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APPENDIX A

A MODEL OF ENVIRONMENTAL CONTROL SYSTEMS

In 1973 L. D. Maxim and D. E. Cullen of MATHEMATICA, Inc. presented at
the 44th National ORSA meeting in San Diego a paper entitled: "A Model of
‘Environmental Control Systems'" (19). The article was written in anticipation
of using the model, or a similar model, for developing an optimal inspection
policy involving one or more of satellite, airplane, or surface inspections.
The paper effectively illustratés the dependency of the optimal strategy on
inspection costs, misclassification probabilities, and violation frequencies.

This model was used as a base for the more elaborate model given in Volume I.

The unabridged article is given in this appendix.
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A MODEL OF ENVIRONMENT CONTROL SYSTEMS

Environmental Impact Study

1. An Environmental Problem

Environmental quality is today a major public policy issue which-
subsumes a complex of technical, economic, political, soc.ial, institu-
tional and legal considerations. Broadly speakiné, the goal of an en-
virohmental policy is the maintehance of the natural environment in a
status which combines aesthetic values consistent with economic pro-
ductivity ip man's exploitation of' his physical surroundings. But even
if the gozl were generally acceptable; the interpretation would vary widely
between and among the numg:roué public and private interest groups in
this ccﬁntry. In crder to implement whatever interpretation was agreed
upon, two activities must take place: environmental rmodeling and en-
vironmental control. That is, it is necessary to understand first the

physical processes which determine the state of the environment, and

- “ 3 - ‘ . .
secondly, the properties of alternative environmental control mechanisms.

This paper considers an environmental problem of national

interest. Several bills have been introduced in Congress to regulate

or abolish strip mining. The Hays bill, (Rep. Wayne Hays, D., Ohio),

for example, would prohibit most such mining on slopeé exceeding 209.
This bill was passed by the house iﬁ 1972 and hé.s beeh reintrkoduced in
1973. The Hechler bill (Rep. Ken Hechler, D., W. Va.) wouldl pro-
hibit all surface mining within‘() to 18 months of pas sagke. ‘One state
which would be greatly affeg:ted:by‘any, of these proposed laws is the

Cpmxhoxlxvealth of Kentucky.
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Simisier

Coal, particularly bituminous coal, is the major source of
energy consmnpt:ion in the United States today and is likely to re-
main so for many years to come. Kentucky wé,s the largest producer
of coal in the United States in 1972.—1-/ The Commonwealth ranks '
third in recoverable bituminous coal reserves and also has large

reserves of low sulphur coal. It is estimated that perhaps 70% of the

“total coal reserves in Eastern Kentucky are of this grade, 2/ Increas-

ing nationai concern over atmospheric polluﬁon has led many munici-

palities and ciﬁés to require low sulphur fuels for power generation.
It is therefore not surprising that mining is a highly' importar;t

industry in Kentucky., This importance is particularly pronounced in

regions such as the Appalachian area of Eastern Kentucky where coal

.mining ranks fourth in terms of total employment, accounting for 21%

of the workforce and 27% of total wages.;”-/ In 4 counties of the region,
cog\.i mining accounted for over 50% of the work force. Secondary and
indirect employment in other industries, includingv services, trans-
port\‘altion:, trades and, to some extent, government, is highly dependenf

upon mining. '

The pﬁblic's attitude toward this industry is mixed because various
forms of .pollution and environmental consequences have attended coal
production: sedimentation, slope failure, chemical pollutioﬁ, revege-.
tation difficulties, and aesthetic disturbance being major ‘conséquences
of mining., There has been concern over these problems, and vigorous
protest has been regivstere‘d by énviromnental action groups, national
ne\vspapérs,’ and many govérnrneht ageﬁcies and coal as sociatidnsf. 2 |

Surface "rni’ning has been the chief fbcﬂs of cont:toversy because

of its high visibility. More and more people are questioning

-3
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the economic priorities of the past. Surface mines (strip and auger)
accounted for 56% of total Kentucky coal‘production in 1971, up from
about 39% in 1966.9—/ This mirrors a similar but somewhat less dramatic
national trend toward surface mining. Reasons for this trend are not
hafd to find. National labor productivity of underground coal mines
in 1967, for example, was only 15, 07 tons per man-day 1-e1aﬁve to 35.17
tons per man-day and 46, 48 tons per.mah-day for strip and auger mines
respevctively.i/ | |
Thus, the promise and problems of surface mining have come
sharply into focx.xs. To strike a balance between economics, energy

and environment is the central question facing both coal pfoducin‘g states

and the nation at large. Such a balance will require an appropriate com-

‘bination of legislation to control bad practices, of research and develop-

ment to provide technology and improved operating practices, and of
"enlightened self-interest'' on the part of mine operators. ‘Mény bf the
surface mines experience a precarious existence which haé precluded
invéstment in research and development. Longitudinal studies over the
period 1961;1962 suggest that perhaps 60% of the firms in Eastern
Kentucky failed to survive this two year interval.é/ Since these companies
often opérate on small profit margins, they also are not likely to be |
motivated to employ conservation practices which add to their costs but
not to the price of coal. It has thus become 'the/rolé of the state to
enforce standards of operation upon the companies.

The Commonwealth of Kentxiéky has impbsed several laws to
reduce environmental disruption by surface mining. Historically;
the iaws have beén enforced by inspectors who periodically visit each

-



mine. Advances in aerial photography, however, now facilitate
aerial inspection for detection of slides, revegetation failures, un- !

c/

authorized mining operations and other prohibited activities.—l-— Satellites, b
aircraft, or a combination of both may be utilized in a multi-tier
system. Areas failing inspection are checked by ground inspectors.

The following alternatives are considered in this paper:

‘1. ~Ground inspection

2. Sétellite and ground inspection

3. Aircraft and ground inspection

4, Satellite, aircraft, and g;:ound inspection

The objective of the work is to provide a framework for finding the most

cost-effective inspection system and associated parameters.

2. Model Development

Let us assume that in an area to be inspected there are 'N"

sites at which coal is being surface mined. Prohibited activities are

B

occur.ring at "Nl" of these sites, while at the others, the prescribed
régulations are being met. " The exact number and locations are, of
course, unkx;own to the state authorities, The Commomvéalth is | o §
responsible for insﬁring that proper mining practices are 'rnaintéined

and, thereforé, needs to know the lowest cost way of performing the
inveSfigating activity,

It is assumed for illustrative purposes that if a man inspects a

site, he will always make a correct determin_aﬁion of whether or not iliegal

. activities are occurring. The costof manned inspection, however, is high.
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If inspection via remote sensing is'used, either by spacecraft or aircraft, :
the possibility of misclassification arises. In this case there exist four

possible outcomes:

(1) a site which is being mined by abusive practices is so

identified (a ''bad' site is correctly identified);

(2) a site which is being mined according to proper standards ‘

. is so identified (a '"'good' site is cdrrectly jdentified); . ;
(3) a '"bad'! site is classified as '"'good''; and
(4) a '"'good" site is classified as "'bad'.

The last two possibilities are known as the beta!'f'" and alpha'x!'errors -
respectively and are indigepous to anv decision where there is less than
complete information.

Figure 1 depicts the structures of inspection systems having ,
a one‘-tiel" and a two-tier structure. The present ground inspection

system has a one-tier structure. In this case all sites, whether problem

G e s T

areas or not, are surveyed by inspectors and consequently, are all

3
i
ki
y

correcktly classified. Both the spacecraft/ground and aircraft/ground
irlxspe‘ction‘ systems have a two-tier strﬁcture. In these cases, howe&er,
there is a probability "8' that a decision rule depending on an aerial
kinspection will judge a problem area as a no—prbblcm area, and a
probability "o'" that the rule will judge a no-problem area as a
proble‘mk area, W’hen we need to refer to quantities such aé the mis-

classification probabilities in relation to either the satellite system or the -

aircraft system, we will subscript the quaht’ities with an "s' or fgre

-6



Ground Inspection

System
No Problem
N-N,;
' N-N
1
N, (1-B)
Problem y (/lass1fy as:
o Problem
o
Lo\
Aerial/Ground
Inspection
System

NOTE:

/D L(NN)a |

Problem

™. (N-Np)(1-a)

Nodes represented by triangles indicate that no further
inspection iz conducted. Nodes represented by squares
indicate manual mspcctxon is conducted. The expected
number of inspections in each category.is enclosed -in

each bos.

Figure l: Structures for Model Dcvelbpment,
The On’c and Two-Tier Inspection
System
T
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respectively. Thus, for example, "&_ will be the @ error associated
with the satellite inspection. |

We will assume that 2 man is sent to check whenever the aerial
inspection judges an area to be a problem area. A consequence of the
alph#-error is that unnecessary manned inspection will occur (N—Nl) o
times. The impact of the beta error is that le prioblern areas will
go undetected. Both kinds of site misclassifications introduce associated
cost penalties, the total magnitude of which is contfolléble through the
alpha and beta risks of the remote sensing systems. The actual values
of the error probabilities depend upon the technical characteristics of
the remote sensing system and, consequently; the technology that is
available. In the limit we might theoretically design and implement a
remote sensing system that, like the ground inspection system, is
subject to no errors a;nd which would eliminate the & and £ risks. Cf
course, the decision to implemeﬁt such a system would depend on the
costs, both non-recurring and recurring, that would have to be paid for
such a system. ‘ | -

The structure of a three-tier inspection system is shown in
Fi’éufe 2. The satellite/aircraft/ground inspection system has this

structure. A decision rule provides that aircraft will be called in only

‘after the spacecraft has classified an area as a problem area. The

expected number of problem areas judged as no-problem areas will be

and

(N-N))o_a_ i O (2)

T RS



Site Satellite . Aircraft

. Character Identification Identification

I N, (1-F)(1-B.)
(I-Ba) ',./Pr/oblem
fCl’a’-s"sify as: o

(I-Bs) / Ba

roblem “NoProblem
0l Classify as: N
IR N, (1-8,)8
A _ ’
No Problem 1 s é |
Problen},a v
Ny %
| . NIBS . :
& » 0 (N-N o o, |
SN o .=~ "Problem
No ' o 2 |
Problem e \Ci{as sify as:
N-Nl | | - \"\.\
(l-a ) No Problem
A (N-Nl)as(l-aa)

(N-Ny) (- )

NOTE: Nodes represented by triangles indicate that no further
inspection is conducted. Nodes represented by squares
indicate manual inspection is conducted. The expccted
number of inspections in each category is enclosed in
each box.. ‘ : '

Figure 2: Structure of a Three-Tier

Inspection System
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no problem areas will be misclassified as problem areas. Analogous
to the two-tier syétems, the attending misclassification penalty costs
are unnecessary aircraft and manned inspection costs and the cost of
undetected problem areas.

From the decision models shown in Figures 1 and 2, the cost
functions presented in Figure 3 may be derived. It was assumed that
satellite inspection represents a fixed cost if used; the incremental
costs are reéarded as zero. The aircraft in#pection costs, as shown
in Figure 3, may be derived directly from the structures in Figure 1
and 2, and as shown, depend on the decision model (i.e., whether or.
not aircraft inspection follows a determinatipn by satellite inspection
that there is a problem area). The number of "tiers, ' or combinations
of inspection schemes, are provided for in the cost model by the binary
variables XS and Xa’ their values depending on whet..er or not space-
craft and aircraft systems are being used, respectively. If spacecraft
are used, for example, then Xs would be one, If spacecraft are 3:'10‘c
used,. then XS would be zero.

The third cost facto'r, ""false negatives, '" indicates the social
cost of a beta-type error. It includes the social and economic cost of
nondetection and, by implication, the non-correction of a problerh area.
Some of the cost of nondetection results from the probability of physical
damage, the value of which can be estimated. Other costs, however,

are for non-market goods and activities. The values of these goods are

>

- difficult to determine and could theorectically range from zero to in-

- finity depending upon the imputation of the social costs incurred due to

misclassification.

_lQ“'



Cost Factor

) B R iR

Value

1. 'Satellite Inspection
2. Aircraft Inspé'ction
3. False Negatives

4. Manual Inspection

—

L

-

poer

L.

T FXO(1-X ) ((N-N y
2 S

C Xa(l-Xs)

(1 -XS)(l -Xa) (N) + Xs(l -Xa) ((N-Nl) ozs-l-Nl(l-Bs))

N,

+X X (m-Nl) o @+ N (1-B_)(1- ss))

. ﬂ . :
(N) + XX ((N-Nl)as +N1(1-Bs)>J

Cp Xs (Nlas> * (I'Xs)(xa) <N18a> + xsxa (Nl(l'ss) Ba)

o +N1(1-Ba))

WHERE

a a a
1t I ]

0O
i

cost/site inspected manually.
cost of satellite inspection.
cost/site inspected by aircraft.

cost/problem area not detected.

0o = probability ''good" area is mis- '
classified as problem area.

B = probability problem area is mis-
classified as good.
Xa = integer variables to denote whether

satellite or aircraft inspection is used.

Figure 3: Composite Cost Function for Inspection Policies , ‘ -



In Figure 4, several sets-of assumed values are gi\’en to the
parameters discussed so‘far, and the altérnative inspection policies
are comi:ared depending upon the values of the parameters, Policy 1
(Pl) assumes a man-only investigation and, therefore, with an assumed
price of $50 per site, and a thousand sites, there is an invarient .cost
of $50, 000 to investigate all of the locations. Policy 2 (PZ) assumes
that ground investigation occurs only after it is determined by s’katellite
that a site is a problem area. Policy 3 (P3) assumes that ground in-
;‘:pection occurs only after it is determined by aircraft that a site is a
problem area. Policy 4 (P4) assumes that men are called in to investi-
gate only after it is determined both by satellite and aircraft that a site
is a problem area.
In Figure 4, the cost of implementing the four i;lsﬁection plans
o _ are given under conditions of relatively high and low alpha and beta
; risks for aircraft and spacecraft., Holding all other parameters con-
stant, it is seen that the costs, and consequently the chouices, of the
alterhative ipspection policies are very sensitive to the alpha and beta
risks associated with aircraft and spacecraft. When the alpha risk is
relatively high (20% a'.; compared with 10%), then an increased cost
would be incurred for re-inspecting sites which are, in fact, not problem
" areas. Also, there is a high likelihood of ix}curring the social coskt'of
not detecting problem sites when the beta risk is ‘relatively high. The
asterislgs in Figure 4 identify the optimal policies in éach case. Itis
'seen that even if the _valpha. zrmkkd’beta rislté are relativ’ely high, the threeek‘
tier and fwo-tier inspection systems are economically preferred over
manual inspection .only. The model demonstratés thz-).:t remote sénsir;g

¢
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DIRECT COMMON COST FACTORS PER SITE

Ground (men) Satellite Aircraft - Cost of Misclassification
by PB- type error

C_ =50 C_= 200 c.=15 C_ = 2000

m 5 P
Input Factors Cost of Survey
i ‘ ($1, 000)
t (%)
: Run .
Mo, N N, o, By o B P, P, P, P,
] : . B
i 1 1000 10 20. 25. | 5. 15. | 50 }15.5 20.9 | 11.3
2 1000 | 50 20. | 25. 5, 15. | 50 |36.6 | 34.57 | 41.9
. 3 1000 | 100 | 20. | 25. 5. | 15. | 50" |62.9 | 51.4 |80.1
4 1000 10 10. 10. 5, 5. 1 50 | 7.6 18.9 | 5.4
| 5 1000 | 50 10. | 10. 5, 5. .50 |17.27 | 24.7 | 19.1

6 1000 | 100 10. | 10. 5. 5. | 50 |29.2% | 31.9 ,36.4
. !

Costs of Optimal Choices are Denoted with an Asterisk() '

N = Total Number of Sites P1 = Ground (men) only

N, =Number of Defective Sites : P, = Satellite + Ground
y o = Rate of Occurrence of a- Type Errors P, =_Airc1v‘;av£t + Ground Lo
: B = Rate Eof Ichcmrrenc’e of B-Type E’rrdrs P4- = ;Satellit_e + Aircraft + Ground

( )2’1, = () for aircraft ' ' '

(), =() for satellite

~ Figure 4: IHlustrative Results With Simple Survey Model
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systems can be useful even though they may be inaccurate. Whether
£ _ : .
this is true, in fact, will depend upon the particular application of the
model and the inputs appropriate to the application. In general, if the

number of problem areas, the social cost of misclassification, or the

a and B errors are high, the optimal policy is ground inspection only.

This results from the expectation of incurring substantial social costs

for undetected problem sites. Whén the alpha and beta risks are
relai‘ivély 10\l>v and equal for aircraft and spac'ecraft systems, the policy PZ’
a spécefraft/ground system, is preferred. This results. from the
fact that the spacecraft system costs are less than the aircraft sy;tem
costs.

- r,lFigure 5 maps other information about the systéms onto a graph
i;u wﬁicb the horizontal axis represents the parameter Nl’ the number
of detfec%tive areas, and the vertical axis represents>the total cost of the
alter\na?tive inspection programs. The value of the parameters other

than Nl’ are given in the fop-half of Figure 4 in runs 1 through 3. The

: efﬁciéncy frontier that has been drawn indicates the lowest cost strategy

as a function of the number of defective areas in the actual population.
Ar%y*policy other than the one indicated for a given value of N1 is
in%fficient'from an economic standpoint. At values of N1 less t-han

15, the éﬁ%ee-tier plan, P4, is the most cost-—effeptive approach.

Above that, up to about 39 defective areas, the man/spacccraft approajch’
is the fﬁosé cost-effective, from 40 to appro:’x:imately, 95, ’the aircra‘ft)man

plz‘in is-preferred and above 95, a man-only plan is the cost-effective

. approach. The shape of the efficiency frontier depends upon the value

of the parameters. At the limiting case of Cp equal to infinity where no

-14~k
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beta risks are tolerated, either a-man-only system or an enhanced
remote sensing system will be chosen, assuming that the technology
is available to reduce Ba or BS to zeroc. The choice would depend
upon the relative costs of these systems.

. We have“seen that a simple '‘model can be used to assess the
.economic impact of an important technical characteristic of remote

sensing systems, the system accuracy on the selection of a cost-

effective system. Another technical aspect of the remote sensing
system which influences the choice of the most cost-effective inspection
mode is that of system availability. This system characteristic is in-

fluenced by many factors, some of which are related to the system

1 " design and some of which are exogenous to the s._ystem, such as weather
conditions. The potential‘ iml‘)act‘of system availabilify on the choice
of the economically optimum inspection mode can be determined by our
i . ’ quel as is illustrated in Figure 6, a sample computer output. These
results are based on the parameters used in run 5, shown in Figure 4.
, The corner points of the cost grid map represent 'th.e four basic
insﬁecitiOn alternatives under the as sumptibn that the remote sensing
systems are either ne‘ver used or always used. For example, the man-

only inspection system, having a cost of $50, 000, is represented by the

grid point (aircraft, satellite) = (0,0). In contrast, the two-tier in-

: .
} - : i ‘ . ‘ ) . . 3 .
spection system, which calls for manual inspection of only those sites

that Iiéi\}e begn'classii‘ied as bad by a satellite, has a cost of $17,200 and
“is repi‘esented by the grid point (aircraft, satellite) = (0,1). By in-
Speétién 6';f>~the éorner points, onec can readily veri‘fy thaf the two-tier

satellite/man policy is the cheapest strategy of the four basic alter-

natives. Suppose, however, that we now consider the question of

~16-
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N 5 10PT = 1

= 1600 Al = \
ALPHE=S =  0.1660G0  BETA=S =  0.100000 ALPHA-A = 0050000 BETA-A =  0.050000
cosT-1 = 50.00 COST-2 = 200.00  COST=3 = 15.00 COST-4 =  2000.00
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>

Figure 6, Solutions for Partial Availabilities of Aircraft and

Satellite Syatcms.




satellite availability. If, for some reason, the satellite is available

for site inspection only 80% of the time, then the actual cost of the
satellite/man policy is not $17, 200 but rather $23, 760, corresponding
to the grid point (aircraft, satellite) = (0, 0. 80). The fact that the
sétellite is unavailable for some fraction of the site inspections mark-
edly cHanges the cost of this policy and may render it a cost ineffective
choice of inspection mode.‘ For the data given’in Figure 6, for example,
the satellite/man inspection policy is cost effective only if satellite
é.vailability,exceeds 90%. If the availability of the satellite is below

this level, then ti’xe optimum inspection policy is the three-tier policy,
and this remains true regardless of the availability of the aircraft remote
sensing system. -However, as is evident from the cost grid, the cost

of implementing the three-tier systefn will not be $19, 175 (as indicated

by the grid point (aircraft, satellite) = (1,1)) but instead will depend

v\fzpon the availability actually achieved by the satellite and aircraft sensing

systems. The cost model presented in Figure 4 allows for explicit

consideration and evaluation of this primary technical system character-

- istic.

- Figure 7 contains the result of a sensitivity analysis for run 2
of Figure 4 to explore the parameter ranges over which policy P3
is optimal. For each parameter it shows the lower and upper limits

and the policies which become optimal beyond the intervals. For

example, the ground inspection cost can vary over a wide range from

'>$35 to $203. Policy P, requires more grbund inspections and, conse-

quently, benefits more from a lower inspection cost. Conversely, policy

18-




Base Case (Run 2):

Direct Common Cost Factors per Site

Grdund -Satellite
(men)

C =50 C =200 C
m s a

Incidence Factors

Aircraft

=15

Cost of Misclassification
by B type error

C_=2000
P

Sites Defe_ctive Sites
N = 1000 N, = 50 {
Misclassification Factors
Satellite Aircraft
o= 20% P = 25 %o a = 05 %o B = 15 %
Sensitivity Analysis: N
. . e Range over which Optixnal Policy' ,
Variable perturbed Original Policy P, is optimal at end of range z‘.
N : -
Symbol rame Value Lower Upper Lower Upper
C Ground Cost 50 34.9091 |202.8278 P P ]
I 2 4
] ) Cs Satellite Cost 200 0 o - - l
C Aircraft Cost 15 0 17. 075 - P
f a : 2 ;
C Misclassification 2000 1585 | 4066. 67 P, A
| P Cost | ‘ .
N, | Defective Sites | 50 38.9333 | 95,5882 , | P ;
! Q's' ' Satellite 20% 9.3684% ® 5 -
¢ - error . ‘
- : ‘ = 1
Bs Satellite 25% 22.8718% o© pz .
: B- error -
@, Aircraft 05 % 0 9.3684 % - P, L
. Q- error ’ v
B Aircraft 15% 0 17. 1282 % _ P “§‘
a B-error ‘ nA

Figure 7+ Illustrative Sensitivity Analysis
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requires fewer men and suffers less from an increased cost. The

Py

satellite cost presents a different situation. Reducing the cost helps

but since at-most only $200 can be saved, it is not

P, and P

2 4
sufficit?nt to make either of these pclicies Optimal: P1 and P3 are
not djepéndent on the satellite cost so there is no change in their
relative status and we see that P2 is optimal over the full range of
cC. A simkilar reviéw can be made for each of the other‘parameters,

showing when and why each range limit and policy shift occurs.

3. Variations in Errors

Mf)st systems can be altered so as to increase a-type errors
while decréasing B-fype'errors <;r vice versa. In this system, the
eirrors arise.frorri misclassification. Changing the acceptance standards
corresponds to changing the @ and B errors. Hypothetical tradeoff

curwves for qs’ Ss and a’a' Ba' are shown in Figure 8 .

1
- |

B;z": | B ; ‘ -
o a ' '
Y1 (1%, 100%) - " L (0.25%, 100%) |
l .
I o« p = (10%% | 2
L | 5P " o R o B_=(5%)
L o | | | REPRODUGLRLITY OF THR
- \[ i R 0 @RIl PAGE S POOR
: \\‘i,\(l()%,‘ 10%) , \ (5%, 5%)
\\~\“N (loooj}" 1%‘0) "\‘\";-‘~.l : (100%, . 2570)
0 R 0 P / ».._Nj‘ , . ; »
0 , 4 - 1% 0 o BN 1%

.Figure 8 : Hypothetical T’rfa‘de‘off Curves lfror
Satellite and Aircraft a-type Ei‘ro;‘s

Versus f-type Errors
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They are hyperbolic curves with the property that reducing one probability

by a factor of 50% results in déubling the other probability. The particular

choice of this function is for illusirative purposes only --empirical tradeoff
curves must be determined for each application.

This information combined with the earlier derived cost equations
allows us to determine the optimal values of @ and B to be used and
consequently how to 'establish optimal acceptance' criteria for the aircraft
and satellite inspections. As, an example, consider ‘the cost expression
for the satellite and man inspection systém: .

oy + N (1-6.)] (3)

' C, +~CPNIBS + Cm[(N-Nl

Using asBs = (10%).2 and rearranging terms, this expr. ssion becomes:
' . 2 »
(Cs+ Cle) + (Cp—Cm)NlRS + (10"/(?) Cm(Nle)/gs (4)

The optimal value of R_ is obtained by setting to zero kth'e derivative of-
‘this expression with respect to BS.
(C_-C )N, - (10%)% C_ (N-N,)/8% = 0 | | (5)
p m'1 m 1" 7g i

‘Solving for B_ yields the optimal value, denoted B

-1/2

* ' v 1/2 -
B»S = 10% (Cm(N-Nl)) | ((Cp-Cm)Nl) (6)

S 1 P




i
The corresponding value of o is:

/2 -1/2 (7)

1
o, = 10%((C,- G INp)/“(C (N-N)))

If these expressions result in either a: or Bs being greater than one,
then the correct solution is obtained by setting that probability to 100%

and the other to 1%.

If Cp is less than Cm’ the expressions for o and B* become

imaginary. This occurs if the penalty cost is less than the cost of manual

o,

inspection. In this case, B; = 100%, oz; = 1% is the optifnal solution.
A corresponding result for the aircraft and ground system can be

" obtained. In this case the expression for the cost is

. 2 "
(CaN + Cle) + (Cp- Crn)NIBa + (5%) Cm(N—Nl)/Ba (8)
The optimal values are:
3 *‘_ _ . 1/2 . _1/2 ;
B, = 5% (C_0N-N )% ((c_-C N)) (9
* - : 1/2 -1/2
@, = 5% ((cp- Cm)Nl) (C_ (N-N;)) ~ (10)’

It will be noted that the expressions are the same except for the leading
coefficients which are the square root of the constant term in the tradeoff

curve,

This obser\ration is a specified case of the general conclusion that
for any two tier system, if the « and B type errors are related by the

tradeoff curve ofi= TZ, then vth‘,ev optimal values are given by:

—gli
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-
‘the change in «

TSRO T ST T st ot okt i

-1/2

# 12,
R T(Cm(N—N )] ((CP- Cm)N

1 (11) -

1)

1/2 -1
/ ) 1/2 (12)

R
I

T((C,- Cpy )N 77 (C (N-N))

E sk »
If these expressions result in either @ or B being greater than one,

then the correct optimal solution is obtained by setting that probability

2

to 100%and the other to “T~%, If C, is less than C_, the optimal

solution is obtained by setting B = 100% and o =T,
Using the values of the parameters givgén in Figure 4, the

!,

optimal values for o and B* for both satellite/ground rand air;:raft/
ground systems aré shown in Figure 9.

A similar analysis can be conducted for the three tier system.
In this case a pair of simultaneous nonlinear equations is obtained

which can be reduced to a sihgle fourth order equation. The various

' cases resulting from the several roots of the equation and the inter-

actions with the boundary conditions are too complex for presentation
here but are obtained in a straight-—forwa.rd manner,
Generally, the value of T can be decreased by the expenditure

of more money. Increasing the time per aircraft inspection, for example,

~might produce such an improvement. Note that for the two tier system,

and B% is proportional to T. This is shQWn in Figui‘e 10.

e
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~ Direct common cost factors per site:

-%7-

Ground (men) S_atellitev Aircraft Cost of Misclassifications
by B-type Errors
€ =50 C =200 "C =15 C =2000
™ s a c b

Optimal ILrror Factor (9] Cost of Survey Keduction 1n

Run | Input Factors. Satellite/Grnd. | Aircrft/Grnd. ($1, 000) Cost (%)

No. N N T_ ™ (o) Ta (el o ES_ o, B, P, P, P, P, P,

1 1000 10 500~ 22.4 /75. ~ 8.7 [14.035{ 35,6246 5,436(13.798 50 .| 14.6 20.9 6.8 0.1
2 | 1000 50 - 22.4 8.7 |32.036] 15,607.12.408] 6.045 | 50 |33.1) 29.3| 9.5 |15.1 .
3 | 1000100 '22.4 8.7 146,547 10.74218.028] 4.160 | 50 |47,1 | 36.2|25-1 129.5

4 1 1000 10 10. 05. 6.276| 15.933 3.138]°7.962 | 50 | 6.9 1 18.6| 9.0 | 1.6

5 | 1000 50 10. 5. |14.327] 6.980 7.164]3.490 | 50 |16.3 | 24.3| 5.2 | 1.6

o | 1006100 1o .| 20.817| 4.80410.408[12.402 | 50, (23.9 | 29.4/18.0 | 7.9

ats

of Figure 4.

Figure 9. Optimal o and B Type Errors

* These values of Tg and T, correspond to those implicit in run 1 through 6
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Figure 10. Change in optimal error terms
for change in technological

capability.

The cost of decreasing T generally rises nonlinearly as T approaches

3

Because

-t
.

0. Hypotheticzl cost curves for T are shown in Figure 1

changes in T often result from improvements in the technology used,

e kit a W N N

" Cost per inspection

these are known as technological cost curves.

Cost per inspection

‘ N '
4071 (05,38 10 4105, 9.5
Cost = C_N(T_"'-1) Cost = C_N(T_ "' -1)
30-1] : Te54
C =.50
v
20~ (.1, 4.5)
10-7
0 ' >
.1 .5
Satellite/Ground Aircraft/Ground
System : System

Figﬁre 11. Hypothetical Technological Cost Curves
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The cost of the satellite inspection system was given above as:

(CS + Cle) + (Gp- Cm) Ny Bs + Cm(N-.-Nl)la s (13)
where the optimal values of Bs and O:S are given bhy:
. ’ 12, a2
‘: By T, (Cm(N-Nl)) (C,- C )Ny (14)
sk _ : 1/2 -1/2 |
o, = T ((Cp-Cm)Nl) (C (N-N;)) (15)
Substituting and combining like terms yields the expression:
( ’ ' | N2 16
B - 1 =
Cs+Cle) ; ZTS (Cm(Cp-- Cm) (N Nl) Nl) (16)

In order to find the optimal value of T, we add the cost of technological

impr‘ovement from Figure 11:

v R —1 . 7. M -
CN(T, "~ - 1) , (17)
: : : The sum of these two terms is then differentiated with respect to
Ty yielding:
e 1/2 _ -2 .
Z(Cm(Cp--ggl) (N-—Nl) N,) = CuN T.S _ (18) .
! SO | REPRODUSIPIATY OF THE
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The optimal value of T, denoted TS , is thus:

! - (cul\T)l/Z(zcm(cpT c_) (N-Np)N )" H/4 (19)

A similar analysis for the aircraft/ground system yields:
- 1/2 Sy ~ -1/4
Ta = (CVN) (ZCm(Cp- Cm) (N-Nl)Nl) .’ (20)
The same approach may be used for the three tier system but is too
complex for presentation here.

Using the data presented in Figure 4, the following selection of

optimal T, @, and B values can be derived as shown in Figure 12 for

‘the two two-tier systems.

-4, Conclusions

It is anticipated that a model such as we have described can be
very yseful in determining the optimal strategy for alternative remote
Sensigg systems since it incorporates cost, technology charaﬁcteristics,
economet;:ic estimation, and public policy. The description given is for

general model and individual specifications, of course, rmist be tailored

“to the application or case study to be investigated. As seen, the model

is simple ;ix}d yet elegant and powerfc‘xl.” The alpha ahd bveta risks are
tec"hnical questions and, therefore, allow us to ‘parameterize’ thé quality
or accuracy kof aﬁl,"cernative remote sensing ‘systerris. In addition, the
model allows us to parameterize the operational availability achieved

by the remote sensing systems and examine the cost impact of this

-27=



WEPRODUCIRILITY OF THE

Direct common cost factors per site:

Gily2 ¥

AGE 18 POOR .

Safellite

Ground (men) Satellite Aircraft Cost of Misclassification Aircraft
v ' by B type error Technological  Technological
Cost Cost
. i \
C_ =50 C =200 C =15 C_=2000 C =2 C =.50
m s D X u v
| Input Optimal Parameters (] Cost of Survey Recuctions in Cost/Table =
el Run Factors ~-Satellite/Ground Aircrzft/Ground {$1, 000) Runsg 1,2,3 Runs 4,5,6
i . ~7 Q ]
No. N 1\1 TS o Bs '.Ia Ola Sa- Pl PZ P3_ PZ P3 PZ P3
A ‘100'0 10 [17.9407 11.2604 28.5841 08.9704 05.6302 14.2921 50 11.8 j2l.1 44.9% {19.4%|52.4% [25. 0%
B 1000 50 |12.1220 17.3672 08.4609 06.0610 08&.5836 04,2305 50 19.2 |25.7 52.1%| 25, 5%]| 44. 0% | 23.8%
c 1000 160 [10.3321 21.5080 04.9634 05,1661 10,7541 02,4817 50 24.6 129.7 54.6%|28.5%) 41.4%|23.6%

* After adjustment for technological development cost not included there.

Figure 12. Optimal Technological and Error Parameters
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important system characteristic. There are several relevant directions

for further model development.that are readily apparent:

o]

introduction of a larger set of classification outcomes

(i. e., '"fuzzy results)
multiple inspection objectivés

realistic cost functions for inspection techniques

‘(e. g., fixed cost aspects)

dependence of alpha and beta errors upon the magnitude of

a problem area
more realistic tradeoffs between @ and B errors
budget constraints on inspection policies

more complex inspection policies (e. g., using random

inspection of sites classified as no problem).

The potential of each of these factors to sharpen the analysis of,

and thé‘reby enhance, the study results may be determined by extending

this model. As an illus‘t_ra'tion, a more complex ground inspection cost

function is modelled in the Appendix, (A").

We wish to emphasize the important lessons that can be gleaned

from this illustrative model:

l'..

2“

simple models lend insight to the investigative process."

as our model has demonstrated, a satellite can be a cost-
effective component of an information retrieval system

-29-



even though it may not be the most accurate and/or

reliable component of the system.

model results can lead to profound changes in current

eco-systems information retrieval and control practices.
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APPENDIX A’

An .Alternative Cost Model

i The fundé,mental model can be extended in several ways to
improve its accuracy; One such improvement can be made in representing
the ground inspectikon costs., The agency responsible for inspection in
general cannot alter its st:aff at will, It will in fact hire a number of
ins péctors for this purpose with the consequence that the cost of this
staff will be fixed, To handle any additional'ihspections above what the
staff can normally handle, the inspectors may be asked to work overtime
and employees in other areas may be utilized under a partQtime, temporary
arrangement, | |

‘The cost relationships of this model can be defined in terms of
~ the following parameters:

M - the number of inspectors hired on a

permanent basis

8 - the number of inspections that can be
conducted per inspector
v , Y - the cost per inspector incurred in
N e one period
¥'- the cost per inspection for additional
‘inspections above those that can be

performed by the permanent staff,

If n inspections are required in a period, the cost is either ¥YM or

Y M+ 'Y'(n - 8 M) depending on whether n is less than or greater than
aM, respegﬁvely. Mathematically this can be expressed as:
persoﬁnel cost= YM+4 ¥ ' Max[0,n ~ 8 M]

This is shown in Figure A-1l.

et
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Cost

R G

v & additional cost

Cost of
Permanent
Staff

per inspection

&M

- Numbexr of
inspections that
can be performed
by the permanent

“staff a

I“igufe A-1.Cost Model for Manual Inspections
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Ih a two tier system, either aircraft and ground or satellite
and ground, the number of inopections required is the sum of two
quantities, the number of problem areas which are recognized as
such, denoted ny and the number of non~prob1err¥s which are identified
as problem areas, denoted n,. Both =, and n, are independént
binornially distributed, random variables, Referring to Figure (A-2)
the expected values of ng and n, are Nl(l-B) and (N-I;l'l) & respec-

tively. »Thé respective variances are Nl(l-B)B and (N-N,)a (1-&). The

1)
¢ and B errors are those associated with whichever two-tier system is
under consideration. In practical applications, Wé may expect that the
number of problem areas is small and that most inspections are con-
duc{te,_;d for non-problem areas. In this case, n; can be disregarded.

Forv a large number of requiréd inspections, the normal distribution
provides a ‘satis‘factor-'y approximation to the binofnial distribution. Hald'sz-/
inequality, np {1-p)>9, provides' a definition of the 'accepfable range for
’th’e aloproximatio11. For n,, this is

‘ (N-N,)a(l-0)>9. B (A1)
Since (l1-®) may be assumed to be greater than 0.5, the approximation

will be valid for

(N-Npa>18 X

~ The expression on the left, of course, is Simply the expected number of

required inspections. The use of the normal approximation permits us to

[
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develop an analytic expression for the total cost and to find the size
of the permanent staff which minimizes this quantity.,

The total cost, including the personnel cost, is:

T = C_+ (N-nj) cp (A3_)

1
+ yM+% Min [0, n- 8M]
The expected value of the total cost is:
E[T] = C_+BN, <, ’ ‘ (A4)

- .
+ vy M+ 'y‘j (n-8M) p(n) dn

eM

where p(l.x) represents a normal distribution with the parameters

b= (N-Nl) and 0‘2= o (l-o) (N-NI). The integral in this expression,

known as the 'partial expectatién” does ﬁot have a closed form ex-

pressmn. It is tabulated in such ”sources as BIOW11,—§-/ in Table D. 6.
‘For the values of Q M in the range between the mean and the

mean plus two times the standard deviation, Palker sg/ service function

approximation may be used. Mathematically thls gives:

vif p<8M < p + 20
) © N .
then [ - om)p man = 0.450 exp(-(6M-u)/.600) (a5
| aM
34—
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o

where  W=a(N-Nj)and o= o(l-0) (N-N)) (A6)

Substituting into the formula for the expected total cost, we obtain:
E[T] = C, +BN; cp ‘ (A7)

+yM +'y' 0 .45 exp (-(91'\@'-;1/.60 o))

In order to determine the optiinal permanent staff, the derivative
of this expression with respect to M is set to zero. |
8

1 , :
Ozp—(}%ﬂ = v+ 0.45 exp (-(6M-p /.60 o) (- .600)

Solving for the optimal value of M, say M we find:

M* =67 [u-. 600 tn(. 60 ¥ /(.45 vt )] (A9)

Substituting for p and o yields:

]

ats
b

M* = 67 a(N-N)) - .60 (a(l-a) V-

)1/?

1 “on(. 60Y/(. 45Y'9))] (A10)

If the number of problem areas iden’cifiea as such, nl, is not a
negligible‘qua,ntity, a differex;t approach is required. Let ué suppose |
that the expected value of ng also exceeds 18 so that the normal -
approximation can be used. Then since n; and n, are normalliy
distribuﬁéd, so is their sum n. The parameters of the three distriQ

 butions are given in Figure A-2.

(A8)



n1 n2 n=n1+n2
ean N1 (1-8) (N-Nl) o Nl(l-s)+ (N-Nl) o
variance NIB(I-B) , (N-Nl)a (1-¢) NIB(I-B)+ (N-Nl) a(l-a)

FigureA-2, Parameters of Distributions

The preceding derivation is unchanged except for the substitution

for p and « in the expression for M". The result in this case is

ny

o

M =9-1[Nﬂ1-8)+(N~N

1) o

. 60 (Nlﬁ(]«“.ﬂ )+ (N-N,) 0',(1'-0!))1'/2 {,}m(. 60Y/(.45Y'd)] (Al1)
To illustrate the use of this formula, the two runs with N1= 50
in Table 4 . have been recalculated. The expected values of n; and
in this case are given in Figure A-3. All are sufficiently greater
E[n1]=N1(1—B) E[n2]=(N-Nl)OA
Satellite/ o = .20 BS= .25 37.5 190
Ground : -
System o =.10| B =.10 45,0 95
Aircraft/ | o =.05|R = .15 42.5 47.5
Ground : g -
System o =.05 B _=.05 47.5 47.5

- Figure A-3, Expected Misclassifications for
- Slected Error Levels .
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than 18 so that a normal approximation to both L ny and n, is

acceptable. -

Each inspector can conduct 25 inspections in one period (8=25).
The cost per inspector per period is the product of the earlier cost per
inspection, Cm='50, and this quantity (y=1250). The incremental cost
per inspection, assuming that these are performed on overtime, may be
taken as 150% of C_ (v =75).

The optimal staff of either two tier system based on these data

is given by::
M = .04p+ .00282679 o (A12)

In general, the value of M* will be non-integer énd must be rounded
either up or down. In the results shown in Table A-4, both rounded
values were checked in each case in the formula for the expected cost.
Some values are out of range of the Parker approximation but not so far
that a correct choice cannot be made. The optimization for the ground
systém must, in general, be checked in the same way, but in this example
the optimal value happens to be integer. :

It is noteworth.y that the values of the survey costs”for P2 and

P3 are not significantly changed from those reported in Table 4.

© Partly this is due to the fact that satellite, aircraft and penalty factors

are the dominant contributors to the cost. Thi_s also indicates that the

simpler model is fairly accurate and that consequently this refinement

may not be needed in many applications.
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Direct common cost factor per site

Satellite Aircraft Cost of Misclassification by

B type errors

C =200 C =15 C =2000
s P

Ground cost model factors

Inspection per Cost per inspector Incremental cost

inspector per per period per inspection

period ' k

0 =25 Y = 1250 Ty =15
Run Input Factors Optimal Staff " ‘ |Appzx. Cost Survey($1000
No. N Nyjoe, B o - B (Groundfatellite/[Aircraft p, P, P3 ‘ J

o . _ Ground | Ground I

A | 1000 50{20% 25%|05% 15%| 40 9 4 50 |37.0 1 350 &

' . i
B 1000 50{10% 10%05% 05%| 4¢ 6 4 50 17.8 | 25.1 i

. ,. f:?h_e‘optirnal staff of a two tier system is-given by: M=, 0411+ .002826790
for the given cost factors. The result is rounded up and down and the value
yielding the lower cost is reported.

Figure A-4. Optimal Policies for Ground Cost Model
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APPENDIX B

PRELIMINARY ANALYSIS OF THE CURRENT

INSPECTION PROCESS

In 1975, as part of this project MATHEMATICA [ 3] analyzed

inspection reports for the 1971-74 interim for strip-mining permit

areas in Western Kentucky, Not all inspections were included in inspec-

tion reports, For this reason, the total number of violation in the tables
is low, We have assumed throughout this report that the frequencies
‘T% of reported violations per inspection reports are not significantly different

from the unknown frequencies of detected violations per inspection,
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Preliminary Analysis of the Current Inspection Process

The current Commonwealth of Kentucky étrip mine inspection procedureé
call for a strip coal mine to be inspected once every two weeks. In the
past three years there have been 24 inspectors'assigﬁed to the Western
Kéntucky Madisonville office to inspect about a hundred éermitteé mines
which operate in this region. Currently there are 11 inspectérs with each
inspector assigned>to about 11 mines.

From the computerized summaries of the 2760 mine inspection reports

for Western Kentucky for the year 1971~1974 we have obtained the following

information which characterizes the inspection situation.

1. Tospection Frequencies

Table 1 following shows data on the number of inspections by month
by year for 1971-1974. Shown also in Table 1 are statistics on the number
of active mines, tonnage, average ﬁeeks/mine inspection‘and M tons/

inspection.’
i

As can be seen, the average interval between inspections (calculated

on the basis of a 50 week year) is significantly greater than the

target value of two (by factor of roughly 3);
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i
|
; TABLE 1
! .
| . NUMBER OF INSPECTIONS BY MONTH AND YEAR
i . B
’Il Year Total
| Month 1971 1972 1973 1974 1975 1971-74 Average
l ety
January 49 63 56 55 126 223 55.8
1 February 35 59 41 55 115 190 47,5
i March 53 82 55 63 - 253 | 63.3
April 36 77 38 56 - 207 51,8
May 63 75 46 59 Ce 243 60.8
June 97 | 89 35 58 [l - 279 69.8
July 74 59 27 52 - 212 53.0
August 82 70 .51 56 - 259 | 64.8
September 75 57 42 75 - 249 62, 3
October 44 40 51 68 - 203 50. 8
November 62 38 - 46 76 - 222 55.5
December | 51 36 37 96 | - - 220 55.0
! ‘ '
Total - 721 | 745 525 | 769 241 2760
: Average 60.1| 62.1| 43.8| 64,1 || 120,5 57.5
Number Mines* | 85 | 71 | . 55 90
No. Inspections/ R Calculated on basis of }
+ Mine Week . 170} .210 . 191 . 171 50-week operating year
Weeks/Mine
Inspection 5,89 | 4. 77 5.24 5.85
MM Tons Pro- s ‘ '
_duced* 31,786(33.645 | 31.337 | 28.953
M Tons/Ins,pec-— ,
tion 44,09 }45.16 | 59.69 | 37,650 .

*Source: U.,S. Bureau of Mines
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It is also of interest to analyze this data to determine relevant time
trends and/or seasonal variations. Shown in the margins of Table 1 are
row and column totals and appropriate mean values. Table 2 shows the
complete analysis of variance of the data shown in Table 1. This analysis

suggests the following conclusions:

(i)  there is no significant month to month variation in
inspection frequeﬁcy.
(ii) year to year variations are significant at the .05 level.
Nineteen seéenty?three had a significantly lower‘inspecﬁion
count than the other years. It appears that inspection

frequency is keyed to the number of mines.

. 2. Relationship Between Violations and Inspections

When an inspection of a mine is pefformed, a violation (an "incident')
may be reported in one of three bfoad'catEgofies: Method of Qperation,
Water Quélity, or Revegetation. Each one of these main categories has

" _ : :
several'subcategories which.aré listed inAAppendix B'. ~If this notice does
not ﬁork,athen as éilast resort the State Department for Néturél Re§§ufces
and'Envifqnmental Protection in Frankfort may issue an order of ﬁsuspeﬁsioh"
and.request that the miner appear at hearings,  at ﬁhich time a spectrum Of‘
actions may be taken ranging fromilifting the'Suspensibn to fines and

revocation of the permit.

In Western Kentucky the following péttetn~of "incidents,""non-compliances"

and "suspehsions" existed for the years 1971-1974.

.



TABLE 2

ANALYSIS OF VARIANCE FOR INSPECTION FREQUENCY DATA

{iv) Residual - By Difference

CRITICAL F
DEGREES OF MEAN APPROXIMATE
SOURCE SUM OF SQUARES FREEDOM SQUARE F RATIO @ 95%
Row Means 1,948 11 177.09 ° . 723 2.13
(Monthly Variation)
Column Means 3, 176.25 3 1658, 75 4,32 2.92
(Yearly Variation)
Residual 8,079. 75 33 244,84
TOTAL 13,204 47
Sum of Squares Computations (Illustrated): }1
& -
T
L (223)% . (190)% | (253)% 2758)% |
. (i) “ROW Means 4 + 4 + !T) se e e - i“'—"——z = 1, 94‘80
|
(i) Column (121)% | (745)° 2758)° 5 e os
. Means' B 12 12 s sn00a 48 = D -
| 2 2 2 : 2 (2758)°
(iid) Total 49% 4+ 637 4+ 567 + 55 4+ 357 Li.ee. - yx = 13,204




1971 1972 1973 - 1974

. Incidents : 633 659 551 1020
| | Non~compliances : 35 119 164 ; 71 .

Non-compliances‘/Incidenf:s . 055 . 181 . 298 .070

Suspensions 2 - 1 3 1

Suspensions /Non-compliances 0.057 0.008 0.018 0.014

- e i e D G g e g e S e e S G G Se NS G v e S S G M B G BN G e A ER G W G G B SN M G G R G MR AR R b e e B SR S SN G e am B AR G M R e e = e

Thus, even though the number of inspections has been relatively

i

L ]

!

]

)

: ‘ sk '
f ! constant from 1971-1974 , clearly the number of reported violations
H H .

\ increased in 1974. The ratio of non-compliances to incidents differs

' .
I
1

significantly from year to year, (x2 = 179)

While it ic not possible to tell from this date, interviews %ﬁlith‘ tl;le
inspectors suggest that the reason for more incidents occurring is not
that more violations are occurring but rather that thé inspections have
become more rigorous. On the other hand, the numiaer of suspensions

A' bas refnained small. This c;oulcl possibly be due to the fact fhat once
violations alre detected they are corrected promptly.

Further insight into the current process can be gained by an exami-

| o nation of the relationships between violations detected and insi:ection
frequency, If we let V be the true number of violations, p(D) be the

probahility of detection, and v be the expected number of viclations detected,

it follows that
v = pD)V. - (1)

The detection probability is a function of both technical issucs (e. S5

b Gem
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measurement devices) and operational policies (e, 2., uinSPection frequency
and thoroughness). Though detectio;l probabilities‘ are, of course, a
function of many variables, 1t is generally the case that these az;e nonlinear
with inspection effort, To illustrate, suppose that in a mining operation a
given violation is detectable only for a certain length of time r (measured
in fractions of a month, for example), If inspections are conducted at
random instants in time and if inspections are perfect (i.e,, will always
detect a violation if in progress during the inspection), then it is easy to
show that the single violation detection probability, p(D), 1is related to the

monthly inspec‘:tion frequency, n, by the following formula:

p(D) = 1-(1-n)", (2)

(In the above equation r can also be interpretec} as the sihgle inspection
detection probability.) Inspection equation (2) reveals several points:
. () When n =20, pD)=0;
° p(D), hence v, increases as n increases, but at a

\1_ - decreasing rate, asymptotically approaching 1 (or V).

F1gule 1‘ shows actual data on detections and inspection fr equency by month
for the years 1971-1974. Detected violations by month by year are shown
in Table 3A. (A more sophisticated approach would be to compute
ihspections/mon’ch/lnine - but the point can be rnadé in any event.) Though
substantial sjca;tter’ éxists , ’there is a clear relationship (significant at the
99% level) between violations detected and inspection frequency. This |

relationship will later be used to compute '"corrected" violation frequencies

* Operational considerations may render truly random inspections impossible
or more costly than fixed or scheduled ins pectlon pollcms. Other inspection
policies have characteristics different (and in our view poorer) from random.
inspection. I is beyond the scope of this paper to eclaborate on these differ-

ences. :

R



l- FIGURE 1. RELATION BETWEEN DETECTED

VIOLATIONS AND INSPECTION FREQUENCY
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TABLE 3A. NUMBER OF VIOLATIONS BY MONTH AND YEAR

Month 1971 1972 1973 1974 Total Average St. Dev.
Jamary - - 34 70 2 69 245 61.25 ' 18.21
February 31 50 38 81 200 50.00 22,11
March 52 88 46 106 292 73.00 28,77
April 30 16 51 93 250 62. 50 27.69
May 68 70 69 82 289 72.25 6.55
[ Jwme . 85 n .41 74 271 67,75 18, 82
® July | 63 e 22 71 203 50.75 2161
August 76 64 48 73 261 65. 25 12.58
September 77 40 33 106 256 64,00 34.01
October 26 38 59 79 202 50. 50 23.39
November 44 22 40 93 199 - 49.75 30. 38
December 47 23 32 93 195 |, 48.75 31. 12
Total 633 659 551 1020
Average 52,75 54. 92 45,92 85. 00
St. Dev. 20061 21.39 14.98  12.98




.

to adjust for changes in inspection frequency. Note that v does not
appear to be reaching an asymptotic valﬁe for the inspection frequencies
(1971-1974) - this suggests that detection probabilities are significantly
less than unity (though there are alﬁernative explanations).

The actual counts of violations can be misleading if counts are
misinterpreted as costs. This is because'the counts of wiolations within
any category depend on the refinement of violations listed under the
cétegory. For exémple, if vegetation violations were refined to twenty
types of incidents (rather than the two types vegetation - current and
vegetation - regulation used in this report), then the total number of
‘vegetation violations might be increased tenfold. The actual cost of the

-

violations is, however, independent of the formulation of the list eof vio-

lations. A refined list of violations as used in this working paper is very

useful for analysis of trends and probabilities. However, as done in this
report, violations can be pooled intc broad categories. The ultimate

pooling is to use a single category in which a violation is defined to be

one in which at least one incident occurs. Such a reduction.bf a multiple
violation model to a single violation model is discussed in the working
paper, "A Simplification of the Multiple Violation Model." Table 3 B

reveals that on the average about 55% of the inspections result in an

incident. This rate can be used in the cost model.
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TABLE 3B. "BATTING AVERAGE' DATA

1971 1972 1973 1974 TOTAL
Number of Inspections with at '
Least One Incident 399 397 274 447 1517
Total Number of Inspections 721 745 525 769 2760
Function of Inspectio'ns with at '
Least One Inspection 0.55 0.53 0.52 0.58 | 0,55

oo stabmme it et e

The chi-square analysis given in Table 4 shows that there are no
significant yeai« to year differences among the values in Table 3B. Again,
the year to year or seasonal differences depend on the list of violations.
Table 3B uses only one category (at least cne incident) for a violation.
HOwever, we will show that there are indeed both seasonal and yearly dii-
ferences among the aggregate number of violations. For example, vege-
tation incidents increased each year from 1971 to 1974, with no vegetation

incidents in 1971. The aggregate yearly difference could thus be made

1

. even more dramatic if vegetation incidents were counted in twenty different

wWays. '.I'hese.re sults show that it is ﬁeces’sary to consider individual
violations when analyzing trends, As a point of interest, the incidents/
inspecticn figures bare significantly higher for Western Kentucky than for
Eastern Kéhtucky for 1972 (the only year for which such comparisons can

be made). Another point of interest is that the number of incidents may

-represent not only "ground truth" but also changing”standards in defining

an incident (as reflected' by the fact that no vegetation incidents were

recorded in Western Kentucky in 1971).

51~




TABLE 4

CONTINGENCY TABLE ANALYSIS

Actual frequencies from data (fij)

Year 1971 1972 1973 1974 Total
Inspection with
at least one 399 397 274 447 1517
incident
Incident free
inspections 322 348 251 322 1243
Total 721 745 525 769 2760
Expected frequencies under null hypothesis (Fij)
Year 1971 1972 1973 1974 Total
(721) (1517)
—ee 396 409 289 423 1517
_ 2760
) 325 336 236 346 1243
Total 721 745 525 769 2760
»'A“ )
o Chi~square computation:
. 2 ~ (5; - 73y
: Xvalue = Z Z Fij = 2.307

)(2 is less than expected value of 3 and is thus insignificant.
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. Yearly and Seasonal Trends

An analysis of violation frequencies depends on the number of

violations that are defined. As explained in the appendix, violation types

considered in this report are listed under the foilowing four categories:

method of operation, water quality, vegetation, and discrepancies.

Generally, the same trends and conclusions as given in this report will

result for any sufficient refinement of violations where each violation has

weights representative of the 12 types.

The chi-square analysis for the aggregate number of incidents is given by
Table 5.

chi-square statistic has a very significant value of 96, 3.

We first analyze the yearly trend for the aggregate violation types.

TABLE 5

Because of the large number of detected incidents in 1974, the

A plausible

Y]‘EARLY ANALYSIS FOR AGGREGATE INCIDENTS

explanation for the increase in 1974 has been given in the previous section.

1971 1972 1973 1974 Total
Observed Incidents 633 659 551 1020 2863
Expected Incidents 747.9 772.8 554, 6 797.9 2863
Ratio of Observed to 0. 85 0.85 1,01 1.28
Expected v
’ Chi-square 17. 65 16,76 0.08 61.8 96.3

e e R R e e e
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Probably of more importance than a yearly trend is the seasonal

trend. If seasonal trends exist, then adjustments in the inspection pro-

cedures can be made to increase the probability of detecting costly

e s il . e R iy
N . Eny & e i it L PN

violations. For this reason, we have given not only a gross seasonal

st sl

- :‘«an‘ et T

analysis for the aggregate incidents, but also a refined breakdown of the

seasonality trend for each of the four categories,

We first examine the gross seasonality of aggregate violation

;t ’ counts. To do this we have calculated the relevant chi-square statistics
as shown in Table 6A. The chi~square statistic was calculated under two
different null hypotheses for violation counts. The first hypothesis is that

violation counts are independent of either the season or the numbeir of

inspections. The chi—squa?’rekvalue of 62.8 is very significant and thus

this hypothesis must be rejected.

3 L , The second hypothesis adjusts the violation c~ounts by the number of
ik inspection counts. Under the second hypotﬁeéis, violation counts during
any n?onth are proportional to the number of inspections during that month

. but are independent of the month. The chi-square value of 27.53 reveals

¢ b samihr s v omiemie @ Ly

Ll | that again the violation counts do follow a seasonal pattern, i.e., the

assumption of independence by month is invalid. This seasonal trend can

vt e ns kol o v Wb

be established by graphing the values of Ri = fi/Fi' the rate of violation
‘coun'ts f.1 to the average adjusted counts Fi' Results of the analyses on

‘Table 6A are summarized by the following:

i : . : .

| REPRODUSIZ:LITY OF THE
RRIGIN&L PAGE B POOR
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(1) Highly significant (0.01 level) seasonality in aggregate
violation counts exist,
(ii) ~ Months of greatest violation rates are January through

May, with the maximum peak in April, A lower peak

is attained at a point in August through October.

(iii) Months of lower violation rates bottom in July and

December, with December having the lowest rate

(iv) A summary of the seasonal adjusted factors for the

12 months is shown below:

Month % of Average Month - - % of Average
i January | 106 July | 92
" February : 102 ‘August 97
| March 111 September ' 99
! April 116 October - 96
May 115 November 86
June 94 December 85

(v) A possible recommendation is that inspection frequencies

be adjusted to reflect these seasonal differences,

- o O un e e om o e e O o o o o e e e e G R 0 e G e SR R e e e e

-
- . 4 - S W G e - e tm m s SRS R g Ee G TE e O S Sm R R m e S W G MR G R D R PG TR D Gm Gr SO SR M G AR M M S em W0 e me

O AR O MR G G5 Gmem NN W B S SR Wt SR e Al S G SN M am R R B Se P s S M e A 6 B SR VR e e oW v e v R e e W W em e S e e b e

=55-




I TABLE 6A

GROSS SEASONALITY ANALYSIS

1IF NUMBER OF INCIDENTS INDEPENDENT
OF NUMBER OF INSPECTIONS3

IF NUMBER OF INCIDENTS ADJUSTED
FOR NUMBER OF INSPECTIONS

MONTH AGGREGATE NUMBER | EXPECTED NUMBER | RATIO - EXPECTED NUMBER | RATIO
OF INCIDENTS OF ALL UNDER NULL -T2 F UNDER NULL . -r2)E
TYPES HYPOTHESIS U HYPOTHESIS CECFLVE
g - F. £ /F, F. £./F,
1 H 1 1 i 1 1
JANUARY 245, 238. 58 1.027 0.17 231. 32 1.059 0.81
FEBRUARY 200. 238.58 0.838 6.24 197.09 1,015 0.04
MARCH 292. 238,58 1.224 11,96 262. 44 1.113 3,33
APRIL 250, 238.58 1.048 0.55 214,73 1. 164 5.79
MAY 289. 238.58 1.211 10. 65 252.07 1.147 5. 41
JUNE 271, 238,58 1.136 4. 40  289.41 0. 936 1.17
JULY 203, 238.58 0. 851 5. 31 219.91 0.923" 1.30
| aucusT 261, 238. 58 1.094 2.11 268. 67 0.971 0.22
SEPTEMBER 256, 238.58 . 1.073 1.27 258,29 0.991 0.02
OCTOBER | 202 238.58 0,847 5.61 ~ 210.58 0.959. 0.35
NOVEMBER 199, 238. 58 0.834 6.57 230. 28 0.864 4.25
DEGEMBER 195. 238.58 0.817 7.96 228.21 0.854 4.83
L 2863 | e 2863 2 . 27.53
TOTA X ooy = 62.80 X = 27
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In Tables 6B, 6C, 6D, and 6E we give chi-square analysis éimilal‘
to Table 6A for viéla,tions falling within single categories.‘ While gross
seasonal trends in Table 6A have been shown to be mathematically signif-
icé.nt, in the refined analysis only the method of operation category has
significant monthly differences at level .05, Vegetation is significant at

2
level .10, while water quality is significant only at.level .30 (x 05 = 19.7,

2 2

X .10 ° 17.3, x 30 = 12.9). Hence, it is of importance to give plausible
reasons for these trends in order to establish their validity, That is, a
question that should be answered is whether a particular type o.f incideht
is more 1ikély to occur during a particular time of the year. As an aid to
such a diagnos’cic study, we have listed the number of violations by type
which occurred each month in Table 6F. |

The chi-square statistic is used only for testing sfatistical.sign_if-
icance and can not be used for comparing categories because the total
number n of incidents falling within a category is not constant. Thus,

xz: 73.51 for method of operation is large, both because there probably

A\

is seasonal variation and because n = 1614 is large, For comparison
“ among categories XZ/n should be used (a better statistic is the usual

measure of variation given by the mean square error s2 =X (fi - F)‘2 /[ (n - 1) ).

Such a comparison shows vegetation has the largest seasonal variation and
water quality has the least. Both water quality and vegetation incidents peak
in the spring and in the fall while method of operation incidents are consis-

tently above average during January through June and below average the

remaining six months,
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TABLE 6B

"SEASONALITY ANALYSIS FOR METHOD OF OPERATION

IF NUMBER OF INCIDENTS INDEPENDENT IF NUMBER OF INCIDENTS ADJUSTED
" OF NUMBER OF INSPECTIONS FOR NUMBER OF INSPECTIONS
MONTH AGGREGATE NUMBER EXPECTED NUMBER | RATIO EXPECTED NUMBER | RATIO
i . OF INCIDENTS OF ALL UNDER NULL , (£.-F 2 IF. UNDER N'ILL (.-F.2)/F
TYPES HYPOTHESIS i1 i HYPOTHESIS it i
. f. ) F. £/F. F. {./F,
L 1 1 1 1 1 1

JANUARY 155. 134,50 1.152 3.12 130. 41 1.189 4,64

FEBRUARY 122. 134.50 0. 907 1.16 111,11 1.098 1.07

MARCH 185, 134.50 1.375 18.96 147. 95 1.250 9,28

APRIL 145, 134,50 1.078 0. 82 121.05 1.198 4,74

MAY “157. 134,50 1.167 3.76 142.10 1.105 1.56

JUNE 164. 134.50 1.219 6.47 163.15 1.005 0.00

JULY 120. 134,50 0.892 1.56 123. 97 0.968 0.13

AUGUST 144, 134,50 1.071 0.67 151.46 0.951 0.37

SEPTEMBER 138. 134.50 1.026 0. 09 145, 61 0. 948 0.40

'OCTOBER 85. 134.50 0. 632 18.22 118. 71 0.716 9. 57

NOVEMBER 94, 134.50 0.699 12,20 ) 129.82 .0.724 9.88

DEQEMBER 105. ‘ . 134,50 0.781 6.47 128.65 0.816 4,35
TOTAL 1614 X cate = 7351 - x“ = 45:99 ,

REPRODUGIBILITY OF i
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TABLE 6C

-

SEASONALITY ANALYSIS FOR WATER QUALITY

‘

' IF NUMBER OF INCIDENTS INDEPENDENT IF NUMBER OF INCIDENTS ADJUSTED
OF NUMBER OF INSPECTIONS FOR NUMBER OF INSPECTIONS ...
'MONTH AGGREGATE NUMBER | EXPECTED NUMBER | RATIO EXPEGTED NUMBER | RATIO
OF INCIDENTS OF ALL UNDER NULL (£.-F)2/F UNDER NULL e OTE
TYPES HYPOTHESIS R LIRS HYPOTHESIS Ui-Fy )V E
f. F. N A b O ’ F. £IF. |
1 1 1 1 1 Iy 1

| 7aANUARY 45, 50. 67 0.888 0.63 49.12 0.916 0.35 -
FEBRUARY 41, ; . 50,67 . 10.809 1.84 : 41.86 0.980 9.02
MARGH 51, - 50. 67 1.007 0.00 55.73 0.915 0.40
APRIL 53. . 50. 67 1. 046 0,11 . 45.60 © | 1162 1.20
MAY - 62. 50. 67 1.224 2.54 53,53 _ {1.158 1.34
JUNE 49 , 50.67 0. 967 0.05 . 61.46 _ 0.797 | 2.53

JULY 34, ' 50.67 | 0.671 | | 5.48 ' | 46.70 0.728 .| ~ 3.45
AUGUST 56, ‘ 50. 67 {1105 0.56 57.06" ] o.982 0.02
SEPTEMBER 61, : 50,47 Co 1206 |- 2011 - 54.85 1.112 0.69
OCTOBER 51, o 50,67 - 1.007 . 0.00 : 44,72 1.140 0.88
NOVEMBER || 60. 50,67 1.184 ‘1.72 . 48.90 1.227 2.52
DECEMBER | 45, | 50067 0.888 0.63 48.46 0. 929 0.25

2 2
TOTAL g 608 - . : X ='15.68 , x = 13.64
: : cale .
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TABLE 6D

-

'SEASONALITY ANALYSIS FOR VEGETATION

IF NUMBER OF INCIDENTS INDEPENDENT
OF NUMBER OF INSPECTIONS. -

B

IF NUMBER OF INCIDENTS ADJUSTED
'FOR NUMBER OF INSPECTIONS

 MONTH AGGREGATE NUMBER | EXPECTED NUMBER | RATIO EXPECTED NUMBER | RATIO
e OF INCIDENTS OF ALL UNDER NULL (-7 )2 F. UNDER NULL -7 27,
TYPES HY POTHESIS , i IF HYPOTHESIS ¥y
£; Fy £/F, F, £/F;
JANUARY 9. 16. 83 0.535 3.65 16. 32 0. 551 3.28
FEBRUARY 7. 16.83 0.416 5.74 13.91 0. 503 3.43
MARGH 21. 16.83 1.248 1.03 18.52 1.134 0.33
APRIL 17. 16.83 1.010 0.00 15.15 1.122 0.23
MAY 21, 16.83 1.248 1.03 17.78 1.181 | 0.58
JUNE 16. 16.83 0. 950 0.04 20.42 | o0.784 L 0.96
JULY 14, 16.83 0.832 0.48 15.52 | 0. 902 0.15
AUGUST 17 16.83 1.010 0.00 18.96 | 0.897 0.20
SEPfEMBER : ,20.  16.83 1.188 0. 60 i 18.22 - - 1.097° 0.17
OCTOBER 26. 16.83 1.545 4. 99 14,86 1.750 8.36
NOVEMBER | 16, "16.83 0. 950 0.04 16.25 | 0.985 0.00
DECEMBER S8 16.83 ' 1.069 0.08. 16.10 1.118 0.22
TOTAL 202 X 1o = 1768 ‘ W2 =17.92

2t
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SEASONALITY ANALYS:S FOR DISCREPANCIES

TABLE 6E

MEPRODUCIBLLITY OF THE
i, PRIGINAL PAGE IS POOR

IF NUMBER OF INCIDENTS INDEPENDENT
OF NUMBER OF INSPECTIONE

IF NUMBER OF INCIDENTS ADJUSTED
FOR NUMBER OF INSPECTIONS

MONTH |AGGREGATE NUMBER | EXPECTED NUMBER | RATIO EXPECTED NUMBER | RATIO
' : OF INCIDENTS OF ALL UNDER NULL (-F )P IE UNDER NULL (.-F.2)/F
TYPES HYPOTHESIS i ey HYPOTHESIS LA

£, F. £ /T, . £./F,
1 1 1 1 1 1 1
JANUARY" 36. . 36.58 0.984 0.01 35,47 1.015 0.01
 PEBRUARY 30. 36.58 0.820 1.18 30.22 0. 993 0.00
MARCH 3s5. 36.58 0.957 0.07 40,24 0.870 0. 68
APRIL 35. 36,58 0.957 0.07 32.92 1.063 0.13
MAY 49. . 36,58 1.339 4.21 38. 65 1.268 2.77
| JUNE 42. 36.58 1.148 0.80 44.38 0.946 0.13
JULY 35 36.58 0.957 | 0.07 33.72 1.038 0.05
AUGUST 44, 36. 58 1.203 1.50 41,20. 1.068 0.19
SEPTEMBER| 37. 36.58 1.011 0.00 39. 61 0.934 0.17
OCTORBER 40. - 36.58 1.093 0.32 32.29 1.239 1.84
NOVEMBER 29. 36.58 0.793 1.57 | 35.31 0. 821 1.13
DECEMBER 27. 136,58 0.738 2.51 34.99 0.772 1.83
2 2 _g 4
TOTAL 439 X = 12.33 yx =8.93
cale
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TABLE 6F

NUMBER OF VIOLATIONS BY TYPE BY MONTH

(1971-1974 RAW DATA)

JAN FEB —MAR "APR MAY  JUN JUL AUG  SEP OCT NOV. DEC

._.Zg._

METHOD OF ;
OPERATION | 6 5 17 11 11 10 7 7 |15 13 11 15
GRADING -
CURRENT 105 86 129 98 107 114 84 | 102 93 54 62 65
GRADING PLAN 38 26 34 32 33 32 20 25 20 17 12 17
ACCESS ROAD 6 5 5 4 6 8 9 10 10 ] 1 9 8
SILT STRUCTURE 15 16 21 19 23 16 13 20 22 19 27 | 19 i
WATER QUALITY
CHEMICAL 6 10 9 9 7 7 3 9 10 6 5 4
WATER QUALITY 6 3 1 2 3 1 1 6 7 5 6 7 ;
PHYSICAL ' A ;
DRAINAGE PLAN 14 12 19 18 25 17 14 17 17 17 | 19 | 11
WATER : . ,
IMPOUNDMENT | 4 0 1 5 4 8 3 4 5 4 3 3
VEGETATION |
REGULATION : 4 4 |11 g 6 6 5 8 8 10 4 7
VEGETATION ! ,
| CURRENT k 5 3 10 9 15 10 9 9 12 16 11 11
' DISCREPANCIES 36 | 30 35 35 49 42 35 44 37 40 29 27
 NON-VIOLATION 93 83 91 84 |103 131 108 115 116 101 113 105
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An analysis was made between the amount of monthly precipitation

and the number of incidents to determine if such an association could account
To explain this

for a significant percentage of the seasonal variation.
th

analysis, let Si denote the average rainfall for the i~ month and S denote
Then the rate of pre-

the average monthly precipitation over all months.

cipitation for the it-b month above the average is defined by

%, = Si/S

Let y, = f./F, denote the it rate of incidents for a given category. Ifa
1 1 1

linear relation exists between incidents and precipitation, then, except for

random error, vy, is given by
1

yi=a+bxi

The value of b is positive if the correlation is positive, negative
if the correlation is negative, and insignificant if there is no significant

The total seasonal variation for incidents is

correlation.
i « 2 : - 2
Sy =Eb; -y

The total seasonal variation for precipitation is

&) (X=1)

The correlation R between x and y" is deﬁned by

R = SXX' swwhere S
S . S }CY

X Yy




The variation due to the linear relation between y and x is

s =8® .R

i

The percentage of seasonal variation accounted for by precipitation is
simply IOORZ%.
Below is listed the amount of precipitation in inches/month in

Western Kentucky, averaged over the years 1931-55,

JAN | FEB|MAR|APR| MAY|JUN { JUL| AUG| SEP | OCT|NOV |DEC

Precipitation 5.10]3.69{5.31|4.3013.7714.09[4.17]3.55/3.10 2.50]3.35 3.92

Rate (x,) 1.31{0.95[1.36(1.10{0,97{1,05{1.0710.91}0.79[0.64]0.86|1.00

Table 6G summarizes the analysis of the correlation between the monthly
precipitation values and the monthly rate of incidents by category.
The only significant correlation that was found was in the method of oper-

ation category. The estimated linear relation for this category is

Ly E 29470k

Figure 2 illustrates the obvious correlation between method of operation

and precipitation. -
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TABLE 6G

STATISTICAL ANALYSIS OF CORRELATIONS
BETWEEN MONTHLY PRECIPITATION RATES

AND INCIDENT RATES

1 -R

'METHOD OF OPERATION | WATER QUALITY | VEGETATION
Total Monthly, 0.355 0.270 1.167
- Variation (Sy )
Variation Accounted
forz’by P;empl‘catmn 0.221 0.070 0.283
(Sy” + R '
Correlation (R) 789 -.510 -. 492
' 2
F-Statistic (*oi—p) 16,507 3. 524 3,201

T R P o A A £ £t e

" significant at 2zvel . 05 if F > 4. 96
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FIGURE 2. RELATION BETWEEN MONTHLY PRECIPITATION
RATES AND MONTHLY RATES FOR
METHOD OF OPERATION VIOLATIONS
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0.8 _
! ‘ 0.7 __|
T T T T ’
1 o > S 94 o » W 0 Z U
| ?-ME*UEG.GGHOOM
| Z @ o owmw & Z L“ o Yo <2 A
MONTH
3
i ~66-



4, Probabilitics and Mcasures of Association Between Violations

One of the topics ‘of this report is the frequency or probability (or
marginal probability) with which a violation or incident occurs. By the
true probability of an incident we mean the fraction of days that a specificd
incident is expected to occur. Since this is unavailable, we estimate the
probability from the 2760 inspections given in the inspection reports for
the interi;n 1971-74, A probability is estimated by the ratio of the total
number of occurrences of a particular violation (at most one on any given
Vi.nspection)» to the total number of inspections., The values of these
probability estimates depend on whether the ratio is made by counting by
a specific month, year, or by counting over all 2760 inspections.

Tables 7A and 7B show the probabilities of occurrences of violations
by category (each category counted at most once per inspection) by month
and by year. rI“hese tables again illustrate the yearly and seasonalltrends
analyzed in the previous section. A conclusion not arrived at previously
is that the increase in violations in 1974 by category is due to the three
categories: ‘Water quality, vegetation, and discrepancies. Method of
operation violations actually decreased in 1974.

Table 8 lists %:he probabilities of each of the twelve types of incidents,
averaged over all of the inspections. The fact that there are more violations
than ihspections (1. 0366 = 2863/2760) is consistent with the fact that
several violations occur simultaneously. |

The fact that some violations may be dependent on the occurrence
of other’ violations may be an asset to aerial or satellite inspection.

This is beéause it is possible that some violations may be easily detectable
from the air or frgm satcllites while others are not. There is less
~67~
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TABLE 7A

" PROBABILITY OF OCCURRENCES OF VIOLATIONS

-BY CATEGORY FOR GIVEN MONTH

L1773

METHOD OF WATER DIS-
MONTH OPERATION QUALITY VEGETATION |CREPANCIES
TANUARY . 4933 . 1570 . 0224 1614
FEBRUARY . 4842 . 1474 L0211 L1579
MARCH . 5534 . 1700 . 0593 . 1383
APRIL . 5072 1836 . 0531 . 1691
MAY . 4527 .1893 . 0617 . 2016
JUNE . 4373 . 1470 . 0466 . 1505
TULY 4104 1274 . 0425 . . 1651
AUGUST . 4247 L1737 . 0425 . 1699
SEPTEMBER . 3976 .1847 . 0522 . 1486
OCTOBER . 3103 L2217 . 0837 . 1970
NOVEMBER . 3243 . 2297 . 0541 . 1306
DECEMBER" . 3727 . 0500

1227
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TABLE 7B

PROBABILITY OF OCCURRENCES OF VIOLATIONS

s

BY CATEGORY FOR YEARS 1971-1974

METHOD OF "WATER DIS-
YEAR | OPERATION QUALITY VEGETATION | CREPANCIES

1971 .5395 . 0472 .0 . 1123

1572 . 4846 1154 . 6054 ‘ . 0859

1973 ' . 3429 2324 .0590 . 1638

do 1974 . 3407 . 3147 .1313 . .2705

-69~
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TABLE 8

VIOLATION FREQiJENCIES BY TYPE

TOTAL 1971-1974

TOTAL AVERAGE RELATIVE
VIOLATION VIOLATIONS | NUMBER PER RATE

TYPE 1971-1974 | INSPEGTION | (GRADING=1)
GRADING CURRENT 1099 0.3982 1,000
DISCREPANCIES 439 0.1591 0.399
GRADING TO PLAN 306 0. 1109 0.278
SILT STRUCTURE 230 0.0823 0. 209
DRAINAGE PLAN 200 0.0725 0.182
METHOD OF OPERATION 128 0. 0464 0.116
VEGETATION CURRENT 120 0. 0435 0.109
WATER QUALITY CHEMICAL 85 0. 0308 0.077
ACCESS ROAD 81 0.0293 0. 074
VEGETATION REGULATION 81 0. 0293 0. 074
WATER QUALITY PHYSICAL 48 0.0174 0. 044
WATER IMPOUNDMENT 44 10,0159 0,040

| N 2863 1.0366
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concern about missing a specific violation if there is a high probability
of detecting a different highly correlated violation. Thus, if A and B
are two types of incidents which are highly correlated and A can be
detected while B can not, then the inference that B has occurred might
be made whenever A is detected,

For the 12 types of incidents, there are 132(=144-12) conditional
probabilities of one incident given another. Thus, for simplicity, the
‘analysis of these 144 ordered pairs is better illustrated by analyzing a
V single pair. Th‘e following numerical example is taken from the

12 X 12 matrices given in Tables 10 through 14.

A Numerical Example

In this scction we provide a numerical example tQ. illustrate the
definition and computation of various quantities associated with the
correlation among various violation types.

‘ The input data for all of these computations is illustrated by

T ‘Tab‘l.e 9A below for two violation types =~ (i) method of operation and

' (ii) drainage plan. Referring to the table, we see tﬁat of the total of
2760 inspections 34 l.‘esulted in Both violation ty'p’eskbeing present, 166
‘detected a dramage plan violation but no method of operation v‘iolation,
“etc. Shown to the right of each number is a symbol which will be used
 subsequently. EQuivélently,‘ we may coﬁvert, the data of Té.ble 9A intoa
tabie of propdrtions which shQWs the probability of each of the varidﬁs '
e?ents of interest. Such a table is shown as Table 9B - to save spéce
in fhis and further tables and discussions we defihe Qvent,s A énd B to

represent method of operation and drainage plan violatidns'Ij:‘e‘_specﬁively.

=71~




Table 9A. Association Between

Method of Operation and Drainage Violations

Number of
Inspections
in which the
Method of
Operation
Was:

A
A

Total

»

examine the association between events A and B. Suppose, for example,

given by 200 -

Number of Inspections in which
the Drainage Plan Was:

Not In
In Violation  Violatien ‘Total
In Vieolation 34 N4 94 Ny, 128 nl.
Not In ' : .
Violation 166 1,y 2466 my, 12632 n,,
Total 200 =n, 2560 n, ,  [2760 n_,
Table 9B. A Probability
Matrix for Violation Types
B B Total
0.012 p,, 0.034 P> 0,046 P.
0.060 Py 0. 894 Pyo 0.964 P.
0.072 p, 1 0.928 p, 2 1.000 1

128

VETTN =9, 3, kconsiderably beneath the 34 cases actually

For reasons discussed in previous working papers, it is important to

_that events A and B are statistically independeh’c. In this case the

. expected number of inspections reSulting in the event AMNB would be

observed, Similar computations for each of the other events results in

‘the matrix of values shown below:
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. . Table 9C. Expected Frequency

Under Null Hypothesis

| B B | B ‘ Total
A 9.3 118.7 . 128
-y 190, 7  2441.3 : 2632
Total 200 2560 | 2760

To test the 4signi.ficance of these discrepancies we compute the Xz statistic
shown below and compare it to the appropriate critical value ;

- 1 2
2 _ e ( P11 P22 " P12 Ponl - 3E.)

which for this example is,

Y o o _ 2760 (| 342466 - 166+ 94 -—;- 2760)%
| . X2 _ ' = 71.53.
' 128+ 2632+ 200 2560

‘The critic;al value (at the 95% level) for this statistic is 3.84, so the
observed éssocia’tion kis statistically highly significant - i, e.,, method
o.fb Operat::xon and drainage pblani violations are correlated.

There are several ways in which this correlation can be estimated

or illustrated. The first is by a measure termed (unfortunately since

the name is not descriptive in this context) the relative risk or R sta-

tistic, This statistic is _defihed below:

-73~
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P
b

p(8|2)

p(B| )

and is the ratio of the conditional probabilities of event B given that
event A has occurred to that in the event A has not occurred, In terms

of the symbols defined in Table 9A, R is given by,

P11
n. n,.n 34 » 2632 ;
R = £ - 12 . = 4,212,
221, 212 166 » 128
T

In this case, drainage plan violations are 4,2 times more likely to occur
when the mine has a method of operation violation than would be the

case if no method of operation violation were noted, If A and B were

‘independent events, R should be equal to unity.

Another descriptive measure of association is the so-called

odds ratio. This is developed as follows:

' (i) A measure of the relative likelihood of experiencing an
‘outcomé B when event A has occuﬁ:red is,
p(BlA) nn/nl. n

Q = - or
A 'p(B’A)

S PILS U SP:
In this example QA is 34/94 = 0.3617, or in other words,

for every inspection in which the drainage plan is in violation,

there are about 1/0.3617 = 2,76 inspections when no




drainage plan violation occurs given that there is a method

of operation violation,

(i1) When A is absent, the odds of B's occurrence are

defined as»

QK B p(B lA) B n21/n2‘ N,y
=t F 7 = .
p(B { A) D22 P2, n22

In this example Q-A-— is 166/2466 = 0,06732,

(iii) The two odds and QK can be contrasted in a number

N
of ways to provide a measure of association., The odds
ratio, w, is currently in greatest use, w is defined as,

Q (34) (2466)

n n : ]
@ = _ﬁé LAY 22 T . 5,373, _ f
A P12 721 (166) (94) -

which, for this example, indicates that the odds of an
inspection tﬁ.rning up a drainage plan violation are 5.4
times as likely if a method of operation violation occurs
than if this is not the case, As was the case with the relative
risl; 111eaé‘ure; the odds ratiois 1 if A and B are
.indépende.nt. | i

'Hav_ing defined and illustrated various -stat’istic’él cénce’pts relévant '

to detecting, testing, and estimating association between events, we now

examine the full set of inspection data.
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. Table 10 lists the number of times a violation A in a particular

row occurs with a violation B in a particular colummn. For each such

b pair of violations a table similar to Table 9A can be constructed. Note
that of the values in Table 9A, only nyq = 34 can be found in Table 10.
The row and column totals n,, = 128 and n. 1= 200 are the marginal

totals given in Table 8, Since n..'= 2760 is knov.;m, all other values

in Table 9A can be found by .subtraction.

The probabilitics P(BlA) and P(BIA) illustrated in Table 9B are

given in Tables 11A and 11B. Large values of P(BlA) and small values
of P(BIA) are ideal when the occurrence of A is used to identify B. The
worst case is when P(BlA) = P(BIT—\.) (if P(BlK) > P(BlA) then the non-

occurrence of A can be used to predict B). The chi-square statistics
for the two-sided tests of P(BlA) = P(BIK)'are given in ’I‘ablé 12, Of

the 66 unordered pairs off the diagonal, 29 chi-square statistics were

- S significant at level . 05. Of these 29 cases, 26 were significant at

level .01. Thus, correlation among violations is widespread.

Tables 13 and 14 list only those relative risks and odds ratios

for pairs'{:hé,t ave significantly depcnden‘c. A quick overview of these

tables shows that the violation types within each category tend to be more

closely associated with each other than witliviolation types outside of

the categorvy. The two types ’most'cl‘osely‘ Véssoc.iated with each other are

vegetation-current and vegetation-regulation. Discrepancies are

associated with every type. This is not surprising since the detection
of any violation type increases the pi'obability of a discrepancy.
0 . - Through tlhle‘ use of either the odds ratios or the relative risks

tables, one can determine for any violation type, that violation type

~which it is most closely associated with. Thus, the physical and chemical
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water types are both associated with silt structure. Note that although

silt structure is associated with drainage plan, one can not draw the
inference that drainage plan is associated with physical water quality.

As in the seasonal trend analysis, it is importa.rﬁ: to rnake a diagnostic
study to determnine what, if any, causal relations exist among the pairs
that are associated. The determination of a logical basis for an associa-
tion supports the use of such associations for the deteci‘cion of incidents.

If or the othei‘ hand, associations are not necesss;ry, Asuch associations

can not be guaranteed to exist in the future. This statement is particu-
larly relevant if the correlation among violations is to be exploited for
satellite detection purposes. If correlation .is not intrinsic and miners can
learn that these correlations are the ”tip offs'' or "signatures, ! the miners
can rectify operating proceaures in the future so as to deny these signatures
In this case then, so:;,crecy is essential. | |

Table 15 lists the top _texi pairs of violation types that are assoc-

‘iated according to the odds ratio measure of association. In six of the

v

ten cases, a plausible ejgp‘_lana.tion'can be given for the.se assocﬁiations.

Four pairs where an assoéiation is not apparenﬂy necessary aré:
vegetation current and water impoundment, silt s’cru_cfure and vegetation
current, silt structure and access road, and silt structure and vegetation
regulation, It should be rec‘ogniz’ed that the estimated odds ratios for some
pairs of incidents may be either much higher or lower than the true value s’b

(such as vegetation current and water impoundment) because the sample

~size is too small for an accurate estimate (vegetation current and water

“impoundment occurred together only twelve times).
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» TABLE 10
NUMBER OF OCCURREN‘CE,S OF TWO TYPES OF VIOLATIONS ON THE SAME INSPECTION -
(DIAGONAL IS THE NUMBER OF ViOLATIONS BY TYPE)

, . 5
s 3 3 3 i
& i a ZZ z o
5% 8 5, 5, . 9788 g ¢
gt 9% oz © 85 B & 2 OB By g
A o% 25 Z 5 @ B x8 & O < %5 Hd =4 3
T o A o ag ha - B3 oz B3 2B 2 o
o : : ' > <
e =S 33 af <& < =3 < QRQ [ @
180 s ~ 0 - - > w S
S0 oo, Ot <5 0 ©n F0 - =0y an, =4 ] > O a
METHOD OF .
OPERATION 128 87 66 9 23 8 1 34 3 4 6 39
GRADING ‘ o : .
CURRENT - 87 1099 274 53 .90 29 15 106 28 35 62 316
GRADING TO PLAN 66 274 306 . 23 34 8 4 52 11 17 19 158
AGCESS ROAD 9 53 23 81 20 -0 4 17 2 6 10 38
SILT STRUCTURE 23 90 34 20 230 17 12 73 2 20 31 95
WATER QUALITY o
CHEMICAL . 8 ] 29: 8 . 0. 17 85 4 13 1= 5 8 27
WATER QUALITY - . ~
PHYSICAL . & 15 4 4 12 4 48 6 2 <1 3 19
DRAINAGE PLAN 34 106 52 17 73 13 6 200 6 6 12 86
WATER ~ o : : .
IMPOUNDMENT 3 28 11 2 z 1 2 6 45 4 12 22
VEGETATION : o o , ‘ o !
REGULATION ‘ 4 35 17 6 20 5 1 6 4 82 66 40 {
VEGETATION ) : : » |
CURRENT -6 62 19 10 31 8 3 12 12 66 120 68 !
DISCREPANCIES 39 316 158 38 95 27 19 86 22 40 68 439
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L TIUS VIOLATION CCCURRIED ON A GIVEN INSPR

CTION

N
L

TABLE 11A

L3

MATRIX OF CONDUFIONA L PROBABILITIES P{BIAY O A VIOLATTON
GIVERN ANOTHER VIOLATION 1S DETECTED

HERE IS THE PROBAERILITY THAT THIS VIOLATION ALSO OCCURRED

*SIGNIFICANTLY DIFFERENT FROM P(B) AT SIGNIFICANCE LEVEL .05,

**SIGNIFICANT LY DIFFERENT FROM P(B) AT SIGNIFICANCE LEVEL .0l.

k]

> >
E = = L:?I ,
4 : g 2 2  EE % 5 .
©0 [—4 B 8j 4 2 & BB B <
=3 £d &3 0 0 g = = g5 5 e 3
e S ag 2 a] - gz 542 57z 25 HD. e e
a4 é:—«‘ é O < 3 <§_1 Pl éfi BHa GuU 0H Q
=g 2 o 09 SE = &o <5 53| 8o =
%0 0O OR <5 0 Z0 g AN =5 > >0 o
METHOD OF : ] ' ]

- OPERATION 0.6797% 0.5156™% 0.0703% 0.1797" 0.0625  0.0078  0,2656™ 0.0254 0.0313  0.0469  0.3047"F
GRADING T ) : .
CURRENT 0.0792%* 0.2493%F 0,0482%% 0.0819  0.0264  0.0136  0.0965™F 0.0255™" 0.0318  0.0564™ 0,2875%
GRADING TO PLAN. 0.2157** 0.8954* 0.0752** 0.11:1  0.0261  0.0131  0.1699*% 0.0359™* 0.0556™* 0.0621 0.5163%*
ACCESS ROAD 0.1111% '0.6543™*% 0,2840"* 0.2449™* 0.0 0.0494  0,2099™% '0.0247  0.0741% 0,1235™F 0.4691%*

SILT STRUCTURE ~ 0.1000%* 0,3913 0.1478 = 0.0870™* 0.0739™* 0.0522%* 0.3174** 0,0087  0.0870%% 0.1348™F o0, 4130™*
WATER QUALITY ' . - - -
CHEMICAL 0.0941  0.3412  0.0941 0.0 0.2000" 0.0471  0.1529** 0.0118 0.0588  0.0941% 0.3176™
WATER QUALITY . ' o |
PHYSICAL 0.0208  0.3125  0.0833  0.0833  0.2500™% 0.0833 0.1250  0.0417 ° 0.0206  0,0625  0,3958"
DRAINAGE PLAN " 0. 1700%% 0.5300™* 0.2600™ 0.0850%* 0.3650%* 0.0650™* 0.0300 0.0300  0.0300  0.0600 - 0,43007%*
WATER o L 4 o e
IMPOUNDMENT 0.0667  0.6222%* 0.2444™* 0.0444 0.0444 0.0222  0.0444  0.1333 0.0889  0.2667 " 0.4889"*

 VEGETATION | o N . ‘ " ..

REGULATION 0.0488  0.4268  0.2073%* 0.0732* 0.2439™* 0.0610  0.0122° 0.0732  0.0488 0.8049™" 0.4878
VEGETATION . " " . , . ) 5 |
CURRENT 0.0500  0.5167™% 0.1583  0.0833™* 0.2533™* 0.0667% 0.0250  0.1000 0. 1c00%* 0, 5500** 0.5667™*
'DISCREPANCIES 0.0888** 0.7198™* 0.3599™* 0.0866™ 0.2154™ 0,0615™ 0.0433%* 0.1959™* 0.0501™* 0.0911** 0. 1549™* )

 MARGINAL : _
PROBABILITY P(B) 0.0464  0.3982  0.1109  0.0293  0.0823  0.,0308 0.0174 :0,0725 0.0159  0.0293  0.0435  0.1591 j
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- TABLE 11B

MATRIX'OF CONDITIONAL PROBADILITIES P(BIA} OF A VIOLATION
‘ GIVEN ANOTHER VICLATION 1S NOT DETECTED

HERE IS THE PROBABILITY THAT THIS VIOLATION OCCURRED

*
SIGNITFICANT

LY DIFFERENT FROM P(I) AT SIGNIFICARCE LEVEL .03,

HESIGNIFICANTLY DIFFERENT FROM P{8) AT SI(':}&: FICANCHK LEYEL.G!

e

e -
g > & 2
B - Z !
e w oz % b g6 & 9
oo t = 3 ;1 2 w 4 =8 B z
sE g o9z, = 95 9z ¢ g BB B F
Q- Zu & > ] 8] =z =9 7 &= = o PR e
=y ae. an ua 3 L3 L %z W 9D o o
N B 4 “ U< o3 B s <9 g GU G Y
‘ wa &0 2o 00 =3 <= 2z I~ 2 [RE5] 0 S )
Z0 (TR 8} U&= < T =0 =8, =X+ e B » 0 Qa
METHOD OF A . . ‘ %
OPERATION 0.3845"" 0.0912"" 0.0274" 0.0786" 0.0293  0.0179 0,063 0.0160  0.0296  0.0433  0.1520
GHADING s ak s Rk "R et sk
CCURHENT 0,0247 0.0193"* 0.0169°% 0.0843  0.0337  0.0199  0.0566™" 0.0102"" 0.0285  0.03497 0.07417"
GRADING TO-PLAN 0.0253™% 0.3362%* 0.0236 0.0799  0.0314 0.0179  0.0603"% 0.0139™" 0.0265™ o0.0412 o0, 1145*"
ACCESS POAD 0.0444>  0.3904™* 0.1056"" 0.0754°* 0.0317 0.0154  0.0683*% 0,011  0.0284% 0.0411"% 0.1497"F
SILT STRUCTURE 0.0415°* 03988  0.1075  0.0241%" 0.0269™* 0.0142™* 0.0502*% 0.0170  0.0245 " 0.0352"F 0.1360%"
WATES QUALITY : . " N .
CHEMICAL 0.G449 ~ 0.4000  0,1114 ~~©0.0303 ~ 0.0796 0.0164  0.0699™* 0.0164 0.0288  0,0419™ 0.1540
WATER QUALITY : .. e
PHYSICAL ‘0.0468  0.3997  0.1114  0.0284  0.00604"" 0.0299 0.0715  0.015% . 0.0299  ©0.0431  0.1549™
DRAINAGE PLAN 0.03657™" 0.3879" 0.0992*% 0.0250°* 0.0613™ 0.0221"" 0.0164 0.0152 _ 0.,0297 0.0£22  0.1379""
WATER o ‘ e ok Ty
IMPOUNDMENT 9.0460  0.3945%% 0.1087°% 0.0291 - 0.0840  0,0309 6.0169  0.0715 0.0287  0.0398"" 0.1536
VEGETATION ‘ % » P Fok L2
REGULATION 0.0463  0.3973 0.10797" 0.0280° 0.0784"° 0.0299 0.0176 0.0672¢  0.0153 0.0202"" 0.1490
VEGETATION
CURRENT 0.0462  0.3928  0.1087  0.0269°% 0.0754™* 0.0292% 0.0170 = 0.0712  0.0125"% 0.0061%* 0. 1405
DISCHEPANCIES 0.0383™ 0.3374™ 9.0633"" 0.0155° 0.0582"" 0.0250"% 0.0125%* 0.0491™" 0.0099”% 0.0181%" 0.0224™*
CMARGINAL £ . ‘
PROBABILITY T(B) D.0464 0.3982 - 0.1199 = 0.0293  0.0823 C.0308 0.0174  0.0725 0.0159  0.0293 = 0.0435  0.1501
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TABIE)lZ

DIFFERS SIGNIFICANTLY FRCM THE MARGINAL PROBABILITY P(B)

CHI-SQUARE VALUES FOR TESTING IF THE CONDITIONAL PROBABILITY P(B|A)

e >
B B . ©
5 A H % zz oz 5
bz S < < H 00 o 2
(o¥'s) : o 2 J o} J ] 2 st oot =
= ol o ‘ 5 o< a a 13 R <
- RE Z7 Z < 0 £ ) o g o & <5 <& &
Ts  Ge  a: A 8 iE d i Ziz 52 55 b =
Bip < P 19 B B E ‘ = 5 o
A L = é g Q< i <4 1 < < ‘o, [ORW) CH O
2o, ol Yo Se <3 <5 o @G g 25 2]
20 Cco O® < & L7 x 0 =z ap 20 > >0 @
METHOD OF ,
OPERATION 43,16 218.78 6. 47 15,02 3.47 0.25 71.53 0.09 0.03 0.00 20, 16
GRADING , '
CURRENT 43,16 352,76 21,76 0.02 0.96 . 1. 15 15,05 8.65 0.18 6.84 223,76
GRADING TOPLAN| 218.78 .352.76 23.58 3.08 0.11 0.15 47.03 6.96 7.00 2.39.  325.44°
ACCESS ROAD 6.47 21.76 23.58 27.07 1.70 3.26 21.36 0.03 4,22 10.93 57.62
SILT STRUCTURE | 15.02 0.02 3.08 27.07 14.09 15.61°. 219.99 0.4 26.40 47.93 118.95
WATER QUALITY
CHEMICAL 3. 47 0.96 0.11 1. 70 14. 09 2.90 7:26 0.01" 1. 64 4.22 15.29
WATER QUALITY ;
PHYSICAL 0.25 1.15 0.15 3.26 15.61 2.90 1.29 0.68 0.00 0.09 18.71-
DRAINAGE PLAN 71.53 15.05 47.03 21.38  219.99 " 7.26 1.29 1. 69 0.04 1.G2 116,17
WATER '
INBOUNDMENT 0.09. 8.65 6.96 0.03 0.46 - 0.01 0.68 1. 69 3.67 49,47 34,74
VEGETATION
REGULATION 0.03 0.18 7.00 4,22 26.40 1,64 0.00 0.04 3.67 1159.238 65.77
VEGETATION -
CURRENT 0.00 6.84 2.39 10.93 47.93 4.22 0.09 1.02 49.47 .1159.28 152. 66
DISCREPANCIES 20.16  223.76  325.44 57.62 118.95 15.29 18.71 116,17 34.74 65.77 152. 66
SIGNIFICANT AT LEVEL .05 IF X% > 3.84

VERY SIGNIFICANT AT LEVEL .01 IF X2 > 6,63
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* TABLE 13

ODDS RATICS FOR MEASURING THE ASSOCIATION OF TWO VIOLATION TYPES

UI\'ASTERISKED VALUES ARE SIGNIFICANT AT LEVEL .01

REPRODUCIBILITY OF THE
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CURRENT 3.4 © 16.9 /3.0 ; 1.8 2.5 1.7 5.0
GRADING TO PLAN | 10.6  16.9 o '3.4 ' .2 2.7 2.2 8.3
]
ACCESS ROAD 2. 7% 3.0 3.4 to 3.9 3.6 2,7% 3,3 5.0
SILT STRUCTURE 2.6 3.9 ® 2.9 3.8 8.8 3.8 4.3 4.5
WATER QUALITY
CHEMICAL 2.9 o 2.4 2.4% 2,6
WATER QUALITY
PHYSICAL 3.8 L 3.6
 DRAINAGE PLAN 5.4 1.8 3.2 3.6 8.8 2.4 w 4.7
WATER v
IMPOUNDMENT 2.5 2.7 e 8.8 5.3
VEGETATION ok
REGULATION 2.2 2,7 3.8 ® 200.4 5.4
VEGETATION ; .
CURRENT 1.7 3.3 4,3 2.4% 8.8 200.4 - 8.0
DISCREPANCIES z.4 5.0 8.3 5.0 4.5 2.6 3.6 4.7 5.3 5.4 3.0 w
*SIGNIFICANT ONLY AT LEVEL .05 o o
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IF TIHIS VIOLATION IS PRESENT ON AN INSPEGTION

RELATIVE RISK OF THE OCCURRENCE OF VIOLATION TYPE B SPECIFIC TO THE OCCURRENCE OF TYPE A

TABLE 14

HERE IS THE RELATIVE RISK OF THE OCCURRENCE OF THIS VIOLATION

UNASTERISKED VALUES ARE SIGNIFICANT AT LEVEL .01
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20 GR¥) Ok G5 (GRD) =Q N an =4 > >0 Q
METHOD OF -
OFERATION s 1.8 5.7 2, 6% 2.3 4,2 2.0
GRADING , _ .
CURRENT 3.2 o 12.9 2.9 1.7 2.5 1.6 3.9 .
GRADING TO PLAN 8.5 2.7 o 3.2 2.8 2.6 2.1 4.5
ACCESS ROAD 2.5% 1.7 2.7 - 2.1 3.1 2.6% 3.0 3.1
SILT STRUCTURE 2.4 3.6 o 2.7 3.7 6.3° - 3.5  .3.8 3.0 .
WATER QUALITY : '
CHEMICAL 2.5 - ro 2.2 S2.2% 2,1
WATER QUALITY : ‘
" PHYSICAL 3.1 ® 2.6
DRAINAGE PLAN 4.6 1.4 2.6 3.4 6.0 2.3 < e 3.1
WATER S
IMPOUNDMENT L6 2.2 ® , 6.7 3.2
VEGETATION N :
REGULATION - 1.9 2, 6% 3.1 o0 39.9 3.3
VEGETATION : ] -
CURRENT =~ 1.3 3.1 3.4 2.3% L 8.0 0.8 ® 4.0
DISEGREPANCIES 2.3 2.1 5.6 4.7 3.7 2.5 3.5 4,0 5.1 5.0 6.9 ®
C ok ) :
~"SIGNIFICANT ONLY AT LEVEL .05 ozl
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TABLE 15

TOP TEN -INTERACTIONé ON BASIS ON ODDS RATIO

(DISCREPANCIES IGNORED)

ODDS RATIO © _INTERACTION

200. 4 " Vegetation Regulation and

Vegetation Current

16.9 ; Grading Current and
Grading to Plan

10.6 Grading to Plan and
Method of Operation

8,8 Silt Structnre and Drainage
Plan
8.8 Vegetation Current and
\ , Water Impoundment
h 5.4 : R Drainage Plan and
' Method of Opel'atioxi
4.3 : Silt Structure and
Ve g'etatioh Current
3.9 : Silt Structure and
Access Road
3.8 . . : ~ Silt Structure and Physical
| Water Quality
3.8 _— . 'Silt Structure and_Végetatibn

Regulation
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5. Conclusions

In thié working paper we have given a statistical anzilysis to
show that seasonal and ')'rearly differences do exist for the frequencies
with which violation types occur, We have also shown that significant
dependencies exist among violation types. These results should be
useful in developing future inspection procedures,

Some further statistical analyses can be done with the data from
the 2760 inspections. For example, we have shown that the number of
violations by month and year is 1111ear1y related to the number of 1nspec—
tions during the same months and years, We have also shown that the
number of inspections shows no significant seasonal trend but does have
a significant dependency on years'. Since the number of mines does
change ii'o%rl year to year, analyses should be made which examine the
relationsﬁip. of inspections per year per mine ‘a.nd violations.per
inspections per mine by mdnth and year.'r Also, a probability model
should be developed which as surries the true number of violations at .
:;my rtime is a variable which increases with the number of mines in

_operation. Because mines have variable capacities, a second approach

would be to replace the number of mines with the nurnbei' of tons of coai .

produced, Stich' analyses cén be made by the method of analysis of
rcovariance.

Some of the analyses given in this reportb will be included aé
input for the cos‘c/ef:fectiveynessv models of miniﬁg inspections by

satellites with follow-up ground or aircraft inspections,
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APPENDIX B' .

Violation Categories

Thé eighteen (18) violations on the.Data Entry Form were grouped
into twelve (12) violation types. Types were formed not only on the
basis of the relationships améng violations but also on the basis of
assumptions about what Landsat could or could not "see.'" Violation
types were then aggregated into four (4) very broad violation categories
based upon. the relationships among the violation types.

To explain the grpupkprocess let us examine the violations listed
under "Surface Water,'" Jackson Tu;bidity Units (JTU), etc., all relate to
the quality of the water dischérged from the mining site. These violations

~could be grouped into a single violation types. However, to do so would be

to ignore the faét that there are two very different components of vater quality
which can be resolved from the data contained on the Data Entry Form. These
‘components are chemical water quality and ph?sical water quality.

Iron concentration, pH, acidity, and alkalinity are measures of
chemical water quality. We have used oﬁly pH and (Fe) since pH and acidity
anﬁ alkalinity are, to a certain extent, redundant. Another reason for

excluding écidity and alkalinity is that there was ambigdity concerning the
teség for these parameters. ' |

- JTUs and the presence of settleable matter are measures of physical
water quality. Both.paraﬁeters were used.

ﬁy‘grduping the violations under "Surface Watgf" in this way, the
inspection data could be used to determine the frequency of occurrence
1§f these two (2) Violation‘typés and also the frequency of jointroccurrenge

with each other and with other violation types. The frequency of joint

occurrence is important since it - is believed that for Landsat, physical
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water pollution may be 'visible! while chemical water quality may be
"invisibl’e. " (In fact, the exi.stence of the former may mask the

presence of the latter.) .However, using the frequency of joint occurrence,
it seemed possible to make inferences as to the e#:istence of "invisible"
chemical water qualily violations based on ''visible'' physical water quality
violations.

Similar 1'ea.s'oning was used in forming other Viol;ztioh types. By
grouping violations in this way it was hoped that it \‘voul;i be possible to
enhance Landsat's capability to detect "invisible' violations by detecting
jointly occﬁrring iyisible! violations. Another a,dVantége of grouping; the
violations into types was that it reduced the nx;mber of variables which
were manipulated in the statistical analysis of the inspection data.

The violation types were further aggrega’ceid into four (4) broad cate-
gories (see TaEle B725 . These &é,tegonries were based upon the relationships
among the vioclation types. The water qua.lify category, for example,

includes not only the chemical and physical violation typés but also the silt

- structures and drainage plan violation types. These were included in this

category since properly designed, constructed and maintained structures
are required for water treatment. The water impoundment violation type
was also included in this category since unauthorized impoundments

were believed to be likely sources of chemically polluted water.
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TABLE B'2

- VIOLATION TYPE BY .VIOLATION CATEGORIES ,

VIOLATION CATEGORY VIOLATION TYPE

METHOD OF OPERATION ACCESS ROAD
GRADING CURRENT
GRADING TO PLAN
METHOCD OF OPERATION

VEGETATION - | VEGETATION REGULATION
VEGETATION CURRENT

WATER QUALITY DRAINAGE PLAN
SILT STRUCTURE
WATER QUALITY CHEMICAL
WATER QUALITY PHYSICAL

LR IR

WATER IMPOUNDMENT

DISCREPANCIES “ DISCREPANCIES

1
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APPENDIX C

COMPUTER PROCESSING OPERATIONS

FOR KENTUCKY STRIP MINE LANDSAT PROJECT

Diana L. Rebel
ERIM
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‘

Computer Processing Operations
for Kentucky Stripmine Landsat Project

The flow of processing operations is shown in Figure 1. The be-
ginning point for analysis was Landsat-2 CCT data in 7 track 800 bpi
format. The first step in processing was to examine the data using
the LIGMALS software package on the University of Michigan Amdahl _
470V computer (ref 1 and 2). TFrom this examination, a qualitative im-
pression of data quality was obtained, level assignments determined
for graymaps to be produced later, and dark levels in each band
determined for later processing.

For the 30 October 1975'data {scene 2231-15465), the quality of
the data in MSS5 channels 6 and 7 was very good. MSS-4 data had a
pronounced striping pattern every sixth line. Some slight striping
also existed in MSS~5. Prints of these 4~bands are included in Appendix D.

_ The dark level correction mentioned is an attempt to account for
theiadditive effects of atmospheric cenditions by determining what
this.factor is in each channel and subtracting it. TIn the absence of
instrumeﬂtation to measure this we determined the lowest signal in
each channel in an area where low reflecting objects ("blackbodies")
occurred, Since the signal from a blackbody would be zero if there
were no path radiance, we assumed thzt the difference between the
signal we received from our approximations to blackbodies and zero
was a measure of the path radiance.- For the 30 October 1975 data,
the values we determined for MSS—4 thru MSS-7 were 8, 5, 1, and 0,
respectively. , '

The next processing steps were fermat conversion from Landsat
format to a fdrmat compatible with ERIN computers, followed by im-

plementation of the dark level correction and then data rotation and

=9~
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scaling. The rotation and scaling is needed to reduce effects of
earth rotation during the time it takes to scan a scene, to rotate
the data.so scan lines run east-west, and to adjust the number of
data points by nearest.neighbor interpolation so that computer line
printer maps would have a scale 1:24,000.

Following rotation and scaling, the data were edited to the study
area through specification of the vertices of the study area (in
Landsat line and pixel cdoordinates). A separate tape of the study
area data was made. Then four ratio channels (MSS-5/MSS-4, MSS-5/
MSS~6, MSS—7/MSS-6, MSS~7/MSS-5) were added to the four Landsat bands
through further computer processing. At this time, graymaps (scale

1:24,000) were prepared of four Landsat bands and four ratios. These

graymaps constituted one output product, (Appendix D).
Based on the ground and airciraft photography ond the ultimete
terrain classification categories desired, we selected several areas

representing different types or conditions of materials to use as

training sets. These areas were carefully located on an MSS-5 gray-—
mapb(we attempted to avoid mixture or boundary pixels), and signatures
were extracted using the STAT. program. . Each multispectral signature
is a statistical descxiptién of a group of data points (pixels). It

contains the mean value of the signal in each channel and the covariance

matrix, from which the standard deviation of the signal and the correla-
tion between each pair of channels may be calculated. Each signature
was derived using 8 channels: the four MSS channels and the ratios

MSS-5/MSS-4, MSS-5/MSS-6, MSS~7/MSS-6, and MSS-7/MSS-5.

To complete the'training process, we next used unsupervised
clustering. Five rectangles of data were selected which appeared to
contain samples of everything in the scene. The clustering algorithm
was applied in‘two sweeps ‘through the data: first, looking at cvery 5

fourth line and every fourth point in all five rectangles, then back
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again looking at every pixel in all rectangles (26167 pixels looked
at in total)., An upward limit of 30 clusters had been specified and
the two basses through the data were done in brdcr to avoid biasing
the clusters toward the materials in one rectangle. The tlustering
was performed on the eight channels mentioned previously and a multi-
spectral signature was generated for each cluster. Our main objective
in running CLUSTR. was to avoid missing any significant categories.
In addition, clustering often produces signatures which encompass the
characteristics of a class over a large area better than a few train-
ing set generated signatures. For the 30 October 1975 data twenty-
two acceptable clusters were generated,

Plots of the distribution of the twenty~two cluster derived
signatures in two channel hyperspace (MSS-5, red and MSS-7, IR) were
compared with similar plois of the 32 training sot derived signaturea,
This enabled us to assign names (classes) to the cluster gignatures.
Ellipse plots of the signatures used in the classification of this
data set are shown in Figure 2. The distribution of each signature
class is represented as an ellipse whose boundary is a constant pro-
bability of one X2 distarice from the mean. (In the final CLASFY. pro-
gram which produced the récognition results a X2 value of 99.99 was
tsed.)

ALl but two of the signatures used in the final classification
were cluéter derived. Signatures for the final classification were
chosen on the basis of what class they represented and their separa-
hility from other signatures representimg'other classes. Ellipse
plots and confusion matrices (similar'to Table 1) were uséd to help
determine this separability. ’

We also investigated the slope/aspect situation; i.c., the

" differences in signal received by the senscr due to differences in

irradiance. Problems arise when the same mabterial lies on areas
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" Table 1. CONFUSION (EXPECTED-PERFORMANCE) MATRIX BASED ON THE SEVENTEEN SIGNATURES USED FOR THE

FINAL CLASSIFICATION OF THE WESTERN KENTUCKY STUDY SITE. Rows represent distributions
based on those signatures; columns represent the recognition classes. (Each distribution
consists of 1000 points per signature taken at random and distributed according to the
multivariate normal distribution specificd by the signaturc.) Numbers are in percent and
give the probability that pixels from each signature distribution will be classified into
each recognition c¢lass. Dashes indicate zero percent probability. The classifier used in

producing the matrix was the best linear rnle classifier, that used in the [inal classification.
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with significantly different slope and aspect such that the irradiance
on the material, and hence the radiahce received by Landsat is
significantly different. Thus a single signature will not be able

to recognize the material on all slopes and aspects, and in fact, one
material with a particular slope and aspect may look like anbther
material with a different slope and aspect. ‘

Such problems were encountered in this area. For example, one
material with a northerly-facing slope had a mean level digital count
of 10.8 in MSS-5 whereas the same material on a more southerly-facing
slope had a digital count value o% 18.1, a 68% change in mean level.
Such a situation causes grave problems 4n spectrgl recognition.

One method that has been used to ameliorate the effects of vary-
ing irradiance due to such factors as varying slope and aspect is to
establishvsignatuies using ratios oi 2 speciral channsls of digital
data. The resulting ratios are geqerally less susceptible to variation

in slope and aspect because the magnitude of the irradiance changes

“tend to be correlated between the spectral bands.

1

~ Due to the significance of the slope-—aspect problem in this area

we investigated the utility of ratios. For the same area for which a

single red band (MSS-5) varied 68%, an MSS~7/MSS-5 ratio varied by
34%. This is not complete normalization, but it is obviously an
improvement; . )

; Unfortunately, ratioing of channels frequently causes a loss of
information. content and sometimes causes a loss of ability to dis-

criminate between materials that are differentiable using individual

channels of data. Under the circumstances, therefore, we felt it

~was best to do our classification using signatures derived from both

individual channels and ratios of channels. The hope was that the
resulting classification would embody some of the beneficial aspects

of both approaches.
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One of the major goals of this project was to map the location of
reclaimed, regraded and re—veéetated strip mine areas where the
vegetatian cover had reached greater thaﬁ 70%. Previous experience
has indicated that an infrared/red reflectance ratio is highly
effective at discriminating between various classes of green vegeta-
tion COver,'generally.better than ocular estimates made by observers

.on the ground. 1In addition, an IR/red reflectance ratio possesses
the advantages oﬁ ratios discpssed earlier. Furthermore, an IR/red
‘reflectance ratio has been found to be a good normalizer.of re-
flectance differences betﬁeen different soil types and surface soil
moistures., Therefore, we decided to use an MSS-7/MSS-5 ratio to
differentiate between low (<70%) and high (>70%) green vegetation cover.
Ground photos and field notes as well as the aeriai photos were

QR - o
LOY DlJ,C.LLLg the MES-7

used in deciding on gppropriate levels /MSS~5

/
ratio. The field notes. clasgified vegetation as being greater or ’
less than 50% cover, and apparently referred to total (live and dead)
vegetation ‘cover. In addition, we have found ccular estimates of
vegetation cover to be rather consistently too high. Therefore, our
decision on - an appropriaté MSS~7/MSS—5 ratio slicing level was
heavily dependent on the color IR aerial photos. Although it is
rather difficult to estimate percent green vegetation coYer'on’this
scale of aerial photography, it did afford the advantage of a truly
~vertical perspective (for which % cover is defined), a synoptic view,
and high sensitivity to amount of greén vegetation which is a char-
acteristic of color IR film.. When we had picked training sets and
computed their'MSS—7/MSS~5 ratios, we compafed them with the cluster

: signatures. The ratio we had ﬁiéked to separate >70% green vegeta-
tion,from.<70% green vegetation (R=1.5) fell between the ratio values
for two larpge clusters. -This was a fortuitous, but beneficial result.

A lower limit was also selected for the ratio so that areas with

-08=~
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negligible green vegetation cover (<10%) would be pléced in the bare soil
category.

When ratio values for percentage cover had been selected the data from
the test area were classified using 17 signatures and a level slice of
MSS-7 for water recognition. For points classified as herbaceous vegetation
an estimate of the percentage cover was made using the ratio slicing
previously discussed. Results were then displayed as vegetatioﬂ with 0-10,
10-70Q, and » 70% cover rather than ags individual vegetation’claéses.

A color coded map (Appendix D) was prepared using a computer line printer
and wvarious colored printing ribbons. At the same time area statisfics were
developed. These statistics, shown in Table 2, are éhe acreages of the various
classes in the test area, as recognized by the computer. For reference, the |
percentage composition of the area is also shown.

The thirteen classeé of the final recognition map for the 30 October 1975
data were obtained from the 17 training sets by combining the two water classes
into one symbol for display, by telescoping the five herbaceous vegetation

bclasseg into 3 cover classes (as praviéusly discussed), and by-combining the
0-10% cover class with the graded bare soil class (Table 3).

As an aid to interpreting the results of classification and to understandipg
how areas might be misclassified, a confusion matrix was generated using the
17 final signatures and samples of data drawn from these assumed Gaussian
signatures. The samples of data were classified according to the decision
rule used in the classification program. The results, presented as Table 1,
are not precisely indicative of the acéuragy and performance of the classifier
over a large area (because only data from,training sets is éxaﬁined), but do

offer some guidance about probable kinds of errors. 1In Table 1 the percentage

of ‘pints in a signature class (each row represents one signaturc class) classified

as a given signature (each column represents points classified as a given
gignature) is presented,
S ST -99-~

IR SRt e



ERIH

FORMERLY WILLOW RUN LABORATORILS, THE UNIVERSITY OF MICHIGAN

Table 2.

E STATISTICS FOR TEE THIRTEEN LAND USE CLASSES OBTAINLED
4o " TROM RECOGNITION PROCESSING OF THE WESTERN KENTUCKY
STUDY SITE. Data from Landsat—2 observation 2281~
15465 obtained 30 QOctecber 1975.

. PERCENT
CLASS | ACREAGE . _OF TOTAL AREA
; : water ‘ 1809.50 1.49
Q marsh : 1930.50 1.59
i lowland forest | ' 13103.45 ©10.80
gob | 584.87 .48
slurry . 351.82 .29
upland forect ‘ 18829.97 o 15.52
conifers. : 4‘ 1247.04 ' ©1.03
orphan lands 36077.90 29.75 |
bare soil (hngraded) _' 4229,63 3.49 |
. ) barexsbil (graded) : 10377. 44 ; - 8.56
>707% green herbaceous cover; 3780. 34 : 3.12 :
probably agriculture |
10-70% green herbaceous cover 18269.76 : 15.06 . é
>70% green herbaceous cover 10693.40 » 8.82 ;
121285.62 - 100.0

A ) . "]_OO—'




. -t
ERIf :
csezraced . . FORMERLY WILLOW RUN l.ﬂf!OF{ATORIES,TS{E UNIVERSITY OF MICHIGAN

: Table 3.

THE THIRTEEN CLASSES OF THE FINAL RECOGNITION MAP OF THE
P WESTERN KENTUCKY STUDY SITE AND THEIR DERIVATION. Data was
j I from Landsat-2 obsexrvation 2281-15465 obtained 30 October
3 ' 1975. Numbers and names refer to specific signatures.
(Sce Figure 2 and Table 1.)

CLASS

water

"marsh"
(may be shrub swamp or
some oiher wetland type

gob

slurry

lowland forest
upland forest
conifers

orphan land

bare soil (ungraded)

bare soil (graded)

~ >70% green herbaceous

cover; probably
agriculture

10-70% green, herbaceous
cover

>707% green herhaceous
cover

-101-

DERIVATION

level slice of MSS-7; this

included all data points
classified under sig. no.
21 and 9 and some points
classified under sig. no.
8, GOB, SLURRY and LOWLAND

GO3B
13
LOWLAND
16
10

2

11

12 (and MSS-7/MSS-5 level
slice of sig. no. 25, 4,
6, 14, 18)

7

MSS=7/MS8-5 level
slice of sig. no. 25, 4,
6, 14, 18

: MSS~7/M58~5 level slice of

sig. no. 25, 4, 6, 14, 18

;
5
3
&
3
i
%
&
g

O Py T
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Fig. 1(a)

Fig. 1l(c)

Band 5

Band 7

Fig. 1l(b) Band 6

Figure 1
Landsat-2 imagery of

Western Kentucky coal field
and study area.
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Figure 2

High altitude aerial, color infra-red photograph of the test area,

east of Madisonville, Kentucky. Note "anchor" lake in lower center.
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Pigure 3
Low altitude, color infra-red, aerial photograph of the test area,

east of Madisonville, Kentucky. Note "anchor™ lake at upper left.
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Figure 4

Low altitude, black and white, aerial photograph of the test area
east of Madisonville, Kentucky, showing areas identified for ground
truth. Note "anchor" lake in upper center.
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Figure 5
(Area 109 of Fig. 4)
trip mined and regraded
to low rolling hills.
Fescue and clover with
xed hardwood and pine
aplings. Less than 50%
jrourd wer. A~ is an
blique view, and 5~ is
a vertical view of the

surface.

(Area 110 of Pig. 4)

trip mined and regraded
11ing pasture. Fes-

ye and alfalfa kru jiominate.

»

Nearly 1008 ground cover
» few Dare \;;kx(:‘. A-

is a bligque, and B~ is a

vertical view of the surface.
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Figure 7

{Area 112 of Fig. 4)
stripped and strike-off
graded to long flat-topped
ridges. Mixed scrub hard-
woods .

Figure 8

(Areas 113 and 114 of Fig. 4)
Unmined forested area west

of "anchor" lake. Mixed low-
land hardwoods with scattered
shrubs and leaf litter floor.
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Figure 9

(Area 115 of Fig. 4)
Unmined agricultural area
southwest of "anchor" lake.
Uniformly brown soybean
field.

Figure 10

(Area 116 of Fig. 4)

014 slurry pond south of
"anchor" lake. Fine-grained
coal re.use {rom a coal
washing facility.
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Figure 11
Graymap of MSS Band 5. Note "anchor" lake in upper right area. i
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NAME SYMBOL NUMBER

WATER 5 477
WATER ¥ 0
WATER L] 0
MAR SH - 591
GOB b 185
SLURRY B 102
LUWLAN 0 4753
DPLAND ¥ 3256
CONIFR 8 174
ORPHAN 0 93356
BARE-U - 1478
BARE = 332
AG-T70+ ¢ 58%
V=20 = 1933
10-70 / 5870
70-100C # 1573

0
NOT CLASSIFIED 0
REJECTED 0

Figure 14 -
Color legend for recognition map of Fig. 13. Number refers

number of pixels in each category within the test strip.
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