depth ( f t . )  - 630 
Frequency 

1050 1950 
(Hz 

3030 

I 

Arthur D Little, Inc 



Table IV-1 (Cont inued)  

Mine No. State Depth ( f t .  ) 
Frequency 

1050 1950 - 
(Hz) 

3030 
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Table IV-1 (Continued) -- 

Mine No. State 

wv 
TN 

UT 

KY 

wv 
TN 

UT 

VA 

UT 

wv 
KY 

CO 

A L  

Depth ( f t .  ) 

915 

945 

loco 
1010 

1050 

1191 

1197 

1200 

120c 

1342 

1397 

1401 

1551 

Frequency (Hz)  
1050 1950 3030 
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Table IV-2 

Mine No. State 

Surface Transmitter RMS 
Magnetic Moment ( M M D N )  a t  

Fundamental Operating Frequency 
versus Frequency and Depth a t  

94 Coal Mine Sites 

RMS Moment i n  Amp-m 2 

Frequency (Hz) 
Depth (ft .)  

69 

190 

200 

210 

216 

230 

233 

239 

239 

250 

254 

256 

260 

262 

262 

262 

264 

264 

270 

279 

N = No test  measurement performed. 
(L4.J (5)  Source: Arthur D. Little, Inc., Westinghouse, nd U.S. Bureau of Mines. 
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Table IV-2  (continued) -- 
Fre~uencv (Hz) 

Mine No. State 

I L  

A L  

I L  

P A  

KY 

wv 
KY 

wv 
P A  

P A  

P A  

wv 
wv 
A L  

KY 

wv 
KY 

KY 

KY 

wv 
wv 
VA 

wv 
P A  

wv 
I L  

AL 

OH 

P A  

KY 

Depth ( f t . )  

U 
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Table IV-2 (continued) 

Mine No. 

74 

72 

41 

63 
86 

80 

39 
28 

7 

83 

84 

22 

29 

58 

1 

15 

81 

31 

73 

53 

89 

75 
6 

62 

16 

26 

27 

50 

38 
4 

61 

State 
Frequency ( Hz) 

Depth (f t . )  - 630 - 1050 - 1950 - 3030 
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Table I V  - 2 (continued) 

Mine No. State 
Frequency ( Hz 

Depth (ft.  630 1950 3030 - 1050 - 

II 
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Table IV-3 

Surface Vertical Magnetic Field 
Signal  Levels vs .  Overburden Depth 

Measured by  Westinghouse 
a t  94 Coal Mine Sites 

Using Collins ULF Transmitter 

RMS Signal  Level i n  dB r e  1 p.A/m 

Symbols : 

N = No tes t  measurement performed 
F = Fai lure  to detect transmitted s igna l  
D = Outlier read ing  deleted from in i t i a l  regressions 
S = Received, bu t  va lue  not recorded 

Frequency (Hz) 
Mine No. State Depth ( f t . )  630 1050 1950 - - 3030 - 

(1 ,4 )  Source: Arthur D. Little, Inc., Westinghouse and U.S. Bureau of Mines. ( 5 )  
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Table IV-3 ( con t inued)  

Mine No. Sta te  - Depth ( f t .  ) 

289 
295 

308 

325 

325 

325 

328 

331 

34 1 

34 1 

348 

351 

354 

358 

380 

387 

400 

403 

403 

420 

423 
426 

430 
446 

449 

459 

469 
469 

479 

479 

Frequency (Hz) 
1050 - 1950 - 3030 

m 
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~ a b l e I V - 3  (cont inued)  

Freq uencv ( Hz ) 
Mine No. State 

P A  

P A  

A L  

wv 
K Y  

OH 

wv 
VA 

VA 

OH 

OH 

wv 
VA 

wv 
K Y  

P A  

OH 

V  A  

P A  

I L  

A L  

P A  

K Y  

wv 
P A  

V  A  

VA 

I L  
wv 
I L  

wv 

Depth ( f t .  ) 

479 

482 

485 

485 

499 
500 

508 
518 

520 
541 

561 
569 

58 1 

58 1 
600 

600 

600 

620 

626 

649 

649 

658 

674 
686 

689 

689 
689 

745 
781 
800 
846 
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TableIV-3 (continued) 

Mine No. State 

wv 
TN 

UT 

K Y  

wv 
TN 

UT 

V A 

UT 

wv 
K Y  

CO 

A L  

Depth ( f t .  ) 

Frequency (Hz) 

Defective surface  receiver 

' Reading based on temperature ca l ib ra t ion  c h a r t ,  not on 
s i g n a l  injection method 

Very l a r g e  horizontal  offset between surface  receiver and  
in-mine t ransmit ter  

Transmission loss ,  TLUI > -4 1 dB; 
i .  e. : SEMF 2 free space f ield + 4 dB 

Substi tuted f ield value  from Bureau of Mines t ape  recordings 

judged to be more re l i ab le  t han  Westinghouse read ings  

I 
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Table IV-4 

In-Mine Magnetic Field (Mainly Vertical ) 
Signal Levels (MEMF) vs .  Overburden Depth 

Measured by Westinghouse 
a t  94 Coal Mine Sites 

RMS Signal Level in  dB re  1 pA/m 

S mbols: Y- 
N = No test measurement performed 
F = Failure to detect transmitted s ignal  
D = Outlier reading deleted from in i t ia l  regressions 
S = Received, but value not recorded 

Frequency (Hz ) 
Mine No. State Depth (ft .  ) 630 - - 1050 1950 - 3030 - 

68-00 

51.00 

N 

60.00 

64.00 

42,. 50 
70. OOD 

51.00 

60.00 

56.47 

50.90 

40.00 

54.00 

50.00 

49.00 

-16.00~' 

60.10 

35.60 

55.00 

65.00 

Source : Arthur D.  Little, Inc. , westinghouse ! '&h)d U, S. Bureau of Mines. (5 )  

Arthur D Little Inc 



Mine No. State 

Table IV-4(continued) -- 
Freauencv (Hz ) 

Depth (f t .  ) 

289 

295 

308 

325 

325 

325 

328 

331 

34 1 

34 1 

348 

351 

354 

358 

380 

387 

400 

403 

403 

420 

423 

426 

430 

446 

449 

459 

469 

469 

479 

479 

I" 
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Table 1 -  4 (cont inued)  -- 
Frequency (Hz) 

Mine No. State Depth ( f t . )  630 1050 - 1950 - 3030 - 

65 
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Table IV- 4 (continued) 

Mine No. State Depth ( f t . )  
Frequency (Hz) 

630 - 1050 - 1950 - 3030 - 

l Defective surface receiver 

Reading based cn temperature calibration cha r t ,  not 
on s ignal  injection method 

Very la rge  horizontal offset between surface receiver 
and in-mine transmitter 

Transmission loss,  T L U ~ ~  -4 1 d ~ ;  
i.e. : SEMF 2 free space field +4 dB 

Substituted field value from Bureau of Mines tape 
recordings judged to be more rel iable  than Westinghouse 
readings 

- 
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depth,  together with the  key indices of uplink transmission loss 

( T L U )  , downlink transmission loss ( T L D )  , and  A T L .  Also included 

a r e  the  mine number, the  in-mine antenna a r e a ,  the mine funda- 

mental cur ren t  ( I F U N D ) ,  the  mine fundamental  magnetic moment 

( M M F U N D ) ,  the  Westinghouse tabu la ted  in-mine cur ren t  ( I W E S T ) ,  

and 'EST, IDEL,  IDIFF,  and  IDIFFY which a r e  comparative 

estimates of loop cur ren t  and  cur ren t  differences explained i n  

Appendix D.  

3 Conclusions Related to  Other Variables 

The above screening,  ver i f ica t ion,  and  purg ing  process 

included not only d a t a  ana ly s i s ,  bu t  the deta i led examination of 

mine maps and  both quan t i t a t ive  and  subjective information from 

the  Westinghouse f ield repor ts  a n d  f i na l  report .  As a r e su l t ,  we 

came to  a number of other conclusions regard ing  the l ikely  

relevance of severa l  tes t  conditions and  va r i ab l e s  for charac-  

ter iz ing the  pr imary overburden transmission charac te r i s t i cs  from 

the  d a t a  se t .  These conclusions a r e  l i s ted below: 

a The presence of long e lect r ical  conductors, such a s  power 

l ines ,  phone l ines ,  p ipes ,  r a i l s ,  e tc . ,  located nea r  the  

transmit  and/or receive an tennas ,  d id  not appea r  to  

produce consistent ,  r ecur r ing  or systematic,  deviant  

behavior  i n  the measured s igna l  s t reng th ,  e i the r  on the  

surface  o r  i n  the  mine. Although there  were a few mines 

i n  which s ignif icant ly  l a r g e  deviations of a n  enhancing 

na ture  were observed,  and  l ikely  caused by  coupling to 

e lect r ical  conductors, such l a r g e  deviations were the 

exception r a t h e r  than  the  ru l e  i n  the presence of con- 

ductors.  As a r e su l t ,  the  few very l a rge  deviant  points 

were c lass i f ied a s  exceptional  "outliers1' and  deleted from 

the d a t a  base .  Most of the  other deviant  points were 
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re ta ined  without being given a n y  specia l  a t tent ion,  

because the i r  negat ive  transmission losses were not 

g rea te r  t han  I -4 I dB. 

Corrections to  the f ield s t rength  read ings  to account for 

the  f in i te  size of the transmit  antenna re la t ive  to  the 

overburden depth a s  compared to t ha t  for a n  infinitesimal 

magnetic dipole antenna were not war ran ted .  The objective 

was to determine the magnetic f ield s t rength  re la t ionship  

with overburden depth for the kind and  size of loop 

an tennas  to  be used under  d i sas te r  conditions, not what 

might occur i f  one were to use a n  infinitesimal idea l  

magnetic dipole. 

Corrections to the measured magnetic f ield s t reng ths ,  

based  on homogeneous ea r th  theoretical  propagation 

models, to account for horizontal  offsets from the  point 

d i rect ly  above or below the  t ransmit ters  were not justi- 

f iable  on a mine-by-mine bas i s .  Reasons for t h i s  

conclusion include ( a )  the  approximate na tu r e  of the 

model i t se l f ;  ( b )  the  e r rors  incurred in  depth estimation 

a s  a resul t  of horizontal  positioning e r ro r s  and/or lack of 

precise overburden depth information a t  some mines; 

( c )  the  absolute sizes of the  horizontal  offsets compared 

to the  f ini te bu t  s imilar  sizes of the  transmit  and  receive 

an t ennas ,  and  to  the overburden depth;  and  ( d l  the  

re la t ively  small corrections predicted for the n e a r  over- 

head  conditions a t  most mine s i tes .  Namely, we believe 

t ha t  these factors ,  taken together,  a r e  l ikely  to l ead  to 

corrections t ha t  a r e  not meaningful. A s  in  the  case  with 

nea rby  conductors, there  were a few mines with extremely 

l a rge  offsets ,  and  the  d a t a  from these were deleted a s  

non-representative on the i n i t i a l  da t a  screening.  
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Therefore, a l l  magnetic field s t rength da t a  retained in  the 

d a t a  base for subsequent s ta t i s t i ca l  ana lys i s  should be considered 

representat ive of behavior observed a t  or near  "ground zero," for 

a l l  pract ical  purposes; namely, directly above or below ( i  . e. , 
coaxial  with) the appropria te  transmitters.  This a l so  implies, of 

course, t ha t  the da t a  and  resul ts  should a lso apply to configur- 

at ions having horizontal offsets of up to several  hundred feet, 

par t icu la r ly  a t  deep mines. This i s  not surpr i s ing ,  because the 

ver t ical  component of magnetic field exhibi ts  the slowly varying 

cosine-type dependence with horizontal offset i n  the vicinity of the 

transmit loop ver t ical  ax i s .  For l a rge  offsets, on the order  of the 

overburden depth,  the horizontal magnetic field component should 

s t a r t  to predominate a t  about a level more than  10 dB below the 

peak ver t ical  field s t rength direct ly  above the transmitter.  In 

addi t ion,  the resul ts  should apply  even i n  the presence of 

e lectr ical  conductors; except, for example, in r a r e  pathological 

cases  where the conductor provides a direct  a l ternat ive s ignal  path 

( u p  a borehole, for example) to the surface receiver. Although i t  

was judged unnecessary and  impractical  for the purposes of th i s  

s tudy to devote addi t ional  effort to the extraction of perhaps 

marginal relationships on the influence of nearby conductors and  

horizontal offsets from the d a t a  base ,  some scientific benefits may 

be obtainable  from more detailed ana lyses  of the da t a  base by 

others in the future .  

C.  THE FINAL UPLINK SIGNAL DATA BASE 

The f ina l  "expanded" surface s igna l  d a t a  base used for the 

f ina l  s ta t i s t i ca l  analyses  i s  presented in  Table 1V-5. This da t a  

base  was created by replacing,  where possible, both missing and 

deleted d a t a  with appropria te ly  adjusted downlink in-mine field 

s t rength va lues ,  or by  readmitting da t a  points previously deleted 
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Final  Screened Surface Signal  Data with 
Substi tut ions and  Replacements -- 

Vertical Magnetic Field Levels v s .  Overburden Depth 
from 94 Coal Mine Sites 

RMS Signal Level (SEMF) i n  dB r e  1 pA/m 

Symbols : 

N = No tes t  measurement performed 
F = Fai lure  to detect transmitted s igna l  
a = Substi tuted in-mine va lue  adjusted for difference between 

in-mine and  surface  transmit  moments; 
SEMFA = MEMF - 20 log (MMDN/MMFUND) 

b = Readmitted surface  va lue  o r ig ina l ly  deleted dur ing  f i r s t  purge 

Frea uencv ( Hz ) 

Mine No. State 

K Y  

K Y  

KY 

PA 

wv 
wv 
wv 
PA 

PA 

wv 
OH 

wv 
K Y  

A L  

K Y  

Depth ( f t . )  

69 

190 

200 

210 

216 

230 

233 

239 

239 

250 

254 

256 

260 

262 

262 

( 1 , 4 )  (5  Source: Arthur D.  Little, Inc., Westinghouse, and U.S. Bureau of Mines. 
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  able I V - 5  (cont inued)  

Mine No. Sta te  

I L 

A L  

I L  

P A  

K Y  

wv 
K Y  

wv 
PA 

P A  

PA 

wv 
wv 
A L  

K Y  

wv 
K Y  

K Y  

KY 

wv 
wv 
VA 

wv 
PA 

wv 
I L  

A L  

OH 

PA 

K Y  

Frequency (Hz) 
Depth ( f t . )  - 630 - 1050 - 1950 
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TableIV-5 (cont inued)  

Frequency (Hz) 
Mine No. State 

PA 

PA 

A L  

wv 
K Y  

OH 

wv 
VA 

V A 

OH 

OH 

wv 
VA 

wv 
KY 

PA 

OH 

V A 

PA 

IL 

A L  

PA 

K Y  

wv 
PA 

V A 

V A 
IL 

wv 
IL 

wv 

Depth ( f t .  ) - 630 1050 - 1950 - 
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~ a b l e I ~ - 5  (cont inued)  

Freauencv ( Hz ) 

Mine No. State - Depth ( f t . )  

Arthur D Little, Jnc 



in the ini t ial  screening and purging process which resulted in 

Table IV-3. These substituted or readmitted values are  indicated 

by the letter symbols a and b,  respectively, beside each such 

data point represented in Table IV-5. 

A s  indicated in Table IV-5, the substituted in-mine value 

has  been adjusted in magnitude to reflect the value that  would 

have been measured had the downlink transmitter been equal in  

strength to the uplink transmitter. The readmitted values desig- 

nated by b were of three types. The most prevalent type was cali- 

bration chart  readings for which corresponding in-mine measured 

values were missing and not available for substitution. In one 

case, the downlink value was a calibration chart  reading judged 

less appropriate than the surface one. We concluded that a less 

precise calibration chart reading was better than no reading a t  

a l l ,  

The second category of readmitted data  was a single mine, 

No, 45, having a very large offset, but a reasonable transmission 

loss, so i t  was readmitted. Finally, a single data point from one 

mine having a borderline deleted transmission loss of -4.45 dB was 

readmitted, since this borderline value was more consistent with 

the other surface readings than the available downlink reading. 

The data base of Table IV-5 i s  the one used in Section V,  in 

conjunction with the in-mine magnetic moment data base of 

Table IV-1, to generate final normalized surface field strength 

values for each mine site for a reference transmitter having a 
2 magnetic moment of M = 1 Amp-m . Linear regression analyses were 

applied to these values to determine the expected transmission 

response characteristics of overburdens above mines in the U,S, 

coal fields, 

Table D-2 of Appendix D presents a complete printout of the 

signal data bases of Tables IV-4 and 1V-5 for both uplink and 
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downlink magnetic f ield s t reng ths  on the  surface  and  in  the  mine, 

r a n k  ordered by dep th ,  together with the  following key va r i ab l e s :  

a the  in-mine fundamental  magnetic moment, 

a the  in-mine fundamental  cu r r en t ,  

a the  downlink surface  t ransmit ter  magnetic moment, 

the in-mine magnetic moment a s  computed from the  
o r ig ina l ly  t abu la ted  Westinghouse d a t a ,  

a the  th ree  key indices ,  t ransmission loss up (TLU), 
transmission loss down (TLD) and  A TL, 

a t he  mine number, a n d  

two cu r r en t  comparison ind ices ,  IDI  FF and ID IFF^' 

Table D-3 presents a summary tab le  of s t a t i s t i c s  for  selected 

va r i ab l e s  v s .  f requency,  averaged  over a l l  depth in te rva l s .  

Table D-4 presents a t abu la t ion  of s t a t i s t i c s  for another  se t  of key 

v a r i a b l e s  averaged  within each of the  e igh t  depth  i n t e rva l s  for 

each frequency.  These more comprehensive t abu la t ions  of computer 

output  of our  cross-tabulat ions a n d  other  descr ip t ive  s t a t i s t i c s  

have  been included i n  Appendix D for convenient reference. 

D. SURFACE NOISE DATA BASE 

1. Verification a n d  Assessment Process 

As the  measurement program progressed and  noise d a t a  from 

a number of f ie ld  measurements became ava i l ab l e ,  a  number of 

questions emerged r ega rd ing  the  qua l i t y  and  r e l i ab i l i t y  of the  

sur face  noise d a t a  taken by  the  Westinghouse f ield measurement 

team. During the  second half of the  measurement program, a 

Bureau of Mines PMSRC team accompanied the  Westinghouse team 

a n d  made independent noise measurements a t  27 mine s i t e s  us ing 

an  en t i re ly  different  method of d a t a  ga ther ing .  As previously 

descr ibed,  the  Westinghouse team used the  Collins receiver with i t s  
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loop antenna and  the  s i gna l  subst i tu t ion method to record ver t i ca l  

magnetic f ield noise levels on the surface a t  each frequency. The 

Bureau PSMRC team used the  same kind of loop antenna together 

with a wideband instrumentation-grade tape recorder to record raw 

ver t i ca l  magnetic field s t reng ths  on the  surface  t ha t  were l a t e r  

processed and  analyzed i n  the laboratory a t  PMSRC. 

The d a t a  from the  two measurement techniques were compared, 

and  subs t an t i a l  differences were discovered between them. At 

severa l  mines, the  measurement team read ings  were s ignif icant ly  

below the  in t r ins ic  self noise limits of the  Collins receiver ,  

indicat ing some conventional d a t a  acquisi t ion e r rors .  Even more 

ser ious ,  however, were the  more systematic and  subs tan t ia l  

differences noticed a t  the  two higher  frequencies of 1950 and  

3030 Hz. At these frequencies,  the  measurement team d a t a  were 

10 to 20 dB higher than  the  Bureau d a t a ,  while the  d a t a  for the  

two lower frequencies,  a t  l e a s t  on ave rage ,  were in good agree- 

ment. Furthermore, the  frequency behavior of the  Bureau cf Mines 

d a t a  was  more compatible with t h a t  of atmospheric noise d a t a  

reported i n  the  l i t e ra tu re  b y  other invest igators .  

To invest igate  these differences,  corresponding noise levels 

for the  27 common mine s i tes  were ver i f ied ,  and  the  values  from 

both sources were t abu la ted  in Tables IV-6 and  IV-7. Then the  

common d a t a  p a i r s  were plotted for each frequency,  a s  indicated i n  

Figures IV-1 through 1V-4. Idea l ly ,  a l l  d a t a  points should c lus ter  

about the  &degree l ine  shown on each g raph .  Although the 

Westinghouse ind iv idua l  meter read ings  should be expected to 

exhibi t  g r ea t e r  va r i ab i l i t y  than  the Bureau 's  read ings  der ived 

from fas t  Fourier transform (FFT) ana ly s i s  of t ape  recorded noise 

segments because of the FFT RMS "averaging" process, the  two d a t a  

se t s  should agree  on the  average .  Furthermore, we would a l so  

expect an  equa l  number of Westinghouse values  g r ea t e r  t h a n ,  a s  

well a s  less  t h a n ,  corresponding Bureau va lues ,  s ince each 
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Mine No. 

93 

9 1 

71 

85 

92 

55 

88 

Surface Vertical Magnetic Field Noise Levels 
Measured by Westinghouse 

with Collins Rescue Receiver 
a t  27 Coal Mines 

"Average" Noise Levels i n  dB r e  1 pA/rn/v30 Hz 
for the  30 Hz Bandwidth Collins Receiver 

State 

K Y  

K Y  

PA 

K Y  

K Y  

IL 

K Y  

Depth ( f t .  ) 

69 

190 

239 

Frequency (Hz)  

- 1050 630 - 3030 1950 

+ 4 - 3 -17 - 9 

+ 0 -20 D D 

+35 +36 +18 +2O 

-11 -11 -20 D 

-10 -10 -15 -10 

+30 +30 +30 +32 

-20 -19 -30 D 

D = Deleted, erroneous reading below intrinsic receiver noise. 

N = No test measurement performed. 

(3 )  Source: Arthur D. Little, Inc. , westinghouse(,' *Ad U. S. Bureau of Mines. 
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Table 

Equivalent RMS Noise Levels i n  dB r e  1 pA/m/v30 Hz 
for a 30 Hz Bandwidth Surface Receiver 

Surface Vertical Magnetic Field Noise Levels 
Derived from Bureau of Mines Tape Recordings 

a t  27 Coal Mines 

Mine No. 

Source : 

State 

KY 

K Y  

PA 

K Y  

K Y  

IL 

K Y  

K Y  

wv 
wv 
IL 

OH 

PA 

PA 

K Y  

OH 

OH 

OH 

OH 

PA 

IL 

A L  

PA 

wv 
UT 

UT 

A L  

Depth ( f t .  ) 
Frequency (Hz) 

1050 1950 - - 3030 - 

Arthur D.  Little, Inc., and U .  S. Bureau of Mines. (3) - 
Arthur D Little, Inc 



BOM NOISE LEVELS (dB) 

FIGURE IV-1 COMPARISON OF WESTINGHOUSE 
AND BUREAU OF MINES MEASURED 
NOISE LEVELS (dBre l a ~ l r n l ~  
FOR 27 MINES AT 630 Hz 

BOM NOISE LEVELS (dB) 

FIGURE IV-2 COMPARISON OF WESTINGHOUSE 
AND BUREAU OF MINES MEASURED 
NOISE LEVELS (dB@ l p ~ / r n V ~  
FOR 27 MINES ~f 1050 Hz 
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observation taken a t  each mine si te can be  considered a s  a random 
va r i ab l e  selected from the  same under lying dis t r ibut ion of noise 

va lues .  Thus,  even under  extreme va r i ab i l i t y  condit ions,  points 

should exhibit  a random depar tu re  above and  below the  l ine.  

Inspection of Figures 1V-1 to IV-4 suggests t h a t  the  two lower 

frequency plots genera l ly  exhibi t  th i s  proper ty  and  a r e  i n  

reasonable  agreement. However, the noise va lues  a t  1950 Hz and  

3030 Hz c lea r ly  do not. The Westinghouse read ings  a r e  consistently 

higher  t han  the  corresponding Bureau ones,  which i s  indicat ive  of 

some form of b i a s  i n  one of the d a t a  sets .  

Similar plots of p a i r s  of s i gna l  and  noise read ings  taken 

with the  Collins receiver a t  each mine si te were constructed to  

determine the  presence of a n y  corre la t ions  between the  measured 

s igna l  and  noise d a t a .  No s ta t i s t i ca l ly  s ignif icant  corre la t ions  

were found between s igna l  and  noise d a t a .  

2. The Final  Surface Noise Data Base 

The procedures and  equipment used to obta in  noise d a t a  for 

both Westinghouse a n d  Bureau of Mines measurement techniques 

were careful ly  reviewed to discover the sources of e r ro r  a n d  to 

assess  the qua l i t y  of the d a t a .  This review included deta i led 

diagnost ic  measurements on the  equipment in  question. As a resu l t  

of th i s  review, i t  was decided to  use  only the  Bureau of Mines 

noise d a t a  from 27 mine s i tes  t abu la ted  in Table IV-7 to represent 

the  noise conditions above mines for the  purpose of estimating 

probabi l i t ies  of trapped-miner s i gna l  detection. These noise levels 

a r e  the ambient background,  believed to be broadband levels of 

atmospheric, not man-made, or igin  t h a t  a r e  present between the 

high amplitude discre te  harmonics of the  a c  power l ine  frequency 

of 60 Hz. The pr inc ipa l  reasons  for the decision to  use the  Bureau 

of Mines d a t a  were: 
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The Westinghouse measurement team used a modified 

version of the  Collins surface  receiver i n  which the  front- 

end bandpass  f i l ter  had  been removed. This f i l t e r  

provided protection from interference b y  inputs  below the  

receiver operat ing band .  Without th i s  f i l t e r ,  the  receiver 

i s  susceptible to intermodulation between the frequently 

occurring l a rge  60 Hz component of a c  power l ine  inter-  

ference f ie lds  and  the  other interference components a n d  

noise being measured. As a resu l t ,  th i s  intermodulation 

caused the  addit ion of s ignif icant  interference power a t  

the  1950 and  3030 Hz frequencies being measured. 

Noise read ings  below the  Collins receiver in t r ins ic  noise 

levelL3)of -21, -26, -31, -35 dB/1 C t ~ / r n / v z  a t  630, 

1050, 1950, and  3030 Hz, respectively,  were reported b y  

the  measurement team a t  19 mine s i tes .  

The frequency behavior of the  Bureau d a t a  was consistent  

with the  behavior  of atmospheric noise d a t a  reported i n  

the  l i t e ra tu re .  ( 6 ,7 ,8 )  

The Bureau d a t a  and  Westinghouse d a t a  a r e  i n  good agree- 

ment on the  average  a t  630 and  1050 Hz for the 27 common 

mine s i t es .  Furthermore, a s  shown i n  Section VII,  the  noise 

dis t r ibut ion plot a t  630 Hz on normal probabi l i ty  paper  

comparing the Bureau noise values  a t  27 mines with the 

Westinghouse values  measured a t  a l l  94 mine s i t es  reveals  

excellent  agreement between the two sets  of d a t a .  

The 27 Bureau mine s i t es  were well d i s t r ibu ted  geograph- 

i ca l ly  among the  94 mine s i t es  sampled throughout the 

U.S. coal  f ie lds  for t h i s  measurement program. 
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3. Relat ionship to  Reported Atmospheric Noise Data 

I t  must a l s o  be  noted,  however, t h a t  the  Bureau noise 

measurements were taken dur ing  t h e  d a y l i g h t  morning hours  

( g e n e r a l l y  the  time of d a y  h a v i n g  low atmospheric noise a c t i v i t y )  

a n d  d u r i n g  the  months of May to  September ( t h e  months h a v i n g  

high atmospheric noise a c t i v i t y ) ,  a n d  t h a t  atmospheric noise levels  

g e n e r a l l y  exh ib i t  pronounced d i u r n a l  a n d  seasona l  v a r i a t i o n s .  A 

comprehensive s t u d y  a n d  a n a l y s i s  of magnetic f ie ld  noise above 

mines was  not the  object ive of t h i s  contrac t .  However, the  quest ion 

of the  po ten t i a l  effect of t h i s  noise v a r i a b i l i t y  on t h e  adequacy  of 

t h e  Bureau of Mines noise sample for making de tec tab i l i ty  est imates 

was  b r i e f ly  addressed .  

Unlike the  frequency b a n d  between 10 kHz a n d  32 MHz, only 

re la t ive ly  few repor ted  atmospheric noise measurements h a v e  been 

made below 10 kHz. In  a d d i t i o n ,  even these meager noise d a t a  

g e n e r a l l y  concern themselves with the  v e r t i c a l  e lec t r ic  f ie ld  

s t r e n g t h  a n d  the  hor izonta l  magnetic f ield s t r e n g t h ,  a n d  not with 

t h e  12 to 20 dB lower v a l u e s  of v e r t i c a l  magnetic f ie ld  s t r eng th  of 

g r e a t e s t  in te res t  to  trapped-miner detection. The g e n e r a l  concern of 

the  l i t e r a t u r e  with t h e  v e r t i c a l  e lec t r ic  a n d  horizontal  magnetic 

noise f i e l d s  a r i s e s  because  of i t s  a p p l i c a b i l i t y  to surface-based,  

long-range r a d i o  communications. The behavior  of the  hor izonta l  

magnetic f ie ld  noise i s  a l s o  important  to  the  f i n a l  localizat ion of 

t r a p p e d  miners which u t i l i zes  the  n u l l  behavior  of the  hor izonta l  

s i g n a l  magnetic f i e ld  d i rec t ly  above the  m i n e r ' s  t ransmit  loop. 

Our b r i e f  examination of the  l i t e r a t u r e  ( 6 , 7 , 8 , 9 )  on atmo- 

spher ic  noise revea l s  the  following behavior  charac te r i s t i c s  for t h e  

v e r t i c a l  e l ec t r i c  f ie ld  a n d  hor izonta l  magnetic f ield ~ o i s e  com- 

ponents normally measured:  
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a Between approximate ly  500 a n d  5,000 Hz, the  e a r t h  iono- 

sphere  waveguide exh ib i t s  a  maximum i n  a t tenuat ion r a t e  

which s ign i f i can t ly  a t t enua tes  atmospheric noise contri-  

but ions  from d i s t a n t  thunderstorm ac t iv i ty .  This 

a t tenuat ion r a t e  behavior  produces a pronounced minimum, 

or  t rough ,  in  atmospheric noise levels  between 1 a n d  

3 kHz; 

a For a p a r t i c u l a r  geograph ica l  location,  the  h ighes t  noise 

levels  u s u a l l y  occur dur ing  the  nightt ime hours  of 

8:00 pm a n d  4:00 am a n d  in  the  local  summer months, a n d  

the  lowest levels  u s u a l l y  occur d u r i n g  the  morning hours  

of 8:00 am to 12:OO noon a n d  in  the  local  winter  months; 

Regions hav ing  v e r y  l i t t l e  thunderstorm a c t i v i t y  produce 

v e r y  small  c h a n g e s ,  on the  o rder  of 2 dB, in  RMS noise 

levels  on the  a v e r a g e  between the quie t  morning per iods  

a n d  the  noisy nightt ime per iods .  Areas with h igh  thunder-  

storm a c t i v i t y ,  on the  other h a n d ,  may experience changes  

i n  noise level  from 10 to 20 a n d  sometimes a s  h igh  a s  

30 dB between the  d a i l y  qu ie t  a n d  noisy time periods.  

a Regions with re la t ive ly  low thunderstorm a c t i v i t y  tend t o  

d i s p l a y  d rops  i n  noise level  ve r sus  inc reas ing  frequency 

on the  o rder  of 20 dB from 600 Hz to 3,000 Hz ( a t  the  

bottom of the  noise t r o u g h ) ,  whereas a r e a s  with h igher  

thunderstorm a c t i v i t y  exhibi t  decreases  on the  o rder  of 

10 to 12 dB from 600 Hz to 2 kHz ( a t  t h e  bottom of the  

noise t r o u g h ) .  

a Locations which experience s ign i f i can t  d i u r n a l  changes  i n  

thunderstorm a c t i v i t y  will  genera l ly  exhibi t  l a r g e r  

inc reases  in  noise level  i n  the  500 to 5,000 Hz b a n d  t h a n  

experienced above a n d  below t h i s  b a n d ,  a s  a  r esu l t  of 

t h e  h igh a t tenuat ion c h a r a c t e r i s t i c s  i n  t h i s  b a n d .  

84 
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We then compared the above atmospheric noise charac te r i s t i cs  

with those of the  s t a t i s t i c a l  noise dis t r ibut ions  based on the  

Bureau of Mines noise d a t a  (&?hat a r e  derived a n d  presented in  

Section VII of th i s  report .  If we fur ther  make the plausible  assump- 

tion t h a t  the  ver t i ca l  magnetic f ield levels a r e  a t  l e a s t  propor- 

t ional  to the horizontal  noise components, a n d  exhibi t  roughly the 

same frequency,  d i u r n a l ,  and  seasonal  var ia t ions ,  we can  make 

t he  following comparative observat ions:  

The ave rage  RMS va lue  of the  Bureau of Mines noise 

decreases by  20 dB from 630 Hz to 3030 Hz, s imilar  to the 

behavior reported for atmospheric noise in a r e a s  of low 

thunderstorm ac t iv i ty  ; 

The Bureau of Mines levels a r e  not inconsistent with those 

reported when ad jus ted  for bandwidth a n d  field component; 

The U.S. coal  f ie lds  l i e  within the temperate zone, a n d  

could probably be c lass i f ied a s  moderate to low-moderate 

regions of thunderstorm act iv i ty .  

I n  add i t ion ,  the normal dis t r ibut ion of the  RMS values  of the 

Bureau of Mines d a t a  taken a t  630 Hz over the  months from May to 

September a r e  in  excellent agreement with the normal dis t r ibut ion 

of the Westinghouse d a t a  taken over the months from February 

through November. These d a t a  were a l so  typ ica l ly  taken dur ing  the 

same time period of 8:00 am to  12:OO noon, a n d  over the same wide- 

spread  geographical  coal  f ield a r e a s  a s  the Bureau of Mines d a t a .  

Consequently, the noise dis t r ibut ions  derived in  Section VII 

of t h i s  repor t ,  based  on the Bureau of Mines noise d a t a ,  c an  

probably be considered representa t ive  of noise conditions expected 
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over coal mines dur ing  daytime mine rescue search operations.  In  

winter ,  levels may be about  10 dB lower, whereas i n  summer, 

dur ing  l a t e  afternoon or  evening,  h igh  local  thunderstorm ac t i v i t y ,  

the  levels may increase  by  perhaps  10 or even 20 dB i n  the 

v ic in i ty  of the  2,000 to 3,000 Hz noise trough. However, search 

operat ions  a r e  l ikely  to be conducted dur ing  dayl ight  hours ,  and  

for a l l  p rac t ica l  purposes suspended dur ing  periods of abnormally 

high noise ac t iv i ty .  Therefore, the  Bureau of Mines noise d a t a  

have  been used i n  subsequent chap te rs  a s  the ba s i s  for predicting 

the  expected probabi l i t ies  of detection of trapped-miner s igna l s  

above U.S. coal  mines. As a fu r ther  check on the  general  applic-  

ab i l i t y  of t h i s  conclusion, a more thorough comparison of the  

Bureau of Mines noise behavior with addi t ional  reported atmo- 

spher ic  noise behavior may be warranted.  

I 
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V.  CHARACTERIZATION OF OVERBURDEN TRANSMISSION MODEL 

A . RATIONALE 

The objective i s  to  character ize  the  overburdens above mines 

in  the  U.S. coal f ields with respect  to  the i r  response to t rapped  

miner electromagnetic s i gna l s  a s  a function of overburden depth 

a n d  operat ing frequency. The overburdens above coal mines a r e  

sedimentary i n  na ture .  They consist  of a l a r g e  number of near ly  

horizontal  l aye r s  of different  mater ia ls  a n d  thicknesses,  which in  

t u r n  have  differing e lect r ical  conducting propert ies a s  a resu l t  of 

va r i a t i ons  i n  s a l t s ,  water content ,  porosity,  a n d  a number of other 

factors .  Therefore, for a n y  given overburden depth ,  we can  expect 

the  s i gna l  transmission charac te r i s t i cs  to  v a r y  s ignif icant ly  from 

location to  location within the  coal  f ields.  Consequently, we 

adopted a s t a t i s t i c a l  approach of sampling a representa t ive  number 

of mines within each of the depth in te rva l s  of in teres t  in order  to  

charac te r ize  the average  transmission charac te r i s t i cs  of over- 

burdens ,  and  the i r  corresponding va r i ab i l i t y  about the  ave rage ,  a s  

a function of depth a n d  operat ing frequency.  

To accomplish t h i s  charac te r iza t ion ,  we found i t  helpful  to  

th ink of the  overburden above U.S. coal  mines a s  a two-terminal 

p a i r  e lect r ical  network having a n  unknown and  randomly vary ing  

t rans fe r  function from mine to  mine which must be determined 

experimentally.  In  p a r t i c u l a r ,  we wish to  charac te r ize  the 

t rans fe r  function between the output surface  magnetic f ie ld  

s t reng th ,  HZ (corresponding to  open c i rcui t  output vo l t age ) ,  a n d  

the  inpu t  magnetic moment (corresponding to  the inpu t  cu r r en t )  

for the  overburden network por t rayed in  Figure V-1. In  c i rcu i t  

theory terms, we wish to define the  output response to a uni t  

input  st imulus,  which i n  t h i s  case  is a magnetic moment 
2 M = 1 Amp-m . Once t h i s  is known, the output response can  be 
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FIGURE V-1 TWO TERMINAL PAIR NETWORK ANALOGY FOR 
CHARACTERIZATION OF OVERBURDEN SIGNAL 
TRANSMISSION RESPONSE 

M, 

I 
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predicted for a n y  inpu t  magnetic moment stimulus within the  

l imits  of operat ing frequency and  loop geometry character ized.  

To derive the  transmission response function of coal  field 

overburdens ,  i t  i s  necessary to  normalize a l l  the  va l i d  upl ink 

field s t reng th  read ings  obtained on the  surface  a t  mine s i tes  to  

t he  read ings  t h a t  would have  been measured ( i n  a noiseless 

environment) for a t ransmit ter  hav ing  a uni ty  magnetic moment, 
2 M = 1 Amp-m . The magnetic moment of in teres t  here i s  the  RMS 

va lue  of the magnetic moment a t  the fundamental  operat ing 

frequency of the t ransmi t te r ;  namely, t ha t  portion of the t rans -  

mitted s i gna l  which i s  capab le  of being detected by the narrow- 

band  rescue receiver on the surface.  Therefore, each measured 

va lue  of magnetic f ield on the surface  l i s ted in  Table IV- 5 was 

reduced by i t s  corresponding va lue  of t ransmit ter  fundamental 
2 magnetic moment, expressed i n  dB r e  1 A m p m  , pr ior  to being 

subjected to the  s ta t i s t i ca l  ana lyses  described i n  th i s  section. 

The field va lues  in  Table IV- 5 a l so  include ad jus ted  field 

s t rengths  der ived from downlink transmission d a t a  i n  those cases  

where we judged i t  necessary a n d  jus t i f iable  to replace a n  

unrel iable  o r  unava i lab le  upl ink read ing  with one based  on a n  

acceptable  downlink measurement. A l l  ana lyses  have  been 

performed on the  surface  magnetic field s t rength  s i gna l  d a t a  

expressed i n  dB re la t ive  to 1 Amp/m normalized to a transmit  
2 magnetic moment of 1 A m p m  . 

B .  REGRESSION ANALYSIS OF SURFACE SIGNAL DATA 

As described above,  upl ink and  downlink s igna l  s t rength  

d a t a  were normalized pr io r  to  s t a t i s t i c a l  ana lys i s .  In  t h i s  section,  

the  regression ana ly t i c a l  methods considered a r e  described in  some 

de t a i l ,  and  the  resu l t s  a n d  conclusions per ta in ing  to the  expected 

behavior of surface  s i gna l  s t reng th  a s  a function of overburden 

depth  a n d  frequency a r e  presented.  
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1. Surface Signal  Strength vs .  Log Depth Model f o r  the 
Final  (Expanded)  Data Base 

a .  Methodology 

In  formulating the  problem for th i s  s tage  of the ana ly s i s ,  

s i gna l  s t reng th  i s  assumed to be re la ted to depth in  a n  unknown 

mathematical/statistical/physical form. Up to 94 d a t a  points were 

obta ined a s  a resu l t  of f ield tes ts  conducted a t  each of four 

frequency levels.  Each d a t a  point can general ly  be denoted a s  Sij ,  

where the  subscr ipt  i represents  the specific frequency and  the 

subscr ip t  j  represents  the specific depth of tes t  for each mine a t  

which tes ts  were performed. Thus,  each surface measurement Sij 

taken i n  th i s  program can be considered a s  a s ingle  observation of 

s i gna l  s t reng th  a t  a pre-determined frequency and  overburden 

depth level  a t  a pa r t i cu l a r  mine. Specific values  Sij can be 

expected to v a r y  in  some unknown way; t ha t  i s ,  the  read ings  can  

be expected to differ  i f  more than  one measurement was taken a t  

different  times a t  the same mine location, or a t  the same depth a t  

some other location within the  mine, o r  a t  the  same depth a t  a 

different  mine. 

The use of s ta t i s t i ca l  regression theory requires  a n  assump- 

tion t h a t  the  observed values  of Sij represent a random sample 

from a normal dis t r ibut ion with mean dependent upon j ( dep th )  and  

var iance  the  same over a l l  depths  ( t h a t  i s ,  independent of j ) .  

Furthermore, i f  the re la t ionship  of the  mean va lue  of Sij to depth 

can be expressed i n  l i nea r  terms, probabi l i ty  statements can be 

inferred from the  der ived regression model. The s ta t is t ica l ly-based,  

random mine selection process described i n  Section 111 was used to 

increase  the  reasonableness of the required assumption t ha t  a l l  

oberservations S can  be described by  a common normal proba- 
i j 

b i l i ty  law. Although necessi ty and  prac t ica l i ty  dic ta ted some 

deviation from the  o r ig ina l ly  selected l i s t  of mines, we believe 

t h a t  the f ina l  mine sample provides a good enough approximation 

to  the assumption to wa r r an t  the  va l i d  use  of regression theory.  
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Several  l i nea r  regression models were hypothesized and  t r i ed .  

The model found to best  f i t  the behavior of the d a t a  i s  one i n  

which the  mean va lue  of the normalized s igna l  s t rength  Sij i s  

l i nea r ly  re la ted to the logarithm of overburden dep th ,  a s  shown in  

Equation ( 4 1. 

'ij = i 
+ pi log DEPTH. + c i j ,  

I 

where : 

Sij i s  the  normalized ver t i ca l  magnetic f ield s i gna l  s t rength  
th  (expressed i n  dB re  1 pA/m) for the i- frequency level  and  

2 .  depth j,  for a transmit  moment of M = 1 Amp-m , 

and  Pi a r e  parameters  to be estimated from the  d a t a ;  

depth i s  known a n d  measured i n  meters; and  

c represents  a random va r i ab l e  t ha t  i s  normally i j 
2 dis t r ibu ted  with expected va lue  zero a n d  var iance o i j  , 

which i s  the  same for a l l  va lues  of j .  

Equation (4 ) corresponds to a power law re la t ionship ,  H = c 

( ~ e ~ t h ) "  for the  surface  magnetic field expressed in  ra t ional ized 

MKS un i t s  of Amp/m. Regression ana ly s i s  of the  S d a t a  was 
i j  

subsequently performed in c rde r  to  address  the  following four ba s i c  

concerns : 

Does the  postulated l i nea r  re la t ionship  exp la in  the  d a t a ?  

I f  so, what  a r e  the  best  est imates of the parameters ai 

a n d  pi? 
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a Does the  inverse  cubic re la t ionship  suggested by  simple dc 

magnetostatic theory app ly ;  t ha t  i s ,  does Pi - - 
-60 ( n  = -3) for each frequency? 

a Can regression resul ts  be used to make re l i ab le  predictions 

about the behavior of s i gna l  s t reng th?  

Four separa te  regression l ines  were subsequently der ived 

us ing the log DEPTH model, one for each frequency. To make 

maximum use of the ava i l ab l e  f ield tes t  d a t a ,  and  to provide 

add i t iona l  d a t a  points a t  depths  exceeding 700 feet ,  where severa l  

upl ink read ings  were missing,  the  "expanded" version of the 

o r ig ina l  upl ink s i gna l  d a t a  ba se  described in  Section IV-C was 

used.  This "expanded" d a t a  base  includes the replacement of 

missing and/or unre l iab le  surface  read ings  with appropr ia te ly  

ad jus ted  downlink in-mine va lues  taken a t  the  same s i t e  a s  

described i n  Section IV-C. A s t a t i s t i ca l  regression routine ( the  GLM 

procedure) published by  SAS Ins t i tu te ,  Inc . ,  ( lo)  was used for t h i s  

ana ly s i s .  This routine performs a s t anda rd  least-squares f i t  to the 
A A d a t a ,  determining the  parameters  oi and  pi t ha t  uniquely minimize 

t he  following expression (for each i ) :  

2 A A = (Sij - a - pi log DEPTH.) 
2 

i 
j 

J 

Summary s ta t i s t i cs  useful  for in terpret ing regression resu l t s  a r e  

a l so  provided by the  routine.  

b. Results 

The derived regression l ines  for each of the four frequencies 

a r e  plotted i n  FiguresV-2throughV-5 , which a r e  a l so  seen to  include 

the ac tua l  observations (normalized) taken a t  each mine tes t  s i te.  

Although i t  is read i ly  appa ren t  from inspecting the  plots t ha t  a 

log-linear re la t ionship  is a n  appropr ia te  one,  a more formal and  
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objective procedure i s  required to answer the  four ba s i c  questions 

outl ined ea r l i e r  i n  t h i s  section. The methods for doing th i s  wi l l  be 

described i n  some de t a i l  for the regression ana ly s i s  of the  630 Hz 

d a t a ,  the  f i r s t  one presented.  

As i s  usua l ly  the  case  i n  the  s ta t i s t i ca l  treatment of d a t a ,  

the  question of the  existence of l inear i ty  can  be s ta ted  i n  the  form 

of a hypothesis  to be tes ted;  namely, do the d a t a  provide evidence 

of a "real" l i nea r  re la t ionship  of normalized s igna l  s t rength  to log 

depth? Expressed another way, i t  i s  c l ea r  t h a t  normalized s igna l  

s t reng ths  v a r y  considerably ,  r ang ing  from -70.8 dB r e  1 pA/m to  

+11.3 dB r e  1 pA/m over the  90 measurements taken a t  630 Hz. Can 

some of th i s  va r i ab i l i t y  be explained or accounted for by  a l i nea r  

model, a n d ,  i f  so ,  to  what extent?  

A summary s ta t i s t i c  used to quan t i fy  th i s  statement i s  the  
2 coefficient of determination ( R  ) ,  which i s  defined a s  follows: 

where SEST i s  the l i nea r  ( regress ion)  est imate,  SOBS i s  the 

observed s igna l  va lue ,  and  7 i s  the  average  s igna l  taken over a l l  

observations.  The quan t i t i es  a r e  summed over a l l  j  observat ions ,  

with 90 such terms used i n  the  calcula t ion for 630 Hz da t a .  A 

g r aph i ca l  depiction of the elements of th i s  expression i s  given in 
2 Figure V-2. For the  case  of 630 Hz, R equa l s  83 percent.  I t  

should a l so  be  noted t h a t  the  s t a n d a r d  l i nea r  correlat ion 

coefficient, R = ,/T, equa ls  0.91 for 630 Hz d a t a ,  indicat ing a 

ve ry  high degree of l i nea r i t y .  The ac tua l  s ta t i s t i ca l  tes t  for 

l i nea r i t y  i s  somewhat involved,  i n  t h a t  i t  r equ i res  knowledge of 

d is t r ibut ion theory,  and  therefore will not be presented here.  

Detailed explanat ions  a r e  given i n  most s t a t i s t i c a l  methods t ex t s ,  

such as Reference 11. Suffice i t  to  s a y  t ha t  the  tes t  s t a t i s t i c s  a r e  

such t h a t  the  hypothesis  of no t r u e  l i nea r  re la t ionship  between 
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normalized s i g n a l  s t reng th  a n d  log depth can  be  rejected with l ess  

t h a n  a one percent  chance of being wrong for each of the  four 

regress ion l ines  presented i n  t h i s  section. Therefore, i t  h a s  been 

es tab l i shed  t h a t  the  postula ted l i nea r  re la t ionship  does indeed 

exp la in  the d a t a ,  a n d  the  est imating equat ion i s  a s  follows: 

SEST = 99.83 - 61.97 log DEPTH a t  630 Hz. 

The t h i rd  question concerns the  app l icab i l i ty  of the  inverse  

cubic re la t ionsh ip  over the  range  of d a t a  obta ined i n  th i s  measure- 

ment program. Again, t h i s  can  be  expressed a s  a hypothesis  to  be  

t es ted ;  t h a t  i s ,  with the above formulation, does the slope of the  

regress ion l ine  a p p e a r  to be -60 ( i . e .  for n = -31, s ince S = i j  
20 log H in  dB. Again,  the  necessary  input  to perform t h i s  tes t  i s  

provided by the  regression routine.  For the 630 Hz case ,  the  test  

s t a t i s t i c  i s  not s ign i f i can t ,  a n d  we therefore conclude t h a t  the  

inverse  cubic law i s  a n  app rop r i a t e  one for these d a t a .  Another . 

way to a r r i v e  a t  the  same conclusion i s  to construct  a n  i n t e rva l  

est imate of the  slope,  r a t h e r  t han  a point estimate. For the  630 Hz 

ca se ,  we a r e  95 percent  ce r ta in  t ha t  the  t r ue  (unknown) slope i s  

included in  the  i n t e rva l  (-2.8 to -3.41, which i s  seen to  

include -3.0, the  hypothesized value .  

The i n t e rva l  est imate depends on another  important summary 
A s t a t i s t i c ,  the s t a n d a r d  e r ro r  of est imate a , which i s  defined a s  

follows : 

where N is the  number of observat ions .  The s t anda rd  e r ro r  is used 

i n  determining the  r e l i ab i l i t y ,  or  predic t ive  capab i l i t y ,  of the  

est imating equat ion a n d ,  a s  a r e su l t ,  addresses  the  f i na l  question 

of concern s ta ted  ea r l i e r .  The smaller  the  s t a n d a r d  e r r o r ,  the  more 

r e l i ab l e  the  predict ions based  on the  equat ion a r e  l ikely  to  be .  

- 
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Regression resu l t s  a r e  summarized for a l l  four frequencies in  

Table V-1 , in  addi t ion to the  e a r l i e r  plots  i n  Figures V-2 to V-5, 
Inspection of Table V-1 revea l s  the  following: 

2 
( i )  The l i nea r  re la t ionsh ip  app l i e s  i n  each case ;  R va lues  

a r e  high a t  each frequency,  implying t h a t  the  model 

adequate ly  exp la ins  the  d a t a .  

( i i )  The best  est imates der ived from the  d a t a  revea l  t h a t  

the  in tercepts  increase  a n d  slopes become more 

pronounced a s  frequency inc reases ;  however, there  

a p p e a r s  to be  v e r y  l i t t l e  difference between 1050 Hz 

and  1950 Hz r e su l t s ,  

(iii) The inverse  cubic  re la t ionsh ip  app l ies  only a t  the  

lowest frequency considered ; estimated slopes differ  

s ign i f i can t ly  from -60 a t  each of the  other  frequencies.  

( i v )  Reasonably re l i ab le  predic t ions  can  be  made from a l l  

regression models; s t anda rd  e r ro r s  a r e  between 

6 and  9 dB; for example,  the  theoret ica l  ave r age  

normalized s i g n a l  s t reng th  expected from many tes ts  a t  

approximately 139 meters (450 feet )  i s  estimated to be  

-33 - + 1.4 dB a t  630 Hz, where the  +1.4 dB i s  ca lcu la ted  - 
from the  formula to est imate confidence l imi ts ;  i . e , ,  

+t a /@, where t is a s t a t i s t i c a l  va lue  based  on - 
sampling dis t r ibut ion theory.  

I t  i s  evident  t h a t  if t h i s  tes t  program were rep l i ca ted ,  a n d  

another  sample of 94 different  mine s i t e s  were selected,  the  

ana ly t i c a l  r e su l t s  would not be  ident ica l .  However, the  s t reng th  cf 

each re la t ionship  der ived i n  t h i s  s tudy  i s  such t h a t  we would 

expect l i nea r i t y  between s i gna l  s t reng th  a n d  log depth ,  even 

though the  estimated slope a n d  in tercept  would change.  The 
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Table V-1 

Regression Results 
For Surface Signal  i n  dB versus  Log Depth Model 

Using Expanded Uplink Data Base 

I 33% 
1 I confidence Correlat ion S tandard  
FrequencyNo. of Estimated Estimated i n t e r v a l  for coefficient e r r o r  

(Hz) i obs .  in tercept  slope = slope/20 ( R )  R~ ( c  ) 
I 

Source: Ar thur  D .  Li t t le ,  Tnc. 

C 
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magnitude of the change i s  expressed in  terms of interval  estimates 

tha t  a r e  based on the sample da t a  a t  hand.  

Two types of intervals  have been estimated from the da t a .  

The smallest i s  referred to a s  a confidence in te rva l ,  which i s  

defined a s  a range of values computed from the sample tha t  can be 

expected to include the t rue (but  unknown) mean value with a 

known probabili ty.  Figures V-6 to V-9 display 95% confidence 

intervals  with dashed l ines.  To i l lus t ra te  th i s  concept using 

Figure V-6, i t  follows from th i s  field experiment t ha t  the proba- 

b i l i ty  i s  0.95 tha t  the interval  from -6 dB to -12 dB includes the 

t rue  mean normalized s igna l  strength for a transmitter of magnetic 
2 moment M = 1 Amp-m a t  630 Hz and  an  overburden depth of 

190 feet. 

While the confidence interval  represents a probabili ty 

statement about a mean value over many t r i a l s ,  i t  i s  also of 

interest  to quantify the expected outcome of a single t r i a l .  For 

example, what s igna l  strength could we reasonably expect i f  we 

were to  conduct one more tes t  a t  a predetermined frequency and  

overburden depth? This si tuation i s  depicted by prediction inter-  

va l s  a l so  plotted in  Figures V-6 to V-9. To i l lustrate  th i s  concept, 

aga in  using FigureV-6, the probabili ty i s  0.95 tha t  another test 

performed a t  630 Hz a t  a depth of 500 feet would yield a s igna l  

s t rength between -49 dB and -22 dB. 

Also plotted in  Figures V-6 to V-9 for comparison i s  a curve 

of the free space ver t ical  field strength tha t  would be measured on 

the surface i n  the absence of the lossy overburden material .  For 

the depths and  frequencies in  question, this  free space field does 

not va ry  with frequency. This field strength i s  computed from the 

simple equation: 
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where M i s  the  t ransmit ter  magnetic moment se t  e q u a l  to 1 Amp-m 2 

a n d  D i s  the  depth  i n  meters. 

Examination of Figures  V-6 to V-9 revea l s  t h a t  the  95% 

predic t ion i n t e r v a l  extends  above the  f ree  space  f ie ld  va lues .  This  

i s  not s u r p r i s i n g ,  for the re  a r e  severa l  ways  in  which the  

normalized d a t a  c a n ,  under  c e r t a i n  circumstances,  exceed the  free 

space  v a l u e s  a s  d iscussed in  Section IV. The ways  include:  

a )  depth estimation e r r o r s  which can cause  a d a t a  point  to be  

plot ted a t  a  depth  g r e a t e r  t h a n  the a c t u a l  depth ,  b )  the  enhanc ing  

effects of n e a r b y  metal conductors c rea t ing  more favorab le  t r a n s -  

mission p a t h s  to the  su r face  receiver ,  c )  meter r ead ing  e r r o r s  

d u r i n g  d a t a  recording in  the  f i e ld ,  a n d  d )  e r r o r s  introduced in  

t h e  normalizing process caused  by uncer ta in t i e s  i n  the  accuracy  of 

the  v a l u e s  of the  fundamental  component of the  in-mine t ransmit  

magnetic moments (MMFUND). In  most c a s e s ,  these d iscrepancies  

were l e s s  t h a n  4 to 5 dB g r e a t e r  t h a n  the  free space  f ie ld  a n d  the  

d a t a  v a l u e s  were r e t a i n e d ,  a s  discussed in  Section IV. The few 

d a t a  v a l u e s  t h a t  devia ted  g ross ly  above the  free space  va lues  were 

almost a lways  associa ted  with equipment malfunctions o r  suspected 

v e r y  s t rong cqupling to n e a r b y  conductors. Therefore, these  were 

deleted from the  o r i g i n a l  d a t a  b a s e  a s  inva l id  d a t a  a n d  replaced 

b y  more r e l i a b l e ,  ad jus ted  downlink in-mine f ie ld  s t r eng th  v a l u e s  

when possible.  

F igure  V-10 summarizes t h e  normalized a v e r a g e  overburden 

response a s  a function of depth  a n d  frequency b y  plot t ing the  four 

regress ion l i n e s  a n d  the  f ree  space  curve  on one g r a p h .  The most 

useful  p a r t  of the  g r a p h  i s  to the  r i g h t  of the  intersect ion of the  

regress ion l i n e s ;  namely,  between depths  of 250 a n d  1500 feet.  

Examination of t h i s  plot  r e v e a l s  t h a t  the  630 Hz regression l ine  
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runs  near ly  pa ra l l e l  to,  and  about 7-9 dB below, the free space 

curve.  The 3030 Hz l ine  d ips  more steeply and  var ies  from about  

7 dB below the  free space curve a t  250 feet  to about 20 dB below 

a t  1500 feet.  The 1050 and  1950 Hz l ines  f a l l  approximately 

halfway between the 630 and  3030 Hz curves .  

Figure V-11 summarizes the frequency dependence across  the  

630 to 3030 Hz band over the  250 to 1500 feet overburden depth  

r ange  of in teres t .  This f igure  allows one to  extrapolate  

performance to other frequencies i n  the 630 to 3030 Hz band of 

in te res t .  I t  a lso  shows t ha t  the  frequency dependence of s i gna l  

s t reng th  i s  ;elatively ins ignif icant  for depths less  than  about 

500 feet ,  and  t h a t  the change across  the band  i s  only about 10 dB 

even a t  the maximum depth of 1500 feet.  

These summary normalized overburden response plots ,  

together with the confidence a n d  prediction levels of th i s  section,  

can  be used to  generate  estimates of s i gna l  s t rength  produced on 

the  surface  above coal mines a s  a function of overburden depth 

and  operat ing frequency for t ransmit ters  hav ing  any  prescr ibed 

magnetic moment versus  frequency charac te r i s t i cs  in  the  630 to 

3030 Hz band .  The uti l ization of the resu l t s ,  proper t ies ,  and  

predic t ive  capab i l i t i e s  of these regression models i s  descr ibed  i n  

Section VIII of t h i s  report .  Actual computer output produced by the  

SAS regression routine i s  given i n  Appendix D for each frequency. 

2. Other Models 

For the  sake  of completeness, i t  should a lso  be mentioned 

t h a t  several  other models were examined a s  possible candidates  for 

represent ing the d a t a .  Furthermore, these models, a s  well a s  the 

log depth regression model presented i n  the  previous section,  were 

a l so  considered for the  upl ink d a t a  base  purged of a l l  question- 

ab l e  s i gna l  measurements , without replacements according to the 
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process described i n  Section IV. These resu l t s  will be discussed 

br ief ly  i n  th i s  section,  since they were not used i n  subsequent 

s teps  necessary to ca lcu la te  detection probabi l i t ies .  

a .  Log Depth Model for the  Purged Data Base 

In Table V-2, summary s ta t i s t i cs  s imilar  to  Table V-1 a r e  

given for the  purged upl ink d a t a  base  measurements only.  Not 

su rp r i s i ng ly ,  the models a r e  very  s imilar  for the  two d a t a  se t s  

and  lead  to the same conclusions a s  s ta ted  i n  the  previous section. 

There i s  no evidence t ha t  the  uti l ization of the downlink s igna l  

d a t a  to augment the  va l ida ted  up l ink  s i gna l  measurements intro- 

duced b i a s  into the resu l t s .  The only effect i n  using the  expanded 

d a t a  base  a p p e a r s  to be  a s l igh t  loss i n  precision i n  making 

est imates a t  the  two higher  transmission frequencies,  a s  indicated 

by  s l igh t ly  higher  s t a n d a r d  e r rors .  

b .  The D - ~  Exponential Model 

In addit ion to the  simple s t a t i s t i c a l  model used to in terpret  

t he  d a t a ,  a  modified version was a l so  s tudied.  The purpose of th i s  

approach was to acknowledge a n d  make use of a n  approximate 

phys ica l  re la t ionship  t ha t  expresses s i gna l  s t rength  a s  a function 

of a magnetostatic power law factor D - ~  and  a n  exponential  at ten- 

uation factor e -bD to  account for res is t ive  losses i n  the  over- 

burden.  The under lying model i n i t i a l l y  considered i n  th i s  ana ly s i s  

was the  following: 

where H i s  the  measured s igna l  s t rength  i n  A/m,  D i s  the  

overburden depth i n  meters, a n d  a and  b a r e  parameters to  be 

estimated from the  (H,D) d a t a  p a i r s .  The factor e -bD was intro- 

duced a s  a n  a l t e rna t ive  to the  a r b i t r a r y  power law by depth model 
3 to account for the  known lack  of agreement when using (1/D ) only. 

.D 
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Table V-2 

Regression Results 
For Surface Signal  i n  dB versus  Log Depth Model 

Using Purged Uplink Data Base 

Source: Arthur D.  Lit t le ,  Inc. 

r 

Frequency 
(Hz) 

630 

1050 

1950 

3030 

Arthur D Little, Inc. 

95% 
confidence Correlation 

No. of Estimated Estimated i n t e rva l  for coefficient S tandard  

( R )  R~ e r ro r  obs .  intercept  slope q= slope/20 t S )  

78 98.59 -61.41 -2.7 to -3.4 0.91 0.82 6.66 

78 109.01 -66.57 -3.0 to -3.7 0.92 0.85 6.50 

78 110.00 -67.39 -3.0 to -3.7 0.92 0.84 6.74 

75 121.72 -73.33 -3.2 to -4.1 0.89 0.80 8.60 



In  order  to t ake  advan t age  of model f i t t ing proper t ies  a n d  

summary s ta t i s t i c s  provided by  computer rout ines ,  the  above model 

was fu r the r  modified a s  follows: 

With t h i s  formulation,  normalized s i gna l  s t r eng th ,  SN, expressed 

i n  dB r e  1 pA/m un i t s ,  assumes a l i nea r  form ( i n  the  sense t h a t  

i t  i s  l i n e a r  i n  terms of the parameters  to be es t imated) ;  namely: 

20 [log a - 3 log D - ( c  - 3) log D - bD log e l .  

The problem then reduces to der iv ing a leas t -squares  est imate 

of the  three  parameters  a ,  b ,  a n d  c ,  which minimizes the  sum 

of squa re s  of differences between observed s i gna l  s t reng ths  a n d  

va lues  est imated by the  der ived model. Furthermore, i t  i s  possible 

to determine which of the  two paramete rs ,  b o r  c (o r  fac tors  

depending on them) i s  more effective i n  represent ing the observed 

devia t ion from the  inverse  depth cubed form. Regression est imates 

a r e  given i n  Table V-3. 

Inspection of goodness-of-fit s t a t i s t i c s  revealed a resul t  s imi lar  

to the  simple log depth l i nea r  regression case  a t  630 Hz, in  t h a t  

nei ther  term involving the parameters  b a n d  c contr ibuted any  

exp lana tory  capab i l i t y .  Although a s ignif icant  contribution was 

appa ren t  for the  1050 Hz and  1950 Hz frequency leve l s ,  the  adjus t -  

ment fac tor  involving b ,  and/or  the  exponent of depth term involving 

c ,  were equa l l y  adequa te ,  a n d  there  i s  no evidence a s  to which 

i s  preferable .  However, there  i s  r a t h e r  s t rong evidence t h a t  the 

modified exponent of depth term involving c bet ter  exp l a in s  the d a t a  

t aken  a t  3030 Hz t han  the  exponential  adjustment term involving b .  
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Table V-3 

Least-Squares Estimate 

(Depth Cubed Model) 

(Using Expanded Uplink Data Base) 

Source: Arthur D. Little, Inc. 

Arthur D Little, Inc 

b 

.. 
Frequency 

(Hz) 

630 

1050 

1950 

3030 
r 

1 

Estimated parameters 
No. of Standard 

observations 20 log a c b error  

90 87.21 2.73 0.0023 6.66 

90 89.96 2.76 0.0037 6.46 

9 1 102.90 3.15 0.0016 7.11 

90 130.26 3.89 -0 0003 8.97 



Equation (11 ) can  a l so  be  viewed a s  a n  oversimplified 

approximate re la t ionship  for the  magnetic f ie ld  above a small  

horizontal  loop t ransmit ter  immersed i n  a homogeneous overburden 

of uniform conductivi ty.  Although t h i s  model may appea r  to  be  

more sa t i s fy ing  a t  f i r s t  g lance ,  because  of i t s  a l lus ion to the  

physics  of propagat ion i n  homogeneous conducting media, i t  does 

not provide a s  good a n d  complete a representat ion of the  d a t a  

a s  the log depth power law model, a n d  i n  some respects  can  even 

be  misleading i n  the sense  t h a t  i t  overly const ra ins  the conduc- 

t i v i t y  to be  constant  and  independent of depth.  

C. THE RECOMMENDED MODEL A N D  ITS APPLICABILITY 

The s i gna l  s t r e n g t h ( i n  d B ) v s .  log depth  power law model 

of Section V-B1 i s  the  most represen ta t ive  a n d  p r ac t i c a l  regression 

model f o r  predic t ing the  detectabi l i ty  performance of t r apped  miner 

t r ansmi t t e r s  i n  the  U.S. coal  f ie lds .  The ra t iona le  for charac -  

t e r i z ing  t he  re la t ionship  of s i g n a l  s t reng th  to depth  with a 

mathematical or  s t a t i s t i c a l  model i s  to permit the  estimation of 

detection p robab i l i t i e s  under  a c t u a l  t r apped  miner condit ions.  Many 

extraneous  a n d  uncontrollable fac tors  c an  be  expected to influence 

t he  detection system performance in  a n y  given r e a l  s i tua t ion .  

However, b y  us ing  the  d a t a  obtained i n  t h i s  experimental  program, 

we can  i n  fac t  make p robab i l i ty  statements about  the  s t reng th  

of a s i gna l  reaching the  sur face  when i t  i s  t ransmit ted  from 

re levan t  overburden depths  in  the  frequency band  of in te res t .  

I t  i s  well known t h a t  s t a t i s t i c a l  regression theory i s  a  sound 

and  useful  tool for making inferences a n d  p robab i l i ty  statements 

about t he  behavior  of one v a r i a b l e  ( s i g n a l  s t r eng th )  when another  

v a r i a b l e  ( dep th )  i s  known. Furthermore, the  theory i s  simple a n d  

s t ra igh t fo rward  a n d  h a s  wide-ranging app l icab i l i ty  i n  scientif ic  

and  engineer ing s tud ies .  I t  i s  pa r t i cu l a r l y  appropr ia te  i n  th i s  

n 
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case,  since the model explicit ly takes  into account random 

fluctuations known to exist  tha t  influence the s ignal  strength 

levels ultimately received a t  the surface from a transmitter located 

a t  identical  overburden depths. 

I t  h a s  a l ready  been shown tha t  a simple regression model 

describes the observed da ta  from the sampled mine locations 

remarkably well. Since mines were randomly chosen, the regression 

relat ionships  derived from sample resul ts  should be representative 

of a l l  s igna l  transmission conditions for similar overburden 

depths.  The s ta t is t ical  model c lear ly  describes the d a t a ,  h a s  a 

sound ana ly t ica l  framework, and  allows for the straightforward 

quantification of probabili ty estimates. Since no b ias  appears  to 

have been introduced by augmenting uplink transmission da ta  with 

downlink da ta  when the former were unat ta inable ,  the simple 

regression model with estimated parameters given in. Table V-1 

i s  used in  the subsequent analyses  required to estimate detection 

probabili t ies.  
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VI. SIGNAL ESTIMATES FOR THE GENERAL INSTRUMENTS TRANSMITTER 

Having der ived the overburden transmission response model 

presented i n  Section V-B1, i t  becomes a s t ra igh t fo rward  matter to 

est imate the  expected overburden s i gna l  s t rength  response a s  a 

function of overburden depth a n d  frequency for the  newly develop- 

ed  General Instruments rescue t ransmit ter  for t r apped  miner appl i -  

ca t ions .  

The GI t ransmit ter  s i g n a l  s t reng ths  on the surface  can  be 

obta ined by  f i r s t  computing the expected magnetic moment a t  each 

of the  operat ing f requencies ,  a n d  then t r an s l a t i ng  each of the  

overburden response curves  of Figure V-10 upward by  a n  amount 

equa l  to the  va lue  of the  magnetic moment expressed in  dB rel-  
2 a t i ve  to 1 Amp-m . Figure VI-1 depicts  the resu l t s  of t h i s  t r an s l a -  

tion for the  General Instruments t ransmit ter .  

The ind ica ted  va lues  of GI t ransmit ter  magnetic moments 

shown in  Figure  VI-1 were computed by the same method used to 

compute the  fundamental  R M S  magnetic moment for each of the 

measurement program in-mine loop configurations described i n  

Appendix C. The c i rcu i t  configuration for t h i s  ca lcula t ion i s  the  

same a s  t h a t  shown i n  Figure  C-1, bu t  without the 0.1-ohm 

precision reference res is tor  used i n  the  f ield to measure loop 

cu r r en t .  The GI t ransmit ter  charac te r i s t i c s  of V and  R S  a r e  
S 

iden t ica l  to those used for the  Collins t r a n ~ m i t t e r ' ~ ) .  The GI loop 

an tenna  consis ts  of 300 feet of number 18 wire,  a r r a n g e d  in  the  

shape  of a square .  This loop configuration was chosen because i t  

bes t  represents  the p r ac t i c a l  implementation of the  s t r a t egy  t h a t  

the miners wi l l  be ins t ruc ted  to follow in  the event  t h a t  they a r e  

requ i red  to u t i l ize  the  t r apped  miner t ransmit ter .  Namely, the  

miner wil l  be ins t ructed to deploy the complete length  of wire 

around a coal  p i l l a r  i n  such a manner a s  to c rea te  the l a rges t  
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loop an tenna  a r e a  with the  ava i l ab l e  wire. Table VI-1 presents  

the loop impedance, cu r r en t ,  a n d  magnetic moment va lues  calcu- 

l a t ed  on the  ba s i s  of t h i s  s t a n d a r d  configuration for the G I  

t ransmit ter .  Although in  some mines s l igh t ly  l a r g e r  o r  smaller  

loop a r e a s ,  and  thus  magnetic moments, will be deployed,  the  

t abu la ted  va lues  represent  the most p r ac t i c a l  a n d  rea l i s t i c  ones 

on which to ba se  expected p robab i l i t i e s  of s i gna l  detection on the  

surface .  
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Table  VI-1 

Loop Impedances  a n d  Magnetic Moments 
fo r  t h e  Genera l  In s t rumen t s  Transmi t t e r  

Vs  zk3.45 vol t s :  (0-p s q u a r e  w a v e ) ,  R = 0.312 ohm 
S 

. 

Frequency 
( H z )  

630 

1050 

1950 

3030 

2 

/ M I  ~~~d = N A  111 ~~~d , where N = 1, A = 523 m2 ( i n  a s q u a r e )  
RMS RMS 

Source:  Ar thur  D.  L i t t l e ,  I n c . ,  a n d  U.S. Bureau of Mines 

Loop Impedance -- 

R~ *L 
(Ohms ) (Ohms ) 

for  300 f t .  f c r  L = 
#18 wire  136 h 

l.92 0.737 

1.92 1.229 

1.92 2.282 

1.92 3.545 

I 

Arthur D Little, Inc. 

--- 
Transmi t t e r  Current/Moment - 

111 Fund ' M I  Fund Ih" Fund 
RMS RMS RMS 

2 (dB  r e  
(Amps) (Amp-m ) 1 Amp-m 

1.272 665 56.5 

1.180 617 55.8 

0.953 498 54.0 

0.732 383 51.7 

4 

v 



VI I .  CHARACTERIZAT ION OF SURFACE NOISE ABOVE MINES 

As discussed in Section IV-D, two independent se ts  of 

surface magnetic field noise measurements were obtained dur ing  the 

course cf the  measurement program. The Bureau cf Mines t ape  

recorded noise measurements, a l though f a r  from comprehensive, 

were found to be more r e l i ab l e ,  a s  well a s  representa t ive ,  for the 

purpose of est imating signal-to-noise dis t r ibut ions  on the surface  

and  the  corresponding probabi l i t ies  of t rapped  miner s i gna l  

detection. In  th i s  section we present  the  approach used to 

es tab l i sh  a n  appropr ia te  p robab i l i ty  dis t r ibut ion t o  character ize  

the  noise d a t a ,  together with the derived resu l t s .  

As discussed in  Section IV, atmospheric broadband noise, 

not discrete frequency man-made noise,  w i l l  provide the  main . 
impediment to the detection of t rapped  miner s i gna l s .  For the 

purpose of est imating s igna l  detectabi l i ty  dur ing  a typ ica l  miner 

rescue operat ion,  the RMS values  of the  ver t i ca l  component of t h i s  

atmospheric noise under non-extraordinary atmospheric noise con- 

dit ions a r e  the  va lues  of most in teres t .  In pract ice ,  mine rescue 

s i gna l  detection efforts can be  temporari ly suspended du r ing  

periods of severe local  noise conditions. Furthermore, short  ins tan-  

taneous impulsive bu r s t s  of noise can be ignored without signifi-  

c an t  detection penal t ies  dur ing  normal search and  detection 

ac t iv i t i es .  

To invest igate  the behavior  of the  Bureau of Mines noise 

d a t a ,  t he  convenient plott ing technique described i n  Reference 12 

was used.  This procedure i s  computationally very  simple and  

ut i l izes  specia l  probabi l i ty  g r aph  paper  t h a t  provides a convenient 

method of examining var ious  theoretical  probabi l i ty  dis t r ibut ions  

t h a t  might describe the  d a t a  of in te res t .  The procedure requires  

f i r s t  r ank ing  the  d a t a  from lowest to highest  va lue ,  ass ign ing  the  
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lowest v a l u e  t h e  r a n k  n (where  n i s  the  to ta l  number of obser-  

v a t i o n s ) ,  a n d  then c a l c u l a t i n g  H ( x ) ,  where 

where K ( x )  equa l s  the  number of observat ions  g r e a t e r  t h a n  o r  

e q u a l  to  x ,  t h e  observed noise measurement. 

As a n  i l l u s t r a t i o n ,  some of the  BOM noise d a t a  t aken  a t  

630 Hz yie ld  t h e  q u a n t i t i e s  given i n  Table VII-1. The cumulative 

condi t ional  p r o b a b i l i t y  function H (  x )  i s  r e la ted  to a p robab i l i ty  

law F ( x ) ,  which i s  defined to be  t h e  p robab i l i ty  of observing a 

noise v a l u e  l e s s  than  o r  e q u a l  to  x .  The theore t ica l  proper t ies  a r e  

such t h a t  F ( x )  a n d  H ( x )  a r e  r e l a t e d  a s  follows: 

for *any  d i s t r i b u t i o n a l  form F ( x ) .  P robab i l i ty  p a p e r  i s  a v a i l a b l e  for 

s e v e r a l  d i f ferent  d i s t r ibu t iona l  forms ; namely, t h e  exponent ia l ,  

Weibull, normal,  lognormal,  a n d  extreme v a l u e  d i s t r ibu t ions .  The 

p a p e r  i s  constructed so  t h a t  t h e  observed cumulative d i s t r ibu t ion  

v a l u e s  F ( x )  wi l l  tend to  p lo t  a s  a  s t r a i g h t  l i n e  i f  the  under ly ing  

d i s t r ibu t ion  form i s  a p p r o p r i a t e .  

For the  BOM noise d a t a ,  normal p robab i l i ty  p a p e r  g a v e  

s a t i s f a c t o r y  r e s u l t s  a t  each  frequency.  These p lots  of the  RMS 

noise d i s t r ibu t ion  a r e  given i n  Figures  VII-1 to V11-4. The mean 

v a l u e  for each  RMS noise d i s t r ibu t ion  i s  located a t  t h e  50% point 

a n d  i s  d i sp layed  on each g r a p h .  Examination of the  g r a p h s  

revea l s  t h a t  the  RMS v a l u e s  decrease  monotonically with inc reas ing  

frequency b y  20 dB over the  630 to 3030 Hz band .  This  behavior  i s  

consis tent  with t h a t  observed for  atmospheric noise i n  t h i s  

f requency b a n d  b y  other  invest igators,(6ds discussed i n  Section IV-Do 

111 
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Table VII-1 

I l l u s t r a t i ve  Example for Calcula t ing 
Plot Points for Analysis of Noise Data 

Noise Rank Cumulative Cumulative 
(dB ( inverse  condit ional  d is t r ibut ion 

( r e  1 pA/m/ 30Hz) o rde r )  p robab i l i ty  function 
function 

x K(x )  H(x )  F ( x )  

-15.2 27 0.0370 0.036 

-8.2 26 0.0755 0.073 

-7.2 25 C .  1155 0. 109 

. . . 

. . . . 

. . . . 
+29.8 2 2.8915 0 . 945 

37.8 1 3.8915 0.980 

v 

Source: Arthur D .  Lit t le ,  Inc.  
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Figures  IV-1 to IV-4 of Section IV-D indicate  t h a t  the  
Westinghouse and  Bureau of Mines noise d a t a  taken a t  the 27 

mines jointly v is i ted  tend to ag r ee  on the  ave r age  a t  the  lower 

two f requencies ,  630 and  1050 Hz, bu t  depar t  s ignif icant ly  from 

each other a t  the  upper  two f requencies ,  1950 and  3030 Hz. 

Westinghouse va lues  consistently exceed BOM va lues  a t  1950 and  

3030 Hz because of Collins receiver  ha rdware  problems. Figure 

VII-5 i s  a  d is t r ibut ion plot  a t  630 Hz on normal p robab i l i ty  pape r  

comparing the  BOM va lues  a t  27 mines with the  94 Westinghouse 

va lues  measured a t  a l l  mines. The excellent  agreement between 

these  two d i s t r ibu t ions  a t  630 Hz, together with the  frequency 
( 6 )  dependence consistent  with t h a t  of other invest igators  , lends  

added  credence to us ing  the  Bureau of Mines d a t a  from 27 mines 

a s  descr ip t ive  cf the expected surface  noise to be  found a t  mines 

in  the  U.S. coal  f i e lds .  

The app l icab i l i ty  of normal theory exhibited by the noise 

r e ad ings ,  coupled with the  regression resu l t s  which charac te r ized  

s i gna l  s t reng th  in  normal theory terms a s  well,  permits a con- 

venient  ana ly t i c a l  r a t h e r  than  empirical  ~ ,o lu t ion  to the  problem 

of charac te r iz ing  signal-to-noise r a t i o s  on the  surface .  The 

approach  a n d  solution to est imating the behavior  of signal-to- 

noise r a t i o  a t  the  surface  a s  a function of overburden depth a n d  

frequency a r e  described in  the  next  section. 

I 
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VIII.  ESTIMATES OF SIGNAL-TO-NOISE RATIO ON THE SURFACE 

In  the  three  previous sections,  the  behavior  of s i gna l  d a t a  

and  noise d a t a  obta ined i n  th i s  s tudy have been character ized by 

s t a t i s t i c a l  re la t ionships .  In  p a r t i c u l a r ,  exp lana tory  models have  

been der ived from experimental  d a t a  t h a t  por t ray  the overburden 

s i g n a l  transmission response a s  a l i n e a r  function of log depth.  I t  

h a s  been observed t ha t  the re la t ionsh ip  di f fers  somewhat over  a 

r ange  of four d iscre te  frequencies considered in  the  tes t .  The 

l i n e a r  model ac tua l ly  expresses  a n  ave rage ,  o r  expected,  s igna l  

s t reng th  t h a t  would be l ikely  to occur i f  a  ve ry  l a r g e  number of 

t e s t s  were conducted a t  the  same overburden depth  level  for  widely 

va ry ing  n i n e  s i tes  a n d  condit ions in  the  U.S. coal  f ie lds .  The 

v a r i a b i l i t y  about  these ave r age  va lue s  i s  measured by  the  

s t a n d a r d  e r ro r  of est imate,  which i s  used to ca lcu la te  confidence 

i n t e rva l s  a n d  predict ion i n t e rva l s  a s  described i n  Section V .  

Furthermore, p robab i l i ty  d i s t r ibu t ions  have  been es tab l i shed  for 

represent ing sur face  noise d a t a .  These noise d i s t r ibu t ions  a r e  

independent of both t ransmi t t e r  s i gna l  s t reng th  a n d  overburden 

depth.  

The ba s i c  inpu t  for  the  der ivat ion of RMS signal-to-noise 

r a t i o  est imates on the sur face  i s  summarized in  Table VIII-1, i n  

which s i x  overburden depth va lues  a r e  selected a t  250-foot 

i n t e rva l s  for i l l u s t r a t i ve  purposes.  Mean RMS s igna l  s t reng th  

va lues  a t  each frequency have  been ad jus ted  accordingly to 

pe r t a i n  t o  the  General Instruments t r ansmi t t e r ,  a s  discussed in  

Section VI and  plotted in  Figure V1-1. The objective i s  to  obta in  

p robab i l i ty  d i s t r ibu t ions  of the  RMS signal-to-noise r a t i o  a t  each 

frequency above mines. These d i s t r ibu t ions  can  then be  combined 

with p robab i l i ty  of detection versus  signal-to-noise r a t i o  resu l t s  

for pulsed CW t r apped  miner s i gna l s ,  so  t h a t  est imates of the  

p robab i l i ty  of detecting t r apped  miner s i gna l s  on the  sur face  can  

be computed. 
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Table VZII-1 

Estimated Parameters Character iz ing Signal  
and  Noise Distr ibutions Above Coal Mines 

Estimated Mean Signal  in  d B  r e  1 pA/m for G I  Transmitter  

Estimated Mean Noise i n  dB r e  1 p ~ / r n / i K  

Overburden 
depth 
( f t . 1  

250 

500 

750 

1000 

1250 

1500 

S tandard  
Deviation 

630 Hz 1050 Hz 1950 Hz 3030 Hz 

39.71 39 77 37.28 35 83 

21.05 19.57 16.71 12.74 

10.14 7.75 4.68 -0.77 

2.40 -0.64 -3.85 -10.36 

-3.60 -7.14 -10.47 -17.79 

-8.51 -12.45 -15.88 -23.86 

6.65 6.52 7.08 8.92 

Source: Arthur D .  Lit t le ,  Inc.  

1 

- 
Arthur D Little, Inc 

A l l  
Depths 

S tandard  
Deviation 

I! 4 

T 

630 Hz 1050 Hz 1950 Hz 3030 Hz 

6.5 -0.5 -8.5 -13.5 

13.5 11.5 12.5 12.5 

i 



The independence of s i g n a l  and  noise d i s t r ibu t ions ,  i n  

addi t ion to the  proper ty  of normali ty exhibi ted  by each d i s t r i -  

but ion,  permit s t ra igh t fo rward  combination of the  two d i s t r ibu t ions  

to  genera te  signal-to-noise p robab i l i ty  est imates.  This i s  due to 

the  fac t  t h a t  the  sum (o r  d i f ference)  of two normally a n d  

independently d i s t r ibu ted  v a r i a b l e s  i s  a l so  normally d i s t r i bu t ed ,  

with t he  mean equa l  to the  sum (o r  difference) of the  ind iv idua l  

means, a n d  the  va r i ance  equa l  to the  sum of the  ind iv idua l  

va r iances .  This proper ty  i s  i l l u s t r a t ed  by the  example por t rayed  

in  Figure  VIII-1 for the  expected performance of the  GI t ransmit ter  

a t  1,000 feet a n d  3030 Hz. For the  s ake  of completeness, i t  should 

be  mentioned t h a t  the  s t a n d a r d  devia t ion given for s i g n a l  s t reng th  

(9.20 dB) in  the f igure  i s  s l igh t ly  h igher  t h a n  the  t a b u l a r  va lue  

given i n  Table VIII-1, s ince the  ac tua l  95% prediction i n t e rva l  

width was used i n  the  calcula t ion to estimate s i gna l  s t reng th  

v a r i a b i l i t y .  

The signal-to-noise d is t r ibut ion appea r ing  i n  Figure  V11I-1 i s  

more conveniently plotted us ing  normal p robab i l i ty  paper .  This 

p robab i l i ty  pape r  i s  designed so t h a t  only the  two parameters  

needed to specify the  normal curve  ( t h e  mean a n d  s t a n d a r d  

dev ia t ion)  a r e  requ i red .  Since one a x i s  represents  the  cumulative 

p robab i l i ty  under  the  normal curve ,  the  mean i s  plotted a t  the  

50 percent i le  point and  the  mean p lu s  or  minus one s t anda rd  

deviat ion i s  plotted a t  the  84 or  16 percenti le  point  respectively.  

These points  a r e  then connected b y  a l ine  which can  be  used to 

determine a n y  percent i le  point  for the  specified normal curve .  Such 

normal p robab i l i ty  plots  derived from the  d a t a  in  Table VIII-1 i n  

the  manner i l l u s t r a t ed  i n  Figure  VIII-1 a r e  given i n  Figures 

V111-2 tc  VI 11-5 for f ive different  overburden depth configurations 

a t  each of the  four frequencies.  To i l l u s t r a t e  the  plot t ing tech- 

n ique,  i t  c an  be seen in  Figure  VIII-5, a t  1,000 feet ,  t h a t  the  

mean of 3.1 dB i s  found a t  the  50% point on the  ver t i ca l  a x i s ,  a n d  

3.1 - + 15.5 = -12.4 a n d  +18.6 a r e  found a t  the  16% and  84% points ,  

respect ively .  
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b) NORMAL DISTRIBUTION CURVE, x = LOG NOISE ( d ~ )  
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NOISE)(dB) 

FIGURE VII I -1 DETERMINATION OF DISTRIBUTION OF SIGNAL-TO- 
NOISE RATIO ABOVE COAL M INES(lllustrative Example 
for 1000 Feet, 3030 Hz) 
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-20 -10 0 10 20 30 

Ro = SIN RATIO IN (dB) 

FIGURE Vlll-2 CUMULATIVE PROBABILITY DISTRIBUTION OF SIN 
RATIOS EXPECTED ABOVE U.S. UNDERGROUND COAL 
MINES AT 630 Hz 
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-20 -1 0 0 10 20 30 
Ro = SIN RATIO IN (dB) 

FIGURE Vlll-3 CUMULATIVE PROBABILITY DISTRIBUTION OF SIN 
RATIOS EXPECTED ABOVE U.S. UNDERGROUND COAL 
MINES AT 1050 Hz 
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CUMULATIVE NORMAL PROBABILITY (%) 
Pr (S/N < Ro dB) 



-20-15 -10 -5 0 5 10 15 20 25 30 

Ro = SIN RATIO IN (dB) 

FIGURE Vlll-5 CUMULATIVE PROBABILITY DISTRIBUTIONS OF S/N 
RATIOS EXPECTED ABOVE U.S. UNDERGROUND COAL 
MINES AT 3030 Hz 
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These four f igures  provide a simple method for determining 

est imates of achieving var ious  signal-to-noise ra t ios  i n  ac tua l  

pract ice .  Since the  ve r t i c a l  a x i s  represents  the a r e a  under  the  

normal curve  from minus in f in i ty  to some signal-to-noise r a t i o  Ro 

(measured i n  dB un i t s )  specif ied by  the horizontal  a x i s ,  t h i s  

percentage i s  defined a s  the  p robab i l i ty  of achieving a signal-to- 

noise r a t i o  l e ss  t han  o r  equa l  to R . By sub t rac t ing  cumulative 
0 

p robab i l i t i e s  corresponding to two different  ra t ios  R1 a n d  R 2 ,  these 

plots  a l so  yie ld  d i rec t  p robab i l i ty  estimates of observing s igna l -  

to-noise ra t ios  i n  the  i n t e rva l  represented by  R to R 2 .  1  

Some probab i l i ty  est imates for signal-to-noise ra t ios  of 

in teres t  have  been r ead  d i rec t ly  from the  plots  given i n  Figures 

VIII-2 to VIII-5 and  a r e  t abu la ted  i n  Table VIII-2. These prob- 

ab i l i t i e s  a r e  subsequent ly  used with the  a u r a l  detection resu l t s  of 

Section IX to de r ive  s i gna l  detection p robab i l i ty  est imates accord- 

ing  to the  method presented i n  Section X.  

Prior  to descr ib ing the ana ly t i c a l  procedure used to 

determine overa l l  s i gna l  detection p robab i l i t i e s  over mines, i t  i s  

a l so  recognized t h a t  the  d a t a  given i n  Table VIII-2 can  be 

d i sp layed  i n  va r ious  ways.  For example, i t  i s  possible to i l lus-  

t r a t e  and  compare the behavior  of p robab i l i ty  est imates associa ted 

with exceeding specif ied signal-to-noise r a t i o  a s  a function of over- 

burden depth  a n d  frequency.  Two examples a r e  given to i l l u s t r a t e  

such behav ior ;  namely,  Figure VIII-6 gives  the p robab i l i ty  of RMS 

s igna l  being a t  l eas t  9 dB g rea t e r  t han  RMS noise,  while Figure 

VIII-7 i l l u s t r a t e s  the  p robab i l i ty  of RMS s igna l  simply exceeding 

RMS noise,  a s  a function of overburden depth.  The re la t ive  effect 

of frequency i s  a l so  appa ren t  i n  these f igures .  The f igures  revea l  

a  re la t ive ly  weak frequency dependence, and  the  somewhat sur-  

p r i s i ng  resu l t  of best  predic ted performance occurr ing in  the  upper  

p a r t  of the  f requency b a n d ,  a n d  worst performance a t  the  bottom 

of the  band .  This occurs because the  measured RMS noise levels  

Arthur D Little, Inc 



Table VIII-2 

Probabi l i ty  of Achieving Signal-to-Noise Ratios of Interes t  
Above Coal Mines Using GI Transmitter 

-- 
Source: Arthur D. Little, Inc.  

Signal-to- 
Noise 
Ratio 
(dB) 

<O 

0 to 3 

3 to 6 

6 to 9 

9 to 12 

> 12 

<O 

0 to 3 

3 to 6 

6 to 9 

9 to 12 

'12 

li 

Arthur D Little, IK 
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Frequency 
(Hz) 

630 Hz 

1050 Hz 

250 ft.  

0.015 

0.009 

0.013 

0.018 

0.025 

0.920 

{o.ol 1 
0.008 

0.982 

1950 Hz 

<O 

3 to 6 

6 to 9 

9 to 12 

>I2 0.99 

eO 

Overburden 

500 ft. 

0.170 

0.053 

0.055 

0.077 

0.078 

0.567 

0.065 

0.035 

0.044 

0.056 

0.070 

0.730 

3 to 6 

6 to 9 

9 to 12 

>I2 0.99 

0 . 039 
0.021 

0.030 

0.039 

0.050 

0.821 

0.045 

Depth ( f t .  ) 

1000 ft. 

0.605 

0.075 

0.067 

0.060 

0.050 

0.143 

0.500 

0.090 

0.087 

0.075 

0.068 

0.180 

0.023 

0.030 

0 037 

0.045 

0-820 

1500 ft.  

0.836 

0.046 

0.034 

0.026 

0.020 

0.038 

0.834 

0.051 

0 . 037 
0.028 

0.020 

0.030 

0 374 

0.081 

0 . 088 
0.082 

0.075 

0 . 305 
0.420 

0.692 

0.058 

0.060 

0.050 

0.039 

0.091 

0.745 

0.075 

0.075 

0.076 

0.069 

0.285 

I 
0.056 r 
0.049 

0.051 

0.031 

0.078 

3030 Hz 
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decrease  f a s t e r  with f requency t h a n  the  mean R M S  s i g n a l  levels .  A 

somewhat different  method of present ing the same signal-to-noise 

d a t a  is shown i n  Figure  VIII-8 for a frequency of 630 Hz. This  

f igure  i l l u s t r a t e s  t h e  n a t u r e  a n d  approximate boundar ies  of t h e  

normal d i s t r ibu t iona l  c h a r a c t e r i s t i c s  of signal-to-noise r a t i o  a s  a 

function of overburden dep th .  

Arthur D Little, Inc 
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IX. AURAL DETECTION OF PULSED CW TONES IN NOISE 

Trapped miner rescue operations based on the  use of miner- 

c a r r i ed  ULF rescue t ransmit ters  will r e ly  pr imari ly  on a surface 

search team to  detect ( a n d  then locate the source o f )  s i gna l s  

generated by miners t rapped  underground. The pulsed CW s igna l s  

generated by the  t ransmit ters  will be detected by  searchers  

c a r r y i n g  rescue receivers equipped with a hand-held loop an tenna ,  

headsets ,  and  a meter indication a s  depicted in  Figure 111-4. Thus,  

the  pr imary mode of detection will be a u r a l ,  based on the  headset  

s i gna l s  perceived by the e a r  and  b r a i n .  The objective of t h i s  

section i s  to es tab l i sh  the  signal-to-noise ra t ios  required to 

achieve probabi l i t ies  of a u r a l  s i gna l  detection in  the  broadband 

noise described in  Section VII. 

There i s  a wide body of theory and  experimental d a t a  

t rea t ing  the ab i l i t y  of persons to detect audio frequency s igna l s  in 

background noise. Several parameters  affect t h i s  ab i l i t y  to detect 

audio  frequency tones in  noise. They a r e :  

the  l i s tening frequency ; 

the pulse  l eng th ;  

the bandwidth  of the  noise;  and 

the  pulse repeti t ion r a t e .  

We have  made use of t h i s  well-developed body of material  

from the  l i t e ra tu re  to  es tab l i sh  how each of these parameters 

affects pulse  detection capab i l i ty .  We then combined the known 

resu l t s  for each parameter to generate  a probabi l i ty  of detection 

curve  a s  a function of the  RMS signal-to-noise ra t io .  This detection 

curve can  then be app l ied  to the  signal-to-noise dis t r ibut ions  of 

Section VIII to estimate probabi l i t ies  of detecting t rapped  miner 

s igna l s  a s  a function of overburden depth.  

Arthur D Little. Inc 



A .  EFFECT OF LISTENING FREQUENCY 

The present  trapped-miner rescue receivers a r e  designed so  

t h a t  a l l  l i s tening i s  done a t  978 Hz, independent of the  t ransmit ted  

frequency.  Namely, a l l  receiver  frequencies a r e  heterodyned b y  the 

receiver  to th i s  re la t ive ly  favorable  frequency for a u r a l  detection. 

Figure  IX-1 ( I3)  i l l u s t r a t e s  the  aud i to ry  response to tones masked 

by  b roadband  noise a s  a function of the  frequency.  This f igure  

depic ts  the  capab i l i t y  of the  aud i to ry  response process to ac t  a s  a 

f i l t e r  to tune out competing background noise. In  effect ,  the  

response can  be considered a s  a re la t ive ly  narrow bandpas s  f i l t e r  

centered a t  the  l i s tening frequency a n d  of the bandwidth found on 

the  p lo t ,  c a l l ed  the c r i t i c a l  bandwidth.  From th i s  plot a s  a 

function of f requency,  we f ind t ha t  the  effective bandwidth ,  o r  the  

c r i t i c a l  bandwidth ,  i s  approximately 60 Hz a t  the  978 Hz l is tening 

frequency of the  rescue receivers .  

B .  EFFECT OF PULSE LENGTH 

The effect of pulse  length  on a u r a l  detection capab i l i t y  i s  

i l l u s t r a t ed  i n  Figure IX-2. ( I 3 )  Psychoacoustic d a t a  taken b y  a 

number of inves t iga to rs  a r e  combined in  th i s  f igure  to show the  

"recognition di f ferent ia l"  requ i red  vs .  pulse  length  for a 

50 percent  p robab i l i ty  of detection. The recognition di f ferent ia l  i s  

the  amount i n  dB by which the s i gna l  level  needs to  exceed the 

measured noise spectrum level  within the  l i s t en ing  bandwidth to 

provide a 50 percent p robab i l i ty  of detection. The body of d a t a  

comes from the  inves t iga to rs '  psychoacoustic experiments on a 

number of subjects  made under  l abora to ry  controlled conditions. 

The rescue t ransmi t t e r s  have  a f ixed pulse  dura t ion  ( l eng th )  

of 100 ms. Therefore, t h i s  f ixes  the  opera t ing  point of in te res t  i n  

Figure IX-2. The 100-ms pu l se  length  prescr ibes  a recognition 

L 
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FIGURE IX-2 RECOGNITION DIFFERENTIAL (AUDITORY DETECTION 
THRESHOLD, DT) FOR SlNUSOlDAL PULSES I N  BROAD- 
BAND NOISE REDUCED TO l-HZ BANDS 



dif ferent ia l  of 23 dB to achieve a 50 percent  p robab i l i ty  of 

detection. This i s  a fundamental  number to  the  development of the  

detection capab i l i t y  t h a t  follows, and  simply means t ha t  for a 

50 percent  p robab i l i ty  of detection,  the  s i gna l  power level  of a 

s ing le  tone bu r s t  needs to be  23 dB above the  noise spectrum level  

i n  the  l i s tening bandwidth.  

C. EFFECT OF BANDWIDTH 

To determine the  s ignif icance of the  23 dB recognition 

di f ferent ia l  i n  terms of required signal-to-noise r a t i o ,  a bandwidth  

must be associa ted with the  noise spectrum level .  The electronic 

bandwidth used in  the  rescue receivers  i s  30 Hz, one-half the 

c r i t i c a l  bandwidth  of the  e a r  a t  the  receiver l i s tening frequency.  

The effect of t h i s  reduced bandwidth  can  be  estimated by  us ing the  

d a t a  presented i n  Figure 1 x 4 .  ( 1 4 )  Figure IX-3 i l l u s t r a t e s  how the  

noise, N, and  the  requ i red  s i gna l  l eve l ,  E ,  v a r y  for a re la t ive ly  

long pulse  when a 50 percent p robab i l i ty  of detection i s  desired.  

The effect of the  a u r a l  detection bandwid th ,  W f ,  i s  c lea r ly  shown. 

As the  electronic bandwidth i s  increased beyond W f ,  the  output  

noise level  inc reases ,  while the  s i gna l  level  required remains 

f ixed.  I t  i s  a s  i f  a f ixed bandpas s  f i l t e r  were used;  a n d  indeed,  

t he  a u r a l  detection process works just t h a t  way with a n  effective 

f i l t e r  bandwidth  of W f .  Below the  c r i t i c a l  bandwidth ,  the  s i gna l  

l eve l  r equ i red  remains constant  with decreas ing bandwidth un t i l  

the  bandwidth is reduced to l e ss  t han  about one-half of the  

c r i t i c a l  bandwidth W f .  

The impact of t h i s  behavior  on signal-to-noise r a t i o  

required for the  trapped-miner detection hardware  i s  a s  follows: 

The receiver h a s  a n  electronic bandwidth  of 30 Hz -- not small  

enough to provide a n y  reduction from the  s i gna l  level  r equ i red  for 

the  60 Hz c r i t i c a l  bandwidth .  Thus ,  from a detection s tandpoin t ,  
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the  system will  behave a s  one hav ing  a noise bandwidth of 60 Hz 

a n d  requ i r ing  a recognition di f ferent ia l  of 23 dB. Therefore, a 

signal-to-noise r a t i o  of 23 - 10 log 60 = 23 - 18 = 5 dB i s  needed 

for - t he  60Hz c r i t i c a l  bandwidth to y ie ld  a 50 percent  p r o b a b i l i t y  of 

detection. 

The signal-to-noise r a t i o s  developed i n  Section VIII of t h i s  

repor t  have  been based  on the  r e a l  30 Hz electronic bandwidth of 

the  receiver .  Since we must account for the  60 Hz c r i t i c a l  band- 

width effect of Figure 1X-3, we have  adopted the  simple a r t i f i ce  

of merely add ing  3 dB to the  60 Hz 5 dB requ i red  signal-to-noise 

r a t i o  cr i ter ion when us ing  the  signal-to-noise levels  computed on 

the  b a s i s  of the  30 Hz electronic bandwidth of the  receiver.  Thus,  

a 50 percent  p robab i l i ty  of detection wil l  occur for the  electron- 

ical ly-based signal-to-noise r a t i o  of 8 dB. Al ternat ively ,  we could 

have  chosen to reduce a l l  of the  computed electronically-based 

signal-to-noise r a t i o s  b y  3 dB. We chose the  ea s i e r  p a t h  of a l t e r ing  

the  signal-to-noise cr i ter ion for 50 percent  p robab i l i ty  of detection 

to allow the use of the  electronically-based signal-to-noise ra t ios .  

The following quote,  from Reference 14,  page 197, descr ib ing 

some of the  subjective effects of reduced bandwidth on the  detec- 

t ion process,  i s  a l so  included for completeness: 

"When the  bandwidth i s  l e ss  than  W f ,  echo a n d  noise a r e  
hea rd  a s  a s ing le  blended sound a n d  recognition i s  
caused  almost en t i re ly  by  a noticeable increase  i n  loud- 
ness  when the  echo comes in .  When the  bandwidth i s  
g r e a t e r  t han  W echo a n d  noise a r e  hea rd  a s  two 
d i s t inc t ,  thougA9 simultaneous,  sounds ,  and  the operator  
feels ab le  to ignore the  noise a n d  concentrate on the  
echo. To a ve ry  considerable  ex ten t ,  th i s  feeling i s  not 
a n  i l lus ion.  " 
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EFFECT OF PULSE REPETITION RATE 

One more factor  must be considered before a r r i v i n g  a t  a  

f i na l  va lue  for the  signal-to-noise r a t i o  required to y ie ld  a 

50 percent  p robab i l i ty  of detection. That  factor i s  the  contin- 

uously repeat ing na tu r e  of the  t ransmit ted  s i gna l .  The d a t a  used 

above to a r r i v e  a t  the  requ i red  signal-to-noise ra t io  a r e  a l l  based  

on the  detection of a s ing le  tone bu r s t  i n  noise. Others (15,161 

provide some d a t a  on continuously repeat ing tone bu r s t s  t h a t  

enab le  us  to t ake  th i s  repeti t ion effect in to  account i n  se t t ing the  

signal-to-noise 50 percent detection cr i ter ion.  Figure IX-4 i l lus-  

t r a t e s  Garner ' s f indings .  ( I 5 )  I t  shows t ha t  a s  the  repeti t ion r a t e  

of a 50 ms pu l se  i s  changed from one in  four seconds to one pe r  

second,  2 dB less  signal-to-noise r a t i o  i s  required.  From the  

na tu r e  of the  Garner d a t a ,  a n  even g r e a t e r  improvement might be 

expected,  but  the  l ack  of d a t a  a t  repeti t ion r a t e s  l e ss  than  one 

per  four seconds precludes  a gua ran t ee  of th i s .  Therefore, we use 

the  2 dB improvement va lue  a s  a conservat ive  est imate,  a n d  

es tab l i sh  a 50 percent  p robab i l i ty  of detection signal-to-noise r a t i o  

c r i t e r ion  of (8-2) dB, or 6 dB. 

We believe t h a t  a  more re l i ab le  measure of detectabi l i ty  

a t t a i n a b l e  through the use of repet i t ive  pulse  t r a i n s  i s  s t i l l  

r equ i red .  M .  Ristenbatt of the  University of Michigan i s  cur ren t ly  

conducting l abora to ry  experimental  t e s t s  for the  Bureau of Mines on 

t h i s  matter over a wide r ange  of pulse  repeti t ion r a t e s  a n d  obser- 

vat ion in te rva l s .  The resu l t s  of these t es t s  should provide the  

information des i red.  

PROBABILITY OF DETECTION VS. S/N RATIO 

Having es tabl ished a b a s i s  for ident i fy ing the signal-to- 

noise r a t i o  requ i red  for a 50 percent detection p robab i l i ty ,  we 

need a means for quant i t ively  extending the  signal-to-noise r a t i o  

I 
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NO. 4, JULY 1947, PP. 600-608, FIG. 4, REF. 15. 

FIGURE IX-4 THE EFFECT O F  REPETITION RATE OF SHORT TONES ON THE MASKED THRESHOLD 



cr i ter ion to include h igher  a n d  lower detection probabi l i t ies .  We 

choose to s t a y  with experimental ly determined a u r a l  detection 
(14)  resu l t s  for tones in  noise such a s  t h a t  shown in  Figure IX-5 . 

Although t h i s  f igure  i s  s t r i c t ly  app l icab le  to  pure  tones in  noise,  

we believe t h a t  the  shape  of the  response about the  50 percent  

p robab i l i ty  va lue  should be representa t ive  of the behavior expected 

for detecting pulsed CW tones i n  the  f ield.  Therefore, the proba- 

b i l i ty  of detection v s .  signal-to-noise r a t i o  curve  for 100 ms 

repet i t ive  CW audio  pulses  of Figure 1X-6 ha s  been constructed by  

re labe l ing  the  horizontal  a x i s  of Figure 1X-5 so  t ha t  the  50 

percent  p robab i l i ty  of detection condition occurs for the  signal-to- 

noise r a t i o  of 6 dB derived above.  This plot i s  used with the 

resu l t s  of Section VIII to compute the  t rapped  miner s i gna l  proba- 

b i l i t y  of detection est imates in  Section X .  

In  conclusion, we make the  following addi t ional  comments on 

the a u r a l  detection of pulsed tones noise: 

Alerted v s .  non-alerted detection. The p robab i l i ty  of 

detection v s .  signal-to-noise ra t io  i s  the  product of 

psychoacoustic t e s t ing .  These tes ts  c an  read i ly  be b iased  

by a l e r t i ng  the  l i s t eners  b y  such ins t ruct ions  a s  "Make 

su r e  you d o n ' t  miss a s i gna l , "  or  "Be very  su r e  you 

have  a s igna l . "  Such ins t ruct ions  wil l  a l t e r  the  detection 

curve .  We chose to use the  non-alerted charac te r i s t i c  a s  

being app l icab le  t o  the  trapped-miner detection problem. 

Modern treatments of detection d i s r ega rd  the  recognition 

di f ferent ia l  a n d  adopt the  detection index as a means of 

including fa l se  detections.  We do not r ega rd  fa l se  detec- 

t ions a s  a problem. If a surface-based sea rcher  th inks  

he h a s  a detection while he  i s  searching a n  a r e a ,  he  

w i l l  stop and  l i s ten  ca re fu l ly .  If he c a n ' t  ver i fy  the 

ILI 
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FIGURE IX-5 PROBABILITY OF RECOGNITION OF A PURE TONE IN  A 
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detection, he will merely move on. Thus, we chose to use 

the recognition differential  a s  a va l id  tool i n  the 

development of detection character is t ics  such a s  presented 

above. 

a Additional detectabil i ty experiments should be performed, 

perhaps in con junction with Ristenbatt ' s pulse repetition 

r a t e  a u r a l  detection experiments, a s  a fur ther  check on 

the accuracy and  appl icabi l i ty  of the derived detection 

curve of Figure IX-6. 
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X. PROBABILITY OF DETECTION ESTIMATES 

ON THE SURFACE ABOVE MINES 

A. METHODOLOGY 

In an  ac tua l  mine emergency s i tua t ion ,  the s i gna l  transmitted 

from a mine cannot a lways be expected to be detected a t  the sur-  

face. Several factors  wil l  influence the reception,  detection and  

recognition of a t r ue  s i gna l .  As discussed throughout t h i s  repor t ,  

the  s i gna l  s t rength  itself i s  known to  v a r y ,  pr imari ly  a s  a func- 

tion of overburden depth and  t ransmit ter  frequency,  bu t  a l so  

according to overburden composition and  other unknown and  

uncontrollable anc i l l a ry  factors .  The presence of these factors  

influencing the s t reng th  of s i gna l s  transmitted through-the-earth 

h a s  been acknowledged i n  t h i s  test  program and  i s  implici t ly repre- 

sented by the regression models derived from tes t  d a t a  obtained b y  

Westinghouse from the 94 mine s i tes .  The noise level for a n y  given 

emergency s i tuat ion i s  a l so  a random phenomenon, r a the r  than  a 

deterministic one, and  has  been character ized by a normal, o r  

Gaussian,  probabi l i ty  law from addi t ional  experimental d a t a  

collected by  the Bureau of Mines a t  27 of the  94 mine s i tes .  

Furthermore, for a known s igna l  strength/background noise 

level combination, the ac tua l  detection of the s i gna l  by  a n  

observer a t  or  above the  surface  cannot be t reated determinis- 

t i c a l l y ;  t h a t  i s ,  s i gna l  detection must be considered a random 

event ,  the occurrence of which follows some probabi l i ty  law. In  i t s  

simplest form, t h i s  law can be expressed i n  terms of signal-to- 

noise ra t io .  At extremely low ra t ios  the chance of s i gna l  detection 

would be essent ia l ly  zero, while a t  extremely high ra t ios  detection 

would be close to ce r ta in ty .  At intermediate levels ,  the  chance of 

detection would be expected to  increase  monotonically with increas- 

ing signal-to-noise ra t io .  Various s tudies  have been conducted on 
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hear ing  and  a u r a l  detection of tones in  noise to inves t iga te  

proper t ies  of t h i s  re la t ionship .  Figure IX-6 of the  previous section 

presents  empir ica l ly  der ived p robab i l i ty  of detection resu l t s  t ha t  

have been adap ted  for appl ica t ion to the trapped-miner detection 

problem. 

The p robab i l i ty  of detection curve i n  Figure 1X-6 ac tua l ly  

represents  condit ional  p robab i l i t i e s  ; t h a t  i s ,  the likelihood t h a t  

detection will occur g iven the presence of a f ixed,  observable  R M S  

signal-to-noise r a t i o .  As a consequence, the  chance of detecting a 

s igna l  t ransmit ted  through the  e a r t h  can  be ca lcu la ted  according 

to the fundamental  mult ipl icat ion ru l e  for probabi l i t ies :  

P D and  Rk I 
where P ( D and  Rk represents  the  p robab i l i ty  of achieving a I 
signal-to-noise r a t i o  of size R and  a l so  detecting the  s i gna l  k 
embedded i n  t h i s  noise;  P [ Rk ) i s  the p robab i l i ty  of the occur- 

rence of a signal-to-noise r a t i o  of s ize  R k '  and  P ( D  I R k t  is the  
condit ional  p robab i l i ty  of detecting a s i g n a l ,  g iven a signal-to- 

noise r a t i o  of size R k '  

Probabi l i ty  d is t r ibut ions  have  been derived and  presented i n  

previous sections of t h i s  report  for both factors on the  r ight-hand 

s ide  of the  above equa t ion .  As mentioned above,  Figure 1X-6 gives  

P ( D I R k )  ; cer ta in  i n t eg ra l  values  of R and  the i r  associa ted k 
probab i l i t i e s  of detection a r e  a l s o  t abu la ted  in Table X-1. Signal- 

to-noise p robab i l i ty  d i s t r ibu t ions  P { R k  1 a r e  given i n  Figures  

VIII-2 to VIII-5. These f igures  emphasize the fact  t h a t  these 

p robab i l i t i e s  a l so  depend on frequency and  depth .  Using add i t iona l  

subscr ip t s  to account for these dependencies,  the  p robab i l i ty  of 

achieving a signal-to-noise r a t i o  of size Rk (measured i n  dB) and  

detecting t he  s i gna l  t ransmit ted  from a depth i ,  a t  frequency j ,  

c a n  be  denoted a s  follows: 
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TABLE X-1 

PROBABILITY OF SIGNAL DETECTION 

VERSUS SIGNAL-TO-NOISE RAT I0 

Signal-to-Noise 

Ratio (dB) 

Probabi l i ty  of 

Detection 

Source: Arthur D. Lit t le ,  Inc .  (F igure  IX-6) 
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' i P j , k  ( D and  R k  = P i , j  ( 'k}' ('I'kt (16) 

This i s  the  probabi l i ty  associated with a specific R k  value .  The 

ana ly t ica l  resul t  tha t  i s  of in teres t  here i s  not simply P but  
i ,  j , k ,  

P i  { D l ,  the expected probabi l i ty  of detecting a s i gna l  t rans -  

mitted a t  a specified overburden depth i , f o r  a known transmission 

s igna l  frequency j ,summed over a l l  possible R ' s .  Since signal-to- 
k 

noise r a t i o  can  take  on a n y  va lue  R and  these va lues  a r e  k '  
mutually exclusive,  the  addi t ion ru le  for probabi l i t ies  app l ies ;  

t h a t  i s ,  

where the  summation over a l l  possible signal-to-noise ra t ios  R i s  
k 

ac tua l l y  a n  approximation to the continuous in tegra l  over a l l  R k .  

B.  ILLUSTRATIVE EXAMPLE 

These p robabi l i ty  formulas and  concepts can  best  be i l lus-  

t r a t ed  by a numerical example. For a transmission frequency of 

3030 Hz a t  an  overburden depth of 1,000 feet,  the  d a t a  from 

Table VIII-2 a r e  a s  follows: 

Sign al-to-Noise Probabi l i ty  of Achieving 
Ratio ( In t e rva l )  - Signal-to-Noise Ratio in  In te rva l  

(For depth of 1,000 feet a t  3030 Hz) 

less  than  0 dB 0.420 

0 to 3 dB 0.075 

3 to 6 dB 0.075 

6 to 9 dB 0.076 

9 to 12 dB 0.070 

g rea t e r  t han  12 dB 0.285 
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I t  should be noted t ha t  the p robabi l i t i e s  i n  th i s  t ab l e  sum to  

un i ty ,  since the  t ab l e  includes a l l  possible signal-to-noise values .  

( I n t e r v a l  size could be made successively smaller  to  give  closer 

approximations to the  p robabi l i ty  of detection in tegra l  ac tua l ly  

being evaluated.  ) 

Detection probabi l i t ies  corresponding to the  above s ignal-  

to-noise ra t ios  can  be obtained from Figure 1X-6 using the  

midpoint of each i n t e rva l ,  and  these va lues  a r e  a s  follows: 

Signal-to-Noise In te rva l  
Ratio ( In t e rva l )  Midpoint 

Probabil i ty of 
Detection a t  Midpoint 

less  t h a n  0 dB less  than  0 dB 0 

0 to 3 dB 1.5 dB 0.01 

3 to 6 dB 4.5 dB 0.15 

6 to 9 dB 7.5 dB 0.85 

9 to 12 dB 10.5 dB 0.99 

g r ea t e r  than  12 dB g rea t e r  than  12 dB 1.00 

Applying the summation formula, Eq. 17 , the  expected probabi l i ty  

of detection a t  1,000 feet and  3030 Hz, i s  estimated to be: 

The in terpreta t ion of th i s  quan t i ty  i s  t h a t ,  based on the resu l t s  of 

t h i s  experimental  program, a s i gna l  transmitted a t  3030 Hz through 

a n  overburden depth of 1,000 feet can be expected to have a 

43 percent chance of being detected by  a n  observer a t  the  surface.  
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C. FINAL DETECTABILITY RESULTS 

Similar ca lcula t ions  were made for severa l  other depth/- 

frequency combinations spann ing  the 630 Hz to 3030 Hz band  and  

overburden depths  down to 1,500 feet present ly  of in teres t  to the  

detection of t r apped  miners. A l l  d a t a  re levan t  to these calcula t ions  

appea r  i n  Figures  VIII-2 to VIII-5 and  in  Table VIII-2 of Section- 

VI I I ,  a n d  Figure 1X-6 of Section IX. Final  r esu l t s  represent ing 

the  expected p robab i l i t i e s  of detection a r e  plotted in  Figure X-1. 

These plots  represent  the l ikelihood,  on the  average ,  of t r apped  

miner s i gna l s  being detected on the  surface  above U.S. coal  mines 

hav ing  the indicated overburden depths .  The plots  app ly  for the  

General Instruments t r ansmi t t e r  a n d  a u r a l  detection by  a sea rcher  

us ing a Collins receiver  a n d  headset .  

At a n y  p a r t i c u l a r  mine s i te  with a g iven overburden depth ,  

t rapped-miner s i gna l s  wil l  e i the r  be detected or not detected. If 

such a detection experiment i s  repeated a t  severa l  mines hav ing  

the  same overburden depth in  the U.S. coal f i e lds ,  the  curves  of 

Figure X-1 predic t  the  expected percentage of experiments t h a t  wil l  

achieve s i gna l  detection a t  the indicated overburden depth a n d  

operat ing frequency.  For example, i f  the device were tested a t  

many locations hav ing  a 750-foot overburden,  i t  i s  expected t h a t  

the  t ransmit ted  s i gna l  would be detected a t  about  68 percent  of the  

locations for the  operat ing frequency of 1950 Hz and  a t  about 

43 percent  of the  locations for 630 Hz. 

Like the  signal-to-noise r a t i o  plots  in  Figures Vll-6 a n d  

VIII-7 of Section VII I ,  the  curves  of Figure X-1 reveal  t h a t  the  

chances  for successful  detection a r e  s ign i f i can t ly  h igher  i n  the  

upper  portion of the  t ransmit ter  operat ing frequency band .  This 
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occurs because ,  a s  shown in  Section IV and  Section VII, the  back- 

ground electromagnetic noise i s  lower a n d  decreases f a s t e r  t han  the  

s i g n a l ,  i n  t h i s  p a r t  of the  band .  Section IV-D also  indicates  t h a t  

we can  a l so  expect somewhat worse s i gna l  detection conditions for 

ce r ta in  geographical  regions a n d  times of d a y  t ha t  have h igher  

local  thunderstorm ac t iv i ty .  Under these condit ions,  the  bet ter  

detection resul ts  predicted a t  the  h igher  frequencies will l ike ly  

move downward towards the  poorer resu l t s  expected a t  the  lower 

frequencies.  As mentioned in  Sections IV and  VIT, a n  acceptable  

solution for these s i tua t ions  may be  the  suspension of search 

ac t iv i t i e s  un t i l  a more favorable  time of d a y ,  such a s  the  day l i gh t  

morning hours .  

I 
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XI. IMPLICATIONS OF RESULTS A N D  RECOMMENDATIONS 

Quanti tat ive resu l t s  have been obtained re la ted to the 

expected detectabi l i ty  of t rapped  miner s igna l s  above U.S. coal 

mines. This section i s  concerned with the  need of the  U.S. Bureau 

of Mines to assess  the  impact of these resu l t s  on the t rapped  miner 

location program. The discussion centers on four a r ea s :  detecta- 

b i l i ty  vs .  depth a n d  a l t i tude ,  sensi t iv i ty  ana lyses ,  confirmatory 

tes t s ,  and  cperat ional  ut i l ization of the  system. 

A .  DETECTABILITY VS. DEPTH AND ALTITUDE 

The probabi l i ty  of detection v s .  overburden depth curves of 

Section X depict a subs tan t ia l  depar tu re  from the  intended perfor- 

mance goal  for the  equipment, namely to 1,000 feet. Even a t  the  

most favorable  operat ing frequencies i n  the upper portion of the 

operat ing band ,  the expected probabi l i ty  of detection decreases 

from a highly  sa t is factory va lue  of 90% for a 500 foot overburden 

to  a va lue  of about 45% for a 1,000 foot overburden.  At the  bottom 

of the operat ing frequency band these va lues  decrease to  about 70% 

a t  500 feet and  35% a t  1,000 feet ,  a g a i n  a reduction b y  about a 

factor of two. These va lues  of detection probabi l i ty  refer  to the  

long-run, or l imiting,  frequency of occurrence of s igna l  detection 

a t  mine s i tes  throughout the  U.S. coal f ields having the indicated 

overburden depths. 

However, t h i s  shor t fa l l  of the  performance goal  does not 

negate  the  va lue  of the t rapped  miner t ransmit ter  and  i t s  potential  

to  save  l ives .  Several other factors need to be considered,  

including the dis t r ibut ion of miners throughout the  U.S. coal  f ie lds  

vs .  overburden depth ,  and  the v a r i a b i l i t y  of overburden depth 

above each coal  mine. For example, the device will provide ve ry  
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good protection to miners working in  mines hav ing  cverburdens  

shallower t han  500 to 600 feet.  In add i t ion ,  considerat ion must be 

given to the  fact  t h a t  many mines, pa r t i cu l a r l y  in  the  Appalachian 

coal  f i e lds ,  wil l  experience wide va r i a t i ons  i n  overburden depth in  

different  sections of the  mine workings.  Thus,  many "deeper" mines 

wil l  have  a r e a s  with overburdens shallower t han  500 to 600 feet.  

Therefore, the  overal l  potential  of the t ransmit ter  to save  l ives  

might be much more favorable  t han  the  raw detectabi l i ty  curves  

indicate  a t  f i r s t  g lance  when compared to the  o r ig ina l  performance 

goa l .  

On the  other h a n d ,  the  resu l t s  of Section X app ly  to rescue 

teams sea rch ing  on foot with hand-carr ied  detection receivers.  To 

speed up the  search effort ,  helicopter-based detection receivers a r e  

des i rab le .  To estimate how the detectabi l i ty  performance will 

behave a s  a function of a l t i tude ,  compared with t ha t  experienced 

on the  sur face ,  r equ i res  t h a t  the behavior of both s igna l  a n d  

noise be  determined a s  a function of a l t i tude  above the  surface .  In  

add i t ion ,  t he  resu l t s  of Section X s t r i c t ly  app ly  only within hori- 

zontal  d is tances  of about severa l  hundred feet from the  point on 

the  sur face  di rect ly  above the  in-mine t ransmit ter .  Therefore, to 

ob ta in  detectabi l i ty  est imates for g r ea t e r  horizontal  r anges ,  the  

s i gna l  s t reng th  behavior a s  a function of horizontal  offset must 

a l so  be est imated both on the surface  a n d  a s  a function of a l t i tude .  

A convenient approximate method for ext rapola t ing the  over- 

head  ver t i ca l  s i gna l  s t reng th  resu l t s  to  off-axis a n d  above the  

surface  locations based  on the  homogeneous-earth rad io  propagation 

models developed by  J .  R .  w a H  h a s  been described i n  Ref- 

erence 18 . To use these models, values  of effective e a r t h  conduc- 

t i v i t y  must be chosen. Two approaches  have  been suggested;  one 

based on est imating overburden conductivi t ies on a mine-by-mine 

ba s i s  from the  ind iv idua l  f ield s t reng th  read ings  a t  each mine, 

and  a second based  on est imating a n  ave rage  overburden conduc- 

t i v i t y  a s  a function of overburden depth from the  transmission 

I 
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response regression l ines  derived from the normalized field s t rength 

d a t a  taken from a l l  mines. We believe t ha t  the  second approach 

based on the regression resul ts  may yield the  most representat ive  

conductivity estimates and  field s t rength extrapolations i n  the most 

systematic manner. These average  extrapolated s igna l  s t rength 

values  can then be used with the Section VII surface noise dis t r i -  

butions (assuming them to  be independent of a l t i tude  to f i r s t  

approximation) to generate plots of approximate expected proba- 

b i l i t i es  of detection a s  a function of a l t i tude and  horizontal offset. 

The specific app l icab i l i ty  of these resul ts  to  the  development of 

p rac t ica l  search s t ra teg ies  needs to be assessed.  

B .  SENSITIVITY ANALYSES 

A pr imary objective of th i s  s tudy was to quant i fy  the l ikeli-  

hood, o r  chance,  of detecting t rapped  miners over a wide range  of 

ac tua l  operat ing conditions. Detection probabi l i ty  curves  have been 

empirically derived from var ious  transmit  frequency/overburden 

depth combinations. These curves  a l so  depend on probabi l i ty  

dis t r ibut ions  which have  been used to character ize  the  conditional 

behavior of s igna l  s t rength ,  background noise, and  a u r a l  detection 

levels.  Although the ana lyses  described in  th i s  report  support  the 

appl icab i l i ty  of these dis t r ibut ions ,  some consideration should be 

given to invest igat ing the effects of var ia t ions  i n  the i r  underlying 

form. For example, ana ly t ica l  s tudies  can be performed to examine 

the  effect of vary ing  parameters ,  such a s  the  following: 

estimated RMS s igna l  s t rength mean 

estimated RMS s igna l  s t rength var iance  

estimated RMS noise mean 

estimated RMS noise var iance  

Variations can be considered independently or  in  combination. 

Since the  re la t ive  behavior of the dependent va r i ab l e  ( i . e . ,  the  
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probab i l i ty  of detection) i s  of pr imary in te res t ,  t h i s  type of s tudy  

i s  genera l ly  referred to  a s  a sens i t iv i ty  ana ly s i s .  

In addi t ion to va r i a t i ons  in the specific parameters ,  i t  might 

be of in teres t  to consider devia t ions  from normali ty a s  well.  Other 

d i s t r ibu t iona l  forms could be assumed for character iz ing RMS s igna l  

s t reng th  a n d  noise;  for example,  a  lognormal o r  exponential  d i s t r i -  

bution might be more app rop r i a t e  for charac te r iz ing  t ransmit ted  

s i gna l  s t reng th  a t  ce r ta in  depths  beyond,  s a y ,  1,500 feet.  

Furthermore, the  detectabi l i ty  resu l t s  of Section X app ly  for 

bas ic  a u r a l  detection, by  a human operator  with a headse t ,  of the 

simple, pulsed CW s igna l s  produced by the  General Instruments 

t ransmit ter  i n  the  presence of background noise. Based on the 

l i t e r a tu r e ,  we estimate t h a t  a  human cpera to r  requ i res  about a 

6 dB signal-to-noise r a t i o  to  achieve a 50% probab i l i ty  of detection 

for t h i s  type of s i gna l  i n  random background noise. Additional 

experimental  work needs to be  conducted to check the va l id i ty  of 

t h i s  6 dB est imate,  a ssess  i t s  sensi t iv i ty  to pu l se  length  a n d  

repeti t ion r a t e ,  and  to check the  shape of the  chosen detectabi l i ty  

vs .  signal-to-noise r a t i o  curve  above and  below the  50% value .  

These experiments should a l so  compare resul ts  obtained us ing  

random noise with those obtained us ing noise with charac te r i s t i c s  

s imi la r  to t ha t  recorded by  the  Bureau of Mines on the  sur face  

above mines. F ina l ly ,  the Bureau of Mines noise recordings  should 

be  subjected to a more thorough ana ly s i s  and  comparison with 

other  a v a i l a b l e  resu l t s  on atmospheric a n d  cu l t u r a l  noise,  to more 

firmly es tab l i sh  the  charac te r i s t i c s  and  or ig in  of t h i s  recorded 

noise. 

To complement th i s  experimental  work, a  pa r a l l e l  effort 

should be  under taken to  ana ly t i c a l l y  assess  the sens i t iv i ty  of the 

f i na l  p robab i l i ty  of detection resu l t s  to both the signal-to-noise 

r a t i o  a t  the  50% detectabi l i ty  point  and  the  shape of the  proba- 

b i l i t y  of detection v s .  signal-to-noise r a t i o  curve ,  in  addi t ion to 
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the  va r i a t i ons  i n  noise a n d  s i g n a l  levels  recommended i n  the  

previous p a r a g r a p h .  The resu l t s  of these  sens i t iv i ty  ana lyses  

should provide  a means for deciding whether more sophist icated 

s igna l l ing  a n d  receiving systems a r e  worth pursu ing .  

I t  may a l so  be  ins t ruc t ive ,  in  l i gh t  of the  well-behaved 

regression models developed i n  Section V ,  t o  devote some add i t iona l  

effort to the  possible ext ract ion of quan t i t a t ive ,  a l though perhaps  

weak,  re la t ionsh ips  between measured s i g n a l  s t reng ths  on the  

surface  a n d  the  dis tance  to  nea rby  e lec t r i ca l  conductors,  o r  the  

d i s tance  to receivers  with l a r g e  hor izonta l  offsets ,  pa r t i cu l a r l y  for 

those s i tua t ions  t h a t  appea r  to  represent  pathological  cases .  

Similarly,  i t  may be ins t ruc t ive  to bet ter  quan t i fy  the  sensi t iv i ty  

of the  regress ion r e su l t s  to random e r r o r s  i n  reported parameter  

va lue s  such a s  overburden dep th ,  t ransmit  an tenna  dimensions, etc.  

C. CONFIRMATORY TESTS 

The program h a s  yielded p robab i l i ty  statements about the  

expected va lues  of t r apped  miner s i gna l  s t r eng th s  on the  sur face  

a n d  the i r  de tec tab i l i ty  a s  a function of overburden depth  a n d  

f requency.  Therefore, the  resu l t s  of severa l  add i t iona l  t e s t s  with 

pre-selected depth/frequency combinations a t  mine s i t e s  chosen a t  

random from the  U.S. coal  f ield populat ion would be expected to 

ag r ee ,  on the  ave r age ,  with the resu l t s  presented i n  t h i s  repor t .  

Oscar Kempthorne, i n  the  introductory chap te r  of h is  c lass ic  

t ex t  (19 on experiment des ign,  emphasizes the  c i r c u l a r  n a t u r e  of 

the  experimental  process;  namely, t h a t  observat ions  l e ad  to the 

development of theory,  which i n  t u rn  l e ads  to the  predict ion of 

new events ,  which then sugges t s  the  t ak ing  of new experimental  

observat ions ,  etc.  Furthermore, i t  i s  well recognized a s  good scien- 

t i f i c  pract ice  to experimental ly ver i fy  deduced f ind ings  whenever 

possible.  
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The ver i f ica t ion process assumes pa r t i cu l a r  importance for 

t h i s  experimental ly-based program with i t s  potent ia l  r egu la to ry  

implications.  More speci f ica l ly ,  we ci te the  following reasons  for 

recommending verif icat ion t es t s :  

The experimental  f indings  a r e  important;  i t  i s  c lea r ly  

worth knowing with a h igh  degree of ce r ta in ty  just how 

well the  t r apped  miner detection system can  be expected 

to  perform under  a c t u a l  use condit ions;  

The predicted performance i s  such t h a t  detection proba- 

b i l i t y  declines r a t h e r  ab rup t l y  beyond overburden depths 

of 500 feet;  

There i s  a pauc i ty  of a c tua l  tes t  d a t a  a t  mine s i t e s  

hav ing  overburdens  deeper than  700 feet ; .  namely, only  

15 tes ts  were ac tua l l y  conducted a t  depths  g r ea t e r  than  

700 feet ,  al though 43 were p lanned ;  

a The overburden a n d  i t s  t ransmission charac te r i s t i c s  a r e  

known to  be  complex and  va r i ab l e  between mine locations 

and  between specif ic s i t e s  within the  same mine. 

Although there  a r e  many aspects  to be  considered dur ing  the  

ac tua l  p lann ing  of confirmatory t es t s ,  not the  l eas t  of which i s  the  

need i t se l f ,  we recommend for the s ake  of completeness t h a t  some 

add i t iona l  tes t ing be considered.  For example, hypotheses could be 

tes ted ,  with re la t ive ly  few add i t iona l  tes t  measurements, t h a t  

add re s s  the  va l i d i t y  of the  p robab i l i ty  est imates beyond ce r t a i n  

overburden depths  such a s  700 feet.  I t  i s  a lways  possible t ha t  

"unusual" s i t e  conditions could l ead  to unexpected outcomes. I t  i s  

a l so  recognized t h a t  agreement,  based  on a few addi t ional  t e s t s ,  

would not "prove" the  theoret ica l  re la t ionships  es tabl ished by  t h i s  

n 
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s tudy .  Nevertheless, some addi t ional  resu l t s  from tes t s  designed on 

the  b a s i s  of the models developed to da te  would increase  our  

knowledge about the  performance of the  device,  no matter  what the 

outcomes might be. 

D .  OPERATIONAL UTILIZATION OF THE DETECTION SYSTEM 

Given t ha t  a t rapped  miner detection system of specified 

performance i s  ava i l ab l e ,  the  question of i t s  most effective uti l i-  

zation under  mine emergency conditions needs to be  addressed.  

This can be examined from two points of view; namely, the  use of 

the  in-mine t ransmit ters  by the t rapped  miners a n d  the  use of the  

detection equipment on the  surface  b y  the mine search and  rescue 

team. 

1 . In-Mine Transmitters 

The in-mine t ransmit ters  a r e  present ly  designed to be  ca r r i ed  

on the  miner ' s  bel t  for use i f  the  miner i s  unable  to exi t  the mine 

du r ing  a mine emergency. In view of the  above detectabi l i ty  

f indings  a n d  search s t ra tegy  considerations discussed below, con- 

s iderat ion should be given to the  t r a in ing  of miners i n  the  use of 

the i r  t ransmit ters .  Namely, at tention should be  given to  a number 

of psychological ,  operat ional  and  s igna l  transmission factors t ha t  

will tend to optimize the  miner ' s  p robab i l i ty  of being detected and  

rescued.  For example, i f  a t  a l l  p r ac t i c a l ,  provisions should be 

made to  enable  the  miner to set  up h i s  t ransmit ter  and  antenna a t  

locations hav ing  s igna l  transmission advan t ages ,  such a s  close to  

mine e lect r ical  conductors l ike  power and  communication cab les ,  

r a i l s ,  e tc . ,  and  i n  mine a r e a s  hav ing  shallower overburdens.  

Locations adjacent  to mine conductors wil l  a l so  extend s igna l  t rans -  

mission ranges  within the mine workings a n d  increase  the  chances 
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of being detected by the  in-mine rescue crew. Underground a r e a s  

hav ing  shallower overburdens  could even be  designated by  color- 

coded s igns  to inform miners of locations hav ing  the most favorable  

transmission charac te r i s t i cs  a n d ,  therefore,  locations to  which 

surface  search teams will  a t t ach  h igher  pr ior i t ies .  Pract ical  

operat ional  procedures should a l so  be developed to increase  the  

chances  t h a t  the  in-mine t r ansmi t t e r ' s  limited energy source will 

not be prematurely expended before a t  l e a s t  the i n i t i a l  sea rch  

efforts  a r e  subs tan t ia l ly  complete. 

Consideration should a l so  be  given to another possible imple- 

mentation of the rescue t ransmit ter  t h a t  ha s  the  advan t ages  of 

being both more economical and  more conveniently tested on a 

rout ine  ba s i s .  This can  be  achieved by  bui lding the rescue t rans -  

mitters into the  mine pager  phones located Gn each working section 

a n d  a t  other s t ra teg ic  locations along mine haulageways a n d  

escapeways.  Thus,  dur ing a mine d i s a s t e r ,  miners could simply 

t ake  one of the  pager  phones and  c a r r y  i t  with them for use i f  

they were not ab le  to exi t  the  mine. This would allow the  use of a 

longer  l ife energy source such a s  the  pager  phone lan te rn  ba t t e ry ,  

provide rout ine  inspection a n d  tes t ing dur ing  pager  phone main- 

tenance cycles ,  a n d  not requ i re  the miner to c a r r y  another piece 

of equipment. 

2. Surface Detection Receivers 

Even more important consideration needs to be given to  the 

problem of devising effective search p lans  a n d  procedures for 

maximizing the  number of rescuable  miners detected per  unit  of 

search effort a t  a mine d i sas te r  s i te .  Namely, how should the mine 

search  a n d  rescue team allocate i t s  effort and  resources to  bes t  

accomplish the objective of f inding and rescuing a l l  t r apped  miners 

within the  limited time constra ints?  This problem h a s  been 

- 
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addressed  i n  a pre l iminary manner in  Appendix G ,  where we have  

formulated the  sea rch  problem specif ica l ly  for a r ap id  helicopter- 

based  search effort backed up by man-carried surface-based 

receivers  for pinpointing the  underground t ransmit ter  locations.  

These p l a n s  and  procedures can  be  modified accordingly to accom- 

modate the  s i tuat ion in  which the  sea rch  must be conducted 

en t i re ly  b y  a l a r g e  number of sea rch  team members c a r ry ing  rescue 

receivers  on the  surface .  

The appendix  p resen t s  a methodology and  mathematical repre-  

senta t ion to descr ibe  the  important parameters ,  cons t ra in t s ,  

r e la t ionsh ips  a n d  quan t i t i e s  to be  optimized, together with key 

inpu t  information t ha t  must be obta ined o r  estimated before "good," 

if not optimum, sea rch  pa t t e rn s  c an  be  formulated a n d  t he i r  effec- 

t iveness  assessed.  This key input  information includes severa l  

important  time i n t e rva l s  involved in  post-disaster  search a n d  

rescue operat ions ,  such a s :  

The l i fe  expectancy of the  trapped-miner t r ansmi t t e r  a s  a 

function of the  res idua l  energy i n  the  miner ' s  c a p  lamp 

ba t t e ry  a t  the  time of t r ansmi t t e r  ac t iva t ion ,  

The expected s u r v i v a l  times of t r apped  miners for differ- 

en t  mine d i s a s t e r  environmental  condit ions,  

Expected times requ i red  to rescue miners a f t e r  detection 

for typ ica l  mine d i s a s t e r  conditions a n d  mine configur- 

a t i ons ,  

Expected a r r i v a l  and  set-up times of ground a n d  a i rborne  

sea rch  a n d  rescue teams a f t e r  a d i s a s t e r  h a s  occurred.  

The l eng ths  of these times a n d  the i r  r e la t ionsh ips  to each c ther  

will not only influence sea rch  a n d  rescue team s t r a t eg i e s ,  but  may 

a l so  have  a n  impact on the  t r a i n ing  of miners regard ing  pro- 

cedures  for  the  act ivat ion a n d  prolonged operation of t he i r  t r ans -  

mit ters .  
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Another important input  parameter  will be  the  effective sweep 

width for the  detection equipment used on the  surface  o r  in  the 

a i r .  The sweep width ,  Wf, ( t yp i ca l l y  defined i n  terms of the  hori- 

zontal  offset for 50% s igna l  de tec tab i l i ty )  will be a function of the  

mine overburden dep th ,  a l t i t ude  of the  receive an tenna  above the  

sur face ,  ambient noise condit ions,  and  the  ac tua l  s i gna l  detection 

process ( i . e . ,  a u r a l  o r  o the r ) .  At mines with re la t ive ly  f l a t  

surface  topography,  a s  i n  I l l inois  and  Ohio, a  constant  sweep 

width can  be assumed for the  whole mine. I n  re la t ive ly  mountain- 

ous a r e a s  such a s  West Virginia and  eas tern  Kentucky, severa l  

sweep widths may be required to proper ly  charac te r ize  different  

regions  of a widely dispersed mine. The rescue team should t ake  

advan t age  of ava i l ab l e  topographic information in  a p r ac t i c a l  

manner t h a t  will minimize the  number of different  sweep widths 

requ i red  and  simplify search operat ions  a n d  procedures a s  much a s  

possible.  

The s i gna l  de tec tab i l i tyhweep  width information can  be 

combined with mine map a n d  operat ional  information on the  l ikely  

dis t r ibut ion a n d  movement of miners in  the  mine. This combined 

information wil l  enab le  the  rescue team to quickly  iden t i fy ,  i n  

g ross  terms,  h igh p r io r i ty  a r e a s  of the mine t h a t  have the  highest  

l ikelihoods of both t rapped  miner presence a n d  de tec tab i l i ty ,  a n d  

those with propor t ional ly  smaller  likelihoods. These p r io r i t i e s  will 

then allow the  efficient and  systematic al location of scarce  search 

a n d  rescue resources so  a s  to increase  the  probable  number of 

miners detected and  rescued pe r  unit of search effort.  

The methodology a n d  mathematical representa t ions  developed 

in  Appendix G need to be refined and  app l ied  to severa l  typ ica l  

mine d i s a s t e r  operat ional  scenarios for specific p rac t i ca l  va lues  of 

the  key parameters .  This should resul t  i n  the formulation a n d  

assessment of a number of search s t ra teg ies  a n d  l e ad  to a bet ter  

unders tand ing  of the i r  p r ac t i c a l  appl ica t ion to r e a l  mine d i s a s t e r  

s i tua t ions .  
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APPENDIX A 

INFORMAT ION ON STAT ISTICALLY 

SELECTED MINES PLANNED 

FOR FIELD MEASUREMENT PROGRAM 

This information was genera ted  b y  the  s t a t i s t i c a l l y  based 

mine selection method descr ibed i n  Section I I IB.  This method was 

app l i ed  to  a consolidated Bureau of Mines computer d a t a  b a s e  of 

coal  mines obta ined by  the  merging of a n  MSHA mine d a t a  f i le  

conta in ing the  number of miners a t  each mine a n d  a Bureau cf 

Mines Eas tern  Field Operat ions Center d a t a  f i l e  conta in ing t h e  

maximum overburden depth  a t  each  mine. 
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TABLE A 1  

LISTING OF SPECIFIC MINES SELECTED FOR FIELD MEASUREMENTS 

I N  U.S. FIELDS (ORDERED BY DEPTH INTERVAL, DEPTH, AND 
* - 

NUMBER OF MINERS WITHIN EACH DEPTH INTERVAL) 

J & J Mining Co. 
#2 Mine 
Sewickley 
Route 8 ,  Box 292C 
Morgantown, W.V. 26505 

Peabody Coal Co. 
Baldwin Mine i l l  
No. 6 ,  P.O. Box 67 
Mar i s sa ,  IL 62257 

C o n s o l i d a t i o n  Coal Co. 
Humphrey #7 UG 
P i t t s b u r g h  
P.O. Box 100 
Osage, WV 26543 

Peggs Run Coal Co. I n c .  
Peggs Run /I2 
Upper Fr eepor  t 
P.O. Box 184 
S h i p p i n g p o r t ,  PA 15077 

Amherst Coal Co. 111 
MacGregor ij8 UG,  Coalburg 
Lundale,  WV 25631 

Mar t in  County Coal Corp. 103 
jI1-S UG 
S tock ton  
Route 40,  Box 82A 
I n e z ,  KY 41224 

Max. KO.  9 e p  t h  
MESA I D  Depth --. Men - .  I n t e r v a l  

Peabody Coal Co. 0250 110 200-299 
S i n c l a i r  !I1 UG 
Kentucky N o .  9 
301 No. Memorial D r .  
S t .  L o u i s ,  MO 63102 

180 Ih 
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Name/Location MESA I D  

Consl. Coal-Cen. Div. 036 3301065 
F rank l in  Highwall UG 
P i t t s b u r g h  (No. 8 )  
Georgetown General O f f i c e  
Cadiz,  OH 43907 

Republic S t e e l  Corp. 036 3600973 
Banning /I4 
P i t t s b u r g h  
617 F a y e t t e  Nat iona l  Bank Bldg. 
Uniontown, PA 15401 

Ranger Fuel  Corp. 167 4603446 
H Mine UG 
Peer less 
P. 0 .  Box 966 
Beckley, WV 25801 

Union Carbide Corp. 
F e r r a l l o y s  

#7C UG 
No. 5 Block 
Route 2,  Box 224 
Clendenin, WV 25045 

Shamrock Coal Company 135 1502502 
Shamrock /I18 
Hazard No. 4 
Box 36A 
Beverly,  KY 40913 

Badger Coal Co. Inc .  076 4601254 
Badger No. 14 UG 
Upper Ki t tanning  
P. 0. Box 472 
Clarksburg,  WV 26301 

Bethlehem Mines Corp. 074 3600852 
/I38 UG 
Lower Freepor t  
Box 29 
Ebensburg, PA 15931 

Max. No. Depth 
Depth Men - I n t e r v a l  
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I s l a n d  Creek Coal Co. 484 
F i e s  Mine 
Kentucky No. 11 
444 South Main S t r e e t  
Madisonvi l le ,  KY 42431 

Peabody Coal Co. 
Als ton  114 Mine UG 
Kentucky No. 9 
301 No. Memorial D r .  
S t .  Louis ,  MO 63102 

Peabody Coal Co. 
1/10 Mine 
No. 6 
P. 0 .  Box H 
Pawnee, IL 62558 

Ind i an  Ridge Coal Co. 216 
Ind i an  Ridge #4 UG 
G i l b e r t  
Ottaway Trent  
Hanover, WV 24839 

Southeas t  Coal Co. 
11402 UG 
Hazard No. 4 
Route 2,  Box 60 
Whitesburg, KY 41858 

Jumacris  Mining Inc .  
115 Mine UG 
Lower Cedar Grove 
P. 0 .  Drawer D 
G i l b e r t ,  WV 25621 

Omar Mining Co. 
C h e s t e r f i e l d  #1 UG 
Stockton 
P. 0. Box 338 
Madison, WV 25130 

MESA I D  

1502018 

Max. No. Depth 
Depth - Men I n t e r v a l  

- 
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Max. No. Depth 
Depth Men - I n t e r v a l  Name/ Loca t ion  MESA I D  

Hawley Coal Mining Corp. 
Bottom Ck. /I1 Mine 
Pocahontas No. 12  
Drawer J 
Keystone, WV 24852 

Uni ted S t a t e s  S t e e l  Corp. 036 
M t .  Braddock - F r i c k  Coal 

D i s t .  
P i t t s b u r g h  
F a y e t t e  Bank Bldg. 
Uniontown, PA 15401 

Westmoreland Coal Co. 
P r e s c o t t  /I2 Mine UG 
Imboden 
Osaka S t a r  Route 
Appalachia ,  VA 24216 

ARMCO S t e e l  Corp. 
Robin Hood No. 8 UG 
Dorothy 
Montcoal, WV 25135 

Na t i ona l  Mines Corp. 
I s a b e l l a  
P i t t s b u r g h  
P. 0 .  Box 431 
I s a b e l l a ,  PA 15447 

Republ ic  S t e e l  Corp. 
Republ ic  UG & Prep P l a n t  
Lower Elkhorn 
Route 1, Box 306 
Elkhorn C i t y ,  KY 41522 

Republ ic  S t e e l  Corp. 
Newf i e l d  
Double F r eepo r t  
617 F a y e t t e  Na t i ona l  Bank 

Bldg . 
Uniontown, PA 15401 
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Name/Location MESA ID 

Island Creek Coal/West 489 1502156 
KY Div. 
Providence /I1 
Kentucky No. 9 
Drawer N 
Madisonville, KY 42431 

Alabama By-products Corp. 229 0100340 
Gorgas Mine /I7 
America 
P. 0 .  Box 158 
Goodsprings, AL 35560 

United States Steel Corp. 036 3600909 
Robena /I1 - Frick Coal Dist. 
Pittsburgh 
Fayette Bank Bldg. 
Uniontown, PA 15401 

Jones & Laughlin Steel 036 3600907 
Corp. 
Shannopin UG 
Pittsburgh 
Box 608 
California, PA 15419 

Gateway Coal Co. 036 3600906 
Gateway Mine 
Pittsburgh 
P. 0 .  Box 608 
California, PA 15419 

Nacco Mining Co. 
Powhatan /I6 UG 
Pittsburgh (No. 8) 
Powhatan PT, OH 43942 

Bill Branch Coal Co. Inc. 177 4404134 
/I2 UG 
Blair 
Box 556 
Vansant, VA 24656 

Max. No. Depth 
Depth Men - Interval 

I 
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Max. No. Depth 
Depth Men - I n t e r v a l  MESA I D  

Bet ty  B Coal Co. 
Mine 113 
Upper Banner 
Box 340 
Clintwood, VA 24228 

White P e t e r  Coal Mining 
Corp. 

War Eagle /I1 Hawley Coal 
Lower War Eagle 
Gen. Del ivery 
Isaban,  WV 24846 

Bethlehem Mines Corp. 
Solomon Run 1/73 UG 
Upper Ki t tanning  
Box 29 
Edensburg, PA 15931 

Southern Appalachian Coal 168 
Co . 

Bull  Creek 112 
No. 2 Gas 
217 94th S t r e e t  
Mannet, WV 25315 

Bethlehem Mines Corp. 
11108 UG 
Redstone 
P. 0. Box360 
Br idgepor t ,  WV 26330 

Webster C i ty  Coal Corp. 
R e t i k i  Mine 
Kentucky No. 9 
P. 0. Box 45 
Henderson, KY 42420 

Pocahontas Fuel  Co. 
#7 UG 
Pocahontas No. 3 
Horsepen, VA 24619 
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Name/Location MESA I D  

North Amer. Coal Corp. 084 3600928 
E a s t .  Div. Comemaugh /I1 UG 
Lower Ki t tanning  
Seward, PA 15954 

Sewell Coal Co. 
Meadow River ill UG 
Sewell 
Lookout, WV 25863 

Consl. Coal-Cen. Div is ion  074 3301158 
Oak Park 117 UG 
Lower Freepor t  (No. 6A) 
Georgetown General Of f i ce  
Cadiz,  OH 43907 

North American Coal Corp. 036 3300937 
Ohio Div is ion  

Powhatan /I5 UG 
P i t t s b u r g h  (No. 8) 
Powhatan PT, OH 43942 

Republic S t e e l  Corp. 227 0100759 
North River /I1 UG 
P r a t  t 
P. 0 .  Box 268 
Berry,  AL 35546 

Alabama By-products Corp. 279 0100347 
Segco /I1 UG 
Mary Lee 
P. 0 .  Box 127 
Goodsprings, AL 35560 

Ha t t e r  Coal Co. 
Middle S p l i t  Slope 
M a n m o t h  (Top S p l i t )  
Hegins, PA 17938 

Calver t  Coal Co. 
117 UG 
Pocahontas No. 3 
110 Harvey S t r e e t  
Beckley, WV 25801 

Max. No. Depth 
Depth Men I n t e r v a l  

I 
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Johnson Coal Co. 
/I11 UG 
Hazard No. 4 
Box 888 
Mar t i n ,  KY 41649 

Youngs Branch Coal Co. 
i'14 UG 
Widow Kennedy 
Box 653 
Vansant ,  VA 24656 

Barnes & Tucker Co. 
Lancash i re  i'24 B UG 
Lower K i t t ann ing  
1912 Chestnut  Avenue 
Barnesboro,  PA 15714 

A f f i n i t y  Mining Co. 
Keystone /I5 UG 
Pocahontas No. 3 
P. 0 .  Box 948 
Sophia ,  WV 25921 

Youghiogheny & Ohio 
Coal Co. 

N e l m s  /I2 UG 
Lower F reepo r t  (No. 6A) 
Hopedale, OH 43976 

Greenwich C o l l i e r i e s / P A  
Mines 

Greenwich C o l l i e r i e s  1'12 
Lower F reepo r t  
P. 0 .  Box 367 
Ebensburg, PA 15931 

Conso l ida t ion  Coal Co. 484 
H i l l s b o r o  Mine/Midwes t e r n  

Reg. 
No. 6 
P. 0. Box 218 
P i n c k n e y v i l l e ,  IL 62274 

MESA I D  

1507092 

Max. No. Depth 
Depth Men - I n t e r v a l  
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MESA I D  

Peabody Coal Co. 
Camp i12 
Kentucky No. 9 
RR #5, Box 46-A 
Morganfield,  KY 42437 

Peabody Coal Co. 489 1502709 
Camp ill 
Kentucky No. 9 
Morganfield,  KY 42437 

Standard Sign & Signa l  Co. 154 1502424 
May Mine UG 
Elkhorn #2 
Box 801 
P i k e v i l l e ,  KY 41501 

Sewell Coal Co. 
Sewell  ill UG 
Sewell 
N e t t i e ,  WV 26681 

Nat iona l  Coal Mining Co. 151 4601450 
#25 UG 
Cedar Grove 
Box 461 
Holden, WV 25625 

Kaiser  S t e e l  Corp. 
York Canyon ill UG 
York Canyon 
P. 0. Box 281 
Raton, NM 87740 

Beth-Elkhorn Corp. 154 1502092 
Pike  il26 UG & Prep P l a n t  
Elkhorn #2 
Jenk ins ,  KY 41537 

M a x .  No. Depth 
Depth Men - I n t e r v a l  

I 
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U .  S. S t e e l  Corp. 
/I9 Mine UG 
Pocahontas  No. 3 
Gary,  WV 24836 

MESA I D  

344 4601418 

Southern  Ohio Coal Co. 084 4603805 
Mart inka # 1  UG 
Lower K i t t a n n i n g  
P. 0 .  Box 552 
Fairmont ,  WV 26554 

Val ley  Camp Coal Co. 036 4601483 
VC /I1 Mine 
P i t t s b u r g h  
2971 E Dupont Avenue 
Shrewsbury,  WV 25184 

Amigo Smokeless Coal Co. 344 4604216 
Amiga #2 UG 
Pocahontas  No. 3 
Box 966 
Beckley,  WV 25801 

E a s t e r n  Assoc ia ted  Coal 168 4601270 
Corp. 

H a r r i s  j'2 UG 
Campbells Creek 
S t a r  Route 2 
Bald Knob, WV 25010 

E a s t e r n  A s s o c i a t e d  Coal 344 4601535 
Corp. 

Keystone /I2 UG 
Pocahontas  No. 3 
Herndon, VA 24726 

Blue Diamond Mining I n c .  111 1502082 
Leatherwood 
Lea therwood 
Box 298 
Leatherwood, KY 41756 

Max. 
Depth 

No. Depth 
Men - I n t e r v a l  
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Max. No. Depth 
MESA I D  Depth Men - I n t e r v a l  

North American Coal Corp. 03 6 3300938 0840 474 800-899 
Ohio Div is ion  

Powhatan /I1 
P i t t s b u r g h  (No. 8)  
Powhatan PT, OH 43942 

Freeman United Coal 
Mining Co. 

Or i en t  /I3 UG 
No. 6 
300 W. Washington S t .  
Chicago, IL 60606 

Consol ida t ion  Coal Co. 036 4601318 0800 
Robinson Run #95 UG 
P i t t s b u r g h  
P. 0. Box 1632 
Fairmont,  WV 26554 

United S t a t e s  S t e e l  Corp. 227 0100329 0800 
Southern Mines D i s t  . - 

Concord /I1 
P r a t t  
P. 0. Box 599 
F a i r f i e l d ,  AL 35064 

Consol ida t ion  Coal Co. 174 4601986 0900 
Rowland /I3 Mine/ 

S. Appalachia 
Upper Eagle 
Route 1, Box 169 
Beckley, WV 25801 

Carbon Fuel  Co. 
/I36 UG 
Eagle  
Carbon, WV 25037 

C l i n c h f i e l d  Coal Co. 
Moss /I3 P o r t a l  D 
T i l l e r  
Dante, VA 24237 

II 
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Name/Locat i o n  MESA I D  

A l l i e d  Chemical Corp.-Semet 176 4601288 
S o l  

Harewood UG 
Eag le  
Box 791 
Montgomery, WV 25136 

S l a b  Fork Coal Co. 
/ / lo  UG 
Pocahontas  No. 4 
S l a b  Fork ,  WV 25920 

Val ley  Camp Coal Co. 036 4601482 
VC /I3 Mine 
P i t t s b u r g h  
2971 E .  Dupont Avenue 
Shrewsbury, WV 25184 

Volun tee r  Mining Corp. 134 4000255 
i/1 UG 
Dean 
Box 512 
Lake C i t y ,  TN 37769 

Eag le  Coal & Dock I n c .  168  4604578 
i/7-A UG 
No. 2 Gas 
P. 0 .  Box 38 
S t i c k n e y ,  WV 25188 

Ranger F u e l  Corp. 
F Mine UG 
War Eag le  
P. 0 .  Box 966 
Beckley,  WV 25801 

E a s t e r n  Assoc ia ted  Coal 176 4601271 
Corp. 

H a r r i s  ill UG, Eag le  

Max. No. Depth 
Depth Men I - I n t e r v a l  

S t a r  Route 2 
Baid Knob, WV 25010 
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Name/Location MESA I D  

C o n s o l i d a t i o n  Coal Co. 036 4601968 
B l a c k s v i l l e  112 UG 
P i t t s b u r g h  
Box 24 
Wana, WV 26590 

E a s t e r n  Assoc ia ted  Coal 036 4601456 
Corp. 

F e d e r a l  112 UG 
P i t t s b u r g h  
M i r a c l e  Run 
Fa i rv iew,  WV 26570 

Bethlehem Mines Corp. 1.76 4601496 
11116 UG 
Eag le  
P. 0 .  Box 4337 
C h a r l e s t o n ,  WV 25304 

Jewel1 Ridge Coal Corp. 285 4402253 
Big Creek Seaboard 111 UG 
Lower Seaboard 
J e w e l l  V a l l e y ,  VA 24623 

Bethlehem Mines Corp. 170 4601268 
# I 3 1  UG 
Powell  t o n  
P. 0 .  Box 4337 
C h a r l e s t o n ,  WV 25304 

U .  S. S t e e l  Corp. 
i12 UG 
Pocahontas  No. 4 
Gary, WV 24836 

CF & I S t e e l  Corp. 
A l l e n  Mine UG 
A l l e n  
P. 0.  Box 155 
Weston, CO 81091 

Max. No. Depth 
Depth Men - I n t e r v a l  

C 
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Max. No. Depth 
Depth Men - I n t e r v a l  MESA I D  

4601436 Consol ida t ion  Coal Co. 
Shoemaker UG 
P i t t s b u r g h  
P. 0 .  Drawer L 
Moundsville,  WV 26041 

C l inch f i e ld  Coal Co. 
Chaney Creek /I2 UG 
Jawbone 
Dante, VA 24237 

Youngstown Mines Corp. 
Dehue UG 
Eagle 
P. 0 .  Box 900 
Dehue, WV 25618 

U .  S. S t e e l  Corp. 
P innac le  Creek /I50 UG 
Pocahontas No. 3 
Gary, WV 24836 

United S t a t e s  Fuel  Co. 
King Mine 
Hiawatha A&B 
Box A 
Hiawatha, UT 84527 

Pocahontas Fuel  Co. 
Matthews Mine 
J e l l i c o  
P. 0 .  Box 460 
Middlesboro, KY 40965 

Westmoreland Coal Co. 
Stonega D 

Osaka /I2 Mine UG 
Inboden 
Osaka S t a r  Route 
Appalachia,  VA 24216 
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Peabody Coal Co. 
Deer Creek UG 
Bl ind Canyon 
P. 0. Box 588 
Hunt ington,  UT 84528 

MESA I D  

855 4200121 

E e a t r i c e  Pocahoetas  Co. 344 4400238 
B e a t r i c e  UG 
Pocahontas  No. 3 
Box F 
Keen Mountain, VA 24624 

I s l a n d  Creek Coal Co. 344 4402134 
VA Pocahontas  /I4 
Pocahontas  No. 3 
Keen Mountain, VA 24624 

Max. No. Depth 
Depth Men - I n t e r v a l  . - 

LL 
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APPENDIX B 

INFORMATION ON ACTUAL MINES VISITED 
DURING FIELD MEASUREMENT PROGRAM 

Source : Westinghouse ( 1 , 4 )  
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Gateway Coal Co. - Gateway Mine 
Clarksville, Greene County, PA 
Pittsburgh 

U.S. Steel Corp. - Robena Mine 
Greensboro, Greene County, PA 
Pittsburgh 

Buckeye Coal Co. - Nemacolin Mine 
Nemacolin, Greene County, PA 
Pittsburgh 

rri 
cn 
I 

Duquesene Light - Warwich No. 2 
Greensboro, Greene County, PA 
Pittsburgh 

Duquesne Light - Warwich No. 3 
Greensboro, Greene County, PA 
Se wick le y 

Eastern Associated Coal - Delmont Mine 
Hunker, Westmoreland County, PA 
Upper Freeport 

North Amer. Coal Co. - Conemaugh No. 1 
Seward, Westmoreland County, PA 
N. E. Mains B 

Republic Steel - Newf ield Mine 
New Kensington, Westmoreland County, PA 
Upper & Lower Freeport 

Republic Steel - Banning No. 4 
W. Newton, Westmoreland County, PA 
Pittsburgh 

4 $ 8  3 h)4 d 4 < 2 0 0  0 0 Q) 0 P bin P P 

Helen Mining Co. - Homer Ci ty Mine 
Homer City, Indiana County, PA 
Upper Freeport 

- rri 
D 0 

Greenwich Collieries - Mine No. 2 
Spangler, Cambria County, PA 
Lower Freeport 

Eastern Associated Coal - Colver Mine 
Colver, Cambria County, PA 
Lower Kittanning 

Barnes & Tucker Coal - Lancashire No. 20  
Bainsboro, Cambria County, PA 
Lower Kittanning 

A w Barnes & Tucker Coal - Lancashire 25D 
$ g g  ' P  ' W  in ID Q) ~1 P Bainsboro, Cambria County, PA 
4  Lower Freeport 

w Barnes & Tucker Coal - Lanceshire 24D ? 4 %  h ) Q )  z inb 2 g n  0 0 P ; Bainsboro, Cambria County, PA 
Lower Freeport 
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Mining Co., Mine Name, 
Town, County, State, 
Seam Name 

Consol - Oak Park No. 7 
Cadiz, Harrison County, OH 
Lower Freeport 6A 

Youghiogheny & Ohio Coal - Nelm's 2 
Hopedale, Harrison County, O H  
Lower Free~ort  

N. American Coal - Powhatan No. 1 
Powhatan Point, Belmont County, OH 
Pittsburgh No. 8 

N. American Coal - Powhatan No. 3 
Powhatan Point, Belmont County, OH 
Pittsburgh No. 8 

Youghiogheny & Ohio Coal - Allison 
Beallsville, Belmont County, OH 
Pittsburgh No. 8 I 

Southern Ohio Coal Co. - Meigr No. 2 
Athens, Meigs County, OH 
Clarion 4A 

Southern Ohio Coal Co. - Meigs No. 2 
Athens, Meigs County, OH 
Clarion 4A 

Valley Camp Coal Co. - Mine No. 1 
Short Creek, Ohio County, W V  
Pittsburgh 

Consolidation Coal - Eastern Reg. (Shoemaker Mine) 
Moundsville, Marshall County, WV 
Pittsburgh 

Southern Ohio Coal Co. - Martinka No. 1 
Fairmont, Marion County, WV 
Lower Kittanning 

Consolidation Coal - Loveridge Mine 
Fairview, Marion County, WV 
Pittsburgh 

Badger Coal Co., Inc. - Mine No. 14 
Philippi, Barbour County, WV 
Kittanning 

Bethlehem Mines Corp., No. 108 
Century, Barbour County, WV 
Redstone 

Sewell Coal Company - Mine No. 1 
Nettie, Nicholas County, WV 
SeweN 
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Mining Co., Mine Name, 
Town, County, State, 
Seam Name 

e u u  Central Appalachian Coal - Five Block 1 
=j b b  o  o  Mermet, Kanawha County, WV 

Lower Kittanning 

ul 
\ = g  N - a  VI Sewell Coal Company - Meadow No. 1 
2 00 o o  0 3 w  ul i n t o  d CD Lookout, Fayette County, WV 

Se well - 
d 

All ied Chemical Corp. - Harewood 
03 o  w 8 Boomer, Fayette County, WV 

Eagle 

ul 
\ 

P h) 
0 y.;: d 

Armco Coal Co. - Robinhood No. 8 
2 00 o o  g 2 o d % Twilight, Boone County, WV 

Dorothy 

Q, P -. A ;& 8 g g  d UJ 
Bethlehem Steel - Mine 131 

2 00 w  b 03 cn o N w Van, Boone County, WV 
Po wellton 

h) - a  d 
Omar Mining Company - Omar No. 4 

00 P 3  o  i, i, N Madison, Boone County, W V  
Stock ton 

h) % $  g c g  d Bethlehem Steel (downlink) - Mine 116 
w c n  d o  N 2 Eunice, Boone & Raleigh County, W V  

Eagle 
s m 

, r  

M Bethlehem Steel (uplink) - Mine 116 0  " 
"k s c g  8 8 c n  o 8 Eunice, Boone & Raleigh County, WV 

,c 
0 1  5 

Eagle s l  o 
d l " z, 

h) 
w 8  4, 

Eagle Coal & Dock - Hope No. 10 '"3  J 

w  b 03 o  cn ; 81 Stickney, Boons & Raleigh County, WV h) c; 
CI 

Stockton Lewiston z D 
A M Q 

w o h) - w  Slab Fork Coal Co. - Mine 10 
h ) c n  3 ' - .b  d VI 

Q 

o  o  o  o  d u  Slab Fork, Raleigh County, WV 5 D 
Pocahontas No. 3 n  r  E B 

- w  Ranger Fuel - Mine F ,Z 0 
0 cn 

o  o  u  o  to biD 8 Bolt, Raleigh County, WV 
w  - 0  D z - 

Eagle D 
2 

h) 
d 

4 h) 4 d 
Amherst Mining Co. - MacGregor No. 8 

o  o  u  u  N 8 Lundale, Logan County, WV 
Coa lburg - 

2 ;52 " M 2 %  Eastern Associated Coal - Keystone 
b b  in i, in to i$ x a Herndon, Wyoming County, W V  ' 

Pocahontas No, 3 
d A 

W O  & a  Jumacris Mining Inc. - Mine No. 4 
u  P Q, o  IQ UJ 2 Gilbert, Mingo County, W V  

h) g g  
u  

Lower Cedar Grove 

N 5 5 :  u w  w  
Hawley Mining Corp. - Bot tom Creek No. 1 

to 
0 0 4 o - w  UJ 8 Keystone, McDowell County, WV 

Pocahontas No. 12 
A 

Q, h) 
\ 

- P 
4 - a  d 

Petter White Coal Co. - Brushy No. 2 
2 00 2 c u  o  o  "o i, w Isaban, McDowell County, WV 

w  cn 

Lower War Eagle 

P 
( P 8 - w  U.S. Steel - Gary No. 9 

2 c n b  o  bio 8 Filbert, McDowell County, WV 
hcahontas No. 3 

Q, U.S. Steel - Gary No. 2 2 00 0 0 to cn d 4 w 0 Wilcoe, McDowell County, WV 
Pocahontas No. 4 



3 3 
Mine Co., Mine Name, 
Town, County,State, 
Seam Name 

N co N .J 0, 
2 40 p "  % 8 - a  Island Creek - Virginia Pocahontas No. 3 
=f bio 0 4  to8 ol b b " Keen Mtn., Buchanan County. V A  

Harlan 
d 

'L 

\ G 2 N Eastover Mining Co. - Virginia C i ty  
.J 0 0  
Q, 

o o a N 8 g Virginia c i ty ,  wise county, VA 
Jaw Bone 

0 0 (0 
'L 

- Q )  -ul Jewell Ridge Coal Corp. - Seaboard No. 2 2 ? g  b b  8 %  * hb, 
4 " Tazewell County. V A  --- - 

Lower Seaboard , @ 

N .J = 0 
8 3 ' a  Clinchfield Coal Co. - Moss No. 2 

= c 
4 o cn " Dante, Russell County, V A  

Tiller E s 
D r n  - e  d Clinchfield Coal Co. - Moss No. 4 = 

.J g g  o " Dante, Russell County, V A  Z 
.J 

Tiller D 
N D 

.J Q , &  N O  A Westmoreland Coal - Prescott No. 2, Test 1 D 

3 y'C g z  .J G 8 rn in b % Big Stone Gap, Wise County, V A  D 
r 

lmboden D 
N 0 

2 8 ;  p g  3 8  ; - e  Westmoreland Coal - Prescott No. 2, T e n  2 1 
P ~ I  o o m in b " 2 Big Stone Gap, Wise County, V A  - 

lmboden D 
2 

d 

.J g %  ;h Westmoreland Coal Co. - Bul l i t t  Mine 3 f l y  

.J b in 0 Q, e " % Big Stone Gap, Wise County, V A  
Dorchester 

Volunteer Mining Corp. - No. 2 Mine ' 2 ' 4 0  ' ' -A ' u OD .J @ & Devonia, Anderson County, T N  4 
Dean Big Mary Z 

2 
P 'L 

0 'L 59 - ( D  a w  r - *  Consolidation Coal Co - Mathews 

3 Ul N o  .J o in io @ & Arco, Claiborne County, T N  
I m 
m 

Jellico 



Mining Co., Mine Name, 
Town, County, State 
Seam Name 

Peter Cave - Mine No. 1 
Lovely, Mart in County, K Y  
War field 

Pontika - No. 1 
Lovely, Mart in County, K Y  
h n d  Creek 

Standard Sign & Signal - No. 1 Mine 
Pikeville, Pike County, K Y  
Elkhorn 

Republic Steel Co. - Republic 
Elkhorn City, Pike County, K Y  
Lower Elkhorn 

South East Coal Co. - Mine No. 402 E 2 
Irvine, Knot t  County, K Y  1 p 
Hazard No. 4 m l  

OD 

Beth-Elkhorn Corp. - Pike No. 26 
5; CI 

Shelby Gap, Pike County, K Y  g z  6 
Elkhorn No. 3 2 g. 

Beth-Elkhorn Corp. - Pike No. 25 
r: % 
2 -  5. 

Shelby Gap, Pike County, K Y  I D  
Hazard No. 4 g r s 
Eastover Mining Co. - Highsplint (Harlan) 
Highsplint, Harlan County, K Y  - 
Harlan D 

2 

~ a s t o v i r  Mining Co. - Highsplint (Darby) 
Highsplint, Harlan County, K Y  
Darby 

Path Fork Harlan Coal Co. - FEE 
Alva, Harlan County, K Y  
Upper Harlan 

Eastover Mining Co. - Highsplint 4 
Highsplint, Harlan County, K Y  
Harlan No. 4 

Cal G lo  - No. 21 
Siler, Knox  County, K Y  
Blue Gem 



0 
i 

Mining Co., Mine Name 
-. Town, County, State, 

d 
-. Island Creek - Hamilton No. 1 

Morganfield, Union County, K Y  
No. 9 

(D -.a -. 
PP 6 8  VI Peabody Coal Co. - Camp No. 1, Site No. 1 

'3 y: b -. w o o ' N Morganfield, Union County, K Y  0  k z  
m 

No. 9 

Peabody Coal Co. - Camp No. 1, Site No. 2 
Morganfield, Union County, K Y  2 
No. 9 V, 

-I 
rn 

Pyro Mining Co. - Pyro Slope 6 3 
z 

Sturgis, Union County, K Y  1C 
No. 6 rn z 

-I 
Peabody Coal Co. - Alston No. 4 C 

0 
Centertown, Ohio,County, K Y  1C 
No. 9 - I  

Peabody Coal Co. - Sinclair No. 2 
6 

0 r 
Drakesboro, Butler County, K Y  rn rn 
No. 9 Z 2 

-I = 
a bJ 

Owl Creek Corp. - SueJan Coal Co. 
St. Charles, Hopkins County, K Y  D g. 
No. 6 i - 
Amax Coal Co. - Wabash Mine 
Kennsburg, Wabash County, I L 
Harrisburg No. 5 

VI h) h) Freeman United - Orient No. 4 

00 E S  !2 ix s 2 Marion, Williamson County, I L  
Herrin No. 6 

VI (D 
Zeigler Coal Co. - Mine No. 4 

< 2 w b  w b  0 0  s 8  g g g  s Johnston City, Williamson County, I L 
Herrin No. 6 

(D N 03 Freeman United - Orient No. 6 
\ 

$ 0 0  o  o  P o P Waltonville, Jefferson County, I L  
P O  g E ;  

Illinois No. 6 

VI Old Ben Coal Co. - Old Ben No. 26 
y s Sesser, Franklin County, l L  

Herrin No. 6 

V I M  (D h) g h ) m  
Monterey Coal Co. - Monterey No. 1 

( 2 ( ~ b  b m w  00 ,,, ; s Carlinville, Macoupin County, I L  
Herrin No. 6 

ul 0 Peabody Coal Co. - Mine No. 10 
\ 2 0 0  ; $ P 00 a, ' - .b 

(DWg 8 s Pawnee, Christan County, I L 
Herrin No. 6 



Mining Co., Mine Name 
Town, County, State, 
Seam Name 

Alabania By-Products - Segco No. 1 
a 6 Goodsprings, Walker County, A L  

Mary Lee 

Alabama By-Products - Gorgas No. 7 
a 6 Goodsprings, Walker County, A L  

Mary Lee 

Alabama By-Products, Corp-Mary Lee No. 1 
% Goodsprings, Walker County, A L  

f i r y  Lee 

Jim Walter Resources - Blue Creek No. 3 E 
$ Adger, Jefferson County, A L  Cll C 

Blue Creek g 4  
P S  A 

The Mead Corp. - Mulga Mine 
a % Mulga, Jefferson County, A L  

Pra tt 

Republic Steel Corp. - North River 
a 5 Berry, Jefferson County, A L  

Pratt 

Jim Walker Resources, Inc. - Bessie 
a $ Birmingham, Jefferson County, A L  

Mary Lee 

c11 w N Kaiser Steel - Sunnyside No.1 c 2 0 0  o o tn o $I 2 Sunnyside, Carbon Coonty, U T  
m 0 

Lower Sunn yside 

d 

03 - d Kaiser Steel - Sunnyside No. 3 2 0 0  o o ' tn o ' o UI Sunnyside, Carbon County, U T  
Lower Sunn yside 

d V) 
03 % 8 Plateau Mining Co. - Star Point No. 2 -I c 2 0 0  o o Q) o $I 2 Wattis, Carbon County, U T  (seam 3) 

3rd 

A A 

03 P P  d Western Slope Carbon-Hawk's Nex t  3 
0 - tn(0 W A t n  2 4(0 

N 0 o o 4 o $ 3 Somerset, Gunnison County, CO 
E % 



TABLE B-2 

KEY TO FIELD EVALUATION REPORTS AND MINE TESTS 

Field Report Mine Test Number - 

* Reports consolidating resul ts  of two consecutive 
field t r ips .  

Arthur D Little Inc 
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APPENDIX C 

DERIVATION OF FUNDAMENTAL CURRENT 

AND hllAGNETIC MOMENT FOR THE IN-MINE 

TRANSMIT LOOP A N T E N N A  

The fundamental component of in-mine loop cur ren t  ( I  F U N D )  
was calcula ted i n  a s t ra ightforward manner from a knowledge of 

the  loop configuration and  dimensions used a t  each mine, and  the  

measured t ransmit ter  charac te r i s t i cs .  Based on laboratory measure- 

ments by  PMSRC, both the Collins Radio and  the new General 

Instruments t ransmit ters  were shown to behave a s  squa re  wave 

voltage sources hav ing  a peak-to-peak voltage swing of 6.9 volts 

(+3.45 vo l t s )  and  a series source res is tance of 0.312 ohms. The - 
equivalent  c i rcui t  of the  t ransmit ter  and  the associated loop 

antenna encirc l ing one or  two p i l l a r s  i s  shown i n  Figure C-1. The 

0.1-ohm precision res is tor  i s  the  means used to monitor the loop 

cur ren t  with the  oscilloscope a t  each mine. 

The va lues  of loop res is tance R L  and  inductance LL were 

calcula ted based on the loop dimensions and  number of t u rn s  

(u sua l l y  one t u r n )  for each mine, using the  following equations:  

R L  = N p p ohms, ( 1 )  

where N i s  the number of t u r n s ,  p i s  the perimeter in  feet ,  and  

p i s  the  wire res i s t iv i ty  i n  ohms per  foot; a n d  the  inductance 
.'a 

formula for a rec tangula r  loop of wire 

Grover, F. W .  Inductance Calculations - Working Formulas and  
Tables ,  Dover Publications,  Inc . ,  New York., p .  60, 1962. 

Arthur D Little, fnc 



I 
I 

Vs = 6.9 Volt p-p Square Wave* (f3.45 v) 
Rs = 0.312 Ohm* 

Rr = 0.1 Ohm Reference Resistor 

RL and LL depend on loop configuration used in 
each mine test 

"Derived from BOM PMSRC Laboratory Measurements 

FIGURE C-1 EQUIVALENT CIRCUIT OF EM TRANSMITTER AND LOOP 
ANTENNA CONFIGURATION FOR COMPUTING IFUND 

-> 

Arthur D Little, lx 



where N i s  t h e  number of t u r n s ,  r  i s  the  wire r a d i u s  i n  fee t ,  a n d  

a a n d  b a r e  length  a n d  width ,  respect ively ,  i n  feet .  For the  #12 

a n d  #19 wire  used,  p a n d  r a r e :  

ohm/ft 

feet 

The fundamenta l  component of t h e  loop c u r r e n t  i s  s imply the  

s teady-s ta te  a c  c u r r e n t  flowing i n  t h e  se r i es  R-L c i rcu i t  of 

Figure  C-1. The magnitude of i t s  RMS v a l u e  i s  s i v e n  b y  

Equation 3 ,  from which can b e  ca lcu la ted  the  fundamental  com- 

ponent of magnetic moment, M ~ ~ ~ ~ '  q iven b y  Equation 4 :  

M~~~~ = N A 1 ~ ~ ~ ~  
RMS RMS 

IFUND = 
4 

RMS 427~ 

The a r e a  a n d  l i n e a r  dimensions of t h e  loop a n t e n n a s  for each 

mine were obta ined by  PMSRC a n d  A D L  staff from t h e  Westinghouse 

vs 

RS+O. l+RL+juLL 

field r e p o r t s ,  mine maps ,  a n d  o r i g i n a l  d a t a  sheets .  A l l  a r e a s  were 

based  on t h e  geometrical shape  ( u s u a l l y  r e c t a n g u l a r )  descr ibed by  

the  a n t e n n a  deployed i n  t h e  mine. The res i s t ance ,  RL, was  based  

on the  perimeter  of t h e  loop, a s  in  Equation 1.  The inductance ,  

LL, w a s  based  on the  formula of Equation 2 for a  r ec tangu la r -  

shaped  loop. In t h e  small  number of c a s e s  where the  loop was  

a c t u a l l y  deployed i n  a t r apezo ida l ,  rhombic., L-shaped, or  some 

other  s h a p e ,  a n  equ iva len t  r ec tang le  was selected fo r  the  purposes  

Arthur D Little, Inc 



of est imating the  inductance.  Table C-1 provides a complete l i s t  of 

these in-mine loop dimensions, a r e a s ,  number of t u rn s ,  and  wire 

s ize  (u sua l l y  #12). The d a t a  in  th i s  t ab le  were used to generate  

t he  R M S  values  of the in-mine fundamental loop cur ren t s  a n d  the  

corresponding magnetic moments l i s t ed  i n  Table IV-1 in  the  body of 

t h i s  report  for a l l  mines a t  a l l  frequencies. 

I, 

Arthur I9 Little, Inc 
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EXPLANATION OF NOTES 

The in-mine antenna a rea  for each mine test was recorded in the 
Westinghouse Field Reports prepared for each field t r i p .  These reported a reas  
were used unless,  a s  for Mine Site 57, an  obvious arithmetic error  was made, 
o r  there were discrepancies between the reports and  the or ig ina l  da t a  sheets. 
The antenna lengths and  widths, for the most p a r t ,  had  to be obtained or 
derived from information i n  the or ig ina l  da t a  sheets. Whenever discrepancies 
occurred i n  the reocrded d a t a  t h a t  were not eas i ly  resolved, they were subjected 
to joint examination and  consultation by Bureau of Mines (PMSRC) and  Arthur 
D. Little, Inc. ,  technical s ta f f ,  to a r r ive  a t  f inal  agreed-upon values  for 
length,  width, perimeter, and  a rea  for the mines in  question. The specific 
note explanations a r e  l isted below. 

1. Antenna perimeter and  a rea  were given by Westinghouse in the field 
reports.  The length and  width dimensions of the antenna have been 
derived to agree with the given perimeter and  area da t a ,  and to be 
consistent with the dimensional constraints of deployment around the 
coal p i l l a r ( s1  used in the mine ( a s  shown on either a mine map or 
hand drawing supplied i n  the field report o r  i n  the or iginal  da t a  sheets 
from which the reports were prepared) .  

2 .  Length and width dimensions of the antenna were given by Westinghouse 
in  the or iginal  da t a  sheets. These values resulted in the same a reas  
reported in  the field reports.  

3. Only antenna a rea  was reported by Westinghouse. Length and  width 
dimensions have been derived from this  a rea  information and the probable 
antenna shape a s  estimated from the mine map supplied.  For example: 

Mine 20 Square indicated,  and side dimensions chosen to give 2 the recorded a rea  of 377 m . 
2 a Mine 21 Rectangle indicated,  with a recorded a rea  of 199 m . 

The rectangle aspect ra t io  of about 1.3-to-1 computed 
from the mine map was used to estimate the length 
and width dimensions of 54 ft .  by 40 ft .  tabulated.  



4. Similar to Note ( I ) ,  except the antenna perimeter was recorded by 
Westinghouse in  the original da ta  instead of in  the field report. 

5. Discrepancies in reported da ta .  Antenna length,  width, perimeter, and 
area  tabulated a r e  those resolved by telephone consultation between 
Arthur D. Little, Inc. ,  and  PMSRC staff on April 22, 1980. 

6. The antenna was deployed in an  i r regular  shape. For the purpose of 
estimating loop inductance, an  "equivalent" rectangular shape was 
chosen to obtain the tabulated values for length and  width. 
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APPENDIX D.  

Comprehensive Tabula t ions  of Data Bases, 

Derived Parameters a n d  Evaluation Indices 
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Table D-1 

Comprehensive t abu la t ions  of screened bu t  undeleted 
surface  a n d  in-mine s igna l  s t reng ths ,  key indices ,  

and  va r i ab l e s  ( r anked  by  dep th)  

Symbol Legend 

MINE = Mine Number 

ANTMIN = In-Mine Transi t  Antenna Area i n  Square Meters 

IWEST = In-Mine "RMS" Transmit Loop Current  in  Amperes 
Recorded by  Westinghouse (peak-to-peak value/  
2 4 2 )  

SEMF = Surface Vertical Component of Magnetic Field 
Strength i n  dB r e  1 pA/m 

MEMF = In-Mine Vertical Component of Magnetic Field 
Strength i n  dB r e  1 pA/m 

DEPTHFT = Overburden Depth i n  Feet 

MMFUND = In-Mine RMS Fundamental Compcyent of Transmitter 
Magnetic Moment in  Amp -turn-m 

I FUND = In-Mine RMS Fundamental Component of Transmit 
Loop Current  i n  Amperes 

I EST = In-Mine "RMS" Value of Total Periodic Exponential 
Current  i n  Transmit Loop in  Amperes (peak-to-peak 
value/2 d2) Based on Theoretical Calculation for 
Circuit  of Figure C-1. 

IDIFF = 20 Log (IFUND/IWEST) i n  dB 

IDEL = IEST - IWEST in  Amperes 

IDIFF2 = 20 log (IEST/IWEST) i n  dB 

T L U  3 
= Transmission Loss Uplink = -20 Log (2nD / M m )  

- SEMF + 120 i n  dB 

T L D  3 
= Transmission Loss Downlink = 20 log ( 2  n D / M S )  

- MEMF + 120 in  dB 

DELTATL = TLU - T L D  i n  dB 

I 
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LISTING OF SELECTED VARIARLES 
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HIrdE ANTHIN IWEST SFHF MEMF DfiPTHFT MMFUNO IFUND IEST I U I F F  IOEL I D I F F Z  TLU TLD DELTATL 
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LISTING OF SELECTED VARIABLES 13:42 WEDNESDAY* MAY 149 1980 3 

MINE ANTMlh IWEST SEHF HEMF OtPTHFT MMFUNO !FUND IEST IOIFF IOEL ID IFF2  TLU TLD OELT AIL 



LlSTING OF SELECTED V A R I A ~ L E S  13842 WEDNESDAY, MAY 

MINE ANTMIN IUEST SEMF MEMF DEPTHFT MMFUND IFUhD TEST IDIFF IDEL ID IFF2  TLu TLD 



L I S T I N G  OF SELECTED VARIARL.ES 13:42 WEDNESDAY* MAY 14-  1980 5 

MINE ANTWIN IWEST SEMF MEMF OEPTHFT 

I N  OROER OF INCREASING DEPTH 

MMFUND IFUNO IEST IDIFF IDEL ID IFF2  TLU TLD DELTATL 

86.887 
415.236 
670 m698 
500m719 
651 m033 
124.572 
501 m478 
586 757 
562.851 
467.820 
467.820 
501  m478 
565m41H 
492.507 
378.814 
657 m992 
467 . 820 
405.263 
338.168 
409.683 
703.739 
370.027 
500m568 
427 28 1 
608.033 
657 . 992 
176.073 
562.944 
608.073 
sso ,072 
324.31 3 
540 -495 
549.7R7 
451 112 
322.938 
467 820 
565.618 
370 027 
37Om027 
701 0299 
465.796 
590 898 
608.732 
634.695 
467.820 
471m3P9 
558.143 
513.34H 
703.739 
500.504 
657 932 
481 0758 



LISTING OF StLEC7ED VARIABLkiS 13:42 WEDNESDAY, MAY 14,  l9RO 6 

IWEST SEHF MEW oEPTHFT 

I N  ORDER OF lNCREASING DEFTn 

MMFUNO IFUND IEST I D I F F  lDEL IDIFFZ TLU TLO OELT ATL 
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Table D-2 

Comprehensive t a b u l a t i o n s  of s u r f a c e  a n d  in-mine d a t a  b a s e s  
with key indices  a n d  v a r i a b l e s  

( r a n k  o rde red  b y  d e p t h )  

Symbol Legend 

MINE = Mine Number 

SEMF = Surface Vert ical  Component of Magnetic Field 
St rength  i n  dB r e  1 pA/m 

MEMF = In-Mine Vert ical  Component of Magnetic Field 
St rength  i n  dB r e  1 pA/m 

DEPTHFT = Overburden Depth i n  Feet 

MMFUND = In-Mine RMS Fundamenta l  C o m p y e n t  of Transmit ter  
Magnetic Moment i n  Amp-turn-m 

IFUND = In-Mine RMS Fundamenta l  Component of Transmit  
Loop Cur ren t  i n  Amperes 

IDIFF = 20 Log (IFUND/IWEST) i n  dB 

IDIFF2 = 20 log (IEST/IWEST) i n  dB 

M M D N  = Surface RMS Fundamenta l  Component of 
Transmit  Magnetic Moment i n  Amp-Turn-m 2 

MMUP = In-Mine "RMS" Transmit  Magnetic Moment 
i n  ~ m ~ - ~ u r n - m ~  Based on IWEST 

TLU 3 = Transmission Loss Uplink = -20 Log (2rD / M m )  
- SEMF + 120 i n  dB 

TLD 3 = Transmission Loss Downlink = 20 log ( 2  r D / M  ) 
- MEMF + 120 i n  dB S 

DELTATL = TLU - T L D  i n  dB 

Arthur D Little, Inc 



L 

Arthur D Little Inc. 



SCREENED DATA Y I l H  OUTLIERS FLAGGED 1 3 8 4 2  UEDNESDAYI HAY 1 4 1  1980  1 7  

MINE SEMF MEMF D E P T ~ F T  M M F U ~ D  IFUND I D I F F  I D I F F Z  IrcMOh MMUP TLU TLD OELTATL 



SCREENED DATA WITH OUTLIERS FLAGGED 1 3 : 4 2  WEONESOAYI MAY 141 1980 18 

IN ORDER OF INCREASING DEPTH 

MINE SEMF HEMF OEPTHFT MMFUNU IFUND ID IFF  

68.880 
l 0 9 . ? 4 0  
200.0t)o 
2 0 9 .  920 
21604PO 
229.600 
P ~ ~ . Q R O  
239.440 
239.440 
249.q36 
253oR72 
255.A40 
260w104 
262.400 
262.400 
262.480 
264  040 
264.040 
2 6 9  9 4 4  
278.900 
288.540 
295.200 
308.320 
324.720 
324 720 
324.720 
328 .  an0 
331 0 2 8 0  
341 130 
341.126 
347.6RO 
350 960 
354.740 
357.520 
380 480 
387.040 
400.160 
403.440 
403.440 
419.940 
423.120 
4?6.400 
429.6P.O 
446.0R0 
449 .360  
459.200 
469.040 
469.040 
478.9P0 
479  RPO 
473.8R0 
4n>.  1 6 0  

I DIFFZ MMON MMUP TLU f L 0  OELf AT L 



SCREENED DATA WITH OUTLIERS Fl-h6GE.D 13:42 WEDNESDAY, MAY 14r 1980 19 

IN ORDER OF INCREASING DEPTH 

MINE SEMF MEMF OEP THF T HMFUND IFUNO IOIFF IDIFF2 HMDK HMUP TLU TLD DELTATL 



m o d  
Q Q Q  
m - ' N  

0 . .  

o m o  
I 

+ O O  0 6 N  6 + d  N 
b 9 9  9 6 9  N e U  + 
N N U  . o o o .  .".\ a ?  .?"! .? 
o m z m  m O N  CP 

I d I I  
I I 

00 0 0 0  C ~ O O ~ C ~ C C O  O O C S  O G C O  C C l ~ ~ C C . ~ 0 0 0 0 0 C  O O O C O O  C C  C 
~ ~ z ~ ~ q a O C L n C I O O O c  + a 0 0  0 3 0 C  O C c > 0 0 c i m 0 0 0 m ~  d o 0 0 0 0  0 0  C ....... 0 0  0 . .  .Z .& 0 .  0 2  ........... . (LZ .... 0 . 2  . 0 . z  • 
r - d  d m m  a d ~ - - a * o d  o a + a  o f i a=  m a r ~ m ~ ~ o ~ ~ ~ + m  + 0 3 0 - 0  a e  - 
9 U l  9 9 4  Ul9mm(?UltDm 9 m W C  9 m U ' 9  W W * L T U ) W U l 9 m 4 W W f l  4 0 9 N m m  4 4  U 

- 
Arthur D Little, Inc. 



O O C  0 C O O O O C ~ O C O O G C  0 0  C C C  O O O O C O C O  
O O C  0 + 0 0 0 0 G + C 0 0 C G U 1  0 0  LnOF O O O L n O O O G  
0 .  .L .I&. ........... .ZLZ. . Z  0 .  .=,;:c,. m . . . . .  .LLL 

W a f -  dl C C I N S O F i n m U N d m F a  O P  m w a  ~ 0 0 h F J ) L n m  
m u m  a u m w ~ m * m u ~ u m ~ m  m a  W N  w m  w d d r u  

Arthur D Little, Inc 



=+ 9 9 N 0 9 4  + m m P 7 m @ O a d a  d d m g a  9 6 m O O O + N + 6 6 m O  - 9 9  + Om d 

a m  + m ~ o o a  a ~ a a e c ~ m m o  a + m a a  m e m m 6 m a + m a m e m  9 u m  m  m m  N d a  a + m + d a ,  m + q + a a m m a +  a ~ a - 4  in~~-~u?~~~~~~?.qmm a d m  d ...............*........... .......... 
a d  a m @ - t w w  0 0 - . 0 m c e m m +  e m m - w  0 l c h N m d O ~ N m O w O  0 0 0  c NN 9 
d I I I  I d I I  f - 1 - 1  d I I I I  I I I  I I d  N d d  I 

I I I 
I I 

I I 

0 0  0 0 0  O C + O O O O G  C O O 0  0 0 0 0 0  G 0 C , C O O O C 0 0 0 0  O C C O C C  G C  O 
0 0  O O W  C 3 3 3 0 0 0 G  - 9 0 0  O O O C O  0 0 0 o O O m C 0 0 a a l  m o c o a o  O C  0 ........ . .Z.. .&. ..... ..a .. ..z... . .L.. 0.32 . . . * .  .Z. . L O  

a d  3 4 N  d 3 0 0 0 J O @  0uImIJl 903-90 w N m N O S 3 m m N ~ O  m N a m - ' a  a@ cr 
a m  * a *  m * m u ' q w m *  9 m m c  m u l n m Q  w m L ~ m L n m 9 m a m N ~  a m 4 N m 4  a *  a 

- 
Arthur  DLittle,Inc. 



O O C  
G 0 0 
0 0 0 ... 
a l m 4  
4 m N  

C C G  0 
O O G  0 
O O t  C 

Arthur D Little, Inc 



Table D-3 

Summary t a b l e  of s t a t i s t i c s  for 
selected v a r i a b l e s  b y  frequency 

( for  f i n a l  d a t a  b a s e  of Table D-2) 

Symbol Legend 

I  FUND = In-Mine RMS Fundamental  Component of Transmit 
Loop Current  i n  Amperes 

IWEST = In-Mine "RMS" Transmit  Loop Current  i n  Amperes 
Recorded b y  Westinghouse (peak-to-peak va lue /  
2 d 2 )  

IDIFF = 20 Log ( IFUND/IWEST) in  dB 

IDIFF2 = 20 log (IEST/IWEST) i n  dB 

IDEL = IEST - IWEST in  Amperes 

MMUP = In-Mine "RMS" S r a n s m i t  Magnetic Moment 
i n  Amp-Turn-m Based on IWEST 

MMDN = Surface RMS Fundamental  Component of 
Transmit Magnetic Moment in  Amp-Turn-m 2 

FREQ = Frequency 

N = Number of d a t a  va lues  

MEAN = ( ZXi) /N 

STANDARD - 2 

DEVIATION 

VARIANCE = (STD. DEV.) 2 

MINIMUM 
VAlUE = Min. Data Value 

MAXIMUM 
VALUE = Max. Data Value 

lli 
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Table D-4 

Summary t a b l e  of s t a t i s t i c s  for se t  of key v a r i a b l e s  
b y  frequency a n d  depth  i n t e r v a l  

(For f i n a l  d a t a  b a s e  of Table D-2) 

Symbol Legend 

DEPTHFT 

MMFUND 

M M D N  

SEMF 

MEMF 

TLU 

TLD 

DELTATL 

FREQ 

DEPTHINT 

= Depth i n  feet 

= In-Mine RMS Fundamental  Compyent  of Transmitter  
Magnetic Moment i n  A/p-turn-m 

= Surface RMS Fundamental  Component of 
Transmit Magnetic Moment i n  Amp-Turn-m 2 

= Surface Vertical Component of Magnetic Field 
Strength i n  dB r e  1 pA/m 

= In-Mine Vertical Component of Magnetic Field 
Strength i n  dB r e  1 r A / m  

3 
= Transmission Loss Uplink = -20 Log (2nD / M m )  

- SEMF + 120 i n  dB 
3 = Transmission Loss Downlink = 20 log ( 2  n D / M S )  

- MEMF + 120 i n  dB 

= TLU - TLD i n  dB 

= Frequency i n  Hz 

= Depth I n t e r v a l  i n  Feet ( 8  t o t a l )  

1 = l e s s  than  300 

2 = 300-399 

3 = 400-499 

4 = 500-599 

5 = 600-699 

6 = 700-999 

7 = 1000-1199 

8 = 1200 o r  more 

C 
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STATISTICS FOR DEPTH INTERVALS 
FREQt630 LbEPTH INT=6  

13:42 WEDNESDAY, MAY 14, 1980  10 

V A ~ I  AWE tl ME AN ST PNDARD MINIMUM MAXIMUM 
DEVIATION VALUE VALUE 

DEPT'IF T 
MMFl!ND 
MMDC 
SE PF 
MEPF 
TLlJ 
TLO 
OELTATL 

OEPT*FT 
W F U N D  
Y W N  
S f  MF  
M E W  
TLU 
T LD 
OELTATL 

DF.PT!4F T 
HI+! till) 

MWDb 
SEWF 
MEVF 
TLlJ 
TLC 
DELTdTL 
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APPENDIX E 

COMPLETE COMPUTER OUTPUT 

OF REGRESSION ANALYSES FOR 

SIGNAL VERSUS LOG DEPTH MODELS 

AT EACH OF FOUR FREQUENCIES 

S tandard  output  of regression a n a l y s e s  produced b y  SAS 

sub-routine GLM (General  Linear Models) Procedure i s  g iven .  Com- 

pu ta t iona l  de ta i l s  a n d  defini t ion of terms a r e  g iven i n  "A User ' s  

Guide to SAS 76", SAS Ins t i tu te ,  Inc . ,  C a r y ,  North Caro l ina ,  

pages  127 to 144. 

Observation number re fe r s  to  mine position in  l i s t i n g  when 

r a n k e d  b y  inc reas ing  depth .  A l l  s i g n a l  f ie ld  s t r eng th  v a l u e s  

SEMFNORM a r e  expressed i n  dB r e  1  u A / m .  SEMFNORM = Surface Verti- 

c a l  Component of Magnetic Field Strength for a  Transmit  Magnetic 
2 Moment of 1  A-m . 

Arthur D Little, Inc 



Table E-1 

Statistical Analysis of Uplink Data 

ANALYSIS OF UPLINK DATA 
Fk?€[J=630 

10:30 WEDNESDAY* MAY 1 6 9  1980 6 

DEPENDENT VAPIAHLE I N F O R M A ~ I O N  

NUM8ER OF' OBSEWVAT IONS I N  BY GR('!JP = 94 

NOTE: ALL DEPEhCEhT VPRIABLES AEF CONSISTE!-1 U I T H  RFSPECT TO Thf Pf?€SFbCE OW AL~SENCE OF MTSSING VAL~JFSI HOWEVERI ONLY 9 0  
OBSERVATIOkS I N  RY GROUP C!.N BE USED I N  THIS  ANALYSIS. 



ANALYSIS OF UPLINK DATA 
f REO=630 

10:30 YEDNESDAYI MAY 141 1980 7 

GENERAL L INEAP #ODELS PHOCEOIIRE 

DEPENOtkT VARIABLE: SfMFNORM 

SOURCE DF 

MODEL I 

ERROR 8 8 

CORRECT~O TOTAL 8 9  

SOURCE C F 

INTERCE p l  99.82861848 
LOGDEP TH -61.967409?9 

9esEavEn 
VPLUE 

MEAh SQIbARE F VALUE 

19592.77611750 1142 89  

44.2387?114 

PC) > F R-SQUARE c e  Ve 

o.onni o 834240 20 1692 

S f 0  OEV SEWNORM MEAN 

TYPk 1 SS F VALUE PR > f Of TYPE I V  55 F VALUE PR > F 

T f : . ~  Ho: PR > IT1  ST0 EUdOR CF 
PAkAp kTkk=O EST iqATL 

UPPER 95% CL 
INDIVIDUAL 
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ANALYSIS OF U P L I M  OAT4 
FFiE0=630 

GENERAL LINEAR MODELS PROCEPIIRE 

OEPENoEhT VARIABLE: SEMFNORM 

OBSERVED PREDICTED 
VALUE VALUE 

* O ~ S E H V A T I O N  MAS NOT USED I N  T P I S  ANALYSIS 

SUM OF RESIDUALS 
SUM OF SOUARtO RESlnUACS 
SUM Of SQUARED WESIO~JALS - ERROk SS 
PRESS S T A T I S T I C  
F I R S T  O W N R  AUTOCORRELPTION 
OURBIN-kATSOh 0 

RESIDUAL LOWER 9591 CL 
I N O I V I D ~ ~ A L  

1 0 8 3 0  YEDNESDAY, MAY 14 ,  1 9 8 0  9 

UPPER 95% CL 
INDIV IOUAL 



GENERAL LINEAR MODELS PROCEDU?E 

DEPtNDENT VARIABLE INFORHAT l ~ ~ h (  

10:30 wEDNESDAk* MAY 149 1980 10 

NUMBER OF OBSERVATIONS I N  B Y  GROUP s 94 

NOTE: ALL DEPENDENT VARTAYLES ARE CONSISTEhl WITH RESPtCT TO THE PRESFNCE OR ABSENCE OF H ISSING VALUES. HOWEVERI ONLY 90  
OBSERVATIONS I N  BY GROUP CAN BE USED I N  T H I S  ANhLYSIS. 
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ANALYSIS OF UPL IhK  OAlA 
FREQ= 1 0 5 0  

GENERAL L INEAR HOOELS PROCEDURE 

OEPENOkNT VARIABLE: SEMFkOWM 

OBSERVATION OBSERVE0 PREDICTED RESIOUAL LOWER 95% CL 
VALUE VALUE INDIVIOUAL 

SUM GF H t S I D I I A L S  
SUM OF SUUARFO RESIDIJALS 
SUM OF SQUARED RESInrlALS - ERROR SS 
PRESS S T A T I S T I C  
F I R S T  OHDER I\UTOCORRFLATION 
DUReIN-bATSoN D 

1 0 1 3 0  UEONESOAY* HAY 1 4 -  1 9 0 0  1 3  

UPPER 95% CL 
I N O I V I D U A L  



ANALYSIS CF UPLINK DATA 
FRFQ= 1950 

GENERAL LINEAU MODELS PROCEDURE 

DEPENDENT VARIABLE INFORMAIION 

NUMbER OF OBSERVATIONS I N  BY GROUP r 94 

10130 WEDNESDAY* MAY 149 1980 14 

NOTE: ALL DEPENDENT VARIABLES AQE C O Y S I S T C ~ ! !  WITH RESPECT TO THE PRESENCE OR ABSENCE OF MISSING VALUES. HOWEVERI ONLY 91 
08SERVATIONS 114 BY GROllP CPN BE USE[> IN THIS ANALYSIS. 
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ANALYSIS OF UPLIt4K OATA 
FREQ= 1950 

GCNERAL L I N E A R  MODELS PROCCDURE 

DEPENDENT VARIABLE: SEMFNOPM 

O ~ S E H V A T I O N  OBSERVED P W D I C T E O  RESIOUAL LOWER 95% CL 
VALUE VALUE I N D I V I D U A L  

SUM OF KES1I)UALS 
SUM OF SUUARED RESIDUALS 
SUM O F  SCUARED RES1DCALS - EkHOk SS 
PRESS S T A T I S T I C  
F I R S T  OHDER AUTOCORRELATION 
DURRIN-*ATSON o 

lor30 WEDNESDIYI MAY 14, 1980 17 



Arthur D Little, Inc 



ANALYSIS O f  UPLINK DATA 
F REO-3030 

10830 UEDNESDAY, MAY 14, 1980 1 9  

GENERAL LINEAR MODELS PROCEDURE 

DEPENDENT VARIABLE8 SEMFNORM 

SOURCE OF 

MODEL 1 

ERROR 8 8 

CORRECTtD TOTAL 8 Y 

SUM OF SQUARES MEAN SOUARF F VALUE 

360.01 

R-SQUARE 

0 803575 

C.V. 

25 1365  

SEWNORM MEAN 

-35.46918468 

0 . 000 1 

ST0 DEv 

8.91570335 

SOURCE 

LOGDEPTH 

F VALUE PR > F 

360.01 Om0001 

TYPE I SS f V 4 L M  PR > F D f  TYPE I V  SS 

28617.01524838 

STD ERROR OF 
ESTIMATE EST IMAT € 

INT ERCWT 
LOGDEPTH 

OBSERVED 
VALUE 

PREDICTED Rf SIDUAL LOWER 95% CL 
VALUE INDIVIDUAL 

UPPER 95% CL 
INDIVIDU~L 



ANALYSIS O f  UPLINK DATA 
f REO=3030 

l o t 3 0   WEDNESDAY^ MAY 14, 1980 20 

GENERAL LIkEPH MODELS PROCEDURE 

DEPENDENT VARIABLE: SEMFNORM 

08SERVAl ION OBSERVED 
VPLUE 

PREDICTED RESIDU4L LOWER 95% CL 
VALUE I N D I V I O U ~ L  

UPPER 95% CL 
INOIVIDU4L 



GEYERAL L I N E A R  MODELS PROCEDURE 

DEPENDENT VARIABLE: SEMFNORW 

PHEOICTED 
VALUE 

* OBSEHVATIOk WAS h O T  USED I N  T H I S  A N A L Y S I S  

sur OF HLSIDUALS 
SUM OF SQUARED R E S I n U A L S  
SUM OF SQUARED RESIDUALS - EWOu SS 
PRESS S l A T I S T I C  
F I R S T  OhLER AClTOCORRFLATION 
DURBIN- ATS SO^ D 

RESIDUAL LOWER 95% CL 
INDIVIDUAL 

1 0 : 3 0  WEDNESDAY, MAY 1 4 ,  1 9 8 0  2 1  

UPPER 95% CL 
I N D I V I O U A L  
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APPENDIX F 

PROBABILITY OF DETECTION BASED ON 

PROBIT ANALYSIS OF SUCCESS/FAIL FIELD TEST DATA 

In  the  most fundamental  sense ,  the  outcome of each t r a n s -  

mission t e s t  conducted a t  a mine s i t e  could be  descr ibed in  terms 

of whether the  s i g n a l  t r ansmi t t ed  from t h e  in-mine t r ansmi t t e r  was 

a c t u a l l y  detected ( success )  or  not detected ( f a i l u r e )  on the  

su r face .  I t  should be  recognized t h a t  the  experiment was conducted 

under  "ideal" r a t h e r  t h a n  "real"  condi t ions ,  i .  e .  : 

the  observer  knew t h a t  a s i g n a l  was being s e n t ,  when i t  

h a d  been sen t ,  a n d  approximate ly  where i t  h a d  been 

sen t  from, 

t h e  observer  functioned i n  a more favorab le  "a ler ted"  

s t a t e  of mind a n d  s t a t i c  measurement condi t ions ,  

the  Collins t ransmit  moments were g e n e r a l l y  s t ronger  

t h a n  the  GI opera t ional  ones because  of the  l a r g e r  loop 

a r e a s  used in  the  deep mines a n d  the  l a r g e r  #12 wire  

s i ze  t h a t  would not be permissible under  emergency mine 

condit ions.  

Nevertheless, i t  i s  of in te res t  to a n a l y z e  t e s t  r e s u l t s  according to 

t h i s  most fundamental  success / fa i lure  p roper ty .  The purpose  of t h i s  

Appendix i s  to present  the  resu l t s  of a s t a t i s t i c a l  technique which 

expresses  the  l ikel ihood of successful  s i g n a l  detection a s  a 

function of depth under  the  exac t ,  b u t  optimistic a n d  imprac t i ca l ,  

t r ansmi t t e r  a n d  t e s t  condit ions experienced i n  t h i s  f ie ld  t e s t  

program. 
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The b a s i c  d a t a  for th i s  a n a l y s i s  a r e  given i n  Table F-1. 

Although a to ta l  of 94 t e s t s  was conducted,  equipment malfunctions 

a n d  other  circumstances resul ted  i n  a few inadmiss ib le  d a t a  points  

for t h i s  a n a l y s i s .  A l l  remaining "val id"  tes ts  ( i . e . ,  those in  which 

a s i g n a l  could have  been received a t  t h e  s u r f a c e )  were recorded 

a s  a success i f  t he  s i g n a l  was a c t u a l l y  observed,  a n d  a f a i l u r e  if 

i t  was not.  The specif ic  " fa i lure"  a n d  "no-test" r e su l t s  a r e  

summarized by  mine i n  Table  F-2. Test outcomes a t  each frequency 

a r e  g iven i n  Table F-1 for v a r i o u s  depth i n t e r v a l s ,  pre-chosen to 

inc lude a sufficient  number of d a t a  points  within each i n t e r v a l .  

A s t a t i s t i c a l  a n a l y s i s  of these d a t a  began b y  formulat ing 

the  following th ree  hypotheses of in te res t :  

Hypothesis 1: There i s  no difference i n  t h e  p robab i l i ty  of 

f a i l u r e  to detect  s i g n a l s  among the  four 

frequency levels  tes ted .  

Hypothesis 2: There i s  no difference in  t h e  p robab i l i ty  of 

f a i l u r e  to detect  s i g n a l s  a t  the  va r ious  

depths  tes ted .  

Hypothesis 3: There i s  no frequency/depth in te rac t ion ;  

i . e . ,  t he  p robab i l i ty  of f a i l u r e  to detect  does 

not v a r y  with depth d i f ferent ly ,  depending 

on which frequency i s  used.  

The under ly ing  theory  a n d  computat ional  de ta i l s  required  to  t e s t  

t h e  hypotheses s t a ted  above a r e  descr ibed i n  Reference F-1, 

Chapter  16, a n d  wil l  not be repeated  here .  

The resu l t s  ind ica te  t h a t  t h e  d a t a  i n  Table F-1 l e a d  to 

reject ion of Hypothesis 2 only .  Thus ,  there  a p p e a r s  to  be  a d i rec t  

r e la t ionsh ip  between f a i l u r e  to  detect  a n d  depth .  On the  other 

Arthur D Little, lnc 
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TABLE F-2 

SUMMARY OF SPECIFIC FAILURE TO 
DETECT AND TEST UPLINK TEST RESULTS 

S mbols: Y- 

N = No val id test measurement performed 
F = Failure to detect transmitted s ignal  
T = Valid test performed 

Mine Depth 
No. County/State ( f t .  > - 630 1050 1950 

Kanawha, WV 250 
McDowell, WV 430 
McDowell , W V  449 
efferson, A L  G 469 
estmoreland, PA 479 

Belmont, OH 500 
Westmoreland, PA 626 
Jefferson, IL 800 
Boone & Raleigh, W V  846 
McDowell , W V  915 
Carbon, UT 1000 
Claiborne, TN 1191 
Carbon, UT 1197 
Buchanon, WV 1200 
Marion, W V  1342 
Harlan, KY 1397 
Garrison, CO 1401 

5N 4N 5 N  
TOTALS 6F 6F 9F 

89T 90T 89T 

Notes: 

1. Defective surface receiver 
2. Based on fai l  to detect, even on more sensitive BOM tape 

recording 
3. Receiver not set up in  time to detect val id  transmission 
4. Uplink tests not performed 
5. Based on BOM tape d a t a ,  Westinghouse d a t a  judged not val id  
6. Based on or iginal  receive loop, s ignal  level da ta  based on 

tuned receive loop 

Source: Arthur D. Little, Inc. 
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h a n d ,  there  i s  no evidence - from t h i s  experiment t h a t  the  proba- 

b i l i ty  of a successful s i gna l  detection di f fers  among the  four 

frequencies used in  th i s  tes t  program. Therefore, the  outcomes were 

combined over a l l  four frequencies p r io r  to  conducting the  next 

s tage  of the  ana ly s i s .  

Since fa i lu re  to detect was observed to be re la ted  i n  some 

way to depth ,  the  next s tep involved the  attempt to quant i fy  th i s  

re la t ionship .  A technique frequently used i n  the  ana ly s i s  of pro- 

port ions,  known a s  Probit Analysis ,  was then used for t h i s  

purpose. This technique,  described i n  Reference F-2, Chapter 10, 

r ega rds  the  p robabi l i ty  of fa i lu re  p a s  a normally d i s t r ibu ted  
j 

v a r i ab l e  across  the  depth i n t e rva l  c lass i f icat ions .  The Exact Probit 

Solution technique described i n  de ta i l  i n  Reference 2 i s  a n  

i t e ra t ive  one a n d  takes  into account the  different  sample sizes 

within depth in te rva l s .  The re levant  calcula t ions  a r e  summarized 

i n  Table F-3, and  the resul t ing Probit regression equation i s  

plotted i n  Figure F-1. 

The in terpreta t ion of Figure F-1 i s  t h a t  i f  the l i nea r  

re la t ionship  a s  derived from experimental  d a t a  i s  t r u ly  represen- 

t a t i ve ,  then i t  i s  possible to determine the  probabi l i ty  of 

successful s igna l  detection a t  the  surface a s  a function of depth.  

The expression should app ly  for a l l  mine locations a n d  condit ions;  

however, i t  i s  c ruc ia l  to recognize t h a t  the  estimated probabi l i t ies  

a r e  qui te  optimistic i n  terms of r ea l  t r apped  miner scenar ios ,  due 

to the  na tu r e  of the  experimental t e s t ,  a s  described in the  i n i t i a l  

pa r ag raph .  

Although the  de ta i l s  will not be presented here ,  a tes t  for 

l i nea r i t y  was conducted for these d a t a .  The resu l t s  indicated t h a t  

the  probit  regression model, a s  der ived,  f i t s  or "explains" the 

d a t a  extremely well,  and  therefore can be used for inferent ia l  

purposes.  Consequently, the  resul ts  a r e  re-plotted on a more 
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TABLE F-3 

EXACT PROBIT SOLUTIONS 
(Second I te ra t ion)  

Y = -4.935 + 3.085 log x 

1 
= Averaged over a l l  four frequencies. 

Expected Weighting Working 

Probit 2 Factor Probit 2 

( Y )  ( W )  ( Y )  

2.47 0.047 2.12 
2.90 0.110 2.49 
3.24 0.191 3.96 
3.52 0.276 3.00 

Avg . Log (depth  
Depth (log x )  

(>o 

250 2.40 
350 2.54 
450 2.65 
550 2.74 

= Value of a normally dis t r ibuted va r i a t e  with 
mean of zero a n d  uni t  va r iance  (wi th  5 uni ts  
added ) .  

No. of Proportion 

Tests of Fai lures  1 

( n  1 ( P )  

2 1 0 
14 0 
17.5 0.100 

8.75 0 

Source: Arthur D. Lit t le ,  Inc.  

650 2.81 
800 2.90 

1100 3.04 
11350 3.13 

D 

Arthur D LittloInc 

13 0.077 3.73 0.346 
5 0.250 0.442 
4 0.250 
6 0.375 0.617 0.567 
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FIGURE F-1 RESULTS OF PROBIT ANALYSIS 
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convenient  sca le  i n  Figure  F-2. This f igure  i l l u s t r a t e s  the  behav io r  

of t h e  upl ink p robab i l i ty  of successful  detection with inc reas ing  

dep th ,  a n d  the  corresponding expansion of the  i n t e r v a l  es t imates  

expressed i n  terms of upper  a n d  lower bounds.  For example,  a t  

1,200 fee t ,  the  f igure  ind ica tes  t h a t  we a r e  95 percent  confident 

t h a t  the  i n t e r v a l  (0.34 to  0.90) inc ludes  the  t r u e  (unknown) 

p robab i l i ty  t h a t  a  s i g n a l  wil l  be detected up l ink  for t h i s  type  of 

experiment.  In  o ther  words,  i t  i s  h igh ly  unl ikely  t h a t  t h e  chance  

of detection i s  lower t h a n  0.34 or  h igher  t h a n  0.90, i f  repeated  

t e s t s  h a d  been c a r r i e d  out  a t  t h i s  depth.  The g r a p h  a l s o  ind ica tes  

t h a t  a  s i g n a l  detection could be expected to occur about  two-thirds 

of t h e  time a t  t h i s  depth .  

I t  i s  in te res t ing  to note t h a t  the  optimum al locat ion formulas 

mentioned i n  Section 111-B of t h i s  r epor t ,  which were used to deter-  

mine sampl ing f rac t ions ,  made use of assumed probab i l i t i e s  of 

successful  detect ion,  a s  follows : 

Depth I n t e r v a l  - Assumed Probabi l i ty  of Success - 

< 400 f t .  

400 - 1000 f t .  

> 1000 f t .  

The comparison to t h e  observed outcome a s  i l l u s t r a t e d  i n  Figure  

F-2 revea l s  a  remarkable ,  fortui tous agreement between the  two 

independent  measures.  

References 
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APPENDIX G 

APPLICATION OF SEARCH THEORY TO 

THE DETECTION OF TRAPPED MINERS 

A.  INTRODUCTION 

This Appendix appl ies  the  pr inciples  of search theory to the  

problem of devising effective a n d  prac t ica l  search p lans  a n d  

procedures for maximizing the  number of rescuable  miners detected 

per  uni t  of sea rch  effort a t  a mine d i sas te r  s i te .  Given t ha t  a 

mine d i s a s t e r  h a s  occured, and  t h a t  one or more miners may have 

surv ived  and  act ivated the i r  EM rescue t ransmit ters  somewhere 

within the mine, how should the  mine search and  rescue team 

allocate i t s  effort and  resources to best  accomplish the objective of 

f inding a n d  rescuing these miners? The question i s  obviously 

important ,  because the amount of time ava i l ab l e  to rescue l ive  

miners i s  unknown but  f in i t e ,  and  the roughly c i rcu la r  a r e a  of 

s igna l  detectabi l i ty  above a t rapped  miner i s  qui te  small ,  

compared to the extensive a r e a  of the mine workings. Since time i s  

a c r i t i ca l  factor ,  whenever t rapped  miner s igna l s  can be detected 

from the  a i r ,  a helicopter-carried receiver will most l ikely  be used 

to r ap id ly  survey the l a rge  a r e a s  involved. Therefore, we have  

formulated the  search problem specifically for a helicopter-based 

r a p i d  survey  effort ,  backed up b y  surface-based receivers for pin- 

point ing,  or  localizing,  the underground t ransmit ters .  The problem 

and  associa ted search plan a n d  procedures can  be modified to 

accomodate the si tuation i n  which the search must be conducted by  

a l a rge  number of search team members ca r ry ing  rescue receivers 

on the surface .  
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B .  SEARCH OBJECTIVES 

The objective of the helicopter search i s  to "detect" s igna l s  

from a n y  t ransmit ters  t ha t  have been pu t  into operation by  the  

t rapped  miners, and  to repor t  the i r  approximate locations to  

sea rchers  on the surface.  Hence, in l ay ing  out a search plan for 

the  helicopter p i lo t ,  consideration should be given to  the  a r e a s  i n  

which detectable s igna l s  a r e  l ikely to be present a t  the  time of 

the  search ,  and  the likelihood t h a t  the  s i gna l s  can  be detected. 

Consideration a l so  should be given to the  likelihood t ha t  miners a t  

the  source of a detected s i gna l  can be rescued before they 

succumb, and  to the  number of miners involved. 

The expected number of miners t ha t  can  be rescued a l i ve  

a f te r  the i r  presence h a s  been detected and  the i r  approximate 

location ha s  been ascer ta ined by the  helicopter sea rch ,  i s  one 

measure of search p lan  effectiveness t ha t  t akes  these factors into 

account. We assume for the  purpose of th i s  i n i t i a l  s tudy t ha t  the  

objective of the  helicopter search i s  to maximize the  expected 

number of rescuable  miners who have  been found by the  searching 

effort ava i l ab l e  from the  helicopter. Some of the  parameters on 

which the  search p lan  i s  based will not be known accurate ly .  The 

search p lan  t ha t  we seek i s  the  p lan  t ha t  i s  "best ,"  given the 

information ava i lab le .  

C. ESTIMATION OF PARAMETERS 

With the EM receiver antenna suspended below the  helicopter,  

the  pilot will f ly over the region covered by the underground 

mine, and  use landmarks  with known locations re la t ive  to the mine 

map to locate and  orient  h i s  search.  The search plan consists  of 

ins t ruct ions  to the  pilot  a s  to where and  how to search ,  in  what 

sequence, and how to change the  search procedure when a detec- 

tion i s  made. 

L 
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If nothing i s  known o r  can be estimated about the  locations 

and  su rv iva l  probabi l i t ies  of the  t rapped  miners, o r  of the  effec- 

t iveness of the  EM receivers i n  detecting EM s igna l s  from var ious  

p a r t s  of the  mine, the best  t h a t  can be done i s  to ins t ruct  the  

helicopter pilot to f ly  "a t  random" over the  mine. The pilot would 

then attempt to  "cover" the en t i re  region of the  mine while t ak ing  

ca r e  to s t a y  within i t s  boundar ies .  If we have a n  estimate of the 

horizontal  range  from the  helicopter a t  which the EM s igna l  from 

an  underground t ransmit ter  can be  detected versus  helicopter 

a l t i tude ,  a "regular" pa t t e rn ,  such a s  pa r a l l e l  sweeps, wil l  be a n  

improvement over a random search.  Estimates of the  probable 

locations of t rapped  miners can  a l so  be used to concentrate the  

searching effort i n  pa r t i cu l a r  regions ,  r a t h e r  than  spread ing  the  

effor t  uniformly over the  en t i re  mine. In addi t ion,  estimates of 

su rv iva l  times and  rescue times for miners in  var ious  p a r t s  of the  

mine can be used to determine the  sequence for searching var ious  

a r e a s  above the mine and  for modifying the  search plan with time. 

We therefore construct  a procedure for f inding a "good" 

search p lan  in  the genera l  case.  We assume tha t  the  expected 

numbers of t rapped  miners, and  the  conditions t ha t  affect the  

search and  rescue operat ions ,  v a r y  sufficiently from one region of 

the  mine to another  to just ify different  concentrat ions of effort 

from region to region. For th i s  purpose,  we divide  the  mine into a 

number of regions. The division l ines  a r e  somewhat a r b i t r a r y ,  bu t  

should t ake  into account the  extent  and  s t ruc ture  of the  mine, the 

work schedule for the d a y ,  and  other factors.  The regions need not 

have  the same size or  shape.  They should be l a r g e  enough tha t  

the helicopter pilot  can achieve a des i red dis t r ibut ion of search 

effort within h i s  accuracy l imitat ions in  location and  navigat ion.  

On the other h a n d ,  the  regions should be small enough to permit 

s ignif icant  differences in  numbers and  conditions to be specified. 

t h  For the i- region,  i = 1, 2, . . . , k ,  the  following quan t i t i es  

a r e  estimated: 
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th  
= expected number of t rapped  miners i n  the  i- 

region ; 

t h  
= a rea  of the  i- region;  

= sweep width of the  helicopter receiver i n  
th detecting a s igna l  i n  the i region; 

psi ( t  ) = the probabi l i ty  t ha t  a s igna l  i s  being t rans -  
th  mitted from the  i- region a t  time t a f t e r  the  

d i s a s t e r  ; 

t h  
p r i ( t )  = probabi l i ty  t ha t  a miner in the  i- region will 

su rv ive  unt i l  rescued,  given a helicopter 

detection a t  time t .  

The sweep width,  Wi, i s  the equivalent  width of a s t r i p  i n  the  

horizontal  p lane t ha t  i s  "swept" by  the  helicopter. If p i ( x )  i s  the  

p robabi l i ty  of detecting a s igna l  a t  horizontal distance x from the  

helicopter pa th ,  then 

assuming the  same function on both s ides  of the pa th .  A simpler 

estimate than  Eq. ( 1 )  i s  twice the distance a t  which the  proba- 

b i l i ty  of detection i s  0.5. This estimate i s  sufficient ,  since the 

dis t r ibut ion of searching effort depends pr imari ly  on the  ra t ios  of 

the  sweep widths r a the r  than  the absolute va lues .  Furthermore, 0.5 

provides a p rac t ica l  balance between the  overly conservative 

narrow l ane  widths a n d  over lapping a r e a s  of detectabi l i ty  imposed 

by  a high probabi l i ty  such a s  0.9, and  the wider lanes  bu t  h igher  

chances of not detecting va l i d  s igna l s  offered by a lower proba- 

b i l i ty  such a s  0.3. 

-. 
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I t  i s  unlikely t h a t  p s i ( t )  and  p r i ( t )  can be estimated with 

precision.  Perhaps  the  only estimates ava i l ab l e  will be  the  

expected times, a s  follows: 

s = expected durat ion of a detectable s igna l  transmission i t h from the i- region;  

v t h 
= expected su rv iva l  time for a miner t rapped  in  the  i- i 

region ; 

r t h  
i = expected time required to rescue a miner from the  i- 

region. 

To a f i r s t  approximation,  s i  i s  proportional  to the  expected number 
th  n of miners t rapped  i n  the i- region,  on the assumption t h a t  

i 
they a r e  i n  one group a n d  can  pool thei r  ba t te r ies  to power one 

t ransmit ter .  

If we can  estimate only the expected times, we will use an  

assumed shape  for the functions p ( t )  a n d  p r i ( t ) ,  with the  s i  
expected times a s  parameters .  For example, le t  v .  and  ri be the  

1 

times a t  which the  su rv iva l  and  rescue probabi l i t ies  change 

ab rup t ly  from 1 to 0.  This resu l t s  i n  the following uniform dis t r i -  

bution for pri ( t  ) : 

A second example i s  the case  of an  exponential  d is t r ibut ion.  If vi 

and  r i  a r e  the  expected su rv iva l  and  rescue times used in  

exponential  functions,  then 
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a s  wil l  be shown l a t e r .  In  ( 3 ) ,  the exponential  factor i s  the 

p robab i l i ty  t h a t  a  miner will su rv ive  to time t ,  while the factor 

v i / ( v i  + r i )  i s  the  p robab i l i ty  t h a t  he will su rv ive  un t i l  rescued,  

g iven t h a t  he h a s  survived to time t .  

D.  OPTIMIZATION PROBLEM 

We want to construct  a  search p lan  t ha t  maximizes the 

expected number of miners rescued a l ive  with a given amount of 

searching effort.  We will measure the  amount of searching effort i n  

time t  by the length  L ( t )  of the  horizontal  component of the  heli-  

copter  f l igh t  pa th  while sea rch ing  over the regions of the  mine. 
th 

Let L i ( t )  = length  of pa th  flown over the i- region by  time t -  

Then 

th  
The p robab i l i ty  P i ( t )  t h a t  a  s i gna l  h a s  been detected i n  the i- 

region b y  time t ,  with a random dis t r ibut ion of effort i n  the 

region,  i s  
t  - - 

P i ( t )  = 1 - exp , -c(Wi/Ai) / pS i (x )  + )dx  , 
I 

where X . ( t )  i s  the  search r a t e  (miles of sea rch  t r a ck  per hour )  
td  in  the  i- region a t  time t :  

The der ivat ion of ( 5 )  i s  given below. 

- 

.---. 

" -. 

L- 

Arthur D Little, Inc 



The probabi l i ty  t h a t  a s i gna l  will be detected i n  the in te rva l  

( t ,  t  + d t ) ,  given t h a t  a detectable s igna l  i s  present a t  time t ,  i s  

c(Wi/Ai) l i ( t ) d t ,  where c i s  a constant  t h a t  depends on the  

efficiency of the  helicopter searcher  i n  scanning the  frequency 

bands  a n d  becoming aware of a s i gna l  indication on h i s  receiver.  

For a n  efficient sea rcher ,  c  = 1. Let 

Then 
r 
I 

Qi(t  + d t )  = Qi( t )  il - p .( t)c(Wi/Ai) i i ( t ) d t  
1 S1 

Equation (8 )  i s  obtained by  elementary arguments ,  a s  follows: The 

probabi l i ty  Qi(t + d t )  t h a t  no s igna l  will be  detected by  time t  + 
d t  i s  equa l  to the  probabi l i ty  Qi ( t )  of f a i l u r e  by  time t  multi- 

p l ied by the  p robabi l i ty  t ha t  no s i gna l  will be detected i n  the  

in te rva l  ( t ,  t  + d t ) .  The l a t t e r  p robab i l i ty  i s  the quan t i ty  in  

brackets  i n  Equation (8 ) .  The solution of Equation (8 )  with the  

condition Qi(0) = 1 yie lds  Equation ( 5 ) ,  when ( 7 )  i s  used. 

From Equation ( 6 )  and  the  condition t ha t  Li(0) = 0 ,  we have  
+ 

The condition expressed by  Equation ( 4 )  then becomes 

i n  terms of the  search ra tes .  

The overa l l  search p lan  will consist  of a sequence of search 

p l ans  for var ious  time in te rva l s  cal led s tages .  Stage 1 extends 

from the  s t a r t  of sea rch  to the  f i r s t  detection, Stage 2 extends 
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from the  f i r s t  detection to  the  second detection,  etc.  The optimal 

search i n  Stage 2 wil l  be  contingent upon the  time t a t  which the 
1 

f i r s t  detection occurred,  the  region i n  which i t  occurred,  and  the  

search policy concerning fu r the r  helicopter  search i n  a region in  

which a detection h a s  been made. If i t  i s  reasonable  to expect 

t h a t  a l l  the  miners in  the  region i n  question a r e  in  one g roup ,  o r  

a r e  separa ted  bu t  a r e  l ikely  to be found by a rescue team, fu r the r  

helicopter  search i n  t h a t  region may not be just if ied.  In t ha t  

case ,  the  helicopter search i n  the  region i s  terminated and  the  

sur face  sea rchers  t ake  over to pinpoint  the  source of the  s i gna l  

detected by the  helicopter .  

If the  search policy i s  to include the  poss ibi l i ty  of search i n  

the  region in  question in  l a t e r  s t age s ,  an  estimate of the expected 

number n l '  of miners not a t  the  location of the  detected t rans -  

mission i s  needed for Stage 2.  Then the  optimization problem for 

Stage 2 i s  e ssen t ia l ly  the  same problem a s  t h a t  for Stage 1 ,  except 

for the  change in  the  expected number of t r apped  miners in  the  

region i n  which the  detection was made. Thus,  we proceed from 

s t age  to s t age .  The search p lan  in  each s tage  i s  contingent on the  

previous detections -- the i r  times, regions ,  and  revised est imates 

of the  expected number of t r apped  miners remaining.  

E .  OPTIMIZATION IN THE FIRST STAGE 

We limit fu r the r  considerat ion of the  optimal problem to  the 

f i r s t  s t age .  The solution for t h a t  s t age  can  be modified eas i ly  to 

app ly  to the  l a t e r  s t ages .  The time t l  of the  f i r s t  detection will 

not be known in advance ,  of course.  Our objective in  the  f i r s t  

s t age  i s  to construct  a search p lan  t h a t  i s  optimal,  i f  possible,  

whatever the va lue  of t l .  If t h i s  c a n ' t  be done, then we must use 

a compromise p l an .  For th i s  reason ,  we referred ea r l i e r  to the  

des i red p l an  a s  a "good" p l a n ,  r a t h e r  t han  a n  optimal p l an .  

- 
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We construct  the  search p lan  under  the  condition t h a t  the  

f i r s t  detection occurs a t  t  = t  even though the va lue  of t l  wil l  1 ' 
not be known un t i l  the f i r s t  detection occurs.  Hence, we replace  

the  detection probabi l i ty  P i ( t )  from Equation (5 )  by the  condit ional  

detection probabi l i ty  P i ( t l  I f i r s t  detection a t  t  = . For the f i r s t  
t h  detection to occur i n  the i- region a t  time t = t l ,  a detectable 

s igna l  must be present a t  t  = t  a n d  detection must be made, 1 ;  
given t h a t  a s i gna l  i s  present .  Hence 

P i ( t l  I f i r s t  detection a t  t  = t l )  = 

where 

The expected number of miners rescued a l ive ,  given t h a t  the  f i r s t  
t h  detection occurs i n  the i- region a t  t  = t l ,  i s  n . p  ( t l ) .  Hence, 

1 ri 
the  expected number N1 of miners rescued a l ive  a s  the  resul t  of 

the  search i n  the f i r s t  s t age  is 

k 

We want to maximize N1, subject  to condition of Equation ( 4 )  

for t  = t l ,  and  the conditions 

F i r s t ,  we f ind the  solution without using conditions of Equation 

(14) .  By elementary ca lcu lus ,  the  solution i s  

f k 1 
i 
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where 

and  Lo i s  a n  a r b i t r a r y  uni t  of length ,  s a y ,  one mile, t ha t  ha s  

been inser ted to make the bracketed quan t i ty  in  Equation (173 

dimensionless ins tead of appear ing  to have dimension of ( l / l e n g t h ) .  

In computations, we can  pu t  Lo = 1. 

The dis t r ibut ion given b y  L i ( t l )  i n  Equation (15) i s  the 

optimal solution for a n y  va lue  of t  for which conditions of 1 
Equation (14)  a r e  sa t is f ied.  If some of the L i ( t l )  in  Equation (15) 

a r e  negat ive ,  a modification i s  required.  We want to f ind the 

" largest"  subset  { J }  of the set 1 2 ,  .. ., k }  for which ~ * ( t  > 0 
j 1  

for j { J}  when computed from Equations (151, (161, and (17) by 

limiting the  summations in  Equation (15) and  (16) to the sub- 

se t  { J }  . The desired subset  c an  usua l ly  be obtained by s t a r t i ng  

with the index il for which hi  i s  maximum, and  add ing  indices in  
1 the  order  of decreasing va lues  of hi unt i l  a  negative va lue  of 

L i ( t l )  i s  obtained for the index l a s t  added ;  then dropping the  l a s t  
* 

index and  put t ing L . ( t  ) = 0 for the dropped index and  the  
3 1  

remaining indices.  O r  we can proceed by dropping indices t ha t  

produce negat ive  values  when the en t i re  set  i s  used,  recompute 

with summations over the reduced se t ,  and  continue to drop indices 

t h a t  produce negative va lues  un t i l  a  set  ( J }  i s  obtained for which 

If the optimal va lues  ~ q ( t ~ )  of L i ( t l )  found in th i s  way a r e  

monotonic nondecreasing functions of t  i t  i s  possible -- a t  l eas t  1 '  
in  theory -- to construct  a search p lan  t ha t  i s  optimal for a l l  

t1 > 0. In fac t ,  we can proceed step by step in  a r b i t r a r y  

,111 
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increments of time, optimizing i n  each s tep ,  and  the  overa l l  
* 

dis t r ibut ion w i l l  be optimal. If a t  l eas t  one of the  L i ( t l )  i s  not 

monotonic nondecreasing,  the optimal solution cannot be a t t a ined  

for a l l  t l .  If we proceed step by s t ep ,  the dis t r ibut ion obtained 

may be optimal for small values  of t l ,  bu t  not for l a rge  va lues  of 

5' 

F. SOLUTlON FOR EXPONENTIAL PROBABILITY FUNCTIONS 

If s i  i s  the expected durat ion of a detectable s igna l  t rans -  
th  mission from the i- region,  the  corresponding exponential  function 

for p ( t )  i s  s i  

where to i s  the time a f t e r  the  d i s a s t e r  occurred a t  which s igna l  

transmissions s t a r t .  For t  < to,  psi(  t )  = 0. The expected durat ion 

i n  the  exponential  function can be obtained from a n  estimate of the  

50% va lue  b y  the equation 

expected va lue  = (50% v a l u e ) / l n 2  . 

If to<<si, we use the  approximation 

0,  t  < to; 

psi( ')  = ( 
exp (-t /si)  , t  2 to.  

To der ive  Equation ( 3 ) ,  we suppress  the  index i and  le t  

v and  r be the  expected su rv iva l  and  rescue times, respectively.  

For exponential  functions,  the probabi l i ty  t ha t  a miner will 

su rv ive  no longer t han  time t  i s  1 - exp ( - tv /v ) ,  and  the densi ty  v 
function f ( t  ) of the  su rv iva l  time t v  i s  v 
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The probabi l i ty  t h a t  the  rescue time t r  does not exceed x i s  

For a given su rv iva l  time t a n d  helicopter detection time t ,  the v 
p robabi l i ty  of making a l ive  rescue i s  zero i f  t v  s t ,  and  i s  

P { t r  5 t v  - t  } i f  t v  > t .  Hence, the probabi l i ty  pr ( t v ,  t )  of 

making a l ive  rescue,  given t a n d  t ,  i s  v 

The probabi l i ty  p r ( t )  of making a l ive  rescue,  given t h a t  a heli- 

copter detection occurs a t  time t ,  i s  

Restoring the  index i ,  we obta in  

a s  s ta ted  e a r l i e r  i n  Equation (3 ) .  

We now use Equations (18) and  (25) in  Equation (15) .  

Assuming t h a t  the to ta l  d is tance L ( t l )  i s  

where u i s  the effective helicopter speed over the ground in  the 

horizontal  p lane while sea rch ing ,  L i ( t l )  i n  (15) becomes the l i nea r  

functions 

1 
L i ( t l )  = (bi/cB) aibi  - a iBl+  Bpi - z b i g i  , (27) 

i=l 

L 
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where 

and F 7 

If the coefficients of t i  i n  (27) a r e  non-negative for a l l  i ,  

the optimal solution can be a t ta ined ,  or closely approximated, by  

the step-by-step procedure described ear l ie r .  If some ,of the 

coefficients a r e  negative,  the optimal solution may be impossible to 

a t t a in  i f  the f i r s t  detection occurs la te .  

G. COMPARISON WITH THE CLASSICAL SEARCH PROBLEM 

The optimization problem described above differs i n  several  

respects from the classical  search problem associated with detecting 

a submerged submarine f i r s t  formulated and solved by 

Koopman (G-1,2p?)~t differs i n  the following ways: 

1) Koopman assumes there is one and  only one "target"; 

hence, search stops when the ta rge t  is found. In the 

search for miners there a r e  multiple "targets," and 

search continues a f te r  a detection is made. The searching 

conditions af ter  a detection a r e  not the same a s  the con- 

ditions tha t  a r e  appl ied before the detection. Hence, 

a f t e r  detections have been made, the additional search is 

conditional on the detections tha t  have been made. 

2) Koopman assumes tha t  the "visibility" of the ta rge t  

remains constant throughout the search. In  our problem, 

the s igna l  tha t  is the object of the search may disappear  

a t  any  time; namely, the transmitter may cease to 

operate. 
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3)  Koopman assumes t h a t  the objective of the operation i s  

detection. In the  search-and-rescue operation for t rapped  

miners, a helicopter detection i s  a f i r s t  s tep on ly ;  our  

overa l l  objective i s  to  rescue a s  many l ive  miners a s  

possible.  

These differences make the  mine search-and-rescue problem more 

diff icult  t h a n  the  c lass ica l  search problem. 
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