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SYNOPSIS 

Onc of the most useful appL'Oaches to a complex problem is to model the system which gilles rise to the problem 
and to perform simulations through the model to find appropriate solutions. The EngcJ Model may be used as 
such a simulator to investigate the problem of the exploration for natural resources. 

The Enge1 Model is based on It two-stage search procedure in which a known area (A) which contains m prues 
is subjected to search by n coverings. D urlna the ilrlIt--stage search the sensor system records aignalll which may be 
a response from prizes (that ~ troe signals) or may be false. Signals lend 10 cluster around a prize and a cluster size 
consisllJ of If signals. If a circle of radius R is drawn around each signal OOfUC will overlap aod the overlap 
from :> signals contains a prize. The cost of a single covesing in whicb each point o r the aICIl comes under 
observation once, is designated E,. Second·stase detailed search is expensive and is confined to areas of overlap 
of s circles ; it leads to the location of priZes. Secooo'$tage search of tile whole area costs E l units. The expected value, 
V, of a prize is known and its development COIlt is E, units. 

The sensor system characteristics are defined by the ci(cie of radius R around a signal, which should be small 
compared witb the 10tll1 area A and enters the model as a parameter a _ n; R"/A. The probability of a false signal 
during a single covering of a circle of radius /( is a known constant, "-. 

This model was applied to tbe search for uranium ore bodies using two different types of occurrence. Tn the 
first. the Wyoming Basin type, the al"ea is relat ively large CA = I 496 square miles) and a fcw (m - 4) IarJe 
pr izes occur (cx.pecled value V _ SJO million). In tile second area, whk h represents the Ambrosia Lake region 
of New Mexico, too area is Mllftller (A = 212 Mluare miles) and cootains many (m - 2(0) snlaller prUcs (expected 
value of a prize JI _ S2 million). The three costs, Eh Eo. Eo> are adjusted to the different circumstances in the 
two areas. 

Simulations were performed using n = 1 to 40 coverings ",ith cluster sizes s = 0 to 19; the radius R was varied 
from 0.52 to 3 miles (and, therefore, Q = 0.002 to 0.1330, respectively, dependent on the area of interest). 
The value of). was varied from 0.01 to 0.10. 

Profitable proif8,lDS were found over a wide range of the parameters; the two areas rcq\lired different strate$ies 
to achieve maximum profit. In the Ambrosia lake region a few passes (n - 4 to 6) with small cluster SIzes 
(I = 2 to 6) are more profitabl", whereas in the Wyoming Basin region a larae number of p~s (n = 35 to 40) 
and clu$ICf sizes of s - 5 to 10 are most profitable. 

As pointed out by Allais (1957) the larger prize9 are the most important in deciding the slIcctssful outcomes or 
exploration programs, and the profit margin tn too search for a few largo prizes is sufficient to yield success over a 
wide range of programs. Such progralIl8 require very large investments if they are to be successful. 

To refine the Enael SimUlator as a decision·maker in sclcctinp the most profitable exploration programs it is 
necessary to obtain firm estimates of the sensor system charactCIlStics, that is, of R, a and ),. 

T he search for non-renewable natural resources is usually 
conducted on the 19th-Century 'cause and e1Tect' philosophy. 
It is generally believed that if we could explain the origin of 
an ore body or petroleum deposit we could predict where 
to fin d additioDal resources. This philosophy is the main basis 
for much of the research devoted ( 0 the description and 
analysis of natural resources. 

this coin nlOllt efficiently? One way would be to select pairs at 
random and weigh. their individuals; a nother-would be to 
sub-divide the 16 into two sets of eight and balance them. 
Select the heavier eight and sub-divide into two sets of four; 
choose the heavier set and sub-divide into two sets of two; 
choose the heavier set of two and then find the heavier coin. 
This would lead to fourwcighings; at each stage tbe probability 
ora. setcontainiDg the heavy coin is equal for each set. [n terms 
of information theory, 2e - 16, that is, the amount of 
information is four bits. No other procedure is more efficient 
for the solution to this search procedure; geological studies, 
of course, could form the basis for a similar approach in the 
search for natural resources. 

On the other hand, it is generally admitted that these 
studies have not, over the !SO-year time span of their existence, 
led to many discoveries. Many important deposits have been 
found by prospectors and some by accident. Some success 
from systematic studies would themselves occur by chance 
and it is very difficult to prove that some specific approach is 
successful , that is. more successful than may be expected 
fro m ' fortunate accidents'. It seems SUrprising Ihat even with 
accumulated knowledge of the many known resources, 
improved analytical tools and improvements in technology, 
the success ratio of discovery has remained more or less 
cOllslact (Griffiths, et aI;-t964, Oriffiths, 1:966). 

This has been interpreted to imply that we are reaching the 
limit of our resources in well explored and well developed areas 
such as the United States of America. Tllere is, of course, 
no proof of this view. No resource is ever found where one 
does not look! 

Some alternative views 011 this problem of search are 
available. One basic principJe is based on information theory. 
Suppose it is known thllt among 16 similar looking coins 
there is ODe heavier than the remaindec. How does one locate 
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The effectiveness of this kind of search has been explored in 
experiments designed to locate a fault in an electrical circuit 
(Dale, 1955). Bartlett (1968, pp. 141 If.) concludes on the basis 
of Dale's experiments tbat : 

' I. The searcher in the early stages uses directional features 
of the structure or of a 8tructnre he QSSign8 to the system. 

2. As--search preeeeds-, the~e-fea-tures &re-·of ·less-llnl'loFtanoe
and empirical features which the searchcr finds in the 
course of his search have greater weight. 

3. At no stage does the searcher necessarily show any strong 
bias towards either/or s ituations ; towards sJlOrt cuts and 
economical kinds of search; towards numcl'ically few risks. ' 

Some of the.se parformances certainly remind one of 
behaviour exhibited during the exploration for natural 
resources. On the basis of a series of experiments Dale 
summarizes his findings which show th:!t the most efficient 
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procedure is based on the information theoretic paradigm 
(Beer, 1964, p. 53). The next most efficicnt procedure is 
random selection, whereas guessing and systcmatic stepwise 
programs are less efficient. 

There are several striking features which deserve emphasis: 
(0 The most efficient searching procedure is 'The one offering 

the highest entropy at each selection' (Beer, 1964), that is, 
the information thcoretic paradigm for search. 

(ii) The next is random selection. 
(iii) Any systematic procedure which fails to achieve (i) tends 

to be worse than (ii). 

Therefore, unless the cause and eITect approach achicvcs 
'a high entropy selection' it cannot supersede random selection. 
This is a very demanding constraint to ful11l!. 

Search theory has been developed also as an activity in the 
field of operations research usually in a military context. 
These activities, pioneered by Koopman (1956-57), are 
summarized by HoulrJen (1962, Chapter 8) and Aekoff, et al 
(1968, Chapter 14). There are three main lines of development. 
The first of these is based on the mean free path theorem 
(Morse, ef aI, 1951), the second deals with the optimum 
distribution of seru:ching effort (Koopman, op. cif. and de 
Guenin, 1961), and the third is concerned with the use of 
clustering technique in surveys (Engel, 1957). The latter 
approach forms the basis of the present rcport. Thc most 
recent review and bibliography of the theory of search in the 
public domain is by Dobble (1968). A more detailed review of 
the development of different philosophies of approach to the 
search for natural resources is contained in Griffiths, et al 
([970). 

Onc approach to search is by means of a simulation model. 
In this instance the problem of search is defined in terms of 
the interaction between the searching mechanism and the 
region being searched. Since there is little doubt that the 
search for natural resources is 'an exceedingly complex 
probabilistie problem' (Beer, 1964, p. 18, Griffiths, 1970, 
p, 122) we may elect to treat the process of search as a black 
box;-thaH s;-control the i nput- parnmeters;-and classify the 
output in terms of profit achieved. The Engel Simulator used 
in this investigation is an eK.;"1mple of the application of black 
box technology to the search for uranium. It has also been 
applied to the search for petroleum (Gri:ffiths, et ai, 1964, 
Griffiths, 1966). 

THE ENGEL SIMULATOR 

TIle exploration procedure consists of a two-stage search of 
an area of interest by a sensor system which responds to 
natural resource targets with signals. Signals are of two types, 
true responses to resource targets and false responses. The 
former tend to cluster around a target and this serves to 
distinguish potential targets from barren ground. By balancing 
the costs of search effort and development of those resources 
found against the value of a priZe, tho incomo or profit margin 
may be used to decide whether a search program is worthwhile. 

--The-.inputdata 
The area of search is designated A. A covering is defined as 

passing the sensor system over the area such that every point 
comes undor surveillance once; there are n coverings. During 
each covering the sensor system receives signals and s signals 
designate those signals which are considered to form a cluster. 
There are m prizes (targets) and they are 'small, motionless 
and distributed at random over the area' (Engel, 1957). 
The probability that any partienlar prize will be detected by a 
single covering of the area by the sensor system is a known 
constant, p. 
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During the first-stage search, if a signal occurs, a circle of 
radius R around the signal will contain a prize if it exists. 
Such circles are small compared with the total area under 
search. The ratio of the circle of radius R to the total area A 
is known and is designated as a - 7r R2JA. False signals, 
arising during the first-stage search, are distributed at random 
and are indistinguishable from true signals emanating from a 
prize. The expected number of false signals during a single 
covering of a circle of radius R is a known constant, A. 

The cost of a single first-stage covering is denoted by El' 
A detailed second-stage search of the entire area, A, to confirm 
the prescnce of targets is expensive; its cost is E2• The 
expected costs of development of a target of value V is Ea. 

These 12 parameters, A, n, s, R, n, m, p. A, El, E 2, E3, and V, 
represent the input data to the simulator. 

The process in the black box 

Because the false signals are rare and occur with constant 
probability, they are distributed according to the Poisson 
model as follows: 

s _n). 
P, (n,c "" s) = (n A) e Js! (0 .::( s), . . . . . .Cl) 

that is, the probability that n coverings will yield c false 
contacts, equal to s Cs ;;0: 0 and may exceed n) within range 
R of any given point during the preliminary survey is 
expressed by equation (1). 

If a circle of radius R is drawn about each false contact 
obtained from n coverings, some ofthe circles may overlap. The 
area of overlap covered by exactly s circles divided by the total 
area, A, gives the ratio of the s·cluster area to the total area 
and P, (n. c = s) is the expected value of these random 
sample ratios. Then, 

I 
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,-1 
PAn,c;;:' s) = 1 - i~O PtCn,c = i) .... . . (2) j 

yields the expected ratio of the area of overlap of all clusters I 
of false contacts of size s, or larger, to the total area. 

Since it" is a:ssumoo (i) tlfar-the deteCtion oC-a I'rize dUrmg -----1 
one covering is independent of detections during previous and I 
subsequent coverings, (ii) that the prizes are distributed 
randomly throughout the area and (iii) that the probability 
of detection is a constant, then distribution of prize detections 
is binomial. Thus the probability of true signals, Pt, is given by: 

s-1 . i n-i 
Pt(n,c~s) .- .'EO [n!/i!(n-i)!]p q O";;;s~n .(3) 

,~ 

From the independence of true and false signals it follows 
that the probability of s or more true and false signals, Pt!, 
recorded within range R of any given prize is: 

Pt/(n,c ;;::'s) = 1 - ~~~ P f (n,c = i) Pt (n,c < s -1 - i) 
1= .(4) 

Under the constraints that: 
(i) the first-stage search consists of n coverings of the total 

area and all signals obtained in the area, or within a 
distance R from its boundaries, are co~sidered, 

(ii) those areas within the intersections of at least s circles 
obtained from first-stage search are given detailed 
examination dUling the second-stage search and all prizes 
within these 'anomalies' are found, and 

(iii) replacing A by A' where 

A' A + a.m.p . (5) 
expected number of signals (true and false) 
within a randomly-placed circle of radius R, in 
anyone covering; 



the analogue to equation (2) becomes: 

Pt' (n,c;;;o, s) ... 1 - ~E~ Pt' (n,c - i) ...... (6) 

Then Pt' (n, c ;;;0, s) approximates the expected proportion of 
the original survey area which will be given detailed search 
during the second-stage detailed survey. 

The total cost of the first-stage search, El' is proportional to 
the number fI of coverings. The cost of the second-stage 
detailed search E z is proportional to the area of overlap of 
the circles as approximated by the expression in (6). The total 
cost of development is proportional to the value Vand number 
of prizes found. 

The output 

Following from the above relationships among the para
meters, the output may be expressed in several ways. First, 
the expected income (l) from an II,S cluster survey may be 
defined as: 

I(II,c;;;o, s) ~ mPt! (n,c;?- s) [V - E~] 
- [nEl + Pt' (n,c ;;;0, s) E2] .. .. . (7) 

Thus, the income accruing from an n,s cluster survey is 
equal to the product of the number of prizes, ni, the 
probability of their being found, and of the difference 
between their total value, V, and the total cost of their 
development, E 3 ; less the sum of the cost of the first-stage 
survey for n coverings, IIE1, and the proportion of the area, 
Pt', subjected to detailed search, times the cost of detailed 
survey of the whole area, E2• 

The total cost, T, may be defined as: 

T(n,c ;;;0, s) = nEl + Pt' (n,e ;;;0, s) E2 
+ mPtJ (fI,e ;;;0, s) Es 

and the percentage profit is the ratio of (1fT) x 100. 

.(8) 

This simulation model was programmed for a computer 
(see Griffiths, et al, 1964, Griffiths, et al, 1970). 

ESTIMATION OF PARAMETERS 

Ifvalues for the 12 parameters were known, to make a decision 
of whether to explore an area would be straightforward, 
being based on a chosen level of investment and an acceptable 
per cent profit, If no values are known then to use the 
simulator with just two levels for each parameter would 
require 2H = 4 096 runs, It is advisable to obtain reasonable 
estimates of at least some of the parameters. The total area, A, 
may be selected arbitrarily. 

Two kinds of uranium-bearing regions were used in this 
investigation, one which approximates the Ambrosia Lake 
region of New Mexico (about 212 square miles) and the 
second a typical basin in Wyoming of about 1 496 square 
miles. A previous study of the Ambrosia Lake region 
showed m = 200 prizes (Griffiths, et aI, 1969). The probability 
of a hit on one of these prizes was determined by simulated 
grid drilling of the area. It was found to be 0.011. The value, 
V,-of'an average prizein the Am bres-m L-akc-regi€lfl--is-$2--.x l-Q.6 
and the value distribution is approximately lognonna1 
(Griffiths, et aI, 1969). A covering is defined as 50 holes drilled 
to a depth of 1000 feet at SI 000 per hole; therefore, El' 
the cost of a single covering is $50000. The probability of at 
least one success with a 50-hole grid is 0.425 9, The cost of 
drilling the whole area in detail under these conditions is 
Ea = $750 X 106• Expected average development cost per 
prize is $800 000 = Ea. In practice these costs and values are 
reduced to commensurate units, for example, El - 1; 
E z = 15000; Ea = 16; V - 40 units. 
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The number of coverings was varied during a single simu
lation from 11 _ 1 to 20. Similarly, the cluster size was varied 
from s ~ 0 to 19. The minimum realistic cluster size is 
two so that values of s for zero and unity are ignored. 

The three remaining parameters are the radius, R, of the 
circle around a signal, the value of a = TrR2/A, which is fixed 
once R is known, and a value for A, that is, the probability of 
a false signal occurring during a single covering of a circle of 
radius R. These arc all characteristics of the response of the 
sensor system to the terrain. Since they are virtually unknown, 
attempts to determine likely ranges of variation for them were 
made by simulating likely conditions (see Griffiths, et aI, 1970). 
Engel (op. cif.) used a value of (I = 0.004 and since it was 
required that R must be small compared with A, this constraint 
was also used as an approximate guide. Some examples arc 
exhibited in Fig. J. Here, the larger circles are too large for 
the area selected (225 square miles) while the smaller ones are 
too small to contain a prize. A feasible region appears to lie 
between R = 0.5 to 2.5 miles yielding values of a = 0.003 5 to 
0.092 6 for this range. Similarly, for the Wyoming-type basin 
the feasible region was between 1 and 3.5 miles with a varying 
from 0.002 1 to 0.025 7. Since the occurrence of a false signal 
should bearc1ativelyrareevent, A was varied from 0.01 to 0.10. 

Examples which are more appropriate for the search for 
petroleum are described by Griffiths, et aI, 1964 (see also 
Griffiths, 1966). As a preliminary to both studies it was 
necessary to establish the number of prizes, uranium ore 
bodies or oil and gas fields, respectively, in representative 
regions. This was followed by measurement of the sizcs, 
shapes and orientations of the prizes and their values. 
Frequency distributions were constructed for each of these 
properties and these may subsequently be used in Monte Carlo 
sampling for representative samples of prizes in any region 
(Griffiths, et al, 1964, 1966, Drew, et aI, 1965, Griffiths, 1966, 
Griffiths, et al, 1969). 

It would be useful for future studies to obtain estimates of 
the sensor system characteristics for representative terrains, 
that is, to obtain moderately firm estimates for R, a and A. 

SQM-B REf'RESE-N-TA...T LV E. RESUL.T.S 

An example of the condensed outpnt from the computer 
program is illustrated in Table 1. This is a portion (a seven~pass, 
n "" 7, survey) of a single Wyoming Basin simulation which 
encompasses coverings ranging from n = 1 to 40 and cluster 
sizes from s ~ 0 to 19, The values of the other relevant input 
parameters are given in the table. The first column of the table 
lists the cluster size, s, which ranges from 0 to 19. Suppose 
s = 0, then there is no clustering and the whole area 
(A = 1 496 square miles) is subjected to detailed second..stage 
search at a cost of E2 - 105000 units (S5 250 x 106

). The 
total survey costs (column 7) inelnde seven units for the 
n = 7 passes (105 007 units"" $5250.35 X 106). Column 2, 
Pt, cumulates the probabilities of true signals and estimates 
the proportion of prizes found (Pt = 1. ~ 100 per cent or 
four prizes). Column 3 lists the occurrence of true and false 
signals (P!,,) where At = A + a.m.p. Column 4 cumulates 
these values and represents the proportion of the area 
subjected to detailed second-stage search (which for s = 0 
yields Pt'- = -+:;- or- all' f ·496-sqtmre-miles-).-'Fhe-·ineome is, 
therefore (column 5): 

1 = mPt/(V - Ea) - (nEl + Pt' E!) 
= 4 X 1. (600 - 40) - (7 X 1. + 1. X 1050(0) 
_ -102767 units 

and the total cost is (column 6): 
T = nEl + Pt' E2 + mPt!Es 

= 7 X 1. + 1. X 105000 +4 x 1. x 40 = 105167units, 
The profit per cent (column 8) is negative since P% = 100 
1fT .... -102767/105167 - -97.72. 
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a=O,009 
Fig.}. Selection o/limits on a/or a 225-square mile area by comparing circles a/varfous sizes with the total area and with a large uronlurnore body; 

R - 0.5 to 3 miles; a = 0.0035 to 0.126. 

For a cluster size of If = I, those areas of overlap of circles A more informative display of output of an entire simulation 
of radius R = 1.5 miles yield a proportion of 0.0828 of for 11 = 1 to 40 passes and s = 0 to 19 cluster sizes, R ranging 
1 496 square miles, or 124 square miles, for second-stage from 1 to 3 miles (a = 0.002 to 0.019) and the other 
detailed--search.~T-ffis -cests·8 -702.95--uait-s {indudiflg-the'e6st --pa'f-Rmeter- v-allles -given iu--Tilble l;---is--iH'I:lstr-ated m- Fig;-2. 
of seven passes at seven units). About 63 pcr cent of the The seven-pass, three-cluster survey is included. The profit 
prizes are found. The only profitable programs with seven exceeds 900 per cent for a 36-pass, five-cluster survey. 
passes are for cluster sizes of s = 2.3 and 4 (see column 8, As a basis for comparison, consider a cluster size of s _ 3 
Table I). The most profitable program is a seven-pass, three-- (Fig. 2). The maximum profit increases rapidly with decrease 
cluster survey, yielding421.55 percent profit. Only six percent in the size of R from 150 per cent when R _ 3 miles to over 
(5.86 in column 2) of the prio:es are found and only 500 per cent when R = 1 mile. This implies that as the sensor 
0.000 101 - 0.15 square miles 'Jf the area is subjected to system becomes more sensitive more prizes are found with 
detailed survey at a cost of 10.60 units or a total survey cost less area subjected to detailed second-stage search. This feature 
of 17.60 units (column 7). The total income is 113.73 units is present at all cluster sizes within the diagram but as the 
($5.69 x J06) for a total effort of 26.98 units ($1.35 x 106). cluster size increases, the profit differences for decreasing R 
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become smaller. The 40-pass survey does not appear to 
exhaust the profitable programs although the cost for a 
40-pass survey is two million dollars (2 000 wells in the 1 496-
square mile area). 

When A is increased to 0.05 the maximum profit approaches 
500 per cent for a 40-pass, nine-duster survey (actually 
470.3 per cent). When all other parameters are fixed, increasing 
A reduces profitability very markedly. An example of this 

effcct with a seven-pass survey and differing values of R and A 
is i11ustrated in Table n. With R fixed, a decrease in A leads 
to increased profit; as j, increases from 0.01 to 0.05 fewer 
programs yield a profit and, even for those that do, the profit 
is less and requires the smaller values of R. At A - 0.10 no 
clustering technique pays off. There is a very intricate and 
close relationship among the instrumental parameters and the 
effectiveness of a specific survey program. 
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Fig. 2. Wyoming Basin SimulatioflS 1 to 4; profit per cent versus nand s. 
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TABLE I 

EXAMPLE Of' CONOIlNSeO COM,.un;R CKITJ'lT[' FOR 1/ = 7 -PASS SURVI!Y WfTH THe FOl LOWIN(l INPUT P ARAMBTIiR VALUES: 

E. E. E. V 

105000 40 600 comme.nsurate units 

'"000 5250 x 10" 2 x I ~ 3 x 10' dollars 

a - 0.005; R = 1.5 miles; ), ... 0.01 ; nJ = 4 prizes; p '"'" 0.125; n = 7 pa~ 

(I) (2) (3) (4) (') (6) (7) (8) 
Quster Cumulated Cumulated Total Tota l Survey Return 
size C,) P, Pi Pi income· effort - costs· profit % _._._--- _._ .. _--_.--

0 I. 0.91718 1. - 102767. 105167. 105007. - 97.72 
I 0.6338 0.07929 0.0828 - 7283.12 8 B04.37 8 702.95 - 82.72 

------ ----------
2 0.242 I 0.00343 0.0035 164.78 416.20 377.47 39.59 
3 0.0586 0.000 09 0.000 I 113.73 26.98 17.60 421.55 
4 0.009 36 0.000 00 0.000 0 13.7.5 8.73 7.23 157.52 -.-----.-, 0.001 00 0.000 00 0.000 0 - 4.75 7.16 7.00 - 66.34-
6 0.00007 0.000 00 0.000 0 - 6.84 7.01 7.00 - 97.51 
7 0.00000 0.000 00 0.0000 - 6.99 7.00 7.00 - 100.00 
S 0.000 00 0.000 00 0.000 0 -7.00 7.00 7.00 - 100.00 

9-19 0.000 00 0.000 00 0.000 0 - 7.00 7.00 7.00 -100.00 

·Commensl1rale units = $50 000 per unit. 

TABLE II 

COMPAIt; I$ONS OF A n 7-PASS SURV6Y I'OR Dlfl'EIUINT VA LUI!S 01' ). ( _ 0.01, 0.05. 0.10) M'iD R 
(R = J, U:, 2, 3 MII...ES) 

n = 7 Cumulated Total Tolal Survey Re\urnt , R , P, P,. Income· Efforl- Costs'" 

0.Q1 3 3 0.0586 0.000380 84.43 56.27 46.89 150.04 
4 0.0094 0.000013 12.63 9.B5 B.35 128.22 

2 2 0.2421 0.004625 49.66 53tJ3 492.59 9.35 
3 0.0586 0.000 152 10B.37 32.34 122.96 335.14 
4 0.0094 0.000004 13.58 8.89 7,39 152.70 

U 2 0:2421 0.003528 164.78 416.20 377.47 39.59 
3 0.0586 0.000101 113.73 26.98 17.60 421.55 
4 0.0094 0.000002 13.75 8.73 7.23 157.52 

1.0 2 0.2421 0.002842 236.88 344.10 305.37 68.84 
3 0.0586 0.000073 116.68 24.02 14.64 485.70 
4 0.0094 0.000001 13.83 8.65 7.15 159.93 

0.05 ).0 No Clustering Technique Pays Off. 
2.0 No CluSlerina: Technique Pays Oft'. 
I.S , 0.0053 0.000041 0.56 12.11 11.27 4.65 
1.0 4 0.0286 0.000511 3.40 65.28 60.70 5.20 , 0.0053 0.000036 1.04 11 .64 10.79 8.93 

0.10 3.0 No Clustering Technique Pays Off. 
2.0 No Clustering Technique Pays Off. 
I.S No Clustering Technique Pays Off. 
1.0 No Clustering Tochni(lue Pays Off. 

·In commcnsuflue units where I unit = SSO 000. 
10nl)' outcomes with posilive per cent profit are listed. 

TheAmbrosi3Uike region is mucll smalrer, A '" 212 square 
miles, and it contains t/I - 200 prizes with the average value 
of a prize V = S2 X IOd ( _ 40 units); the probability of 
success witbone well is 0.011 and with a single covering (n .... 1) 
of 50 wells is 0.425 9. The cost of a single covering of 50 wells 
is the same (E! = 1 unit, tilat is, $50 (00). To drill the whole 
area would cost about $750 x 10& (45000 units) and the 
expected average development cost would beEs .... $800 000 (or 
16 units). An eltample of the output from a single simulation 
(n = 1 to 20; s = 0 10 19) is iJtustrated in Fig. 3. The maximum 
profit occurs al n - 20, .$ - 2, yielding a 75 per cent profit. 
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A represenrattve set ot rcsalu rrom to such simulations in 
which R was varied over 0.52 to 3.5 miles (a = 0.004 to 
0.181 5 for this range) and A was given values of 0.03, 0.05 and 
0.10 is displayed in Table lll. The maximum profit is close to 
150 per cent and eould be achieved by a number of different 
programs such as a seven-pass, two-cluster survey (147 per 
cent), and an eight-pass, two duster survey (149 per cent) with 
an R or two miles aud A at either 0.03 or 0.10, a five-pass, 
five-duster survey with .R = 2.5 miles and A = 0.05 or a 
thrcc- or four-pass, two-cluster sUIvey with R = 3.5 miles 
and A = 0.05. 
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Fig. 3. AmbroskllAke Silllll/alion I; projil per allt rel'SUf D ond s. 

For R - 1 mile with ;., at either 0.03 or O.OS (Fig. 3) the 
most profitable programs lie beyond 20 passes. With R - 2 
mites and). _ 0.05 the maximum profit is reached at seven 
passes with various cluster sizes (J > 2). If R is maintained 
at one mile and A increased from 0.03 through 0.05 to 0.10, 
the profit maxima inCl'e4lsc Crom about 65 ptr cent 10 75 per 
cent and just over 90 per cent, respectively. As ]; increases lhe 
maximuru profit is achieved for less passes at the same cluster 
size. 

DISCU SSION OF TH E RESULTS 

It seems evident tbat the Eogel Simulator is capable of 
embracing a wide range of parameter vaJues, so wide. in fact, 
that it is necessary to select limited ranges to obtain outcomes 
within reasonable time and cost. In our examples even with 
seven of the twelve parameters given firm estimates the 
number of possible simulations is very large. Furthermore, 
profitable programs arc achieved over wide ranges of the values 
of the remaining five parameters. 

Firm estimates of the sensor system characteristics (R. a, ).) 
would be quite cifective in leading to the selection of most 
profitable programs but these appear to be least likely to be 
specified in the immediate future. 

The two areas selected for exploration represent different 
problems. The A mbrosia Lakereg ion is relafivery-small 
CA - 212 square miles) and contains a large number of small 
prizes (m = 200, V - 2 million dollars). In the Wyoming 
Basin, o n the other band, the area of searcb is much larger 
(A ... I 496 square miles) and Ihero are a few large and 
valuable prizes (m = 4, V _ $30 million). From the outcomes 
of the several simulations the two cases require quite different 
strategies for search. In the Ambrosia Lake region a few 
passes (n _ 4 to 6) with small eluster sizes (0$ ... 2 to 6) are 
more profitable, whereas in the Wyoming Basin region, a 
large number of passes (11 = 40) and cluster sizes over the 
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range of 0$ = 5 to 10 are most profitablo. When the sensor 
system values were maintained equal, for example, R - 2 
miles, A = 0.05, the most profitable program (149 per cent) 
in the Ambrosia Lake region WWJ an eight-pass, two-cluster 
survey. In tbe Wyoming Basin simulation, the profit exceeded 
300 per cent at a 3S.pass, Hk:luster survey a Dd higher profits 
at tur]"er numbers of coverings appear feasible. 

It seems reasonable to conclude that the search for a few 
very large prizes is by far the most attractive (that is, profitable) 
search strategy if adequately large investment is available to 
cover the necessary cost, a feature emphasized by Allais (1957). 
Since the second-stage detailed SUIVCY is the most costly part 
of any search program Ihe limiting investment for a Wyoming 
Basin simulation is when the whole ~ou is subjected to a 
detailed second.stage search at a cost of El - 105 {)()() units 
( _ $5.25 billion). If there are four prizes at 600 units 
($30 million) each. this would yield SUO million and it is 
obvious that to achieve a profit it is essential to reduce tbe 
area of the second-stage detailedsean::b. A sensor system which 
reduces it to 10 per cent of the original area leads to detailed 
search of ISO square miles at a cost of S525 million which 
is stiU much too large to sbow a profit. The sensor system muSI 
reduce the area of detailed search so that tbe cost is Jcss than 
S120 millions (that is, 2400 units) or to about 1/50 of the 
originaJ area (about 30 square miles). For a 40.pass survey 
the-cost ofilie eO'l1erings ts-S2 mtllto-n and If nllihe-prizes-were 
found it would cost S8 million to develop them, adding 
another $10 million to the total program cost. Hence 
the sensor system must be capable of reduciug the area of 
interest 10 about ofle hundredth of the tolll. l area to ensure a 
profit. At this Jevet 15 square miles would be subjected to 
detailed second-stage search at a cost of about 52.5 million 
dollars. Let us suppose that this program requires 40 passes 
and finds all four prizes, thus adding another 10 million 
to the costs, then total cost is $62.5 million and the return is 
$120 million yielding a profit of 200 per cent. 



TABLE III 

SUMMARY OF SIMULATIONS 1-10 FOR URANIUM EXPLORATION; FIXED PARAMETER VALUES: A ... 212 SQUARE MILES; m ... 200 PRIZES; 
p "" OA259; A COVERING ~ 50 WELLS = $50000 = E" er El = 1 UNIT; E~ = 15000 UNITS; E, = 16 UNITS; V = 40 UNITS. 

Simu- Miles Total 
lation " 

, R a X elfort 

1 20 2 1 0.0148 0.05 228.5 

2 7 2 2 0.0590 0.05 146.5 

3 3 2 3 0.1330 0.05 74.8 

4 20 2 1 0.0148 0.03 238.2 , 20 3 1 0.0148 0.10 208.7 

6 8 2 2 0.0590 0.03 149.8 
7 2 144.7 

7 8 2 2 0.0590 0.10 153.9 
7 2 150.2 

8 , 2 2.5 0.0926 0.05 121.9 

9 3 2 3.5 0.1815 0.05 72.2 
4 2 100.9 

10 1·20 ().19 0.5 0.004 0.05 

These examples illustrate the versatility of the Engel Simu
lator in evaluating possible exploration programs; given the 
physical characteristics of both the region of interest and the 
prizes together with the sensor system characteristics, it is 
possible to select those programs leading to maximum profit 
at any specific level of investment. On the other hand, given 
the physical characteristics and the desirable investment level 
and profit margin it is possible to prescribe limits for the 
sensor system characteristics. 
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Energy 

Area fer 
$1O~ $10' sccend- $10' Prepor-

stage Initial tion of 
Total % S="" =,h survey prizes 

income profit 00", sq. mi. cost found 

171.4 75.0 68.6 19.1 1.0 99.9 

215.6 147.1 1.7 0.37 0.35 90.5 

105.2 140.7 2.8 0.74 0.15 45.0 

161.8 67.9 78.2 21.2 1.0 99.9 

191.1 91.6 48.7 13.5 1.0 99.9 

223.5 149.1 0.50 0.029 OAO 93.3 
212.6 146.9 1.80 OAl 0.35 89.3 

229.6 149.2 0.48 0.021 0.40 95.9 
221.6 147.5 1.48 0.32 0.35 93.0 

181.7 149.2 OAl 0.044 0.25 75.9 

107.9 149.5 1.53 0.0008 0.15 45.0 
150.8 0.20 0.00 ... 0.20 62.9 

Ne payoff. 
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