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Abstract

A demonstration computer  ,program hals been developed
which simulates\\a petroleum exploration process and
predicts the outcome of the exploration programs just
p&ior to development drilling. The object’ ié to locate

~reservoirs with suff;cientlywlarge déposits to justify the
development drilling oé‘the arga.*

The basis o§ the éompdter program is the concepfual
model which describes the exploration process in three
stages, that is, sgnsing, léa%hing and solving, and treats
the process as an information processing system. The
sensing stage descriges the sdeey of the areas of -
interest with methods such as seismic and gravity. As a
result of these surveys, the prospects ar; drilled ét the
learning - stage and the properties\\ef the resegboirs are
estimated. Information from these activities are then
transmitted - t¢ the solving stagé where the appraisal
drilliné is carried out on some of the prospects and the .
size of the deposits are estimatéd. | N
. The aim of any activity in an exploration prégram is

‘ . - '
to learn {(gather information) about the s?rface and the
subsurfacé of the area, that is -, informatiqn about the
state . of nature. In this thesis, the state of nature 'is
described by 17. sets of actual characteristics which
include elements such as,"a‘»large trap wifﬁ small oil
Maeposits of no outcrop but an underground formation'with

\



large deposits and poor or good reservoir properties, or

no formation and hence no deposit, etc.

~

/ .
The theory of optimal search is used to develop the

mathematical model. Also, several theorems are developed
using search theory which describe the optimal ‘alloqation
of capi§a1 resources amongst the areas of interest by
considering petréleum exploration as ‘aﬂmultiple target
system.

The computer model proQides rules or options at every
stage of the exploration process: which allows the predict-

ion of the outcome under different decisions. Hence, the

results of different courses of action can be compared.
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Chapter 1

Introduction

1.1 Background Information

Petroleum exploration is a hsah risk bQSiness, sinceg
it involves strong elements of uncertainty, but no oii
field 1is ever found by refqgiqé Ro investigate an
interesting area. Only through ‘;ositive attitude and
constructive thinking are ajl-bearing formations located
and only drilling can prove the presence of oil. In Texas,
‘a well drjlled to more than 25,000 feet, failed to produce

.

either oil or gas.

. The start of the('modern petroleum industry is
generally taken to be 1in 1857, when J.M.Wil}iams drilled
the first well for oil.

In 1912 as direct result of a geological survey the
Cushing Field (Oklahama) was discovered by T. Sterry Hunt,
using anticlinal theory. Now,‘ the geolégist is the
prospector, the person 1in whose )mind the oil field is
visualized before a discovery is made. Geology is aided by
geophysics to see into the earth's crust.

The compan;é% involved.hin petroleum exploration and
the exploration programs vary in size and complexity, but

the planning and execution of the exploration programs are

sim%lar. The operator analyses an event, for example, the



.

result of a seismic survey, and accordingly allocates cap-
itél resources for the next activity, for example, wildcat
drilling at a certain-. location. The oﬁtcome of the
drilling 1is uncertain as 1is the case with the other
activities of the exploration process such as gravity,
magnetic and seismic surveys.

During the exploration program and even before ghat a

series of important decisions are made which are the

result of the available information and capital reso- -

urces, for example:

1. Decision to acquire land;

2. Decision to investigaté‘the area;

3. Decision to do a particular geophysical survey;

4. Decision on the number of wildcat wells;

5. Decision to gather additional data after a well
has reached oil to determine the locations of the
appraisal wells.

The aim of these and other decisions connected with

the exploration program is to purchase information to

reduce the uncertainty associated with the prospects and
ultimately to locate deposits sufficiently large to offset
the exploration costs and provide a minimum acceptable
rate of return to the company. .Petroleum exploration,
therefore, may be considered a classic example of

decision making under uncertaintyi‘

Under these uncertain conditions an important manage-



ment problem is the - allocation of capital resources to a
stream of prospects. - These prospects which are recommen-
ded by the geglogist are either generated from within the
company or  as a result of the activities of otﬁgr
companies. Important elements of ﬁhis management problem
include : -

a) What is the optimal strategy in terms of allocating
the available funds to several prospects per year?

b) What is the optimal policy of budget allocation to

| a number of areas in search éf say, oil-bearing
formations?

c) If there is a possibility of several traps in a large
area and there are several such areas, hgw should one
allocate the funds to detect the traps?

These types of problems é;e presented and answers are
’discussed in this thesis. )

To approach the above problems and similar ones, the
exploration process had to be reviewed and defined
clearly. To analyze the problen, search theory, the
mathematical. model used in this research, is reviewed in
depth to become familiar with the .theory and its
applications, and in particular investigate its role in
petroleum exploration.. These reviews are presented in

~sections 1.2.1 and 1.2.2, fespectively. Tﬁis chap;gr then

continues by stating the objectives and describing the

organization of the thesis in section 1.3.

-



1.2 Literature Research

1.2.1 The Activities of the Process
- <

The literature on the analysis of the petroleum
exploration decision mostly concentratés -on the drilling
aspecf of the égocess using decision~tree diagrams. This
method 1is noted in the operations _ research texts andA
explained in some detail. by Newendorp(1975) and Grayson
(1960). This thesis deals with the analysis of the

<
resource allocation to the complete explordtion process

and not just the drilling pgrﬁion. The exploration
process, therefore, is defined from a point prior to the
selection of a prospect for investigation until just prior
to the production of petroleum, inclusive.

To define the activities reference was made to
petroleum hand-books by Moody,G.B. (1961) and the staff of
Royal Dutch /Shell Group of Companies (19835, and other
re€erences by Hobson (1973), Skinner (1981), Sheriff
(1978) and Reedman (1979). The detailed description of the
exploration process is given in Appendix (A).

. Kauffman (1963) explains that the exploration starts
with the iniffal'investigation of the area followed by the
réconnaissance exploration, for e%ample, maénetic and

gravity surveys. ‘The prospect is then re-evaluated and

either the decision for gathering more information-is



reached, which |is *foilowéd by advanced exploration
o .
e.g., detailed seismic survey, and again the re-evaluation
of the prospect, or if sufficient positive‘information is
available wildcat drilling is carriegjiout followed by
re-evaluation. The prospect may theﬁ be considered for
developmeﬁt drilling. At any time after the re—evaiuation
the projéct may be dropped.

After the review of the literature it was concluded
that if no previous work has been done on the area, then
the set of explbration activities may be divided into
three stages:

1.Search for the favorable formation through

geological and geophysical prospecting;
2.Wildcat drilling (to 1look for any sign of oil
deposits and gather’data on subsurface formations)
and estimating the reservoir properties;

3.Appraisal drilling amnd estimating the size of.
the deposits.

If previous geological and geophysical information ;s

available, then efforts may be saved by not doing one or

more of the first stage surveys.
1.2.2 Applications of Search Theory

Search 'theory was one of the earliest problems

studied by the operational research groups. The classical

L}



search problem is to find an object with limited capital
resources. The target may be stationary or moving,
intelligent, large or small size, etc. Stong (1975) has

)

provided- detailed informépéon on various problems and
their formulation. Some \of the applications of search
theory are:

f. Search & Rescue, e.qg. search for missing aircraft

and beople;

2. Medical, e.g. detection of glaucoma which is a
disease of the eye 1in which the sufferer has
several blind spots, Robin,S. & Kolesar,P.(1978);

3. Industrial, e.g. discovering a defective component
in a machine, Denby,D.C. (1967).

Detailed information on the applications of search
theory is available, in‘Haley,K.B. & Stone, L.D (1980). In
this reference (pp. 159-164), Field points out that
exploration is so dissimilar in character to general
search that it is counterp;oductive to use classical
search theory other than for the first general survey
stage of the process. Field mentions that the theor&‘was
developed and used primarily for finding lost objects. But
the need of extending the theory for its " use in
exploration is also mentioned in the paper:

"One way of extending the classical thebry is to

divide the search problem into several stages.

Each stage can be treated as a separate search



problem with its own basic components. This
multistage model, with the information from onev
stage used as input to the next stage, provides

- a likely transition from classical search theory

to ‘"exploration and mining theory." Given an
overall system objective, an efficient plan for
allocating and sghedul&ng search / exploration
resources between each stage can be determined.*

The elements of +the search problem include the
physical description of the targets, prior knowledge of
a)region of search, b)distribution of targets and
c)con;traints. The procedure for the solution involves
a)determining the search buéget, b)budget allocation bet-
ween regions and stages of search, c)revision of the budg-
et schedules in light of new data.

Simms,B.W. and Petérsen,E.R.(1987) have developed an
information processing model for organizations. The model

\

has three stages. Events are generated and’ received by the
first stége, called ;ensing. The second and the third
stages are called learning and solving. Associated with
the events are the actual characteristics. Resources are
allocated to each stage whiéh result in the expected
number of  events 'shoﬁing ‘certain characteristics. The
sensing, learning and solving activities are performed by

the operational units of ‘the organization. Models

developed from the theory of optimal search are used to



model the activities of each stage. At the second stage
the sensed events are sorted into categories. If an event
can not be classified, then it belongs to the category of
events which are most difficuit to solve. The outcome of
the final stage 1is either success or failure. After the
final stage, information is stored in the records section
of the organization. This information may then. be
processed further to provide target information to each
stage. ,

The 1literature .search resulted 1in the following

major findings:

1. The exploration activities can be grouped to form
and define several stages for the process.

2. The target (purpose of search) for each stage is
different.

3. Even after the discovefy of petroleum the search
does not end and the value of the discovery must
be estimated.

4. To use the information processing model described

above, the elements of the model must be defined

with respect to petroleum exploration.

N -

1.3 Objectives and Thesis Organization

A

Objectives of this thesis are:

1. To develop a demonstration computer program which, is



capable of predicting the outcome of one or more petroleum
exploration programs per year (under different courses of
action). The computer model should be flexible enough so
that it éan be used by management of oil companiés after
appropriate improvements and modifications, or alternati-
vely the program can be used as a game for professio;al
management training.

2. %o describe the optimal allocation of capital resources
between the areas which are of interest for exploration
purposes.

Chapter 2 provides examples on how an oil company
senses the presence of a prospect, the decisions made
during an exploration program, costs associated with the
program and the success }aﬁio for oil and gas wells. This
chapter then describes the development of the conceptual
model for the exploration process followed by a detailed
description of the model. The model considefs the
“exploration process as an information processing system.

Theory of optimal search 1is used to develop the
mathematical model in Chapter 3. Section 3.5 in Chapter 3
describes the formulations for the random and évhaustive
search pfocesses_

Several. theorems are presented fin Chapter 4.
describing the optimal allocation of’capftal resources
émongst the areas of interest .by considering the

.exploration process as a multiple target system. Problems

’



2 ’

W

.ﬁr,.'_t,‘.s‘uch as allowing one or more targets(e.q., traps) per area
%ﬁ%ﬂ;e investigated 1in the -first part of the chapter. The
gsecond part of Chapter 4 presents a study of multiple
~:;ffgrget systems by providing and analysing several examples
PRSI
yggh“the search process is random. The aim is to observe
the behaviour of multiple target systems, obtain the
results for the examples provided and then prove the
results for the general cases. The Kuhn-Tucker conditions
are used to dévelop the theorems and solve the
problems. "

Thre comgeptual and the mathematical models are used
to déVelbp a demonstration computer program to simulate
the exploration process. In order to‘test the flexibility
and effectiveness of the model and to determine the best
possible decisions which may be made during the
exploration program, demonstration data is used which is
de§fgibed in Chapter 5. The data 1is extracted from the
total exploration costs in Alberta in 1974"5;% procedure
taken to simulate the actual process '"éccording to
different cdgrses of action is described 1in the second
part of Chaptér 5. The results are tabulated.in Chapter 6
foliowed by the discussion of the results in the same

-

chapter. Conclusions and recommendations for further work

are the subjects of chapters 7 and 8, respectively.

Appendix (A) provides a detailed description of an

exploratibn process folloied by the description of

.



different types of traps.

Remaining results from Chapter 4, section 4.2.2 and

. L

their proofs are presented in Appendix (E), section E.2.
N
The definition of some of the terms used in this

thesis, such as appraisal drilling and false targets are

given in Appendix (G).

11



2.1 Introduction

2.1.1 Examples on Generation of Prospects, Decisions made
in an Exploration Program, Exploration Costs and the

Success Ratio

Consider a large firm, a major oil company, which has
financial resources enabling—it to hold thousands of acres
in 'inventory'. This firm consists of sevéral departments,
such as exploration, production and scouting. It holds

“in several parts of the country and also in several

leases
« foreign countries. It ehploys geologists, geophysicists,
engineers, landmen, etc.

Assume that the management of the company is informed
by the geologist or through scouting, about a possiblé
potential area. The evidence and the observatiéns are
explained 1in recommending the area! for exploration
purposes.

Management considers the geology of the area, the
reports about the competitor's activities in the area and
the company budget. Assume that the basirt is undeveloped,

but the reports indicate that another company 1is

considering a detailed seismic survey. At this time, it is
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possible that the cost of'the lease in the area is not
high, since no reservoir (or petréleum) \has been
discovered. The company has now evaluated the prospect and
decides that it should wait for more results from the
competitors activities before committing itself for an
exploration program in this particular area. gerhaps,

management is considering another area which 1looks more
favérable. Assume that after some time reports are
received indicating the.discovery of petroleum by one or
more companies. The cost of a lease for the land has
increased considerably by now. The company decides that it
may be a good time to enter the area. Hence, it obtains a
lease for some part of the ‘area and the exploration
process begins. Assume that the geological and the
geophysical surveys are carried out except the seismic.
The results of the surveys are not exactly favorable and
the company is now faced with the decision of leaving the
area, drilling the first wildcat wéll or reducing the
uncertainty associated with the possible presence of an
oil-bearing formation by conducting a detailed seismic
survey. The company is convinced that because petroleum
has been discovered by competitors and since it has
already spent capital resources on the area, then perhaps
the cost of the seimic survey should be avoided by
drilling the first well according to the available data.

(Note that although drilling is more expensive than

Al



seismic, seismic is also an expensive geophysical tool and
if available data is promising, then seismic may not be
done. This may be an unlikely procedure in the industry).
Consider that the well 1is a dry hole. The company may
drill the second well which also proves to be dry. Assume
that several more wells are drilled which do not reach a
productive zone. Management ﬁas spent large sums of money
and the prospect does not 1look good so a decision may be
reached to leave the area and invest in another prospect.

Thé other companies have become aware of this
company's findings and its loss and sometime later enter
the area, perhaps as a joint venture. By a joint agreement
they reduce their. expenditure. The }ype of agreemé%t
varies from deal to deal. Assume that they carry out a
well planned progranm, and éossibly reach petroleum
deposits.

This example, although explained in simple terms can
demonstrate the complexity of the process and the
decisions made. Consider the following questions:

1) Was the time of entry by the company wrong since

it ended up spending larger sums of mbney on
buyiﬁg the lease? o
2) Was it a mistake to drill the wildcat well before

!
H
obtaining additional information fro@ a seismic

¥
N

survey? ;

-



3) If another well was drilled in another location,
could it reach petroleum?

4) If one or more wells were drilled deeper, could
they reach productive zones?,

5) Why did the company plan an exploration program
in this p rticular area and did not leave until
it spent large amount of money on several dry
wells? -

It is not a simple matter to answer all of these
questions as it very\ﬁuch depends on the company and its
policy and state of nature. It should be noted that the
decision to avoid the cost of the seismic sufvey is not
due to the carelessness of management. This particular
course of action was taken after careful analysis of the
data. The rseismic survey and other surveys only provide
imperfecg information. Hence, :it 1s the case of a/Qgcision
not to purchase additional imperfect informa;ion. The
lithology at a deep wildcat site ma? be predicted (but
with unceftainty) from the geophysical data. It is
possible that the original depth estimates made by the
company were in error say, by more than half a mile. This
means that the data obtained before the drilling is always
subj;ct to question. In many cases the first well drilled
is dry but it can provide valuable information about the

subsurface structure. The information may provide enough

reasons to drill the second well.

~,



Assume that the wildcat drilling is not carried out
by the company and the company has the three options
discussed before. Consider that the following costs are
associated with the exploration program:

geological & geophysical surveys(without seismic) and

opher costs such as lease fees.......c. it e teeenenn.. e X
seismic........ Z
the average cost per new field wildcat....... K

Should management decide on the drilling without
the aid of a seismic survey and the well does not reach
»oil and the coméany leaves the area, it loses.X+K. But if
Athe second well is aiéo drilled and fails, then the total
cost is X+2K. If seismic is carried out and tg} first well
fails, thd\?ost is X+Z+K. The second well may also result
in a dry hole, etc. A decision tree diagranm ig provided
for this example in Fig. 2.1.1.1.

If a small company is in a situatkion where the wells
fail ‘to reach a productive =zone ‘and these failures
continue, then eventually, because of the company's
limited budget,kthe funds are exhausted, resulting in what
is known as the gambler's ruin. Assume that this small
combany's policy is not to invest larée sums of money in
any one exploration prdgram. It may then approach the
first company with a deal.

A similar situation may arise where as a result of

the seismic survey, "~ management of the' first company
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decides the risks are too high if drilling is carried out.
Then it is probable that the operator would try to farmout
the acreage. A typical farmout agreement involves one
company that holds the leases and another company which
wants to earn an interest by drilling one or more wells.

The first company's options, may, therefore, be: to
1) drill the first exploratory well, 2) do seismic and 3)
farmout the acreage.

The co?plexity of the decision maker's task can be

appreciated for this one prospect. Consider that the

company may not only be involved in this one venture but

%4

with several prospects per year.

Some of the questions which management answers before
reaching a drilling decision is explained by Grayson
(1960), for examble: ’

1. What are the chances of discovering petroleum?
2. How mucﬁ will it cost to prdduce it?

3. Are there enough funds to drill this well?

4. How much petrgledm is there likely to be?

e

To give examples on the land holdings of a company,
number of exploratory wells drilled by a company, ‘their
success ratio and the farmout agreements, informétion from
the annual reports, 1985, of two companies are used.

According to the report of Dome Petroleum Limited,

Dome continues to fund its exploration program mainly

through farmouts. This enables the company to retain a

L 4 . vf »
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portion of its.expiry -acreage, and to increase cash flow

e

p
and revenues without capital investment. Thé/number of

gross exploratory wells drilled on the company's lands in
1985 were 277 of which 32 wells were drilled directly by
Dome and 134 wells were drilled under farmout to Dome
Canada and Home 0Oil and 111 wells were drilled under other
farmout agreements.

The 1985 annual report of Suncor Inc. shows that the
company purchased 120,164 net hectares of exploration lan-
ds in four western provinces of Canada at a cost of $27
million. The compény's land holdings in 1985 in the weste-
rn provinces of Canada were é‘i,ooo hectares (gross) and
493,000 hectares (net). The number of exploratory wells
completed were 142 (conventional oil and gas) out of which
19 reached oil, 31 discovered gas and 92 were dry,
resulting in a success ratio of 35%. This information
excludes wells completed under farmout agreements on

company properties.

Detailed Information on Exploration Costs & Success Ratio

~—

The exploration costs include obtaining acreage and

paying yearly lease fees, the geological and geophysical

surveys and drilling. The <cost of finding oil has
increased because of the need to explore difficult

environments and to drill deeper wells. Also, the unit



costs of all operations have risen everywhere.

According to the staff of the Royal Dutch/Shell group
of companies (1983), the offghore séismic costs in 1982
were between $700,000 to $1,000,000 per crew-month, or
$600 to $1,200 per kilometer surveyed. For onshore seismic
$450,000 in desert areas ($3,000 per Kkilometer) and
$1,200,000(up to $25,000 per kilometer) in tropical jungle

1
per crew-month is typical. The data extracted from the
financial returns of a number of Shell exploration
éompanies show that in an onshore desert venture, the cost
of drilling of two wells was $25,OOO,OOOT In an offshore
venture the cost of arilling of one well was $25,000,000
(1982 US dollar). These are new exploration areas.

According to N&rth,F.K. (198%), the total cost of
drilling the world's wells is in the order of $20x107 -
$50x10° annually. The cost .of pre-drill exploration,
including geologic and seismic surveys has been increasing
-at about 15% per Year for a decade or more. Total seismic
costs, including processing of data, are between $4x10°
and $5x109 annually; one third of which occurs in the .
-
U.S.A.

The exploration costs for Alberta, from 1961 to 1983
is presented in Fig. 2.1.1.2. The costs include geologicai
‘and geophysical surveys,' drilling, land acquisitions and
rentals and other. T~

The number of exploratory wells drilled in Western
[ 4
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Canada, from 1947 to 1984, is presented in Fig. 2.1.1.3.
The source of " the data for the two figures are Canadian
Petroleum Association's Statistical Year Book (1975) and
Statistical Handbook.

To demonstrate the success ratio, data presented by
Foat,K.D. and MacFadyen,A.J. (1983) 1is used to plot the
success ratio for all exploratory wells (oil and gas) in
Alberta from 1947 to 1975 in Fig. 2.1.1.4, (the original
source of data 1is the ERCB's ‘'General Well Data File').
The data for 1947 includes all observations for 1947 and
previous years. The information in this reference shows
that in general, more gas success has occurred compared to

0il success.
2.1.2 Development of the Conceptual Model

, Some organizations may be ‘viewed as information
processing systems. Assume an event is received by an
organization where according to information about the
event, decisions are made and capital resources are
allocated to solvq‘ the event. The consequence, as the
classical decision model states , is a function‘ of the
state of éhe world and the action taken:

. e .
Consequence = f(State of the world , Action)...2.1.2.1

22
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Cons;der an oil company involved in petroleum
exploration. An event is the presence of a prospect which
comes to the operator's attention. Tgis event 1s generated
either from within the company or from an outside activity
such as the exploratory program of another company.
Assuming that the prospect has been found interesting,
the exploration program starts on the ‘area during which
different activities are carried out in stages. The
operator receives information from an activity and decides
on the next one. The outcome of one set of activities is
used 'as an input for the next set. This flow of
information betwéen the stages allows the exploration pro-
gram to be modeled As an information processing systemn.

The basis for the conceptual model developed in this
thesis is the work done by B.W.Simms and ExR.Petersen
(1987) . The following elements of the model are presented
in this chapter with respect to petroleum exploration:

1. the actual characteristics of the events;

2. the object of the search at each stage;

3. the activities of each stage; |

4. the result of the activities.

This conceptual model is illustrated in Fig. 2.1.1.5.
Associated with the prospects which come to the operator's
attention are the actual characteristics of the prospects
described as the state of the world in equation 2.1.2.1,

for example, an area may have a large reservoir, no
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interesting surface feature etc. The effectiveness of the
operator's decisions and the resulting actions at any
stage of the process are determined by the actual
characteristics of the prospect. Assume that the decision
is %o drill a wildcat well at a particular location. If
the well is drilled at the correct place, then oil may be
discovered which is the consequence.

The complex nature of petroleum exploration results
from the uncertainty of the information obtained about the
actual characteristics of the prospects. The activities
result in imperfect information (perfect information
describes the true state of the nature). This complexity
makes it difficult to recognize the end of one phase of
the process and the start of the next phase.

The approach taken in this thesis 1is to develop a
simple model which follows the exploration process
closely. Hence, a subset of the actual characteristics |is
chosen to describe the prospects. This results in a small-
er number of possibilities for the outcome of an activity
or a set of activities compared to an actual exploration
program. The properties of the reservoirs are included in
the actual characteristics, but‘the methods‘of estimating
these properties such as electrical 1logging are not
modeled. The concept of false targets lis also not

‘included. With these simplifications a demonstration

computer model can be developed to represent and analyse



the actual exploration process in some detailvbut within
certain limits. A brief description of the conceptual
model follows.

As it is shown in Fig. 2.1.1.5. at the first stage of
the exploration process the geolngical and the geophysical
surveys are carried out. These surveyé are used to gather
information about the underground formations and the
surface features of the area. The geological surveys are
summarized as aerial photography. The geophysical surveys
are magnetic, gravity, and seismic reflection. Each survey
results in a positive signal (information about the
pfesence of a favorable formation) or a negative
signal (indicating the possible absence of an interesting
formation).

According to the judgement of the operator, one or
more surveys may not be done. This can occur because of
the already existing information, (such as Western Canada
where aerial photography, magnetic and gravity surveys are
now rarely carfied out) or the constraint on the budget
allocated to the program. The outcome of each survey is
used to produce a map about the surface or the subsurface
.of the area. The outcome of this stage is referred to as
the sensed events. Information about each event is the
combination of the outcome of the fou; surveys on the
prospects, and information about the prospects are transm-

itted to the next stage.



The activity of the second stage 1is the wildcat
drilling of the prospects according to the result of the
first stage surveys. The operator must decide on whether
to-drill a well after a careful study of the sensed events
and sensed information. The object is to reach the oil
deposits. As each well is drilled, new information about
the subsurface formation may be learnt which are referred
to as the observed properties of the reservoir. At the end
of the learning stage the operator categorizes the
prospects. Either a dry hole is reached or oil is
discovered with good or poor reservoir properties.ﬁThe
prospects 1in these categories are called the observed
events which arrive at the final stage of the process.

At the third and finalgstage, the size of the oil
deposits are estimated. According to the outcome of the
second stage, the operator decides on the prospects to be
processed further. If enough information is not available
then a decision may be reached to do a detailed seismic
survey. The result of the survey is the information about
the lithology of the subsurface. This information is used
to drill the step-out well. As each well is drilled
additional information is obtained about the reservoir.
The result of this stage is the size of the o0il deposits
for those prospects drilled at the third étage.

The elements of equation 2.1.2.1 can now become clear

for petroleum exploration by investigating Fig. 2.1.1.5.



The actions taken at every stage such as the number of
wildcat wells at the second stage, together with the state
of the world (for example an Anticline formation with
small deposits), result in the outcome for each stage (the
consequence) which are referred to here as the sensed,
observed and final events.

The detailed model is discussed in section 2.2 where
the actual characteristics of prospects are explained,
together with the rules for each stage, the capi\al
resource allocation to a particular activity, the result
of the activity and the outcome of each stage. The stages
are called sensing, learning and solving. The outcome of
the stages are the sensed, observed and final

characteristics of the prospects.
2.2 Detailed Description of the Model

2.2.1 The Actual Characteristics
.

The ‘aim of the activiﬁies of the three stages of the
process is to find ihformation about the actual character-
istics of the prospects. This is presented in Fig. 2.2.1,
where the activities of each stage result in'pertaia
information (characteristics of the prospects) to bettér
define the actual characteristics acALof the prospect.

These characteristics include the surface features
o
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indicating the possible presence of a trap, . the type of

trap [see Appendix (A.4)] and its siée, the quality of

reservoir (defined by the porosity, permeability, pay

thickness, reservoir pressure and oil saturation) and the

size of the o0il deposits. The size of the area and the
'

type of basin which the prospect belongs to is assumed to

be known. There ‘are basically three types of basins

(Tatsch(1974) 1%
a. Asymmetric basin [Alberta]: normally lie between a
seismotectonomagmatic belt such a a mountain
chain and the adjacent stable area and ‘are consid-

ered favorable for accumulation of petroleun.

b. Open basin:normally occur on the margins of conti-
nents and are considered to have resulted from
continéntal rifting.

c. Intracratonic basin:these basins differ from the
other two types primarily by being underlain by
continental crust rather. than by the intermediate
type crust.

The type of oii is also part of the.actual
characteristics. 0Oils vary in nature from the very heavy,
viscous type, found in shallow reservoirs containing
little ‘or no dissolved ,gas, to extremely light,
low-viscous types found in deep reservoirs, containing a
large volume of dissolved gas.

A table of actual characteristics can be constructed

32
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to include all the " above ch;racteristics and their
different values. But this results in a large number of
elements forming the table, adding to the complexity of
the analysis of the final results. For simplicity a set of
characteristics has been selected for our demonstration
computer program which describes the prospects in some
detail and avoids the above problem. Also, the modelv does

not differentiate between oil and‘gas which are referred

to as o0il deposits or petroleum in this thesis. The actual

characteristics acA are thefefore defined by all possible
combinations of the following: \
a) the trap and the positive surface indications
[indicating their presence];
b)the size of the trap [(no trap, small or large];
c) the reservoir‘property (no reservoir, poor or good],
(it should be noted that although a reservoir
containing water may have good properties, such as
porosity, etc., but since in this thesis only the
petroleum regervoirs\are considered then a dry,hole
may mean no reservoir or a reservoir containing
water but no oil deposit);
d)the size of the o0il deposits [no deposit, small or

large].

This table is presented in Appendix (C). It is assumed

that only lard® traps may contain large oil deposits.

-



2.2.2 Sensing

The first block of the information processing model,
Fig. 2.2.1, represents the sensing stage.

It is assumed that prospects are generated according
to the Poisson process at the annual rate of A . Some of
‘these prospects ar4h>selected 'bAaccording to ‘either
historical information or in€eifigence information, and
others are the result of a random selection because of no
information (provided that the company policy and the

budget allows random selection). The arrival rate is

therefore a ﬂéaision variable controlled by the operator.

¥

The “e ﬁed number of  prospects with actual

characteristicsvaeA is described by Ap(a) [(see Fig. 2.2.1}
and thesprobability of a prospect with actual character-
istics 'a' is pp(a). |

Next, the geological and the geophysical surveys are
carried out. The sef of surveys are described by geG.
There are four surveys, aerial photography (g=1),
magnetics (g=2), . gravity (g=3) and seismic reflection
(g=4). The aiq of these surveys is to obtain information
about the surface and the "subsurface of the area.

The signal received from e&ch survey, b(g), is either
positive[b(g)=1] or negative(b(g)=0], where b(g)=0 reduces
the probability of presence of the object of search for

survey g. If a survey is not to be done then its outcome

34
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. < —
is éhown by b(g)=2. It is assumed that if all the surveys
are to be carried out, then the order is from g=1 to
g=4.

It 1is possible that the operator may decide to
discontinue the process after obtaining é negatiQe signal
from a survey or a combination of signals from different
su.-veys or a decision may be reached to allocate zero cap-
ital resource to one or more surveys. Hence, several
rules,ryeRy, are provided for the operator to cover these
situations. These rules (26 of them) are presented in
Appendix (B.1). The 1last rule (r¢=26) 1is a special case
where_ no survey is dqne.

The total capital resource for this stage is X . The
resource allocation toosurvey 'qg', x(g) is made, according
to the rule used and the outcome of the previous
survey(s). As an example assume that rule one is selected
and each of the first three surveys has resulted in a neg-
ative signal,then #(4) units of capital resource is
allocated to seismic given that b(1),b(2) and b(3) are
zero and this is represented by:x(4)|b(1)=0,b(2)=0,b(3)=0.
The matrix of the capital resource allocation is therefor

[x(1) , x(2)/b(1) , x(3)1b(1),5(2) , x(4)b(1),b(2),b(3)]
wﬂére each signal may be a 0,1 or 2 and x(g) is = 0.
Since there are four \surveys and three possible

outcomes from each one, (b(g)=0, 1 or 2), a prospect may

be in any of the 3% or 81 states at the end of the sensing



stage . This is shown by B = [ b(1l), b(2), b(3), b(4) ).

These states are?gxesented in Appendix (D). They are the

\ ‘.‘.\\J‘
sensed charadteristics beB which are transmitted to the

second stage of the process.

2.2.3 Learning
N

.
As shown 1in Fig. 2.2.1, the expected number of
prospects with sensed characteristics beB, Ag(b), arrive

at the learning stage. The object of thi stage is to

determine if o0il is prese t‘tprough wildcat drilling.
) .
At this stage, 15 rules) rye¢Ry, dre provided for the
operator. These rules are a 'function of 'b' and cover a

combination of positive signals from one or more

surveys, [fee Appendix (B.2)]. Rule® 15 is a special case
‘\

\ J
where a Jselection of prospects is made ' for random

drilling. This rule can only be used if rule 26 for the

first stage is used., i\ b

The number of wells to be drilled is a function of
the sensed characterisﬁ?;s. u

The total capital resource for this stage is\gﬁown‘by
Y and y(b) is the resdurcé allocated to the prospects with
sensed characteristics " 'b' which is ;’obtained by
'multiplying the number of wells and the cost pe;\well.
The properties of each reservoir are estimgted as$ each

well is drilled, such as the porosity, permeability, the

»



pressure at the end of the well, etc. These properties are
shown by ceC where c=0 refers to a dry hole (water reserv-
oir, no oil deposits) and ¢ = 1,2 indicate the discovery
of o0il but with poor and good reservoir properties,
respectively. |
The outcohe of this stage is the expected number of
prospects in category c, Ac(c). These categories are the
observed g;hracteristics and the information input to the

final stage.
2.2.4 Solving

The last section of the information processing model,
Fig. 2.2.1, is the solving stage.

As a result of the sensing and learning activities
there is a flow of prospects into the third stage of the
process with observed chaﬁagteristics ceC. The aim of this

stége is to identify the prospects with large size oil

deposits. The actiVity s the appraisal drilling at

certain locations.

It is possible that enough information is not

i}

aﬁiilable to determine the number of step-out wells.
A Y

"Hence, the operator may decide on a detailed seismic

sur;ey for obtaihing additional data. This survey has been

introduced to the model as a decision variable, causingr

two sets of rules , rgyeRg, which are a function of the



) [
observed charactéeristics, c=1 or 2. The selection of the

prospects for this stage includes either all the prospects
in category 1 or 2 or both categories. The rules are
preseﬁted in Appendix (B.3).

The total capital resource available for this stage
is Z and z(c) is the capital resource allocated tg the
prospects with observed characteristics c.

If the decision 1is to do seismic, then large <traps

(possible accumulation of large oil deposits) may be
detected and passed on for appraisal drilling. The size of
the oil deposits is then estimated. The number of wells,
times the cost ber well is the total capital resource
allocation to those prospects with large traps (a=2) and
is shown by z(a=2).

If enough information is available, then the
appraisal drilling is done directly. The number of wells
is ‘a function of 'c' and z(c) is the result of the product
of this number and the cost per well.

The outcome of this stage is the expected number of
prospects with final characteristics deD, Ap(d), where
d=0,1, 2, represenﬁing no. oil deposit, small and large
deposits respectively. d

The Recursive Model

The outcome of the exploration activities in the



current model has been kept simple, hence,lthe rules
provided at each stage are also simple. But in an actual
exploration process, there are many possibilities for the
outcome of any activity causing various Courseé of action
which may be taken. To vreflect this complex process,
expert systems may be implemented in tke model to evaluate
the available data and select the next activity. This
recursive model is shown in Fig. 2.2.2. For example,
consider that at the first stage, a seismic survey has
been carried out. The resulting information is analyzed by
an expert system and another seismic ‘survey may be done
and so on. This loop may be discontinued if enough data is
gathered from seismic and the rule at the second stage may
be to farmout the area or to drill the¥first well or even
to shelve the -prospect.

The aim of this thesis is to develop a demonstration
computer model which can simulate the exploration process
under simple sets of rules. After the completion of the
demonstration computer model, using the information
processing model, Fig. 2.2.1, the above recursive model
may be considered as the next best approach to continue

this research and improve the current model.
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Chapter 3

Mathematical Model

3.1 Introduction

"Each stage of the exploration process 1is a search
activity with 1limited capital resources. The aim is to
detect the target(s) before exhausting the capital
resource. The basis of the mathematical formulation is the
theory of optimAI search, defined by the elementé:

Fp(H) : the cumulative distribution function
(c.d.f.) for the probability of
detection with H effort;

fp(H) : the prdbability density function
(p.d.f) of target detection;

6(H) d(H) : the probability of detection in the
interval H+d(H), given no detection
at or before H effor%%

5§ (H) : the detection rate whic% is equal to
fDSH) / [1=-Fp(H)]:
Pr : the probability of detection given
the presence of a target.

Thé formulations are explained in sections 3.2, 3.3 &
3.4 for sensing, learning and solving stages, respectivel-
y. These formulations are used to develop the computer mo-

del and then simulate the actual exploration process using

\
2o



a combination of rules from each stage.

3.2 Sensing

The allocation for each sur%ey is made according to
the rule used,ry, (Appendix(B.1)] and the outcome of the
previous survezii) .There gre 81 possible states or éensed
characteristics at the end of the sensing stage for eacﬁ
prospect. These states are the result of all the possible
combinations of the four surveys and are shown by 'b' an
element of B where B = [(b(1l),b(2),b(3),b(4)].

The probability of the outcome of a survey when x(g)
allocation is made to survey g, given actual
characteristics 'a' and the result of the previous survey

(b(g-1)] for the 2nd. 3rd & 4th. surveys is:

Pp(g) [ P(9).x(9) | b(9-1),a ] , for g > 1

and the probability of the outcome of the first survey
with x(1) allocation and given 'a' is:

)

Pg(1)[ b(1),x(1) | a ] , for g = 1.

The probability of state 'b' using rule ry and given

AN

‘a' is therefore:

-Pp( b,ry | a) = pp(q)[ b(4),x(4) | b(3),a]



Pg(3) I b(3),X(3)L| b(2),a}
Pg(2)[ b(2),x(2) | b(1l),a]
- o Pp(1) [ b(1),x(1) | a]
Now, if b(g) are independent of each other and only depend
on 'a', then:
Pp(g) (P(9),x(9) | b(g-1),a] = pg(q)[b(9),x(g)]|a) and
pp(b,ryla) = pg(q)(b(4),x(4)]a)
Pp(3) [(P(3),x(3)1a]
Pp(2) [P(2),x(2) |a]
Pg(1) [P(1),x(1)a].
The probabilities of pdsitive(l) and negative(0) ~ signals

gaiven 'a' and x(g) allocation are:

It

Pp(g) [ P(9)=1,x(9) | a ] = Fp(x(g)] p(b(g)=1la] , x(g)>0

Pg(g) { b(g)=0,x(g9) | a ] {1-Fp(x(g)]}lp(b(g)=1la]l+
| 1-p(b(g)=1la] , x(g)>0.
4 -
In these formulations p({b(g)=1|a] is the probability that
a positive signal is available from survey g, given
'a'.
The probability of not doing any of the surveys,given

'a' and x(g) allocation depends on the rule used[ whether

or not x(g) is greater than or equal to "zeroj:

Pp(g) [ P(9)=2,x(9)=0la ] = 1

43



PB(g) [ P(3)=2,%(g)>0]a ] = 0.

Next, the probability of state b using rule can be
Fx .

calculated:

P(b,rx) =z p(b/rx'a) pA(a)
a

where pp(a) is the probability of a

prospect with actual characteristics

2 )

The expected rate (number per year) of prospects

belonging to state 'b', when the arrival rate is ) is

Ag(b) = p(b,ry) A.

3.3 Learning ) .

The probability of a prospect belonging to category c

when oil is found(FO) is:

p(c,FO) = = p(c,FO,rY | a,b) p(a,b)...eccce.... 3.3.1

ab
ry is a function of 'b' [Appendix(B.2)] and
p(c,FO,rYIan) is the probability of finding
oil,categories c=1,2, using ry, given the
actual and the sensed characteristics a and b; -
and p(a,b) is a joint probability equallto

p(bla) pa(a), where p(bla) is pg(b,ryla)



calculated at the 1st. stage.

Now ,
p )
p(c,FO,ryja,b) = p(c|FO,a,b) p(FO,rYla,b) ........... 3.3.2
and
p(FO,ryja,b) = p(FO,ry|oil,a,b) p(oilja,b).......... 3.3.3
where'oil'indicatcs the presence of oil.
4
D)

It is assumed that the event of failing to detect a
reservoir is 1independent for each well drilled. The
probability of failure after y(b) is spent is (l-PI)Y(b)

and the probability of detection is 1—(1-PI)Y(

P(FO,ryjoil,a,b) = [1-(1-p)Y(P)y o o o DN 4
_7) where y(b) is the capital resocurces allocate
prospects with sensed characteristics 'b"™—{An

approximation if y(b) is not integer describing

the number of wells drilled.)
Substituting 3.3.4 into 3.3.3
p(FO,ryla,b) = [1-(1-P7)Y(P)y p(oilja,b),
éo, 3.3.2 becomeé

p(c,FO,ryla,b) =p(c|Fo,a,b) [1-(1-P)Y(P)] p(oilja,by.

P 4



L

\

From 3.3.1 T

/

|
p(c,FO,ry)= % p(c[F‘O,a,b)[l—(l—PI)?(\b)] p(oilla,b) p(a,b).
a,b

For ¢=0, p(c,FO) 1is zero. The probability of a dry

hole,i.e,p(c=0) is: hd

*

2
1- p(c,FO,rY).
c=1

The expected number of prospects per year with c=1 or

c=2 1is therefore:
< Ac(C) = p(c,FO,ry) A.
3.3 Solving

If it is decided to do the seismic for this stage,
then the probability of a large trap (ea=2), using rule r,

(a function of the categories c=1,2) is:

p(a=2,rz) = Z p(a=2,rgzlcC) Pe(C)eveeviiiin., 3.4.1
c

where p-(c) is the same as p(c,FO,ry).
i
Now if it 1is assumed that the failure to detect a large
trap for each round of seismic survey is independent of

the outcome of the others then:



p(a=2,rzlc) = (1-(1-P1)2(°)) p(a=2]c)
where P; 1is the probability of detection
given the presence of é large trap (may be
different from P; used in learning stage);

1—(1—PI)2(C) is only an approximation if

z(c) 1is not an integer;
z(c) 1is the capital resource allocated to
events in category c, and p(a=2|c) is the
probability of a large trap given observed
characteristics, c

L4

so, 3.4.1 becomes

p(a=2,rz ) = £ [1-(1-P1) ?(%)] p(a=2]c) pc(o).
C

The probability of a large oil deposit(d=2) can now

be calculated:
p(d=2,rz,a=2) = p(d=2,rzla=2) p(a=2),

and ES{ independent events
p(d=2,r;) = [1-(1-P)?(*72)] p(d=2|a=2) p(a=2)
where z(a=2) is the capital resource
allocated to the éfospects with large
N traé, for out-step drilling. Py is
the probability of detection given
the presence of large deposits and

maf be different from other P;'s.



p(d=2|a=2) is the probability of

large deposit given large trap.

’

The expected number of prospects per year with final

characteristics d:—
AD(d) = p(d,rz) AL

If the decision 1is to go directly to appraisal
é?%{}ing then the probability of d=2 using r, is

calculated similar to the previous formulation:

Pp(d=2,17) = £ [1-(1-P)%(%)] p(da=2/c) pe(e)
C

where p(d=2|c) is the probability
of large oil deposit given 'c(and
P; is the probability of detection
given the presence of large oil

deposit.

3.5 Developments of the Model-Random and Exhaustive Search

Processes /

The two special cases in a search process are the

exhaustive and random search of an area. If an exhaustive



search process is selected, then the search starts at é
location in the area followed by the exhaustive search of
the total area. In this case a memory of the process is
maintained. The discrete analog is sampling without
replacement. If on the other hand, no memory is maintained
then the search process is random and the discrete analog
is sampling with replacement.

These two cases are the upper bound(exhaustive) and
the lower béund(random) of the conditional probability of
detection, Fp(z), where z is the available capital resour-
ce. Detailed information on these procesgés ‘is provided by
Simms,B.W. and Petersen,E.R: (1987). In Xhis reference it
is shown that the value of Fp(z) for an exhaustive search
equals j&uZ/A when z is less than or equal to A/u, where
is the search rate and A is the size of the search
space. The value of Fp(2) is approximatly equal to
l—(l—PI)“Z/A when the area is searched many times. The
ratio uz/A is referred to as the normalized search effort,
2'. It can be seen that when z=A/u, 2'=1 and Fp(z)=P;. The
function Fp(2) in\\tge case of a random search equals
l-exp(-uzPy/A) The ratio uz/A 1is the initial detection
rate, 6(z).

The subject of this' section 1is important when
S:develéping the deponstration computer program for
simulating the exploration process. “For example, at the

learning stage, the function lb(l-PI)Y(b) can be ‘'replaced

: (



by the random search formule, if desired, which represents
the random drilling of the area. The choice between
exhaustive and random processes is given in the computer

program as computing proceeds.

It should be noted that, for any activity, when
there 1is a possibility for partial or iﬁco%plete searches
for the target, the normalized effort for that activity

can be non-integer.



Chapter 4

Petroleum Exploration as a Multiple Target System

4.1 Introduction

The aim of any search activity is to detect the
object of the search or the maximum number of objects,
before exhausting the capital resources. The searcher's
knowledge about the location of the targets is limited.
This causes problems when selecting the areas:

How should the areas be selected for the search activity,
with limited information, so that the result obtained is
optimai?

The first section of this chapter answers the above
question by providing several theorems for various cases.

The second section investigates the multiple target
systems through some exaﬁples for random search process.
The object 1is to observe any pattern developing in the
optimum number of detected targets in different situations
and then prove these results for the general case . As a
result of these experiments a theorgp has also beeﬁ
developed which addresses the problem of distinguishing or
not distinguishihg between the targets when th&x@ are
several areas and targets and a maximum of one targé; is
allowed in each area. Apart " from a few examples, most of

the problems in this section assume this constraint on the

51



number of targets per area.

4.2 Optimal Allocation of Search Fftort Amongst the Areas

of Interest
4.2.1 Theorems

Several theorems are presented which describe the
optimal allocation of search effort (capital resource)
amongst the areas of i st. The proofs are provided in
Appendix(E). Two major 'p!ems are 1nvestigated:

1. Maximum one target per subspace(area):;
2. ﬁultiple targets may be present with;n each subspace.

If the unused capital resources are not allocated to
solve other events, then the allocation mechanism is desc-
ribed as the batch process. If the unused capital resourc-
es are returned to solve other events, then the process is
defined as sequential. Both processes are consideréd in
developing the theorems. Further, the above cases are*diQ—
ided into two parts describing the problems of distinguis-

hing or not distinguishing between the targets (i) in

subspaces (j).

-

The difference between the problem of allod&ng a
maximum of one target per subspace to that .of multiple
targets is in the conditions used to defis® the posterior

probability of target location. If a maximum of one target

is allowed in each area, then the possible presence of a



target in area J requires the constraint of no previous
detection in j. Hence, the condition used infdefining  the
posterior probability of target location is the complete

history of the search process:

Deflne Pjj as the probability that target & is in ar-
ea j given the complete history (H) and target i has not
been found,

Pij = [1-Fp (z233)) pijy / P(H)
1]
where Pij is the prior brobability

that target 1 is in j and 1-Fp(z; is

i)
13 )

the probability that target i has not

~
been detected, given that i is in j.

Define py as the probability that there is a target
in j, given the complete history and no target has been

found in j,

Py = [1‘F?(2j)] P / p(H)

where P5 is the prior probability that

there is a target in j and 1-Fp(z5) is

]
the probability that no target has
“«
~ been detected in j given that there is

i

a target in j.



If multiple targets may be present per subspace, and
they are distributed independent of each other then
whether or not one or more targets are detected 1n j does
not effect the possible presence of other targets in j
(assuming no constraint on the maximum number of targets

per area).

Define pPjj as probability that target i is in j,
given failure of detecting i previously,
Pij = [1-Fp (233)] Pjy / [1-%Pjy Fp (244)]
1) ] 1]

Define py as the probability that there is a target in J,

given no detection previously,

where P5 is the prior probability that

there is a target in j.

Baye's rule 1is used to oJbtain the above four
expressions for the posterior probabilities.

The objective is to maximize the expected number of
targets detected,E(N). In the followings R is the total

available capital resource.

Maximum One Ta t_Per Subspace



Allocating z:: to i

1]
THEOREM 1 -
Batch Process
Max. E(N) = ¥ pij FD (zij)
17 1]

Constraint ?? zist, zijzo.

The necessary conditions for optimality are satisfied
if search effort 1is allocated to subspaces where the

unconditional detection rate for target i stays constant

and equal to u/p(H), for zij>0, where u is a constant.
THEOREM 2
Sequential -
Max. E(N) = =z pij FD (zij)'
ij 1j

Z PR
’ i
Constraint =z [fzfg(z)dz]+zij[I—FD(zij)]sR, Zij >0.
' ij o 1j
Allocate capital resource for target i in j such that

pij Sij(zij) is constant, for zij>0, [6ij(zij) is the
detection rate in subspace j for target i]. «

N\

ocating z4 to j

THEOREM 3
Batch Process"

Max. E(N) = = pyFp(z3)

.



Constraint % zst, zjzo.
J

Allocate capital resources to subspaces where the

unconditional detection rate P 6j(zj) remalins identical

for zj>0 and equal to u/p(H).
THEOREM 4
II. Sequential
Max. E(N) = 2 ijD(zj) \)
) w

AR
Constraint = [szD(z) dz]+zj[1—FD(zj)]sR, zjzo.
0 J
LY

Search effcrt should te allocated to subspaces where

pj 6j(zj) stays constant for zj>0, [5j(zj) is the

detection rate in subspade j].

Multiple Targets per Subspace

Allocating zii to j

THEOREM 5 : -
Batch Process

Max. E(N) = ;2 pij FD,(zij)
i3 1]

Constraint =T zist, zijzo
ij

Capital resources are allocated such that the



unconditional detection rate for target i in j stays
<

constant and equal to the detection rate for target i,i.e.

§54(253) = 63(2)) = u /[1-Fp(z;) ] -

THEOREM 6
IT. Sequential
Max. E(N) = 5X pjy Fp (25)
13 1
z:

Constraint ZZ[fzgg(z)dz]+zij[l—FD
ij o i

(,Zij)SR’ le > 0.
]

Capital resources are allocated for target i in j such

that pij 5 (zij) stays constant for z;:>0.

ij ij

Allocating Zi to i

THEOREM 7

Batch Process

Max. E(N) = % ijD(zj)
] B

Constraint £ z:<R, 2:20.
. 7] J
J
Capital resources are allocated such that the uncon-
ditional detection rate in the subspaces is maximized and
stays constant for zj>0.
THEOREM 8
Sequential

Max. E(N) = I py Fp(z4)



Z .
Constraint = [/EED(z) dz]+zj[1—FD(zj)]sR, zjzo.
j o 3

Allocate search effort to subspaces where pj 6j(zj)
are identical for zj>0.

-

Search Process when k Subspaces are Searched and t

Targets are Detected when More than One Target is

Not Allowed at Eééh Subspace

Assume that there are n targets and m regions, where
n<m and a maximum of one target is allowed per subspace.
Also, assume that each region has an equal probability of
target location before starting the search process,i.e.,
n/m. Also, if k subspaces are searched then the probabili-
ty of a‘target in the areas which have been searched are
the same and the probability of a target 1in areas which

have not been searched are equalJ

THEOREM 9

If k regions are searched and t targets are detected
then the probability that there is a target in an area
given that it has not been searched is higher than an area

which has been searched with no detection.‘

Proof by Induction:



Define a: probability that there is a target in an
area given that it has been searched and
no target has been found,

f: probability that there is a target in an

area given that it has not been searched.

Assume that the first area has been searched with no
detection, then using Baye's rule the expressions for a

and B8 can be obtained:

a =[(1-Fp(H)) (n/m)] / p(ND)

p= ([ (1-Fp(H)) (n-1/m-1) + 1-(n-1/m-1)])(n/m)) / p(ND)

where 1-Fp(H) is the probability of failure after H'effort
given that a target is in an area which has been searched
and p(ND) is the probability of no detection. The
expression in the numerator of g is the probability of no
detection in an area whichwhas been searched given that

there is a target in an area which has not been searched.

Now:

(n-1 / ‘m-1) Fp(H) < Fp(H)

Multiplying by -1 and adding 1 to both sides of the

/&



lnequaltlicy

1-(n-1/m-1) Fp(H) > 1-Fp(H)
or
-(n-1/m-1)+(n-1/m-1)+1- (n=1/m=-1) Fp(H)]>1-Fp (H)
or _ .
v (1-Fp(H)) (n=1/m-1) +1~(n~1/m-1) > 1-Fp(H)

'

Compérison between‘this inequality and the expressions for
a and g shows that 8 > a when one area has been searcheé
with no detection.

Assume now that g>a for the general case of searching
k subspaces with t detec¢tions, where k>t; If area k+1 has
Qeen searched with no detection, then:

a'= (1-Fp(H))B/p(ND)
B'= [(1-Fp(H))By + 1-By)A/p(ND)

where B, is the probability that there is a target in an
area which has been searched with failure given that there
is éarget in an area which has not been searched, k+1
areas have been searched and t targets are detected.

| Now since:

Bo Fp(H} < FD(H)\

similar to the above proof it can be shown that:



(1-F(H)) 8o +17iy > 1-Fp(H)

and hence, g'> a'.

Assume now that k+1 subspaces have been searched and
t+1 targets are detected, then, the expression for "
remains as a' and B, in the expression for g'changes to a
new value g; to give g". The proof is as above and p">a".

Since to this point B's > a's, the proof is complete.

Special Cases

1. This theorem shows that the areas which have been
searched with failure should never be searched until all
the areas are searched, therefore, if there are *Bn
infinite number of areas, these areas with no detection
will never be searched again. ”

\/~
2. If no target is detected after k searches,then t=0

and a<n/m, if k=m, and t=0 then a=a ax=n/m and if a search

m
has not started then k=0 or g=n/m.

- 3. Let, PI,.thé probability of detection given the
presence of a target, be equal to 1, then define P(SpN) as
the probability th&i area A has been searched with no

detection, then, the probability that there is a target in:

A, given that A has been s'chhed with no detection is:
) J

a=p(A|SpN)={ P(SanlA) P(A) 1/ P(Spy)
where p(A) is the pr!;r Bfobability
> ,



-

that there is a target in A when the
previous area(before A) was searched.
But given that there is a target in A,then the probability
that A will be searched with no detection is:
P(SpylR)=1-P.
Now, since n-t targets are left, then, [m-k]g+[k-t]a=n-t
and, for Pr=1, =0, and ﬁz(n—t)/(m—k). Thi states
that because P;=1, then there were t targgi:\in t < Kk
subspaces, hence, the remaining targets are in the
remaining areas or the areas which have not been searched.
When k=m, all the n targets must be detected, 1i.e., k=nm
areas are searched and t=n targets are detected.
3. Let, P;=0, and assume that area k has been
N
searched with no detection. The probability that there is
a target 1in k, given that -it has. been searched and no

target is detected is:

a=p(K|SgN)=[ P(Sknlk) P(K) ] / P(SykN).
but the probability of sed?{thg k with no detctioﬁ\is:
P(Skn1=P(Skyltarget in K)p(k)+p(S,yino target tn k)[1-
p(k) ]} which reduces to 1-[Py p(k)] or 1 since Pi=0. p (k)
is the probability that there is a target in k given that
area k-1 has been searched with no detection(P;=0).
Now given that there is target in -k, the probability

I &
that k will be searched with no detection is:

p(Skglk)=1-P;=1,

and the conditional probability that there is a target in

*



k , given that k-1 has been searched with failure is
. P(k)=p(k|Sx_y y)
but p(klsk—l,N)=[p(Sk-1;N|K) p(k|Sk_2’N)]/1 since Pr=0,
and p(KISy_ 5 N)= P(Sk_p, NIK) P(KISk_5 )
TN . \
P(KISK_ (k-2),N)=P(Sk-(x-2) ,n) Pf£<|5k—(k—1),w)
p(klsk—(k—l),N)zp(s}(-(k—l),N) Po (k)
where pg(k) 1is the original prior
probability that there is target in k
and is equal to n/m.
Hence, the probabijlity of a target in k, given that it has
been searched wifh no detection is:
a=p (K| SyN) =P (Sk-1 NIKIP(Sk_p nlK)- -P(S NIK)P(Sy yIk) n/m
but since noy detection is possible(PI=0), all the
probabilities on the right hand side of the above equation
are equal to 1 and ,therefore, a=n/m. ‘
‘ Alsd, using ﬁhis value of a:

(m-k]g+[k]} (n/m)=n

Bg=n/m.

These vai’!s state that\the probability of a target locat-.

ion will always be n/m, since targets can not be detected.

4.2.2 Investigating the Multiple Tdrget Systems through

Examples for Random Search Process



The aim of this section is to investigate the general
behaviour of the maximized expected number of detected
targets, when the total resource is varied.

The approach taken 1is to analyse several simple
problems and then prove the results obtained for the
general case.

Subspaces are shown by Jj and J is the number of

subspaces, also, 1 are the targets and I is the maximum

?

number of targets.

The objective functions used and their constraints

1. Max. E(N) = ZZ pjy Fp(zijy),
1]
subject to =T zist,
iJ
where zijzo, all (i,3),

[fgr random search FD(?ij) = l—exp(-éijzij)].

2. Max. E(N) = I pj Fp(z3),
j

subject to z zst,
]
where zjzo, all j,\
dan [the search is random so, FD(zj)=l—exp(-6jzj)].
(:7/ The Kuhn-Tucker conditions are used to find the
optimal }allocation of search effort at each subspace

maximiziné the expected number of targets detected.



The analysis is done in three parts:

PART (1)

The number of subspacec and targets,and the detection
rate are changed to produce the following problems:
Allocatingﬁzi

The number of targets,1l, is varied between 1 and the

number of subspaces,J (J=2 and 3). Each problem is then

faind
i

analysed with the detection rate of 6j andb5j/I.‘

Allocatlnq,zli

The number of targets is changed from 1 ta J+1, ( J=2

and 3). The detection rate is %= .Also an additional pro-

]

blem is considered here,when I = J with equal priors.

PART (2) N
: &

1
The number of subspaces 1s six. There are fogg
e

Qllocatinq,z- ‘ér

problems with one, two, three and six targets. The cas

of- 2 & 6 targets afe divided into subproblems where the

detection rate is given the values pof Sj and 5j/I and for

the other two. 8ases the detection rate is 5j‘

Allocating z;
ij
) %
The number of subspaces 1is six and the number of

targets is varied between one and six. The detection_.rate

“+



A}

v

PART (3)

z;+ Allocation

ii a

’ 3
The optimal va‘ue of the expected number of detected

targets is calculated,and compared for the following two

problems:

1) there are J=6 subspaceé and I=J targets and the

detection rate is kepi?tonstant in all j for target i - and
2 ) *
the priors are given equal value of 1/6;

2) there is one subspace, I=6 ﬁarqetg, the detection rate

of the first problem gs divided by the number of subspaces

I _
which is 6 to obtain the detection rate for this problen.

-
N

The sets of data select@d,are kept simple to provide

+

an easy analysis of the final results. .

2

The detection rate for target 1i in suﬁspace j is assumed

to be iﬁdependent of the 'target sﬁch\tbat §j4=é4 for all
i. The values_giveh'are: o ‘ .

L 1y
';6]'-=.l’ .62=-2, 63=-3, 64=-4,_65=-5, 66=.6

S

These véluesOStay the same for all the problems considered

>

except those presented in part (3).

B .- . o
3 -
.

S

\



In assigning the prior probabilities the tollowing
constraints are considered:

PN Py = I (tor 2 allocation)
)

D Py =1 and w pijtl (for <y allocation)
1) )

The prior probabilities ot target location are kept
unchanged, for part(ﬁ3,as new targets are introduced.Assume
for example , that there are three subspaces and one
target, and py,=.2, p;,=.3 and Py3=-5. After obtaining the
results for this particular problem, a seccond target is
introduced to the system with Pr1=-4, Ppy=.5 and p,y3=.1.
Thé priors for the first target remain as before.

Part (1)

Two Subspaces

P;1=-3  Pp1=-7 p3;=-6

= = = ‘
; P12=-7  Pp2=-3  Pp3p=-4

Three Subspaces

P11%-2  P21%-4  P317-4 Py =-1
P127-3  P227-5  P327-2  Pgp=-5
P13=-5  P23=-1 P339 Py3=-4
When the'problem of z5 allocation to subspace 2 is

considered, then a maximum of one target pef subspace is
allowed and the priors in j are added to give pjffgf
example, 1in the <case of the three subspaces and ohe

, target, py=.2, p,= .3, and p3=.5. If the second target: is

introduced then:



PL=P11*P2 =" P1=-6,P,%P12%Pyy " "Py=-8,P3=P 34D, ;== Py =
and when the third target is considered, then P pP,=p3=1.
In this section the case of more than one target per
subspace is allowed only when the targets are
allocation. Also for the 243

allocation the additional problem considered has been

distinguished, i.e., Zij

given the equal priors of 1/2 and 1/3 when I = J=2 and 3.

f)EQLL_Lll

The priors are kept constant for all i and j and

v

equal to M/€6. When Z5 allocation is made, then the priors
tor target location in j are added up for all targets, for
example, if 1I=3, then the probability that there is a

target in j is pj=p1j+p2j+p3j, resulting in pj=3/6 or 1/2.

Part (3)
For problem 1: J=6, I=6, and for all i&j pij=1/6,5ij=.l.
For problem 2: J=1, I=6, and for all i pij=1 & 6ij=.1/6.

Analysis and Discussion of the Results

To solve the Kuhn-Tucker conditions, a computer
program is written in Basic and the ana1§sis is carried
out on an IBM PC. The program has two subroutines where

‘and  z allocations are considered.This program is

213 5

listed in Appendix (F.3).

] .

The results are tabulated in tables 4.1 to 4.3 for

part (1),and tables 4.4 and 4.5 for part (2) and 4.6 for

.



part 3. The results are plotted 1in the following

figures: o
Fig. 4.1 and 4.2 using Table 4.1
4.3 and 4.4 " " 4.2
4.5 " " " " 4.3
4.6 " " " " 4.4
4.7 v omom " 4.5
In the following sections E;(N) refers to. the

maximized expected number of detected targets when I

targets are present.

Part (1) -Number of Subspaces and Tarqgets are

Varied : °

The data in tables 4.1 and 4.2 show that for 4 given
problem,i.e.,type of allocation and a given total capiﬁal
resource the expected number of detected targets decreases
as the number of targets reduces. The reverse is true when
the normalized expected number of 1§tected targets is
$c0nsidered, , ,
E5(N) > E,(N) > El(N)
or ’ }E3(N)/3 < EZ(N)/2»< Eq (N)

suggésting that:

E3(N)/3 < Ep(N)/2 ==---- > E3(N)/E,(N) < 3/2
E,(N)/2 < E{(N)/1 -===-= > E5(N)/E{(N) < 2/1

: < | 2 ,
E3(N)/3 < Eq(N)/1 ====-- > E5(N)/Ey (N) < 3/1 .

»”
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| i i ) 1 | | ] ] ' { 1
HanY BN s BEaa NN | I N Lo 0Ot~ T~ [ I o T B ~ N BN I BRV's )
Ea R I T I I N O I~ NIS~NTNTOYVIOl e
N led Il N IO Ol 0OI1OI1 O
<t _ I T O R T T O e T

I f ) I 1 i ' | ] ' i 1
H L —— o o ———
~. | i w | ] ( I ] | (] 1 '
—~ 1 NN ) (=T B T T S TN W B U B C R BT S BRI R N S
-/ I | B [ | v 1 NI N )T AT O IO I ol N
— B (I I e T I Yo W Y S HY S T NG TS PG BN
By o i I O T O T R T T

( I ] ] 1 1 ] { ] 1 t 1

| _Am ' ' | 1 ' o | 0
A lociTwvwioilwnici W@ oiwvwio
I I Al A Il NI NTAl@al 0
t ] ! ' I ] ] ' i f ]

Normalized Expected Number of Targets Detected

Table 4.3

Allocation-Egual priors of 1/2 and 1/3

d 3 Subspaces

*dn

for z
for 2



I I l

| —m=mmm s e |

b1 | 2 I 3 | 4 | 5 | 6

EE el B bbb bbb -
| R | Detection Rate, Bj |
B e |

| 5] .286 | .171 | .123 | .097 | .080 | .068 |
| === s e e e e [
| 10 | .447 | .286 | .gi3 | .171 | .143 | .123 |
e il et it b b |
| 15 | .559 | .374 | .286 | .232 | .197 | .171 |,
| === e e |
| 20 | 642 | .447 | .347;, | .286 | .244 | .213
e et |
| 25 | .708 | .508 | .400 | .333 | .286 | .251
f=mmmmmm e e e e e e !
| 30 | .762 | .559 | .447 | .374 | .324 | .286 |
i e DL L L |
| 35 | .806 | .603 | .489 | .412 | .358 | .318 ﬁ
=== mmmmmm e e e e e - |
| 40 | .841 | .642 | .526 | .447, | .389 °| .347 |
| == | rmmmmm o e e I
| 45 | .871 | .676 | .559 | .479 | .419 | .374 |
i R S |
| 50 | .894 | .708 | .589 |..508 | .447 | .400 |

‘Table.4.4 Normalized Expected Numbeyr of Taryets Detected
' Zjij Allocation~ Six Subspaces- 1 to 6 1'rgets_

-, S
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Table 4.5 Normalized Expected Number of Targets Detected

zj Allocation- 1,2,3,6 Targets
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N EN/T 2y
’ | J=6 | J=1 |
== |
|+ |y Six Targets !
_____________________________ !

R 6 .= l =
AL DAL b
P51 0137 —~——=-mome - > |
| = mmmmmmmommomooomonoooaoo |
| 10 | .0270 ~=—=-==-=2-1_> |
| oo |
| 15 | .0400 -=—=—==c—mu-m > [
e |
| 20 | .0540 —=-—-=———nw- A > |
fmmm o |
| 25 | .0670 =—=——=——==--- > |
| T s mmmmm oo |
| 30 | .0799 z-====-----=- > |
| ~==mmmmome- Fommmmsmomeosoees |
| 35| .0926 ==m—————m—n- > |

4

R A LR LR |
| 40 | .1051 ===-—===----- > |
| -====- I |
| 45 | .1175 =—=——=~—==-———= > |
| ===r==mm=m- mmmmmomemmeoseeo |
| 50 ] .1296 ---—=~-——-—- -> |

Table 4.6 Comparison Bgtb?een Normalized Expected Number
of Targets Detected for the Cases of Six
Subspaces, Detection Rate of 0.1 and One
Subspace ., Detection Rate .of 0.1/6- 24
Allocation , e
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Further Iinvestigation show:ss  that it there are-J
subspaces  and  I=J  targets and maximum  one  tarqght i
allowed at each subspace,and z j i5 allocated’ to j and the
detection rate in j is b3 , then normalizing the Ep(N),
qivog the problem ot one target with the equal priors ot
1/1 , since, expanding thé objective function:

FI(N)/I :(l/I)([>l[1—oxp(—hlz1)}*‘..opJ[l‘cxp(-mJ:J)})

but the priors are the same and equal to one,

Py1=pPp=---7py=l

Eq(N)/1=(1/1)(J-(exp(-6121)*+...texp(=s52 ) ])
;l—(l/J)[exp(—brzl)}—(I/J)[exp(—azzz)]*...
This expression 1s similar to the case of one target and
it ¢can be written in the form:
L py (l-exp (-] zj)j, where py=1/J.
) -
But this 1s 1less than E, (N) .for a,glven, problem, so the
following statement is made that:if there are J subspaces
and one target and the detection rate is 5j,then if the
priors are the same and equal to 1/J, the expected number
of targets detected is always less than the case when the
priors are not equal. - R
The other interesting result which is noted is that:
E(N) [using 6j/I , when I=J=2 and the aflocation is zj] =
E(N) (using 6j,equal priors of .5 when I=J=2 and the
Qilocation is zij],for a g}ven total capital resource.

This is also notedewhen I=J=3. The proof follows:



[l-exp(-» ]

now expanding this equation:
E(N)-py | Lmexp(=oqz /1) )4 cvp gl l=exp (-2, 0, 1)
but the number ot subspaces and targets s the same o the

priors are equal to 1,

P1=Pp=-...=p;-1/J-1
hence, ‘
E(N):J—[exp(—ﬁlz1/1)+...9exp(—AJzJ/I)] e (Al20
Now, for z.: allocation,

1)

E(N) =pyp [l-exp(-» 1211) 1o (L-exp(=» 2 )]

tPoy [l—eXp(-blzzl)]""’P;J[I’CXP('ﬁrﬂxﬂ]

tPrill-exp(=tyz29) J+...+ppjll-exp(-s527 ;)]
but the probability that target i is in j is 1,7,
pij=1/J for all 1i4&j
therefore, zlj=22j=...,for all j, hence, pij[l—exp(hjzij)J
is repeated I times, and since~zj:Izij,
E(N)=Z (I/J) [l-exp(-3425/1)]

and expanding this %unction:
E(N)=(I/J)[l-exp(-élzl/i)]+...+(I/J)[l—exp(—ﬁJzJ/I)]

=(I/J)J-(I/J)[exp(—&lal)+...+exp(—6JzJ/I)]
but I=J, hence, _

E(N)=J-[exp(=6,21/1)+...+exp(-6525/I1)] ..... (4.2\.4)

There is only one - optimal solution, therefore E(N) from

(4.2.3) is the same as that from (4.2.4).



Part (2)-Congtant Number of sSubspaces, (J- o), but
; y -
Targets _Indcrease from 1 to o

\&\ .

N

After Investigating table 4.4, 1t is observed that
the expected number of detected taygdts when there aré 1
targets and the total capital resource is R, repeats for
the case when I' targets age present and R' 6 capital resou-
rce is availablg if R;R'=I/I' and R'>R, I'»>I,i.e.:
E(N)/1 [resource R] = E(N)/1' [resource R']).
This can be proved by expanding and>comparing the .

expressions ,for E(N)/I and E(N)/I':

E(N)/1=(2 pje [l-exp(=6jjz;4)]1/1
13 .
f

= (pyy (1-exp(=5,201) )+ ..pry{l-exp(~0y25) 1171,
but pijfl/J for all 1 and j, therefore the a%locapion for
target ‘1 in 1 stays the same, Zy1%257=-.., similarly Zio
are equal, e.t.c.,so noting that zjqizij then expanding
the above equation results in:

{

E(N)/I=(1/J){J-[exp(-élzl/I)+...+exp(-szJ/I)]}/I
Also, for 1I" and R', the expressién for the normalized -
expected number of detefted targets is obtained in a
similar way:

E(N)/I'=(1/0) (T-[exp(=6,2,"'/1')+. ..+exp(=65z3'/1") 11/T"

J

Now,. the total capital resource equals to the sum of the

-



caplital resources in all of the Subvipace:o:

. TytZot. <oty R oor zl/’l*f‘\ 1+ S T
and,
Z)"tz, vl v 2 V=R or O T A A B C B

But because of the optimality
equlﬁtions_ (4.2.9) & (4.2.6) are the same.
Further investigation of table 4.4 Shows that -

E{(N)/I ~ E'I.(N)/I' whton - 1.
This result 1is evident becausoA ot the i»wtypxnur, GO
Ei(N)/EI.(N) > 171,

Information from table 4.5 suggests that the normal -
zed.expected number of detected targets for a given level
of total capital resource stays constant %nd 15 ihdopondo—
nt of the ﬁumper of targets when b3 1s the detection rate:
_-EI(N)/l = EZSN)/2 = Ej(N)/J = E6(N)/6, for a «’;ivoln level
of total capital resource.- } \\&

To prove this finding,assume that I>I',then,expanding
E(N)/I: : o

. . -

\E(N0/1$<p1[l—eXP(-6lzl)]+---+pJ[1-eXP(féJzJ)J>/I

—

but the priors are the same and equal to l/J,,hencef

-

E(N)/I=(1/J)(J-[exp(—élzl)+.1.+exp(-szJ)]> ........ (4.2.7)
Now expanding the expression for I': )
B(N)/I'=(1/J){J—[exp(—6121'+...+exp(—AJzJ')]} ...... (4.2.8)

It can be seen from (45%.7) and (4.2.8) that optimality

requires E(N)/I=E(N)/I"'.



and zis Allocations, Tables 4.1 & 4.2

Corparin;: .-
O ] ij-

)
'HEoREM 10
~ .
It therelste 1 targets and J subspaces and maximum
one  target  is allowed per subspace, then, the optimal
policy 15 not to distinguish between the targets,

prosided that they do not have different importance.

After expanding the ob{ective function, the following
expression is obtained: ~
E(N)zpl[l—exp(—ﬁlzl)]+...+pJ[1—exp(—AJzJ)]
and since pj=p1j+p2j+...+ij, Jhe first term of the

expression can also be written as:

[p11+"‘+pll]‘[p11 eXp(‘blzl)*---*Pll eXp("blzl)]

! ) ~ . (4.2.13)

gli Allocation

The objective function ls expanded and the
expressions for j=1 are gathered:

[pll+...+pll]—[pll exp(~51211)+u..+p11 exp(—olzll)]
..... (4.2.14)

According to the Kuhn-Tucker conditions, for,zj > 0,

pisj éxp(-éjzj)= u;, where.u, is a constants This equation -

i -

can Fe solved for zj:

»

23=(1/63) 1n (pys5/u;) | _



But zij, or |
] & ’
(1/A1) 1n(plm1/ul)0...*(1/mJ) In(;\I Yyouy)
The object is to tind In(u;) trom this " ogquat ion

compare 1t to  In(u,) which i5 obtained tiom

o

formulation when Zij 1s allocated to j.

In(uy)= (R—f [lnhj*ln(pljfpzj*...)](l/Aj)) S

]

and in a similar way:

ln(uz): (R—; (T lnaj¢1n(p1j P25 ...)](l/mj))/ -1

The comparison between the above two equat ions

that In(uy) > ln(ul). Now, from the Kuhn-Tucker conditions

Zj:l/bj ln(pjbj)—(l/bj)ln(ul) or

ln(ul):ln(pj)+1n(5j)—hjzj

also,

1n(u2)=1n(pij)+ln(hj)—Ajzij
but 1n(u,)>1n(u;), hence,

N

In(py)-1In(pjy) < by(z5-2454)

The left hand side of the inequality is positive because

P§>Pij therefore:

1) Z'—Zij)>o

5 (25

. ~
Zj > Zi]

.

Hence, expression 4.2.13 is greater than 4.2.14 and

E(N) [zj allocation] > E(N) [Zij allocation].

If Py is equal to zero; detection rate is zero and no

“

S



detection 1s  possible and it 0- Pr-1,  the, aboYe proof

-

holds, since it 1s independent ot the value of P

Assume that the prio;‘s are equal ,then, pijAl'/J

pj:I/J and Hpij:(l/J)I, then if these values are
i v
substituated in the expressions for ln(ul) and ln(uz),

ln(u‘?) , ln(ul) and ln(pj)—ln(pij) . c»j(zj—zij) or:

1”(1) < hj (Z;,“Zij-) v
)

j)zij for all 1-1.
If theré is one target and J subspaces, then:
ln(ul):ln(uz) and pj:plj
j(257219)

Zj=le.

If there is ome target and one subspace:

In(up)={R-[(1/8) (Inpy+lns )y / (—1'/;51)
. b
and the expression for ln(uz) is the same as above and the

capital resource allocation is similar, since there is
| 4

only one target.

The upper value of E(N) [Zij akllocation] is obtained
when zi4=25 and the objective functions are equal

Examples in Petrolegm Exploration Using Some of

the Formulations Presented in this Chapter .

Assume that an o0il company is considering several
prospects for the general first stage survey activities.

Also, assume that more than one reservoir can not be



present in each area due to the size ot the area or othor
\fd(‘.tOX‘S. The exploration personnel start gathering
information about the surface and subsurtace of the areas.
At this stage, the activities may be a literature sdarch
about  the areas or exploration geologists may gather
information in the areas. Their method of search is
assumed to be random. As a result of these activities some
prospects Fay be selected for d?tailed tgéts.

To obtain the bést results, they must not restrict
themselves to\a‘ type of structure or tormation and seek
information only about that subsurface~teature as other

interesting formations may be present which can be missed

and this results Xn the wasting of capital resources. The

s
'

optimal policy 1is to obtain general data, (Theorem 10),
providing the detection rate does not suffer.

Consider ﬁhat sé%bral areas are selected and examined
ins detail. As each area is investigated ( exaustively or
random), then assuming that no oil bearing formation has
been‘ discovéred,then, these prospects should not be
investigated again as long as there 1is an area in the
"inventory" which has not been surveyéd,(Theorem 9 ),
providing the prior brobabilities areuequaf.

If some of the prospects are passed on fo: random
drilling, ~then if management estimates th% normalized
expected number of detected reservoirs for the simple case

of one reservoir,i.e. , E;(N)/1, (using total capital

resource of R) this ratio can then be used to estimate the



expected number of discoveries for any number of
reservoirs, (using  the same~sw. level cﬂ; total capital
recource) . For example, 1f E(N) gl 40.76, then 1t there is
a possibility of 10 reservoirs,.mdnaqement can  expect to
discover E1g(N)=(10) (0.70) or 7 oil bearing
formations,provided that the type of reservoir 1is not
considered, [Table  4.5]. If the Nreservoirs are
distinguished, the relation E; (W) /1>E{4(N)/10 should be
usegijable 4.4], Ejg(N)/10 < 0.70 or Eq5(N) < 7, which

suggests that the operator should expect to discover less

than 7 traps. *

Conclusions

The aim of this study was to experiment with various
problems of multiple target systems and observe the
variation of the expected number of detected targets when
the solution was optimal.

As a result of this study valuable information‘ is
obtained which suggests that the general behaviour of E(N)
can be predicted in various cases, for example:

1. For a given problem:

E;(N)/Ef(N) < I/I"
and from table 4.1,for R=5 units,ITB and I'=2,the value of
E(N) for 1I=3 is .9242 but -924/E5(N) < 3/2 or E,(N) >

.616, the actual value of-E,(N) from table 4.1 is 0.623



CON

2. Another interesting result trom table 4.1 is that 1f

there 1s one target and several subspaces, then, it the pri-
ors are given equal values, this will result In the

»

smaller nuﬁber-of’targets detected as compared to the case

when the priors are ferent.
B o

3. For Zij

same as E(N)/I' [resource R'],if I/T1'"=R/R and I»>I', R -R'.

allocation, E(N)/I [capital resource R] 1s the

4. For 25 allocation, for a given level of total capital
resource if pj:I/J, for all 5, then E(N)/I=E(N)/I', for any
values of 1 and I°'.

The study also resulted in a theorem describing that
in order to detect the maximum number of targets, the tar-
gets should not be distinguished. In other words,distinqu-
ishing between the targets, results in the wasting of some
of the capital resources,since, for example, if the
séarchér is looking for target i, then, he is blind to
target 1', and if i' 1is intersected it will not be
detected. This is not necessarily true if several targets
can be present at each subspace.

The common constraint on all the problems discussed
is the maximum number of targets per area, which is one.’
By relaxing this constraint, a new set of problems

develgs which requires more detailed investigation before

any conclusions can be reached.



Chaptea

Pemenstration Data andd the Analysas
ol Demonsctrat ron Datoa

Todemenstrate the ot tect Lveness and the 1‘1"7-(11\11113'\‘
A et of data 15 needed that devcr by the
expenditure In an exploration progran which Pnc e the
capital resources used on o each ot the tipest stage survey:,
the number ot wildocat and appraisal wells drilled and the
coast per o well.

The Statistical Yw&é Book trom the Canadian Petroleuan

» Y

Astociation has provided data for ditterent  provinee:s ot
Canada. since information  for one exploration program i
not avallable, the abovA reference is used to obtain - data
tor Alberta and then estimate the capital resources spent
In one venture. The most recent years with the required
data are 1974 and 197%. The data tor 1974 is used here.

The 1974 survey activities (crew month) tor Alberta
tollows:
a)8 Geological b)138 Seismic ¢)2% Gravity )19 Magnetic
at a total cost of $112.4x10°. The number of new field
wildcats drilled® was 457 out of which 14 reached oil, 121

discovered gas, 313 were abandoned and 9 were suspended.

The total number of outposts(appraisal wells) was 140.



There were also other exploratory teats such o new proved
wildoats which make the total of 13io9 wellso at o ot ot
Slie o sx1o {(average SIHT,UIE.& petr o well) .

To  consrder the tota] expenditure ot esploratory
tests, the total number ot wells Lo divided between  th
wildcat and  the appraisal wells according  to the  rat jo
457/ 14(), hence, 1t 15 assumed that 1048  wildoeats and 10
appraisal  wells were drilled In Alberta 1n 1a/4. 1t .
further assumed th.‘;t‘ ' o these wells were drilled 10 one
prospect . This  makes about 1o h’l}«i(ﬁlt:% and 3 appranaal

wells. This  percentage 15 also considered  Tor * e tir st

stage surveys, 1.e., SGOlIxll. . ax10” per prospect

rd
To estimate the expenditure for each survey 10104 x
( . . .
107 14 divided between the SUrvVey:s according toothee
percentage ot the total SUrvey activity. Henoe the

tollowing costs are obtained:

Geological...$44,960

Magnetic... .. S11.2,400
Gravity...... S157,360
Selsmic......5$809,280 .

$1,124,000

It i1s assumed that the above costs include the processing

of data and any other associated costs.

5.2 Analysis

The analysis is carried out on an IBM PC. Two programs

&



Ate wiltten 1n BRasio, the main program, EXEPLO, and g ‘qqt\\
Ill'.‘,l‘/\‘l'/\‘-, which  provides data  to the  last two stages.
Hoth programns are elt explanatory and acoeso ecach othen
through several Sequential files. The 1i1st of the programs
i aqiven an Appendix (V).

A comblination ot rules trom ditterent ::/tmu‘:; Aare used
to  simulate  the  process.The total capiltal resource ot
ecach stage 15 kept constant and the rules  are varied so
that the best combination of rules from different stages
can  be determinc‘?d. For example, since the total resource

. -
tor stage 1 1s 51,124,000, then if the rule specities that
only setsmilc sr?ould be done, this amount 1is allocated to
selsmic survey.

[t 1s assumed that at the third stage ot the process
enough 1nformation 1s availlable so that appraisal drilling
can be done wlithout the aid 9f a seismlc survey. sSince the
object ot the process is to &;each large o1l deposits which
m;y be contained in reservolrs with poor or good
properties and also for simplicity, the rule for the third
stage 1s selected to be the 3rd. rule which is estimating
the size of the deposits for prospects with poor and good
reservolr properties.

It is assumed that all the prospects have the same
area and that an area is searched at a rate of 107 ° (all
the activities). This number is selected after considering

the capital resources for each method so that the

normaliced effort does not result in a very high value.



I‘I, the probability ot detoecting the target | given 1t

presence 15 varlted tor ditterent ruless and methaodds tor the

tirst stage  and i kKept constant At Do o e Gt hey

stages. In all, tour sets of rules are consaiderod whioh

are shown 1n Table 1.



Firat Set ot Rules

Pr=0.5% tor all the activities
Stage -

[do all surveys| I [drill 1t tve selsmic)
[stop 1f -ve c&“,i(;ndl_]

21 [do only seilsmic) ’
(
{

Il [stop 1f 1st 3 are -ve)

12 (don't do 1st survey) c .

g 13 [driltl if last 3 are +ve)
22 [only 1st survey) 4 (drill if +ve signal)

13 {don't do seismic] Lo tdrill If 1st 3 are tve)
4 [stop If 1st is -ve) 1 {drill) it tve seismit)

econd Set of Rules

[

PI:O.7 for seismic and 0.9 tor others
1 [do all surveys] Loidrill 1f +ve seilsmic)

21 (only selsmic)

Third Set ot Rules

P;-0.8 tor aerial photography and 0.5 for the others
[do all surveys] fdrill if +ve seismic)

1 1
22 [only 1st. survey] 4 [drill if. +ve result)
)

Fourth Set of Rules

Pr=0.5 for 1st survey, 0.2 for 2nd and 3rd surveys and 0.3
for seismic

1 [do all surveys] 1 [drill 1f +ve seismic)
2 [stop if -ve signal)
1

21 {only seismic)

Table 5.1 List of the Rules Used to Simulate Exploration
Process



The tirst set assumes constant P for all the activities.
For the’ s:econd. set P for seismic is increased Ato 0.7+ The
value ot Pp in  the third set tor deri_QI phofo«;xaphy 1
Increased to 0.8 keeping the other bits at ‘0.‘> and tinajly
for the 4th. set ot "rules the valuesest O.%(aerprial ph.)',
0.2(magnetic and gravity), 0.3(seilsmic) are assigned.

A prospect may have any of the 17  actual
Characteristics and the computer p‘foqram simulates the
exploration process for all the characteristics. After the
sénsing stage, the intormati® about this prospect is
transmit?zd to the‘learning stage where according to the
rulé used, a proportion of prospect:n {-1}) with «certain
sensed characteristics are drilled. Also, at the third

~»
stage, a proportion of prospects wlth some observed
characteristics are drilled. Assume that n appraisal wells

'
are drilled per prospect. If n is multiplied by the total
number of prospects per vyear, then the total number of
appraisal wells is obtained and if the total number of
prospects is multiplied by the outcome of the process,
then the outcome of all the exploratiom préqrams is
predicted.

The method of search is assumed to be exhaustive.

The aim of the exploration process is to reéch

reservoirs with large deposits but since the devices used

. \ .
1n an actual process are not perfect sensors, Pr<1, other



prospects with different vharacte?istics may be assumed to
contain  large deposits and can  be consldered tor
development drillinq.Assﬁmp that the underground tormatian
Jt a prospect éxhibits ceftain characteristics such that
1t 1s mistaken for a reservoir with largé deposits. This
may therefore be considered as a false target.Thereto e,
the information regarding different actual characteristics

:

is followed in the® Coﬁputer program as computation
procegds. Now consider that a prospect with larée size oil ™~
deposits and good reservoir properties may or may not{ have
an interesting surface indication of possible presence of
a trap [see Appendix (C)]. These sets of actual
N
characteristi%ﬁ' form the LGOOD group shown below. This
procedure is repeated and the actual characteristics are
grouped into five sets:
LGOOD [large deposit and good reservoir properties];
5GO0OD (small deposit and good reservoir propertie;]:
LPOOR [large deposit and poor reservoir properties];
SPOOR [small deposit and poor reservoir properties);

-«

No Deposits.
o

This notation is used in the following chapter.



Chapter o’

Results and Discussion ot the Results

6.1 Results - -

To determine the bercentaqe of time that the computer
.

program has correctly selected prospects with large oil
deposits and eliminated prospects with small or né
deposits, the results are tabulated in two columns as
Observed (final outcome) and Not Observed (ﬁgosbects which
are not considered for development). Each column has been
divided into 5 sets to show the expected number of actual
prospects with different Characteristics. The nufbers in
each column are then added to calculate the totql number
of prospects in the two categories,i.e., observed or not.
The percentage of different~sets of actual characteristics
from the total of 17 sets are shown in the last column.
For example, 6 out of 17 sets of actual characteristics
are without deposits, (Tables 6.1 to 6.4).

A second table (Table 6.5) is presented that shows the
number of prospects which are drilled at the sgcond stage
and the actual number of prospects with large- deposi%i-
w%ich are subject to develépment drilling. The
comparison between the two will‘show whether or not the
greater number of prospects drilled at the second stage

P4

result in a larger number of prospects with large deposit.

/

100



First Set ot

Observed
[.GOOD 7.7057E-03
LLPOOR 6.4214E-03
SGOOD 1.1558E-02
- SPOOR 1.2843E-02
No Deposit 0

.03852

Rule 2 (1st stage)

Rules, (start

Rule 1

of Table 6.1)

(2nd stage)

Observed
LGOOD 3.0302E-05
'LPOOR 3.0312E-05
SGOOD 6.0604E-05
SPOOR 6.0594E-05
No Deposit 0

1.8181E-04

Not

Observed

.1176

.1176

.1764

.2352

6/17 .

.9998

2/17
2/17
3/17
4717

6/17

2/17
2/17
3/17

4/17

6/17



le 21 (1st stage) Rule 1 (2nd. stage)
Observed Hot oObserved
1.GOOD 8.9492FE-03 Llo8s697)
LPOOR 7.4576B=03 110189
SGOOD 1.3423E-02 163040
SPOOR 1.4915E-02 .220378
No Deposit 0 6/17
.04474 L95H%25
Rule 11 (1st stage) Rule 1 (2nd. stage)

LGOOD
LPOOR
SGOOD
SPOOR

No Deposit

“©

Observed Not Observed
1.6720E-03 11597
1.4139E-03 11623
2.5693E-03 17390
2.8274E-03 .23246

0 6/ 17
8.4828E-03 .99151

AW

3 /17
4/17

6/ 17

2717

2/17

3/17

4/17

6/17



Observed Not Observed
1.GOOD 7.9374E-03 . 10970
[LPOOR 6.6144E-03 11103
5GOOD 1.1906E-02 L 16456
SPéOR 1.3229E-~02 L22206
No Deposit 0 6/17
3.9687E-02 .96031

-~ Rule 12 (1st stage) Rule 13 (2nd. stage)

Observed ‘ Not Observed
LGOOD 1.1354E-05 .11763_ ——
LPOOR 9.4619E-06 .11763
SGOOD 1.7031E-05 .17645
SPOOR 1.8924E-05 .23527
No Deposit 0 6/17

5.6771E-05 .99994

2/17
2/17
3/17
4,17

6/ 17

2/17
2/17

3/17

4/17

6/17



Rule

[.GOOD
LPOOR
5G00D
SPOOR

No Deposit

M

—LGOOD
LPOOR
SGOOD
S'POOR

No Deposit

22 (Ist. stage) Rule 4 (2nd, stage)
Observed Not Observed
)
H.2466E-03 11240
5.2466E-03 211240
1.0493E~02 " - . 16597
1.0493E-02 .22480
0 6/17
3.1479E~-02 .96852
213 (1st. stage)  Rule 11 (2nd. stage)
Observed Not Observed
1.2934E-05 .11763
1.2934E-05 .11763
2.5869E-05 .17644
2.5869E-05 .23526
0 6/17
7.7607E-05 .99992

/17
/17

6/17

2/17
2/17
3/17
4/17

6/17



Rule 4 (1st. stage) Rule | {2nd. stage)

Observed Not Observed
LGOOD 1.2122E-04 117492 2/ 17
LPOOR 1.2122E-04 11752 2/17
SGOOD 2.4245E-04 17622 3/17
SPOOR 2.4245E-04 .23505 4/17
No Deposit 0 6/1% 6/17
7.2736E-04 .99927

Table 6.1 Results Using First Set of Rules



LGOOD
N
LPOOR
SGOOD
SPOOR

No Deposit

Second

Set of

Rule

Rules

LGOOD
LPOOR
SGOOD
SPOOR

No Deposit

Observed Not Observed
1.0293E-02 10735
8.5776E-03 10907
1.5439E-02 16103
1.7155E-02 21813

0 6/17
5.1465E-02 94853

Rule 21 (1st. Rule 1 (2nd. staqge)

Observed Not Observed
1.1016E-02 .10663
9.1800E-03 .10846
1.6524E-02 . 15994
1.8360E-02 .21693

0 6/17
5.5080E-02 .94492

Table 6.2 Results Using Second Set of Rules

1 (2nd. staqge)

)

4}17
2/17
3/17
4/17

6/17

2/17
2/17
3/17
4/17

6/17



Third et ot Rulen '

Fate 1 (1st. stage) Rule 1T (ond. stage)

v
1
':n.'/m-,
LGOGR W
LLPOOR
SGOON

SPOOR

No Deposit

Observed Hot observed

o705 7E~03 Sloaag A

L I e S L PO U U O PR

1. 1958k -0 Slegal 31/

1.2843F-02 FPAUADA S 317
0 (RN [

1.8528E-02 .14y

Fule 22 (1st. stage) Fuie 4 (ond. stage)

LGOOD
LPOOR
SGOOD
SPOOR

.
No Deposit

Observed Not Obgserved

8.33138E-0} S10931 217

8.3338E-03 10931 |lr1’ 217

al

1.6667E-02 19980 317

1.6667E-02 21862 4/17
o (17 6/17

5.0003E-02 .94999

Table 6.3 Results Using Third Set of Rules



o

Puale

L.GOOD
LPOOR
SGOOD
SPOOR

No Deposit

[.GOOD
LPOOR
SGOOD
SPOOR

No Depogit

rth Set ot

Lo(hat o st age)
Obaerved
3.3 73k -03
Jo8311E~03
DLO09G0E=-03
HLO6201H-03

O

1.6986E-~02

2.9683E-06
5.7242E-06 .
5.6179E-06

'O

1.7172E-05

Rulesatart ot

Fable . 3)

Rale 1 (ond. stage)

Mot Obvaerved

D O U SRR

Slras
7137

L2963

S Wi

08301

11764

17646

.23528
G/17

A 4
.2999



Fole

1.GOOD
[.POOR
5GOOD
SPOOR

No Deposat

Table

R

(1ot o stage)

Obaseorved

4.5174F-03
3.‘/(»4‘3},‘—()1
6.7 762F-03
7.H291EH-03

()

.4

()

L.2587E-02

Results Using

»

kule 1 (2nd.

X

Not Observed

11313
.11388
S 16969
L2270
/17

.97741

Fourth Set

Of

stage)

Rules

/17

(),/ 17/



lst . Stage 2nd Stage Prospect s
Rule Rule Drillediond.
Flrst et ot Rules
1 1 A VA SO
2 | L00066]
2 1 L2387
11 1 L0317
12 1 . 188
12 13 0002128
22 4 L1432
13 11 .000282
4 1 002644
second S$€t of Rules
1 1 L3499
2 1 .458
Third Set ot Rules
1 1 1785
22 4 354
Fourth Set of Rules
1 ! 1 06426
2 2 00006
21 1 0874

SUage)

wlth

Prospect s
Large
Deposits

LO1a1L
LO00060
L0164
003
L01ds
.00002
L0109
L000026
000242

L0188
L0200

.O1a12
LO16

L0062
000005
.00828

Table 6.5 Comparison Between the Number of Prospects

Drilled at the 2nd.

Reached for Development -

Stage and the Prospects



.2 Discussion otf the Results

The results show that 1t only seismic method is  used
at the tirst stage ot the process, the maximum number of
prospects with large oll deposits (l.o.d.) are considered
tor development drillinq.

The approach taken 1n discussing the results is to
first determine which combination of rules from the first
two stages results in a greater number of prospects selec-
ted for wildcat drilling. This is because in many cases if
a greater number of prospects are drilled at the 2nd. sta-
ge this produces a better outcome for the exploration
process. The reason for this behaviour is then
iﬁvestiqated to reach the final conclusion.

Assume that the rule for stage 2 states that all the
prospects which have resulted in a positive signal tronm
the surveys should be drilled, i.e., state 1,1,1,1. If the
probabilities of a positive signal from survey 1 to survey
4 1s a,b,¢ and d then the number of prospects reached for
drilling 1is abcd. Now, 1if only seismic 1is done and
prospects with positive seismic are drilled then d°'
prospects are reached for drilling. But d' is greater than
d since higher units of resources are allocated to seismic
hence d'> abcd, (note that aboc is less than 1]. Therefore,
a larger number of prospects are drilled if seismic is the
only survey at thé first stage.

Now, let the last two surveys be carried out and the

4



prospects with positive result trom these SuUrveys are

drilled. The possible state is 2,2,1,1 where indicates
that the survey is not done. The probabil Ity ot this state
1S (1) (1) (<) (dy, and the expected  numnber ot prospects

which are drilled is ¢d which is again less than d°'.

This procedure can be repeated tor any combination of
rules from the first two stages and the same result will'
be obtained. .

The comparison of results when only snxr‘VQy"()ne 1S
done to. that of seimi¢ shows that more prospects with
large deposits are subjecit to development with the aid ot
a seismic survey. The investigation .of the table ot actual
characteristics shows that 9 sets of characteristics out
of 17 have outcrop(target for survey 1) out 4f which only
two sets contain large deposits. The number of sets of
characteristics with trap(target ot selsmic) is 1% out of
which 4 sets contain 1l.0.d. This leads to the conclusion
that since the target of seismic is repeated with the
ultimate target in the table ot the actual characteristics
more often than that of aerial photography, hence better
results are obtained with seismic. In other words, if a
positive signal is received from seismic, the probability
that 1.q.d. 1is present 1s higher than that of aerial
photography. This is true since the presence of an outcrop
does not necessarily indicate the presence of a trap.

Further investigation of the results confirms the

above conclusion since when all the surveys are done(PI



for selsmic=.7), .3499 prospects are drilled at the 2nd.

stage and .0188 prospects .with l.o.d are observed as
compared to . 3%4 prospects which are drilled when by for
survey 1 is 0.8 ‘[only survey 1 is done] and only .016
prospects with 1l.0.d reach tor development, (see Table

6.5).The reason for this result is that gravity, magnetic
and seilsmic can detect a trap which may contain large
deposits. This result also shows as expected, that
drilling a larger number of prospects does not necessarily
mean a better final outcome of the process.

The comparison between this findiné and the previous
conclusion shows that by doing only one survey which can
detect a trap(seismic),a maximum number of prospects with
possible large deposits are drilled and better results
should be expected at the 3rd. stage.

The target for the last - three surveys is assumed to
be a trap in the present model. Therefore, it is expected
to obtain similar results with gravity or magnetic only,
provided that the second stage rule specifies the drilling
of prospects with a positive signal from say, gravity. The
current model confirms the presence of a trap as the last
3 surveys give positive signals. Assuming that a positive
signal from these surveys indicates the definite presence
of a trap (no false targets), then if in an actual
exploration program a positive signal is obtained, there

will bex no need to do any other survey(assume no other



~

information can be obtained). Hence it is best to allocate
the available resources to one. of these methods. The

L.

results also show that as P; _increases, more prospects
)

with l.0.d. are detected which is as expected.Hence, the
survey selected must have the highest Py

It is observed that only. a small percentage ot
prospects reach fpr development drilling. It must be noted
\ghat the capital resources considered here tor one
-exploration program 1s 1% of the total expenditure in
Alberta 1in 1974. It is also aﬁsuAGd that other costs sucq
as processing the data and data correction are all
included. The rate at which the area is searched is

-6

assumed to Dbe 10 The increase in  the” amount ot

Egpital resources or the search rate will result in a
larger number of prospects with l.b.d.

' The percentage of time thagkthe model is right is
approximately 76 which is obtained by adding the number of
prospects with l.o.d. which are considered for development
drilling and the number of prospects without large

deposits which are eliminated during the computation and

are not considered for development.



This thesis presented a demonstration computer
program which simulates tﬁe petroleum exploratioﬁ process
and predicts the outcome under different decisions just
prior-to the development drilling. Also several theorens
are developed which describe the optimal allocation of the
available capital ;esources in the areas of interest
(prospects). The theorems consider a variety of problems
such as allowing one or more tarqets(e.q.,tyaps) per area.

Q\ The structure of the éénceptual model which\givides
the complex process of exEloration into stgges and the use
of the theory of optima{\\search have resulted in the
development of a model which has given accurate
predictions of the outcome of the process for the current
set of actual characteristics. For example, the model
shows that although larger number of prospects may be
drilled as a result of the initial sufveys, only a few may
contain enough deposits justifying development drilling.
This is also the case 1in actual pragtice.

For demonstration purposes, the total exploration
cost in Alberta in 1974 was used and one percent of this
cost was considered for one exploration program. This
created a constraint on the toéal number of prospects with

large o0il deposits reached for development drilling.

-
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Approximately, 76 percent of the time the model selected
the right prospects (prospects with large oil deposits)
and eliminated the unfavorable ones.

The results showed that for a given capital resource
at the general first stage survey, 1t 1s  better to
allocate the capital resources to one survey only. 1t
was concluded that this survey should be able to detect
traps. This was also shown mathematically.

The model is flexible and accurate because:

1. The computer program is developed consldering that the
aim of all the activities in petroleum exploration is to
learn about the state of the natune as each activity is

carried out. The state of nature is)described by 17 sets

of actual characteristics in this fhesis and the program
/

simulates the process considering all ot these

characteristics. The outcome, as is the case 1n an

actual exploration process, is a function of the state of
nature, the activities, and the amount of capital
resources allocated to each {activity. Also, since the
devices used to gather information in actual practice are
not perfect, parameter Pr, the probability of detection
given the presence of the object of search, was varied,
demonstrating that the use of more reliable devices (large
values of Pr) would result: in a better outcome, as
expected. The model also allows different courses of

action to be taken, for example, doing only one survey



instead of four surveys, or random drilling of the area.
Therefore, the model 1s flexible, closely tollowing the
actual process. ?

2. The mathematical formulation used to develop the model
1s the theory of .optimal search which has proved its
usetulness in different areas where the aim is to detect
the object of the search, ,or target, with limited
capltal resources. The target ot search tor each activity
is défined in the model. The flow of igformation in an
actual exploration program allows the process to be
treated as an information processing systen resulting in
the detection of the ultimate target, reservoirs with
large deposits.

Even though every attempt was made to develop a
simple model which would describe the exploration process
AI% some detail and within certain limits, the complex
nature of the process required extensive investigation ahd
analysis in some parts of this thesis, for example, when
examining the behaviour of nultiple target systems in
Chapter 4. Also, at times, the process had to be
simplified to the extent that certain parts wéuld require
re-modelling, for example, the sensing stage and the set
of actual characteristics.

The use of the. expert systems which can be
implemented in the model and accurate definition of the

state of nature as the actual characteristics, describing

in detail the type of information which is received from



each exploration method and the concept of false tarqgets,
allows the model to be used to accurately predict the

outcome of one or many actual exploration program:.



Chapter 8

for turther Work

Recommendation

191

One ot the most important factors in developing a mo-
del tor the exploration process is the description ot act-
uél characteristics. A table must be constructed with uan
accura definition of the state of the nature.This should
include all the possible elements and their combinations.

E

These elements must also define the target of each
activity. The information about the subsurface formation
may be scattered through the table, where appropriate.
This will allow the detection of one or more targets by
différent methods, if the targets are shared..For example,
assume that a particular information can be obtained by
two surveys. This information as well as each survey's
unique target should be considered as the targets of each
survey. Important information about subsurface features
should be related to the type of trap.

After the table of actual characteristics is
completed, the concept of false targets should be
included in the model. The computer model should then be
modified and tested.

In iﬁproving and testing the model, care must be
tak;n to accurately reflect the actual process of

petroleum exploration. The following questions and similar

ones may be helpful. It should be noted that the answers

119



to these (questions may not be avallable from literature
sources but can be provided By an o1l company involved in
exploration.
1. Should an area with good reservoir properties and small
deposits be developed?...This is important because if the
properties of a reservoir are good, then the cost of
extrécting deposlts may be low. Perhaps another cateqgory
can be introduced to better define the reservoir
properties, such as "excellent", so that the areas with
reservoirs in this category are allowed to be developed,
even though phere may'be small deposits present. The above
question also relates to a better definition about what
the goal of the exploration process should be.
2. Are there additional important methods which are not
included?. .. .Special attention should be given to
. -

geological prospecting and the sensing stage.

\\3. How reliable or sensitive are the instruments used?
The answer to this question can be used to estimaté the
probability of detection, given the presence of a target,
4. What are the typical costs for one exploration program?
This includes the processing of data. Any other informati-
on such as number of wells shouig also be obtained.
5. What islathe rate at which the area 1s searched?...By
obtaining appropriate information, estimates of the value
of this parameter for each aétivity can be made.

The importance of the sensing stage 1is obvious,



when  consrderaing that the  prospects are drilled as g

é;n/

result ot the  1nitial surveys o oamd that drilling 1
expensive. Tt oas not sutticient to detine the target (o) ot
ecach activity ftor the tirst stage but also the area to be
surveyed by each  method  should  be considered since it
reduces as each  survey 1s ocarried  outs For o example, thee
maganet 1o survey eliminates the untavorable locat fons and
qlves information  on the limits ot basins, the  gravity
* )
survey provides data on the fault locations and the shape
4 . . . .
and extent of the badins, etc. Once these activities are
cogpleted, selsmic  reflectlon 1s  carried out  to provide
defalled information about the subsurtade such as the
types of structures.. This continuity of the process
eliminates a large portion of the area and locates certain
parts tor wlldcat drilling. Hence, an accurate
representation of this process 1s essential .
After discovering petroleum, the exploration process
does not end and the size and value of the deposits mugt
[
. . - ( {/ \
be estimated. The current model assumes that the value oﬁ;
the findings is directly proportional to the size of the
deposits. It may be necessary to be more specific in
defining the value of oil deposits by considering the type

of the o1l discovered as well as its size, so that the

combinéiion of the two can give estimates of the value of

&

the discovery. ' (/
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Appendix (A)
Exploration Methods and Description ot Traps
\

The success ot an exploration program depends largely
on the information obtained trom the initial SUrveys
(geological & geophysical) combined with the drilling
effort. The surveys provide valuable information about the
surface and subsurface of the area so that the location ot
the exploratory wells 1s determined.

There are four sections in £his appendix describing
the geological and geophysical prospecting, wildcat and
appraisal drilling. The last section presents a list of.

"traps with a brief description of them.

A.1l Geological & Geophysical Prospecting

The study of the surface features of an interesting
area 1is tke first task of the geologist. Depending on the
area and its location, the geologist may use a helicopter
or land vehicle. Careful examination of.rocks and any
interesting features on the surface are included. Specime-
ns are collected and examined in the laboratory to qgather
data on the rock characteristics. The surface evidence of
hydrocarbons, 1if they exist, include seepages, mud
volcanoes, burnt clays, sulfur in solls, etc. At this

stage the search is assisted by pictures taken from air.

[y
N
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Fach photograph overlaps those adjoining. This 1s a method
ot determining the surtace geology, and 15 known as
photogeology in the industry. These pictures are then
examined under the stereoscope, where a three dimentional
picture ot the area 1s obtained. This method is specially
1deal for mapping large areas.

The exploration program continues‘by the geophysical
prospecting which is a relatively new area of technology,
about 50 years old. It combines the sciences of physics &
geology. The three geophysical methods of greatest use in
petroleumn explor;tion are gravity, magnetic and seismic.

Petroleum is found in sedimentary rocks. These
rocks are less magnetic compared to the others, so the
magnetic survey 1s wused to eliminate the unfavorable
locations in an area. The Instrument used 1s the
magnetometer. It may be towed from a plane and the survey
is done‘frgm the air. Information such as the 1limits of
basins and the depth to basement can be estimated. The
magnetic objects such as the power lines, rails,etc. are
.avoided since they <create a local magnetic field that
effects the readings. .

Gravity survey 1is based on the concept that the
earth's gravity field is affected by variations in ?he
density of rocks. For this survey, the ground should

preferably be reasonably flat, otherwise corrections are

4
made because of the height differences. The instrument is

“



the gravimeter. From this survey information such as basin

shabe and extent, fault locations, etc. is learnt. In the
early phases ot exploration, magnetic and gravity sSurveys
are very important tools 1n providing intormation on the
basins.

There are two types of seismic surveys, 1) seismic
reflection, 2) seismic rafraction. The retraction method

is now little used in the‘~industry. Selsmic  retlection
works on the echo sounding principle. Explosives are
planted in* the holes at certain locations (intervals of
about 1/4 mile) in a line. The energy waves generated are
reflected from a number of beds In a rock and the
information is received by instruments called geophones at
the surface. In populated areas, heavy weights are used to
pound the ground, generating energy waves. From this
survey, the types of structures, the sﬁructural character,

unconformities, etc. can be learnt.
A.2 Wildcat Drilling -

Drilling a well is a round the clock shift operation.
Because of the high cost of drilling, it is essential to
perform the initial surveys before drilling begins. The
IOCationPof the exploratory wells is determined by the
geological analysis of all the available data. Th method

of drilling is known as 'rotary'. In this method the bit



Is attached to a string ot steel pipes and 1s rotated.
Drilling mud is continously circulated through the hollow
string and  the bit and through the annulus between the
drilling string and the hole and the cuttings are flushed
out of thes hole. .
‘
The tirst well, in many cases, 1s usually a dry hole

but valuable information c¢an sometimes be obtained to

justity further drillling.

The éboloqist, by studying the rock cuttings taken
during the drilling of a wéll, can obtain lithological
information about the formation. These samples are
examined closely for shows of petroleum. If a particular
zone is of interest to the geologist, core sample of rock
from that zone can be taken by a core barrel, which cuts
out a long cylindrical piecesof rock. Information on the
porosity, permeability, theé-type and amount of fluid which
occupies the fore 7pace 1 the rock, is obtained fr@m
cores. | )

The geophysical logs are widely used by the
exploration geologist. The 1logging toold, -in general,
consist of an electrical or radioactive device, which is
diﬂyered into the wellbore on .a cable to take certain

measurements. Some of the major types of logs are:

v »



1) Electrical surveys- resistivity logging is used to

measure the electrical resistivity ot  the
formation surrounding the wellbore. These lTogs
\ provide information on the type ot tluid which
\occupies a pore space ot a rock and also helps to
hetermine the relative saturations ot  oil and
water in the formations.
2) Radioactive logging- used to measure the natural
: and induceé radiation of the formation to define
the porosity, lithology, dip, and strike ot
different beds,etc.
The drill stem test is used to test the potential pay
zones of a well for presence of petréleum. It 15 a

temporary completion ot a well during-drilling.

Some Information on the Geochemical Prospecting

D

The geochemical prospecting is used to detect the

traces of hydrocarbon. It is based on the theory that
hydrocarbdns mférate upwardly fron the subterraneah
reservoir and the presence of hydrocarbon iﬁ the surface
or" near-surface zones of earth is 1indicative of thg
probable presence .af a subterranean reservoir. The cuttin-
ngs and cores obtained during the drilling are examined

: »

for their content of gaseous, liquid and solid hydrocarbo-

ns. Ultraviolet light is used gor examining for solid and

&



ligquid hydrocarbons. To  ihspect for gaseous hydrocarb-
ons, the rock sample 15 disintegrated Iin the presence ot
water, s0o the pore spaces are opened and the gaseous
hydrocarbons are freed and collected for testing by a

hot wire gas detector.
A3 Appraisal Drilling

After the discovery of petroleun, limits of the
reservoir and the lmportance of the ftindings is

investigated by appralsal (step-out) drilling. The number.

(j::“%?\yells and th A;~ﬂpcation depends on the available data.

for example, an anticline trap 1s present, then the

’

wells are drilled 1in two lines perpendicular to one
another or if a large trap ls suspected then the wells may
be drilled at larger distances. Onshore appraisal wells
may later be used for production purposes. These wells
provide useful data to assess the potential of the discov-

ery for development.
"A.4 Traps

0il and gas are accumulated in traps and are sealed
in by cdp rocks or other sealing agents. This requires the
boundary between the cap rock and the reservoir rock be, in

principfe, convex upwards.

\

A
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1. Anticline: A structure in the torm of\s sine  curve as
~. 7

shown on the fiqgure below.

Fig. A.4.1 Anticline Trap

2. Fault: A reservoir rock being cut off at its upper end

-

by a tault which seals the rock.

Fig. A.4.2 Fault Trap

3. Unconformity: A layer of say sandstone lying on a layer

of limestone forms an unconformity; a, surface separating

two rocks.

4. Reef: A trap made up of the skeletal remains of marine

animals.

There are also combination and other stratigraphic



traps.Information Onf;he traps are obtained from Hobson,G.

D. and Pohl,W. (1973} and Langenkam.R.D. (1982).



Abpendix (B)

This appendix 1s divided into three sections
presenting the rules for the stages ot the process as
follows:

B.1 Sensing;

B.2 Learning;

B.3 Solving;
B.1 Sensing
There are 26 rules for this stage. The last rule(26)

is a special case where no capital resources are spent

allowing random drilling at the second stage if desired.

Rule Description
1 Do all the surveys
2 Stop if there is a -ve signal (0)
3 l1st or 3rd survey is 0
'
4 lst survey is 0
5 lst or 2nd survey is 0
6 2nd survey is 0
7 BrdXsurvey is O:
8 ‘ 1st & 2nd surveys are 0

9 l1st & 3rd surveys are 0

r



1o Stopoat It ramrvey Lo o 1t

chrrvey 1o Loend the next o tao

SUrvey:soare o
11 Stop ot o the tirst three g veys
atoe 0
. 1. Do not do the 1ot sarvey
13 4th
14 brd
15 o nd
16 : first two surveys
17 last two surveys
18 Ist & 4th surveys
19 . 2nd & 4th surveys
20 2nd & 3rd surveys
21 tirst three surveys
22 Do only the 1st survey
23 3rd
24 2nd //
25 Do not do the 1st & 3rd surveys
26 Do not do any surveys at stage 1

The following figures are the decision tree diagrams
for the first eleven rules. These diagrams help see the .
L}
. Trules clearly and also the possible states (sensed

characteristics) as a result of these rules.

-~
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B.2 Learning

There are 15 rules for this stage as tabulated below.
All the possible combinations ot the four surveys
resulting 1in a positive signal(1l) is considered. The
operator makes the selectlion of prospects for wildcat
drilling according to these rules. Rule 15 is a special
case and can only be used if rule 26 is used for the first
stage. This rule enables the operator to carry out
the random drilling of the area. -

In the following table, b(qg) is the signal from

survey g.

Rule Drill if
Ty b(l) b(2) b(3) b(a)
1 1
2 1
3 1 -
4 1 /// '
5 1 1 K/ﬁ\
6 1 1
7 1 1
8 B 1 1



10 1 1
11 1 1 1

12 1 1 1
13 1 1 1
14 1 1 1 1

15 Random dilling of the area

There are two sets of rule for this stage, , depending

A\
if seismic 1is done. These rules are a function of the
outcome of the learning stage,the observed characteristics

¢, for c¢=1,2 indicating the discovery of oil but with poor

or good resrevolr properties,respectively.

The first set, with seismic

Rule Do seismic if
‘I:Z _C
1 1
i
2 2
(.
3 1 & 2 2
!

The outcome of seismic 1s summarized as the size of
the trap. It is assumed that only large traps may contain

‘large 0il deposits hence, appraisal drilling is done for



Loarage trapess only.

The cecondd ot oot hoat e
kule Do Apprailsal drilling ot
1 t
1 1
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Appendix

Proots of

the Theorens

(E)

the Theorems and More Results from Chapter

E.1.1 Maximum One Target per Subspace

a)

Allocating Zi5 to j

THEOREM 1

I.

multiplying by ([1-Fp(zy4)]/(1-F

Batch

The Kuhn-Tucker conditions are:

pij fD(Zij)—U€O
1]

Zij[pij fD(Zij)‘U];O
1)

O Zl.

vl -R<0
i3 J

1j

results in:

t[1-Fp(z35)1Pj4/P(H) ) £4(254)/(1-Fp(zj5)]
13 1] 1]

155

253) 11 (1/P(H) ]

= u/p (H)

4



U, p ()

u/p(H)

unconditional detection rate tor

where hij(zij) 1s the

target 1 1n subspace j.

THEOREM 2
IT. Sequential

-~

The Kuhn-Tucker conditions

1. pij f?§zij)—u[l_FD(Zij)]‘o‘
1)

fD(zij)—u[l—FD(zij)]}:O

2. Z2i3{Pjj
1] 1)
Z5
3. (/] z D(z)dz]+zij[1-f‘[)(zij)J)—R«o
et \
4.ufy {,;,_[f z D(z)dz]+zij[1-}[)(zij)J>~RJ~()
ijo ij
5. ZijZO
6. u=0

For Zij>0

b) Allocating z4 to j

THEOREM 3



I. Batch

¥
The Kuhn-Tucker condltion:s:
1. pj rD(zj)—u-U
)
2. zj [Pj fD(zJ)-u]—'()
)
3. :'.: Zj_R‘() \
)
4. u( ¥ zy-R )=0
)
5 Z)' >)
6 u-0
For zj>0
. p] r[)(?])—u
[ 4 )
Multiply *by ((1-Fp(z4) 1/p(H)) 1/(1-Fp(zy) )
] DY)
J ]
hence,
(p] (1Fp(23)1/p(H) fpley) Pz 1) = w/p )

pj bj(zj) = 1, p(H)

5j(2j): u/p(H)

where 6j(zj) is the unconditional detection rate in j.

THEOREM 4

II. Sequential

Kuhn-Tucker conditions:



2]
N
Suad
—_—
T
—d
)
(@)
N
~N
—-
~
i
}
2
—
N
—
—

] )
2 .
4 uf{ 3 [f QfD(z)dz]+zj[A—lu(z])])~R]\U
J 0 )
5 z:>0
) \
6. u>0

or

pj bj(zj)—u
E.1.2 Multiple Targets per Subspace

a) Allocating Zij to j
-3
THEOREM 5

I. Batch

The Kuhn-Tucker conditions:

1. pl] fD(Zl]) -u < 0 ‘
17 . 9
2. Zl][plJ f?](‘zl]) -ul=0

3. ZZAZij-R <0 ’

&



6H.ou-0
For z: -0

pij r[)(zi]):u
LS
1) 1
(pij [I_FD(Zij)J/[l‘;pij FDA"'
1] } 1

But 1—¥ pij FD(Zij) = 1-FD(zi)
3 : 1

wherq Z 4 i1s the capital resource allocated to detect

target 1. Hence, equation (E.l) becomes:

pij 5ij(Zi)‘) = u/[l_Fq(Zi)] ... (E.2)
5ij(Zij)= u/[l—FD(Zi)] ---(E.3)
1

Also,

Il

6i(Zi) aZi ; pij Aij(Zij) dzij

. ]
using equation (E.2)
6i(23) dzi = {u/[l—F?(zi)]) ; dzij ... (E.4)
But
z dzij = dz;

Hence, (E.4) is simplified to:



Ai(zi); ll/{l—}‘D(Zi)] R GO
1

which C';ives the result:

(ORI IU(zi)
1

also, comparing (E.3) and (E.%) suggests that:

The Kuhn-Tucker conditions for each of the following
problems are the same as the problem of maximum one target

per subspace, when similar allocations are made.

THEOREM 6

IT1. Sequential

. (Pij f?

b) Allocating Z5 to j

o

THEOREM 7
I. Batch
For z.>0

Multiplying by



mopy(I-Fp(zy) ) 1/

(1-Fp(z5) 1/ ¢
J )

gives

I‘P‘D(Zj)]

J

(py (1-Fp(z9) 1/0 2 pj(1=Fp(z) ] f(zg)/(1-Fp(z4) )=

u/

u',

] ) ]
N p] bj(é]) = u'
Also,
J
= b](lj)dR
resulting in:
, 8 (R) 05(z4)
THEOREM 8
IT. Sequential
[P§ fp(z3)1/(1-Fp(z5)] =
J J
p] b](Zj) = u.
i ‘

]
£ py (1-Fp(zy)]=
P ) (%)

a constant)

u

E.i:;fmaining Results from Chapter 4 and Their Proofs

Table 4.1 shows that E(N)/I is repeated when 6.

3 and

6j/I are wused for a given problem, after I cycles, for

example:



for J (subspaces)?Z, 1 (tarqet;)éﬁ, atter 2 cycles,
for J=3, 1=2, after 2 cycles,
for J=3, I=3, after 3 cycles.

This can be proved by expanding the function E(N) /1
when the number of targets is  less *han or equal to the
number of subspaces,i.e., J-1:

E(N)/1I=
(1/1)tpyll-exp(=s121/1) J*+. . tp (1-exp(=s5z,/1) )

=1-(1/1){pylexp(-672/1]+.. ~+PJ[9XP(“"JZ\1/I)~ ]}

..... (E. 1)
where 2342yt ...tz y=R
or zi/I t oz, /I 44 25/1=R/T . ?%
Now, 1if éj is used for a total resources of R'=R/T,
E(N)/I=
1—(1/1)(p1[exp(—blzl'+...+pJ[ex§(—AJ2J')]) ... (E.2)

where zl'+...+zJ':R'.

Hence, E(N)/I from equations (E.1) and (E;%? gre.the same
1f zj'= Z and R'=R/I1. The functions for 6j and 5j/I will
therefére repeat aﬁier I cycles (a function of the numé{r
of targets). If the numberfbf‘ tarqefs and subspaces are
the same,then the priors pj=1/J for all jJ and the proof is
similar.

Fufther investigation of Table 4.1 shows that E(N)/I

J

is evident from previous finding where E(N)/I, using 6j

(using §j/I) is less than that when 4; is used.This result

repeats after I cycles or when the capital total resource



:
e

.

\)

therefore, (E.3) and . (E.4) are the " same and:

*
oo ancreased by the factor o An the tHtal capaital osour -

Ce T Nnereane:s E(NYy [ becomes Targer, hoences
E(ry T [usineg A, 1 E(N)Y T uasing s
for any level ot total capital resource. .

These results show tuat the lowest value of EL('P«\

obttained when there are 107 targets and the detect 1on rate

\."lS_.‘.)/I, the larmjest value ot (M) "1 15 when there 15 only

. 3
one tarqget. .
N t
Table 4.% shows that:

4
(Y

FEL(N)/2 [using Aj/ﬁ_ and the total resource ot R Jo1n eaqgualc

to B, (N), o Tusing S j//(’ and total capital resoutrce ot 3R) .
To prove this assume thdckl-l', then the oxpansion ot
E(N),/1 results In:
E(N) /1= : D N
(l/i) {pql 1~ox;>(—A121//I)]4.. Sty 1-ex;>(—\]:J 1)}

but the priors are equal and Qﬁve tha value ot’I/J:

E(N) /1= R
‘ {1/J)(AJ—[exp(*ﬁlzl/I)&...+eXp(.‘-szJ/I)]) ...... (E. 3"
N
Also,
E(N)/I'= s

g (1/3){J-[exp(-bqzy'/I")+. .. +expf-o523'/1") ) ..(E.4)

but - ,

;1/I+22/It...=R/i and z)'/1'+z2," /T +. . =R'/I"

~

z3/1=23'/1°, R/I=R'/I" or R'=(I'/I)R. For example, if 1'=2

and I=6, then R’'=(2/6)R or R=3R"'.



The Tast result 1o trom Pable GG, whepo:
Fo(N)y oo (when 0 T o, p o 1 o and e Lo edqual to
P o [when 0 1, 1« Py by s e, tor o gqaven tot ol

tesoutce . The proot toliow::

Let 0" 1, then tor J subopace:s

E(N) "1 (L7 1) = Py {17“‘\.})(“\11 l])">
1,
or
E(N) 1 -(l/1) Pyt l—t*)(p(—).l"ll) I *pll[l-(‘xp(—A:.'Il) ]
o

;})13[ l-o)(p(a\‘,.'.l :] [ Apl;,[ l-exp (=8 VT )
. ’Pl\y{l“’xi’(‘\l]-'l‘y) ]}
but pijr—lﬂJ dll<i~ ‘\ij"""' tor all 1 and j, theretore, ‘-'i]’
and the above equation reduces to:

E(N)Y /1 l-exp(-s2). ... ... .. (E.%9)

- The expression when there is J'=1 subspace 1:5:
E(N)/T-(1/1) 0 2 by fl=exp(=81241) )

but all the pricrs are equal to 1, the <) re the  same,
hence, E(N)/I = (1/1) { I [l—vxp(—mlgil)] } ®
;
but b‘l-——A/J, hence,
¢ [ g
E(N)/I=[l—exp(—‘\zil/J)] ......... (E.6)

Now, for many subspaces, R, but Zij are equal to
19

11]7
z, hence, I.J.z=R, or z=R/(1.J). Also, in the case of one

subspace, z;1=R or Iz;;=R, or z2{1=R/I.

re M

Now, substituting 4 into (E.S) and Ziq into (E.6)

gives the same equation, i,e.,



\. E(N)Y ST D-expl-sRo(1.0)

J

Sso the F(N),/©1 from (F.5S) 15 the same as that (rom (B,

~
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i KM Appeadix (F)

kM Laas ot thee Compart e Proudram,

4 kEM

4 KM

1y KEM Fl Marn Progroam

30 REM

40 k&M

f’(] }"E-A‘4 "O00‘““00“‘0.‘..“l““‘0“““.“l““i“““““““l’““"‘
» »
.+ ES

6540 REM * This prodram simulates the petroleum exploration process The %
* process has been divided into 3 stages ™ Sensing, Learning, and *
* Solving The activities of each stage are- Surveys (lgt stage)#

7O REM * wildeat drailling (2nd. stage), appraisal drilling and estimatings
¢ the size of the oil deposit (3rd stage) The outcome of the *
* analysis 1s the expected number of prospects considered for *

8¢ KEM * develpoment drilling. *

30 REM . *
ﬂt"‘.‘.‘“t““‘“‘#t‘tt“&#“*t"‘li’{lt*t\“Ct“"“tt‘t‘t%"‘l‘*

100 KEM

11O DIM X4y F(4.3).A(20. ’O) N(4.3),P(81,268).B(4),PP(31,25),M(20), RATE(S1),TT:. 21

) CALLOCIO, 1) . Y(C10) . DOLLAR(B1), LC(1),PFO(81.17) OIL(17) . RU(1D .%1 )LWELL(B1) . PPP

CO AP CTo) I3y, PBLO }

120 DIM STATE(81), SUIMe2), 4),POSI(4),NEG(4)

130 DIM Q551 (21).0558(81). OQL&(BI) OSLI9(81), TSS5(381) TOSI12(831)  TLLs(81), TLL13(81
).‘.JL‘L,IFIK‘iA),(>‘,LA1’I\81) TSL1I7¢81)
140 DIM OS1e31),058(81).052¢81) ,059(81).TS5(81),TSI:(SI),TL6(31),TLIB(GI).OLXS(B

1Y OSe) 002y TSy . TL(2) ,

150 CLs PRINT - . PETROLEUM EXPLORATION  FPRINT PRINT F
OR -1 TO B0 PLRINT T OONEXT 1

inu WKbM %

17 REM LR N N N S AT E R VE B RN

130 REM * Exjlalning the prodram *

190 REM EE LS E ST AL E I AT EAXERRARAERERR

200 kEM

210 INPOGT [t" 1nformation about the prog. is needed or doing the surveys f
Nr the 15t gstage type 1, for the 2nd. stage (wildecat drilling) type 2,for the 3r
d o ostag.e testimating the size of the oil deposits) type 3 ;CHOOSE
Z00 PRINT  FOR I= 1 TO BO.PRINT "~ :NEXT I1:PRINT
220 IF CHOOCE <1 THEN 25Q ELSE IF CHOOSE=2 THEN 2990 ELSE 240

‘j\) INFUT "Did you do sei1Smic at the 3rd. stage . Type Y or N ,SE$ [F SEt="Y" TH

820 ELCE 4100 ‘ : i
o CLY
260 FOR I:=%1 TO ¥ PRINT NEXT I1:FOR I= 1 TO 80 PRINT " _", NEXT I'PRINT'
270 PRINT TABR(ZO) "= s oo o e mm e oo

<O PRINT TAR(ZO) "This program analyses the outcome ot the throlPum

290 PRINT TAB(20) “exploration process in three stades.

BN)KWUNT TAB({TO) " The st . stade is the general survey stage’ d}
31 PRINT TAB(20) "to learn about the surface and the subsurface of
320 PRINT TAB(20) “the area! the second stage is the wildcat drilling”
330 PRINT TABR(20) "and the last stage is the appraisal drilling and

340 FRINT TAP(20) Yestimating the size of the deposits discovered.

350 PRINT TaB(20) "The outcome of each stage is the expenctad number

0 PRIMT TAR(COQ) "of prospects in a certain state. For example, the
370 PRINT TAR(LZO) "result of the 2nd. stage is the rxpectal number of”
330 PRINT TAB(20) “prospects which are dry or rcontain petroleum with
339 PRI TAR(20) “"wood or poor reservoir properties. ™ .

400 TRI TAR(20) At Lhe end of the computing, a summary af - the

410 PRI TAB(20) “process is provided if rﬂqulrﬁd

40 PR TAB(20) "There i also a data file called DATAS whxﬁh

430 PRIRT TAB(20) “"provides data for the last two stages.

440 POINT TAB(Z0) "Both programs are self explanatory and will expla o

- ' 166



450
460

470
480
430
5090

510
520
530
540
850
560
570
580
530

680
630
700
710
720
730
740

D2,

750

PRINT TAB(20) “"when to run each programjl

PRINT TAB(20) -ommomeme e L ;
FCOR Q=1 TO 33000' NTXT @:C=0:Q=0"CLS
REM .
REM EXKERE AKX TEKR A ER S
R&EM KR EXRAAXT EXT R EOF S

* Sensing stage *

KEXTAATRKXEREF E S &
REM KEEARREREAKRAXRE & T
REM
PRINT ~ "SENSING STAGE h \
FOR I=1 TO 8O0:PRINT " _~,:NEXT I

PRINT TAB(20) "The prcgram now erqires the rule for the fipsc stage
PRINT TAB(20) "and the probability of detectina for survey s, given
PRINT TAB(20) “the presence of target for that survey. Also, the
PRINT TAB(20) “"resource allocated to each survey is asked here.
PRINT - Suveys are : Aerial Photography ....(S=1):

Magneti1c survey ... ... S=2);

Gravity survey .. . ... (S=3
PRINT ~ & Seismic Reflection ....(S=4). :FOR I=1 TO 80:PRINT"
CNEXT I
REM
REM t“*xi!‘tﬂﬂ‘x&KK“!I!!‘X‘K!I‘ﬂ(i (titll"!‘ll‘t'!"‘il‘l!‘('l\(&l‘l‘ﬁ‘t‘
REM *Asking for rule for the first stade.RR, the resource allocated to *

*survey s,X(s), also the probability of detection for survey s, given =

REM »the presenace of target for the surve:ys . »
REM “‘*"*“‘!‘.““’V‘l'ﬂtlll!l‘&"“(‘IK"‘UK}‘!‘!‘C*."'t‘K]_.&('t‘*¥>‘(“..‘(tﬂ
REM K .

INPUT "Enter the rule for the sensing stage ;RR

INPUT "Enter the resource for the aerial photbgraphy  ; X(1)

INPUT ™ . . . magnetic survey ; X{(2)

INPUT = gravity survey ;X(3) *
INPUT -~ seismic survey ;Y%(4) -
OPEN "b:data9” FOR OUTPUT aAS 81

WRITE 81 ,RR, X(1),X(2),X(3), X(4)

INPUT "Enter the prob. of a +ve signa. from survey 1, given the target prese
PR(1)";PR(1)

PRINT: INPUT "Enter the prob. of a +ve signal from survey 2. given the target

presence, PR(2)";PR(2) ’

760

PRINT:INPUT " Enter the prob. of a +ve signal from survey 3.g1ven the target

presence, PR(3)";PR(3) »

770

PRINT: INPUT " Enter the p¥ob. of a +ve signal from survey 4.41ven the target

presena2, PR(4)";PR(4)

780
790
800
510
820
830
840
850
860
870
880
890

- 900.

310
920
930
940
350
360
370

. 980

990

FOR I= 1 TO 80:PRINT ~_",:NEXT I:1=0.CLS
REM . .
REM Option of Exhaustive or Random survey of the area for each survey

REM
INPUT "WHAT IS THE RATE AT WHICH THE AREA IS SURVEYED";RATE FRINT

INPUT "EXHAUSTIVE OR RANDOM FOR A. PHOTCGAAPHY. ... E OR R7;GEDD PRINT

INPUT "EXHAUSTIVE OR RANMNDOM FOR MAGUETIC, .. .. E OR R";MAGE:PRINT

INPUT "EXHAUSTI®E OR RANDOM FOR GRAVITY.. ... E OR R",GRA3: PRINT >
éNPUT “"EXHAUSTIVE OR RANDOM FOR SZISMIC,.. .E OR R™;SEISE ’

EM - )

REM txxxtxxttxxxxxxtxxeixxttx:tt;'v-t:c ‘_&
REM *x A are the actual characteriscics. ‘ q
REM Z2AS S XXX EXRXXERE IR XK AKX AR KT SR E I ¥R S ¢ X & & X }

REM - : : ~ e
FOR A= 1 TO 17 c :
S=z1

GOSUB 2630 'TO CAL. P(B:A) - '

IF RR<=11 THEN 960 ELSE 1180
IF S<>1 THEN GOSHB 5220 'TO CAL X(2)

GOSUB 4910 *TO CAL FF ) .
REM . : :
REM “B(S) : Signad frcm survey 5. G - Signal from supvey S-1;

S



1000
1h1o
1020
1030
1040
1050
1060
1070
1080
1090
1100
1110
1120
1130
1140
1150
1160
1170
1180
1’190
1200
1210

53]
Lo

1230

1240
k‘)\)
760
1270
1280
12490
1300
1310
1320
1330
1340
1350
1360
1370
1380
1390
1400
1410
1420
1430
1440
1450
1460
.1470
1480
1490
1500
1510
1520
1530
1540
1559
15680

1570.

1580
1590

SEINY

Inlu

\

A(5,G): Probability of +ve signal
F(S.G):

KREM N(S,G)

REM

B(S) -0

FOR G= 0 TO 2

IF R($)=0 THEN 1050 ELOE IF B(9)
IF G=2 THEN 1050 ELOE 1u7o
F(5,2)z0 GOTO 1120
F(S,G)=(1-FF)*P+(1-P) GOTO 1120
IF G=2 THEN A(5.G)=0 ELSE 1100
GO 1120 ‘
A&FfG):FF*P GOTO 1120 \
I

NEXT G

B(S)=B(S)+1

IF B(S)=3 THEN 1150 ELSE 1030
S=5+1

IF Sz5 THEN 1450 ELJSE 940

REM axsxxxxxxsrrxsxxsr o FOR RULES
IF S=1 THEN 1190 ELSE 1260

IF X(1)=0 THEN 1200 ELSE 1220
A(1,0)=0:F(1,0)=0.N(1, -1
S=5+1:GOTO 940 0{5

GOSUB 4910 ’'TO CALCULATE FF
A(l,Q)=FFxP
F(1.0)=(1-FF)*P+(1-P)
N(1,0)=0:GOTO 1210

FOR G=0 TO 2

[F X(S)=0 THEN 1280 .ELSE 1230
A(S,G)=0:F(S,G)=0 N(S.G)=0

[F X(S-1)=0.THEN N(S$.2)=1 ELSE 1310

GOTO 1420
N(S.1)=1"N($,0)=1
GOTO 1420

A(S.GY=0F(S,GY=z0"N(5.G) =0

IF x<5~1>§o THEN 1350/E%§E 1390
IF G=2 THEN 1380 ELSE 20 .
GOSUB. 4910 'TO CALCOLATE FF
A(S.2)=FF*P:F(S.2)=(1-FF)*P+(1-P)
GOTO 1420

IF G=1 OR G=0 THEN 1400 ELCE 1420
GOSUB 4910 "TO CAL. FF
A(S.G)=FF*P F(S.G)=(1-FF)*P+(1-P)
NEXT G N

3=5+ 1

IF S=5 THEN 145@ ELSE 940U

I=0:FOR M=0 TO 2:B(1)=M

FOR J=0 TO 2:B(2)=J

FOR K=0 T@2:B(3)=K

FOR L=0 TO 2:B(4)=L

IF M=O THEN MM=F(1,0) ELSE IF M=z

JRR=1 THEN N(S.G)=0 ELSE N($.G)=1

‘rom S glven G,
<

Probability of -ve sigral from S given G,
Probability of not doing survey $ given G

THEMN 180 ELCR 1110

AL RN TR IR I SN I

r

(

RS

THEN MM-A(1,0) ELSE MMzN(1,0)

[F J=0 THEN JJ=F(2,B(1)) ELSE IF J=1 THEN JJ=A(2.B(1)) ELSE JJ=N(Z.B(1i);

IF K=0 THEN KK=F(3,B(2)) ELSE IF K=1 THEN KK=A(3,B(2)) ELSE KK=N(3.B(2:
IF L=0 THEN LL=F(4,B(3)) ELSE IF L=1 THEMN LL=A(4.B(3)) ELSE LL=N(4,B(2)

IF RR=1 OR RR>11 THEN TEST1 ELSE GOTO 1590

GOTO 1560 - -~
GOSIIB 5830

[=I+1 -
P(I,A)=MM*JJ+KK¢LL+TE®T
NEXT L:NEXT K:NEXT J:NEXT M

REM 3 xsra a0t k0 110 60044502 bR EX LU KA XRK AR ERRR KKK RAE XX R AR KR EREE R X £ ¢ & &
gdiven <A>. (for a given rule, RR).»

* P(I,A)z probahility of state [,
*""!"“0“'0"“‘\.""""“'0'!"0‘,"“"“‘“’*ﬁ"“‘*"‘t#"Ov

REM )
REM ,

*

)
y

/



1530
1640
1650
1580
1570
16580
16930
1700
1710

720
1730

1740
1750
1760
1770
1730
1730
1800
1810
Y1820
1830
1840
1550

1260
1370
1480
13130
1900
Pl

1510
1920
1330

13490
1380
1360
1970
1380
19990
2000
2010
2020
2030
2040
2050
2060
12070
- 2080
2090
2100
2110
2129
2130
2140
2150
2180
2170

2180

2190

RFM i"“‘l“““"l“‘."l.\““‘ﬁ““\"l"!"1\"‘\““

* Testing that the sum of the probabilit e o

* 1. for each <A~

REM "“'0.(“’&““"00&‘C‘C"“O.‘A‘\“\“““\‘v"\'t.““‘

s \‘
R
A0

REM

SliM=o

Fok T T T il

SUM=GUMsE (L A)

NEXT 1

PRINT PPRINT “The sum of P(1)- ,SUM.

NEXT a
REM

REM *Caleulating the probability of
*which 15 shown by PP(1.RR)

REM LR R A AR L LR R R N R N N R N I I NP S R R Y T
REM

INPUT 7INPUT THE NO  OF PROSPECTS PER YFAR . PROSE PROb

PRINT ~ THE E(N) OF ACTHAL

FOR [=1 Tu 81 SiM:=0

FOR Aaz1 TO 17

SUM=5UMP (1. A)

NEXT A

PP(I,RER)-SUM/17 PRINT “P( 1.7 rule”
NEXT 1 /

RIEM ’,S

REM #6420 s et ssa0sssncanertahasssn

* Caloulating the aoant probabal

RE!

FOR [=z1 TO 81 FOR A= 1 TO 17" F(1.A):=
FOR Iz 1 To 81

OUS1(l)y=P(I.1) 08€8¢I)=r(1.8 ) DSLZ ]
TSS12cy=0¢1.12) TILD(A)—P(I TLL1
16) TSLT7(0)=P(1,17)

NeEXT 1 -0

RE)

CRRO)y POl LR

L L N B B N I a4

vy, Polo oAy .

l‘##k"!‘#\‘%“lﬂ'&‘lU‘ll“““\\l‘&“!“‘ha"

all

(PCloay )y 717 NEXT

state I for a given

R

A

O

the

-

/

rule

Phospiie

HEM 02 660282 050500886008 4808880 c8R 0 Ke0 Kt et ot tanasnertoasosecds

* Calculating the no of prospe:s

REM * RATE(I) = expected no. of prosg

L obelud 1o Stanes;
* all of the learnind stade rules

peots 10 5t ate

14
i

(IS SRS

REM S s s o a  x aA A AR A 4 AR A A KRR AR ED S KR A A s v 4 ke A0t 0 b o bt e

REM

-

1=0 FOR T= 1 TO 15 M(T)=0 NEXT T PRINT PRINT

CLOSE #1:1=0

FOR AA= O TO 2:FOR BB= O TO 2 FOR Co

I=1+1:RATE(I)=PP(I,RR)*(PROSP)
IF (RATE(I))<>0 THEN 2020 ELSE 2370
I[F RR=26 THEN 2030 ELSE 2040
M(15)=M(15)+RATE(I) :GOTO 2370

IF AA=1 THEN M(l) M(1)+RATE(I) ELSE
RU(4.1)=1

IF BB=1 THEN M;c):M(g)fRATELI> ELSE
RU(3.I)= °

IF CC=1 THEN M(3)=M(3)+RATE(I) ELSE
RU(Z. I)=1

IF DD=1 THEN 2110 £LSE 2130
M(4)=M(4)+RATE(I)

RUOL, 1) =1 -

-0 TO 2 ROk DD

2080

2080 .
\

2100

e,

IR AA=1 AND BB 1 AND CC.1 AND DD=1 THEM M(14,=M(1sh) vHATFCT)

RU(14,1)=1

IF RBE-1 AND CC=1 AND DD=1 THEN M(13)
RU(13.1)=I '

[ AA=1 AND BB=1 AND DD=1 THEN M(12)
ROc12.Iy=1

I[F AAz] AND BE=1 AND CC=1 THEN'M(11,

=M(13)+RATEC( D)
SMOT2) s HKATE(T)

Mo eRATECT)

E

LoK

FLSE

E

1

1N

2170
2190

AVRRY

TR}

LR B L O A B B BN

<1 by “
.

Bal

e e EE L L ErQE

EL:

add up

/

.
REM A R A O N N N N Y R R R T T o I O O O

\

R
PR

/

A

\>

*

LR}

o

[N STATE 1

CE 2190



.

2000 RUC1L, Iy=1
Sl TFE 2l AND DDz THIN Mo19)=M10) +RATE( DY ELST 2220
oo [0, Iy =1 .

230 TR BB=1 AND DD 1 THEN M(3) M{9)vRATE(D) ELOE 2250
CZHu RU9, Iy =1

I
“

(3}
«
‘)
<

2U%0 TF BB AND CC-1 THEMN MOy M) SKATE (D) FLOE 2070
SO0 RUes Ty 2d
2uU0 I AA-L AND DD THEN Mo 7)) M(7)+RATE(L) KLSE 2290
200 KU(T . 1) =1
U IF o aAcT AND CC:1 THEN M) "Mty +RATH (D) ~ELSE 2210
2300 RUee 1) -1
2919 IF A/\ 1 AND BB:=1 THEN MO45) M(8)+KATHE(T) EiL.UE 2370
2320 RS 1) =
23730 H}{M X E XA S EANEAXKE R X R & K
7340 REM EA KA A CAT XA R E L AR K XK X
» LEARNING STAGE =%
X K KX & F AR KKK AR KAAEX
27390 REM I AEEESE RN FREPERER NS
2360 REM
<370 NEXT DD NEXT CCUNEXT BB NEXT AAa PRINT PRINT *
Learning stage” PRINT FOk 1:1 TO BO PRINT "_ ", NEXT I PRINT
2380 REM . .
C3J0 REM S 22X 088858 64888 0810 5000 s bt NthRRARERRERARAKNARKRARAR R A K ARKAS KK XS &4

2400 REM Opening a fi1le to save 1aformation for the end of the program when
the summary of the process 1s reqgulred

D310 REM 228X 2520 28424048 08 000 s 0XAAAR2 KA EEAAAL XA KA RRKA S $ KA AL ARSRARE KA KRS & 4%

2420 KEM

2430 OFEN b oan s FOR OOTHUT Al a3

2440 FOR I=z1 TO 81

2450 WRITE ﬂl,RATQ(I)

2460 NEXT [:CLOSE #1

2470 REM

24830 REM ttaxct:‘tttttoota;tc«‘otta¢n«*tn‘axxtxx#xr**axxtx‘:;xtx‘x*xta.:‘«canAtt
* Caleulating the no  of prospects (N) for a given learning rule(VY) =
BAAR KRR A XARE RS XA A 4 A A AR AR AR A ET XA KA N EAKA R A RAA R AR RR KRR R R AR R A AR k2 44 4R

240 REM

I5c0 IHPOT "Enter rule for tior second stare S YY IF YY=15 THEN 2510 ELOE 2020

2510 PRINT "no  of prospects with O allocation at stage 1=7,M{15) RU(15,31):81 N

MOI5H) GOTO 2789

2520 IF YY=1 THEN N:=M(4) ELSE IF YY=Z THEN N=M(3) ELSE 2530

2520 IF YY=3 THEN M=M(2) ELSE [F YY=4 THEN N=M(1) ELSE 2540

2549 IF YY=5 THEN N=M(5) ELSE IF YY=6 THEN N:=M(5) ELSE 2550

2550 IF ¥YY=7 THEN N=M(7) ELSE IF YY=3 THEN N=M(B8) ELSE 2560

2500 1F YY=9 THEN N=M(9) ELSE IF YY=10 THEN N=M(10) ELSE 2570

2570 IF YY1 THEN N:=M(il) ELSE IF YY=12 THEN N=M(12) ELSE 2580

2530 IF YY=13 THEN N=M(12) Ei.U% IF ¥YY=14 THEN N=M(14) ELSE 2760

25990 GOTO 2780

2600 REM

2610 REM sxsxxsrsaxsxrsrssrvsaessst SURROUTINE %%k Kk K&k &k &k X £ K & K K & KKK & & K AR A &
* Assigniud the value of the prob ®of detection for S, given <A> +
t#l‘ttt**‘**ttttvvnvtv‘atvtﬁttv'tt**tﬁ‘*t*%t*i****t*{*t\tnt*t(*'tt

2620 REM

2R3V IF S=1 THEN 2640 ELSE 2830

2640 IF A=1 OR A=2 OR A=3 OFK A=4 OR A:5 OR.A=6 OR Az7 OR A=15 OR A=17 THEN 2550

ELSE 2650 o ' : -

2850 P=PR(1):GOTO 2670 ' A ~

2880 Pz . [}

<670 RETURN

2680 IF A=1 OR A:=2 OR A=3 OR A-4 Ok A=5 OR A=f OR A=8 OR A=9 OR A=10 OR A=1! OR

A-11 OR A=13 OF A=z15 Uk A= lb OR aAa=z17 THEN 2710 ELSE 2630 .

2690 P:=Q . .

2700 RETURR . .

J"H I[F S=2 THEN P:=I'R(¢Z) ELSE IF S:3 THEN Pz=PR(3) ELSE P=PR(4)

S0 RETHRN .

ﬁfx% REM gt‘¢o\gocto'v"‘4yv¢otvtqo'oOty'cttvvttvxttttvm#*xt«t‘4:t»&ttt*t‘*t#
o Upenim a 1le to outpat anto the data file the sensed chara. . Shes

. ) AR ’
N s |

Al



o740

Y730
2790
2800
2810
2820
2873Q
2840

2850
2860
2B70
2880
2890
2300
2910
2920
2930
2340
vty b
Lase
2950
2950

2970

2080
2940
BIVISD!
301
3000
3030
Jo4o
3050
3061
2079
IOEG
3040
31900
3Jiluw
1120
3120
3140
RESAY
3160
3170
3180
3190
3200
3210

3220
3130

R

RS

C NNN(I), for inputing the number of wildeéat wells for these crar

REM * 10 the data f1le & the no  of prospects to be Jdeilled (NY. alg

*the rule, YY

[

-

+

.

O'\“‘\Q“\Q"'“"“*."‘“‘\“\‘\“““'\\\\“‘0““."\“““““

REM

O b mmm T FOR OUTRUT AC )
Fok I 1 70 81

MMM D) ROy, 1)

WRITE o] NNMNODY. FI'(L.RR)

NFY” I
RITE o1 N.YY
CIC‘E I
REM
REM 2358008600008 00&0x AL EEEE LK
* Savind the joint probability P .A) » A
FAELFEXBAAARER A RN A KR AR K KA K E K KA KA A K & K K B ¥ X
KEM
OPEN "b p° FOR OUTPUT AS 82
FOR I: 1 TO 81 N

FOR A= 1 TO 17

WRITE a2, P(l. A

NEXT A

NEXT I

CLOGE 82

FOrR I= 1 TO 80 PRINT © 7, N&EXT I

PRINT PRINT “"Information from stade 1 15 now avalrlable and stoved 1noa

IIPUT 81 DOLLAR,PI, PROP CLOSE sl

OPEN L cost FOR OUTPUT A5 ol

WR]ITH o1, NNN.DGCLLAR CLOSE 81

[INFIIT AT WHAT RATLE THE AREA I) DRILLED”,RATE

Orkn Lop o FOROINPUT AS 82 - .
FOR L. 1 TO 81 ) /\
Folk Az 1 TO 17 » .
INPIT @ FLI. A)

NEST A NEXT I

!

SUM1) =20 SUM(2) =

O

0s1:=0: O 3z0:052:0:0$9=0.T85=0:TS12=0 TLE=0 TL13:0 OLi5% 0 ClLis:0 TSl

[NEJT “ENTER PI.THE PROB QF DET.*GIVEN OIL DEPWUJT”,PI ADD =0
FOR I= 1 TO 81

FOR A= 1 TO 17 : : .

COSIB 3370 "To calculate OILtA) & PFO(C, A) -

GOSUE 5040, 'To caleoulate FF B

REM . .

REM PEREAEAEEEAEINA AR L AN AR AR R RARAA R KA R A CA KA E S A E 4 S 4 C XX LA 42200088204
* AUD = prob. of a dry well, C=G. .or
* sumdC) = proh. of finding 0il with regervoir property 21,208

REM *FPFO(C.A)=z p(finding oil & C | <A»). *
*  OIl.(A)= prob. of the presence of o1l,diven <A, ' »
* WELL(I)= The no. of wells for se. ch. I (form data file) »

REM * DOLI.AK = The resource spent per well (data {ile). .
» ™ = prob.” of datection,diven oil is there (data fi1le)  ?

¢ O8] 0 Prospects with small deposits and poor rea. property, *
REM 2 0115 ) o larwa : hd

. RN

e ousned by the data tile. Run the data filg now. 1t~ run o datad Tor the
FOR Tz 1 T 81 PRINT 7, NEXT I STOP .
M
{\}51 2 4 4 A AKX EKEZAALAKAE RAL A KKK AKAE KR K&
[aputing data Lo Learning stage -
kt‘nuv'tatkvtstttx&t‘tat#k&#*tt
REM
OFEN b ogeery ™ FOR 4NPUT AS 1
POk L1 T g :
NPT e WELL(L)Y IF WELL(L) >0 TEEN NNN-WELL: 1)
NEXT [ *



- * TZS ¢ . . .
3250 REM = TLA . . larg . . . . x
37250 REM ,llxCntttt"ttlttlllt!xtl(ltvxttultxlt‘tttt‘ttlt‘ttttt}‘lktn‘t

3270 REM

2290 If C=2 Tdzl 2200 ELSE 23260

3290 ADD=ADD+ (¢ (((1-FF)xCIL(AY)Y+L-OLL(A))Y*P{I,A)) N

32C0O SUM(C)=SUM(C)+ (PFO(CC, A} *CIL(A)*P(], A8 (T7))

3210 MzZXAT A

3220 NEXT 1

3230 PRINT "Prob. of oil in category=";C," is ",;SUM(C) C=Cs+1 17 C>2 THEN 348
SZ GOTO 2160

3240 RIM

3350 REM sxaxsxarasxxs SUBRCUTINE *xsxsxsxxxxx

< * Calculating OIL(A) & PFO(C,A&). =

3360
3770
37230
3330
3400
3410
2420
2430
2440
3450
3460
3470
3430
3430
3500
3510
3520
3520
3540
3550
560
3570
3580
3580
36C0

3510

3620
3630
3640
3{;-)0
3660
3570
36880
3850
1t e "
37C0
3710
720
. 37320

3740
, 3750
Y 3750
£.3770

o

" 3780

b=
v

e-nall . . goocd

KKAXKLAEKEXEEEEK A KR KKK KX K KN KK KK KX € XX

REM
IF A=3 OR A=4 OR A=7 OR A=10 OR A=11 OR A=.4 THEM OIL(A)=0 ELSE OIL(A)=
IF C=1 THEN 3290 EL_SE 24.0

IF A=l OR A=Z OR A=3 OR A=) OR A=15 OR A=l5 THEN PFO(C.A)=i ELSE PFO(C.
GOTO 3420 ‘

IF A=S OR A=5 OR A=12 CR A=i2 OR A=17 THEN PFO(C,A) O(C,A)=0
RETURN

REM

REM calculau‘v 0S1.0L15,TS5 and TLS T o

REM

C=1

FCR I= 1 TO 81 FOR A= 1 TO 17 >
GOSUB 3370

GCSUB 5040

[F C=1 THEN 3510 ELSE 3540 : i

IF A=15 OR A=16 THEN 3520 ELSE 23520

OSI1(I)=PFO(1,A)*FF«QIL(A)*P(,Aa) :0S1=031+CS: (1):GOTO 3570 -
OL15(1)=PFO(1,A)*FF*OIL(A)Y*P(I,A):OL15S=0L15+ OL1S(I1):GOTO 3570
{F A=5 OR Azlg OR A=17 THEN 3550 ELSE 3560 -
TS5(1)=PFO(2,A)*FF*OIL(A)*P(1.A) TS5=TS 5+TSS5(1) . GOTO 3570
TL6(I)=PFO(2, AYxFF+«OIL(A)*P(I.A): TLD&AUO‘TLd(I)
NEXT A:NEXT I ®
C=C+1:IF C=3 -THEN C=0 ELSE 3470
REM . . -
REM ZXXAXRKKRRKERKAA KKK KKK KK KKK R KRKK KR RS KRR KA KKA KKK KL AR A K KR K KR KKK

* Inputing the probability of discovering petroleum. aug thex

* no. of prospects with good and poOr res. properties ihto %
REM * data file *

AXEEKEAKKEKEKREAKRERAK R KRKKAF R ARKA KRR K KR KA KF K KELLAXKKKATKKKA KX & KKK XKL
REM
REM .
PRINT 0OS1,0L15, TS5, TL6
OPEN “b:rrrr” FOR OUPHT aS #1
WRITE #1,SUM(1),SUM(2),0S1,0L15, TSS, TLS
CLOSE a1 . ;
PRINT:PRINT “"Prob. of Dry hole is = ";ADD . .
PRINT:PRINT:PRINT ~ Run aata5 now. for the 3rd.
tor . .
REM ’ - )
REM . AXEECKER S RIS AEKEX .
REM AXXEREKKEKI IV ASANK

* SOLVING STAGE » .
XKEEXEXTEIAXATS I ALY X

REM . L LERR RS NS E R R REYY . ;
REM ‘
REM - -

RhM ttv‘ttt#nx&tvtt“\xt‘tttvcctc'»:xt‘ttuttttt‘:t‘\tt&tvnt*vvt*x**ttxv#x;

- * ‘Inputing the following from the Jdata file (Seismic is done for

* assisting the apvraxual drillin) . s
REM * . PPP(7) =prob. 'of larre oil depusit.
£ .

=9

[
stag

»
4
E 3



4 ¥APP(SIZE)=resource for appraisal drilline .

x SIZE=s1z2e of the trap contalining oyl (1.0 or small, Large .

3730 REM » PB(SIZE)- prob.  of large o1l deposit Kiven SITE '

* 227 = rule used for the 3rd  stage .

*PPP(SICZE) - prob of larwe trap. SI1ZE = 1.0 .

38300 REM t‘l&‘it#“‘tt"OttkOOQO\qt“tt\‘t“\‘t‘\“‘.‘0'\‘0“\\“‘\0‘Ott\‘|‘tl‘
3810 REM -

JH20 OPEN 8k xxxx ' FOR INPUT A5 g

3330 INPUT nI,PPP(7).APP(1>.Apr(:>,511E.PU<1>,PU\S>.::x\r1.&Pr(1),??}\;r_wux,mig
) .

5, T35, TLE, SUM( 1), SUM(2) CLOSE a1

38340 IMPUT " INPOT THE RATE AT WHICH THF AREA IS DRILLED ChATY

3850 GOSUB 5120 PPP(7)2PPP(7)+ (FF)*PB( U IZE ) sPPP(LITE) '

3860 IF ZZZ:3 THEN 3870 ELSE 3880 - -
3870 SIZE=SIZE+1 IF SIZE>2 THEN 38350 ELUE 3850 ‘

3880 PRINT "Prob., of large o1l deposit. L PPP(7)

3890 REM  The followinds are= considered  for devalopm=nt drilling

7900 REM SPOOR: no. of Prospects with small deposit and poor reservorr propect

390 REM LPOOR: . . . . large

3920 REM SGOOD. . . . smwall good : :

3940 REM. ®D - . . larce . -
3940 HEMg . 0 )
3950 SPOOMMRM 1,2)*PPY(7)20S1) / ( SUM( _— : :

1))
3960 LPOOR=( (1/2)*PPP(7)40L15) /(SUM(1)
3970 SGOOD=((1/2)*PPP(7)+TSH) /(SUM(2))
3980 LGOOD=((1/2)*PPP(7)+TL8)/(SUM(2))

)

3930 PRINT.PRINT - LARGE O D AND POOR RES  PROP = 7 LPOUR
4000 PRINT:PRINT - SMALL O D AND GOOD REL  PROP = 7, 8G00D
4010 PRINT . PRINT ~ LARGE O.D AND GOOD RES PROL' = 7, LSOOD
4020 PRINT . PRINT ~ SMALL ©.D  AND POOR RE: PROP = [ SPOOR

4030 IF SEt="Y" THEM END ELSE 4040
4040 INPUTSN IF you want to ges the summary of process and all the data t.pe |
se oyde any other number, SUMMA )
4050‘{5 SUMMA=1 THEN GOTO 4220 ELSE ENMD ’
4060 REM ’ . £ i
4070 REM ‘*‘#a‘txt»tttin_&nttt*,n»nn“n:0!‘*0»::»;‘:: IR RN SRR R R NN EEN
* loputing data from the data il (0o sexzsxw in the 3rd Staw, e
* 27 = rule used for this utage +
4080 REM * PB(C)= prob. of larde oil deposit given C:1, ¢ '
*AFP(C)=*resource for appraisal droilling '
. "Xﬂ‘*‘*ﬂ*“‘k*"("‘***’tl‘y"‘t““*‘i“‘ﬁ#‘t“r‘0000“',““‘00"’""
4090 REM *
410G, 0PEN “"b.tttt” FOR INPUT AS 1 . i
4110 INPUT #1,APP(1),APP(2), C. SUM(1),SUM(2), 22, PB(1) . PR(Z) . FILOST. OL1s T 0
~4120 CLOSE 1

s

4130 INPUT "PROB. OF DET. FOR LARGE OIL DEPOSIT",PI INPUT "INPUT THE KATH AT Wil

CH-.THE AREA IS DRILLED",RATE . .

4140 GOSUB 5120 'Tn rcalculate FF - pd

4150 PPP(7)=PPP(7)+(FF)*PB(C)*3UM(() - . '

4T50 IF ZZ=3 THEN 4170 ELSE 3880

4170 C=C+1:IF C>2 THEN 3880 ELSH 4150 _

41%O‘REM ’ : . )

419 REM XXX RKXAXKEXKF AR XRKARR KR ARAKT L X6 K6 2 A AR K KA RAK KRR K $ S E A S A A KKK AAA A G 4 0 000 s
. " Files.are op®ned here to input fhe information 10 order to provid. g

summary of the total process. T ) *
4200 REM &xx**ﬁ:x*tkn#xnyx**txxxm*vﬂxtav‘tm»»»'*x»:vw:o‘v»:tvaanvtxvqwo'o'vc"
220 OPEN “"b:data9” FOR INPUT AS 1 ’ ) .
4230 INPUT 81,RR:X(1).X(2, X(3) #%(4) CLOSE =1 ' -
4240 OPEN "b:in” FOR INPUT AS 1 . - )
4250 FOR I= 1 T8l ‘ S ' .
4280 INPUT, g1 RATE(TI) : ' .. T,

427Q NEXT I

4280 CLOSE sy " - -

4290 OPEN "b:mmmm~ FOR INPUT AS | ‘ ) .

4300 FOR I=% TO 81 INPUT 81 :NNN(T) . IPiLRIO NEXT L INPOT sl MUY CLOTE 34
4310 OPEN "h mogt ™ FOR INPHT A I ’

Y



4470

4320 1HePyT
43720 CLOGE #]
. 4340 OPEN "L rrrr”
050 IHPUT 81, SUMC1),
4260 REM
47370 REM .

ATHG REM
4290 KM

4400 CLS PRINT

AR

4410 PRINT

“PRINT

4420 PRINT TAB(20)
4430 PRINT TAB(20)
4440 PRINT TAB(20)
4450 PRINT TAB(20)
4450 PRINT TAB(20)
PRINT_TAB(20)
PRINT TAB(20)
PRINT TAB(2Qm
PRINT PRINT
PRINT TAB(20)
PRINT TAB(Z20)
PRINT TAB(20)
PRINT TAB(20)
PRINT TAB(20)
PRINT TAB(20)
PRINT TAB(20)
PRINT TAB(20)
PRINT PRINT
PRINT TAB{Z20)
PRINT TAB(20)
FRINT TAR(20)
PRINT TAB(20)

4480
34430
4500
4510
4520
4530
4540
4550
4560
4570
- 4580
4530
4500
4510
4600
4630

4640
4650
4660
4670
4680
4590 CLS

4700 PRINT:PRINT
Y. for 2nd. stage’
4710 PRINT

aaxxxs”  PRINT

4720 PRINT:PRINT
4730 PRINT

4740 PRINT TAB(20)
4750 PRINT TAB(17)
4760 PRINT "TAB(10)
7 PRINT

4770 PRINT TAB(10)
77 :PRINT .

4730 PRINT TAB(19)
7" PRINT

PRINT TABAEQ)
RRINT TAB(®5)
PRINT TAB(25)
PRINT TAB(25)
PRINT TAB(25)

"The process

"Petroleum with good reservoir property.

41, NNN, DOLLAR

FOR INPOT A5 1

SUM(Z) CLOCSE #1

SRR L LR R R AR AR AR A A R KK Y

Summary of the Process
A A A LTS AL A EXREOR XXX R KXY

SUMMARY OF THE PROCEZS AT THE END OF THE YE

AER XL FARAKRE X X KE KK KK

AEEXEEXEXAARKKEE KRR £ RKKX KKK K

started by selecting rule ,RR; "for the l=st

"stage. The amount of resources allocated to each survey”
cvere
“Aeri1al Photodraphy £, X(1)
"Magnetic Survey N D A (D
"Gravity Survey L3, X(3)
"Seismic  Survey £, X(4) -
™ .

“"For wild at drilling it was decided to uqé,rule”;YY;”.‘
"This reswulted

in the selection of ";N; " prospects for’

“drilling ";NNN, " wells were drilled per prospect at a’
“cogst of ¥ ,DOLLAR; " per well )

"The following probabilities were obtained = .- N
"Petroleum with poodr reservoir property. .. SUM(1)

ST SUMeD)

LN

“"For the gxnul stagde appraical driLl%ng was done without”
“the
“was
“further development .

of seimic survey and a total of .. .$7;APP(1)+APP(2)
This resulted in ";PPP(7);" prospects for =
tinwever, the actyal number of prospects

aild
Spent

“with different actual characteristics included were: "

"small deposi1t & poor reservoir property .. ;SPOOR

“large deposit & poor reservoir property. . . ;LPOOR

"smail deposit % gond reservoir property. .. ;SGO0OD

“large deposit & good reservoir property...  ;LGOOD
s

Results using rule”;RR; "for lst. stage. . .rule”;Y

AT AR RN KRS AT AR AR R KRR KRR R AR AR KA KKK KKK KKK R X KR KKK KK KK X KK

Observed Not Observed”
oo ¢ e T een 1 2
“LPOOR “LLPOOR: " @ ";(2/175—LPOOR;” : 271
“SGOOD :\ T13GO0D: ", (3/17)-SGOOD; - : 371

) \2\,,//’";(4/17)—SPOOR;" D

4790 PRINT TAB(10) "SPOOR ! “LGI0OR: 4/1
© 7" PRINT. : . )
-4800, PRINT TAB(5) “"No Deposit | 0 6/17 . :

6/17" ’ ’

4810 PRINT TAB(1?) & mommmmm e e a

48320 PRINT:PRINT PRINT TAB(26) PPF(T) ;50D L .

4830 END | ; .

4840 RFM . END OF THE MAIN PROGRAM

4850 REM . e . \

4880 REM i ‘



4870
4880
4890

4300
4910
4920
4930
4940
4350
4960
4370
4980
4330
5000
5010
$Q20
5030

REM Xxilxl&(t_t!tt’*‘ﬂt‘*xﬂxﬂ**ittltXtt!t‘*XKT&!)“(!!!X‘A**K‘*“‘*,“’O‘it(l’x."

EE!

REM SUBROUTINE FOR CALCULAT.ING THE PROBABILITY OF DPETECTION OR

REM
IF S=1 THEM 4930 ELSE IF $=2 THEN 4940 ELSE 4920
IF S=3 THEN 4950 ELSE 4960

IF GEOS="E" THEN 4970 ELSE $0Q0 ,

[F MAGS="E~ THEN 4970 ELSE 5% ) .
IF GRA$="E" THEN 4970 ELSE Sd@80 )
IF SZISs="E" THEN 4370 ELSE 5@00

IF ((RATE)=*X(S))<l THEN 4980 ELSE 4930
FF=(RATE)*PxX(S) : RETURN
FF=1-((1-P)"((RATE)*X(S))):RETURN
FE=1-(EXP(-(RATE)*P*X(S))):RETURN

REM )

\

\

1
N \

NO DETECTIO

N FOR THE FIRST STAGZ SURVEYS, WHETHER EXHAUSTIVE OR RANDCM

REM SUBRCUTINE FOR CrrC\IVG THE NORMALIZZD EFFORT FOR WILDCAT DRILLING

REM

5040YF WELL(81)>0 THEN 5050 ELSE 5060

5

s =1-(EXP(-(1/PRCP)*(RATE)*(PI)*WELL(I)*DCLLAR)):RETURN *

OO F (RATE) *(DOLLAR) *(WELL(1))*(1/PROFP)<1 THEN 5070 ELSE 5080

50/0
3080

5090.

5100
5110
5120
5130
5140
5150
5160
5170
5180
5190
5200
5210
522
5230
5240
5250
5260
270
5230
5290
5300
5310

/G:GOTO 5340

5320
5330
15340
5350
5380
5370

FF=(RATE)*(DOLLAR)*(WELL(1))%(1/PROP)*PI:RETURN :
FF=1-((1-PI) " ((RATE)*(1/PROP)*(DOLLAR)*WELL(I))):RETURN
REM

REM SUBROUTINE TO CHECKX THE NORMALIZED EFFOCRT FOR APPRAISAL DRILLING

REM .
IF SEe="Y" THEN 5130 ELSE 5160
[F (RATE) «(APP(SIZE))<1- THEN 5140 ELSE 5150

FF=(RATE)*(APP(SIZE))*PI:RETURN i : .

FF=1-((1-PI) " ((RATE)*(APP(SI[ZE)))) :RETURN
IF (RATEZ) «(APP(C))<1 THEN 5170 ELSE 5180
FF=(RATE)*(APP{C))*PI:RETURN
FF:I—((I—PI)’((RATE)*(APP(C)*i):RETURN
REM

REM SUBRCURINE TO CALCULATE THE RESOURCE AL OCATION TO. SURVEY4S
REM .

IF RR=2 THEN 5230 ELSE 5290

AAZA(Z, 1)*a(1.0):B=A(3,1)*A(2,1)*A(1,0)"

IF S=2 THEMN 5250 ELSE IF S=3.THEN 5260 ELSE 5270

I[F A(1,0)=0 THEN 5280 ELSE X(2)=X(2)/A(1,0):GOTO 5280

I¥ AA=O THEN $280 ELSE X(3)=X(3)7AA:GOTO 5280

IF B=0 THEN 5280 ELSE X(4)=X(4)/B ‘

RETURN

IF RR=3 THEN 5300 ELSE 5350

[F 3=2 ORr S=3 THEN 5320 ELSE 5310
G=A(3,1)*fA(2,1)*A(1,0)+A(3,0)*F(2,1)*A(1,0):IF 5=0 THEN 5340 E

IF A(1,0)=0 THEN 5340 ELSE 5330

IF S=2 THEN X(2)=X(2)/A(1,0) ELSE x<3)-x(q~/A<1 0) .
RETURNM o, T

IF RR=4 THEN 5360 ELSE $390 . o
IF A(l O¢=0 THEN 5380 ELSE 5370 -

[F S=2 THEN X(2)=X(2)/A(1,0). ELSE IF §=3 THEN X(3)=X 3)/A(1 0)

4)/4(1.0)

539

540

5410
5420

$430
5440
5450
5460
5470
- 5430
5490

538§/RETURN . Ly

IF RR=5 THEN 540¢ ELSE 5460 : :
AAZA(2,1)*A(1.0):B=A(1,0)*A(2,1) - \

IF S=2 THEN 5420 ELSE IF S=3 THEN 5430 ELSE 540 |
IF A(1.0)=0 THEN 5450 ELSE X(2)=X(2)/A(1, 0) GOTO $450
IF AA=O THEN 5450 ELSE X(3)=X(3)/A:GOTO 5450 |

IF B=0 THEN 5450 ELSE x<4) =X(4)/B S
RETURN ‘ : ]
IF RR=6 THEN 5470 ELSE 5520

"B=A(Z, 1) *A(1,0)+A(2,0)AF(1,0):BB=A(1,0)%A(2.1)+F(1, O)‘A(Z 0)
IF $=3 THEN 5490 ELSE IF- S=4 THEN 5500 ELSE 5510

IF B=O THEN 5510 ELS F X(3)=X(3)/B:GOTN 5510 -

I

C -~

EL SE X(4) y 4

41=X(4)

»y



$3200 IF BB= o THEN 5510 ELSE x<4>—x\4\ ‘BB

5510 RETIRN ’

5520 IF RR=7 THEN 5530 ELSE 5570 - )
£520 IF S=4 THEN 5540 ELSE 5560 :
5340 LET G=A(3,1)9A(2, 1) *A(1,0)+A(2, 0V «F(2. 1) %4 1.00+a(3. M ea(2,0)sF (1, raa(3, o
*F(2,0)sF(1.0) & - ' :
5550 IF G=0 THEM 5540 ELSE X(4)=X®4) G

5560 RETURM : [ |

5570 IF' RR=8 THEN 5530 ELSE 5650 )

5580 IF S=3 THEN 5590 ELSE S610

5330 LET H=A(2, 1) *A(1.0)+F (2, 1) %A( 1.0 +A( 2. 0)*F(1.0) ‘ .
8630 IF H=0 THEN 5650 ELSE 5570 N '
5610 LET HH=A(1.0)+(F(1,0)*«A(2.0)) L -
5620 IF HH=O THEN 5550 ELSE 5540 .

5630 X(3)=x(3)/8:.G0T0 5650 -
5640 X(4)=X(4)/HH
5550 RETURN -
5650 IF RR=3 THEN 5670 ELSE 5550
5670 IF S=4 THEN IF A(1.0)<>0 THEN X(4)=X(4)/(A(1.0)+A(3. 1) *A(2.0)¢F{ > 01+a(3. 0)
xF(2.0)%F(1,0)) ELSE %580 : ~
8530 RETURN
55690 IF RR=10 THEN 5700 ELSE §790
57CO IF S=4 THEN 5710 ELSE 5740
5710 K=A(3,1)*%A(2, 1)%A(1,0)+F(3.1)*A(2,1)*%A(1,0)+A(3.0)*F(2.1)%A(1.0)
5720, IF K=0 THEN 5780 ELSZ X(4)=X(4)/K
5730 RETURN ~
8740 IFYA(1,0)=0 THEN 5780 ELST 5750
§780 IF S=2 THEN S780 ELIE S7
760 X(2)=X(2)/A(1,0) GOTO %
770 X(3)=X(3)/A(1.0) -
5780 RETURN v
5790 IF RR=11 AND- S=4 THEN IF A(1,0)=0 THEN 5800 ELSE X(4)=X(4)/(A(L,0)s(A2. O)e
F(1,0))+(A(3,0)%F(2.0)%F(1.0))) ELSE 5800
5800 RETURBN
5810 REM SUBROUTINE TO TEST THE VALUE OF STATE 1 AFTER THE SENSING STAGE
5820 REM 2
5820 IF RR=

PR

2 THEN 5840 ELSE rF RR=3 THEM 5240 ELSE 5990 ‘
5840 IF B(1)=0 THEN 5850 ELSE IF B(2)=0 THEN 5870 ELSE 5370 ~
5350 IF B(2)=2 AND B(3)=2 AND B(f} THEN TEST=1 ELSE TEST=0
5860 RETURN /

5870 IF B(3)=2 AND B(4)=2 AND B(1)<>2 THEN TEST=i ELSE TEST=0
5880 RETURN

5890 IF B(3)=0 THEN 5900 ELSZ 5320 -
5900 IF B(%)=2 AND B(2)<>2 AND B(1)<>2 THEN TEST=1 ELSE TEZT=0

5910 RETURN

5920 IF B(1)=2 OR B(2)=2 OR B(3)=2 OR B(4)=2 THEN TEST=0 ELSE TEST:=! )
5930 RETURN

5940 IF B(1)=0 THEN 5950 ELSZ IF B(3)=0 THEN 8970 ELSE S
5950 IF B(2)22 AND B(3)=2 AND B(4)=2 THEN TEST=1 ELSE TES
5960 RETURN

5370 IF B(4)=2 AND B(2)<>2 AND B(1)« 2 THEN TEST=: ELSE TEST=0
5980 RETURN

5990 IF RR=4 THEN 6000 ELSE IF RR=5 THEN 6050 ELSE 6120

6000 IF B(1)=0 THEN 6010 ELSZ 6030

6010 IF B(2)=2 AND B(3)=2 AND B(4)=C THEN TEST=1 ELSE TEST=0

6020 RETURN ¢

6030 IF B(1)=2 OR B(2)=2 OR B(3)=2 OR B(4)z2 THEM TEST=0 ELZE TEST=!
6040 RETURN
6050 IF B(1)=
6060 IF B(2)=
6070 RETURN
6080 IF B(3)=2 AND B(1)v>2 AND B(4)=2 THEN TEST=1 ELSE TEST=0
£090 RETURN

6100 IF B(1)=2 OR B(2)=2 OR B(3)=@ OR B(4)=2 THEN TEST=0 ELZE TEZT=!
6110 RETIRN

© 6120 IF RR=6 THEN $130 EL3E IF Kk=7 THEN 5160 ELSE 4190

O THEN 6C80 ELSE IF B(¢2)=0 THEN 6080 ELSE 6100
2 AND B(3)=2 AND B(4)=2 THEN TE;ST:I' ELSE TE3T=0



6170 IF B(2)=0 THEN 6140 ELSE 9920

K140 IF B(3)=2 AND BMiy=2 AND B¢l).>2 THEN TEST:1 FLSE TEST-O
£150 RETURN

tlo0 IF Re3)y=0 THEN 6170 ELSEK 59320

B170 [F Bed)=2 AND B¢2)<92 AND B(r)->2 THEN TEST-1 ELSE TEST.O
t, 190 KRETIRN :

Hido IR RW-8 THEN 6200 ELCE IF RR:9 THEN 6230 ELSE 68280

600 IF B(i) =0 AND B(2)-0 THEN 6210 ELSE 5370 & Ca
8210 IF B(3)=2 AND B(4)=" THEN TEST-1 ELSE TEUT:=O s

6220 KETURH .

270 IF B(1)=0 AND B(2)<>2 AND B(3)=0 THEN 6240 ELSE 5920

f240 IF B(4)=2 THEN TE3T:=1 ELSE TEST:0

6250 RETURN :

62650 IF Rk=10 THEN 6270 ELSE 6320 -

6270 IF B(1)=z0 THEN 6280 ELSE IF B(l)=1 AND B(Z)=0 AND B(3)-0 THEN 6300 ELSE 592

220 IF B(2)=2 AND B(3)=Z AND B(4):2 THEN TELT-1 ELOE TEST-0
230" RETURN .
200 IF B(4)=2 THEN TEST:1 ELSE TEST=0

310 RETURN

6320 IF RR=11 THEN 6330 ELSE 6350

230 IF B(1)=0 AND B(2;=0 AND B(3)=0 THEN £340 ELLE 5920
6340 IF B(d)=2 THEN TEST:1 ELSE TEST:0 .
K350 RETURN



10

REM §L Data Fil
§§ 2, ata File
&
“3 ‘

20
30 R ttt\“l#t“‘u‘tttttt‘*"“‘ttt‘*““t“‘“\“““‘u"‘t"Q“!““‘
40 RE x, 1‘u is the data 118 which 1s used by the main program EXPLO tor thes
» Fecond and the 3rd stages of the process «
50 REM » The program is accessed by EXPLO through several segquential files & x
* is self explanatory. - . *
60 REM xtttx’ltxitit*t*itttttttt*x!ttnt‘tntttt“#tttt(‘tttt‘x'\ix!#lttt\"t‘tttl
70 DIM WELL(81),NNN(81),F(25),DIFF(40),SUM(10),Y(10),P(10),APP(10),PR(10).PPP(10
). X(10)YPP(81,26) .
80 DIM OS(1),0L(1),TS(2), TL(2)
90 CLS:PRINT:PRINT:PRINT.PRINT -PRINT - THIS IS THE DATA FILE FOR
PROGRAM EXPLO. ": FOR I=1 TO 80 PRINT "7, NEXT I .
100 INPUT " For which stage of the process data 1s required. 2 or 3 STAGE
110 IF STAGE=1 THEN 12Q ELSE IF STAGE:“ THEN 130 ELSE 620
20 PRINT "The program is used only for the last two stages’
130 GOTO 100
1490 REM XX MXKXAKKEAKERRKKXE KKK KKK KK KKK KKK AR KKK N ER KX KK KKK EAR KK KX K KRR KK ®®®§
Sequential file mmmm is used to access data from EXPLO. The data
is the sensed characteristics which are not zero, number of
150 REM prospects to be drilled and the rule used for the 2nd stade.
EEKEAEREKKEKKEEE KERKEEREAE XA RRE R KL SRR LR RAE TS AR N AR R R KRR AN &K
168 REM )
170 REM tl'('t:;gik*!tt’tt*’!t‘ﬂ'l#“““‘ll*“i"t.‘ti“ttC““‘t‘tt‘o‘
. LEARNTING
XAEXKKEKKKEKKE KRR RN REEFERN KRN KKK E K ER KX R KA AR A E O RN KX B KKK E KT AR RERE S0 &
1830 REM ) {
190 OPEN "b:mmmm”™ FOR INPUT AS 1 .. )
200 FQR I= 1 TO 81 . C
210 INPUT #1,NNN(I),PP(I,RR)
220 NEXT 1
230 INPUT w1,N,YY
240 CLOSE #1
250 CLS:PRINT ~ You are drilling " ;N,  prospects
260 PRINT:PRINT:PRINT TAB(1ll) You will now be asked to allocat® resources for ea
ch sensed”
270 PRINT TAB(10)" characteristics which is not zero. To allocate the rescurces”
280 PRINT TAB(10)” type a number from the following table(not zeros) preuss
290 PRINT TAB(10)" <RETURN>,then type the number of wells for that sensed ch.
300 PRINT TAB(1l!) " After all the allocations are mdae, type O(zero) "to leave
310 FOR V=1 TO 22G00:NEXT V:V=0:CLS
320 FOR I= 1 TO BO:PRINT "=, :NEXT I:1=0 -
330 PRINT:PRINT " This table shows the Sensed Characteristics “:PRINT
340 FOR I= 1 TO 81:PRINT NNN(I),:IF NNN(I)<>0O THEN PROP=PROP+PP(I,RR) ELZE 350
350 NEXT I
360 PRINT:PRINT “TYPE THE SENSED CH. I, TYPE O TO LEAVE",:INPUT I
370 IF I=0 THEN 420 ELSE 380
330 PRINT "INPUT THE NO. OF WELLS FOR THIS SENSED CHRACTERISTIC™
390 INPUT WELL(I):GOTO 360
400 REM 50 308 %000K K 0OKR 0K K KKK KK XK X XK &
* DOLLAR:Cost per well = .
410 REM % Kk K 408 K 0K XK 0K KK K K OK K K K X -
420 INPUT “"cost per well”,DOLLAR
.430 REM X2 x¥xxXFXRKKERKARKKEEKXEREXKEX RSN SR AN AR AR ES AR AA NS ERRRARR AR EEN TN & 0 4
File gggd is opened to input the number nf wells,cost per well and
the probability of detection given the presence of oil(Pl), into
440 REM the main progran.
R 2 3 333233222333 3222322322203 Y22 32222 R 2RSSR SRR R RN AR RN RN RN
450 OPEN "b:gggg” FOR OUTPUT AS #1
450

FOR 1= 1 TO 81 _ ~

X



470 WRITE #1,WELL(I) PO

480 NEXT I

430 INPUT " Enter PI, the probability of detecting oil, given its presence”;PI
500 WRITE #s]1,DOLLAR,PI, PROP

510 CLOSE 81

520 CLS:PRINT:PRINT:PRINT:PRINT

€20 FOR I[=1 TO 8O0:PRINT "_";:NEXT I

540 PRINT:PRINT - The no. of wells and the cost per well is now stored in a f
iles to be used by the main program. ™ 4

550 PRINT Run prog. EXPLO now, for the 2nd. stage.”

560 FOR I=1 TO BO:PRINT ~_=~,;:NEXT I:STOP . N

570 REM LB ELESESES SRS SRS RS RS 2 RS R R R N s R Y P P R T T
Opening file rrrr to access info. from the main pydgram.
SUM(1) and SUM(2) are the probability of finding oil with
580 REM poor and gonod reservoir properties.
K“xﬂ!ﬂl!*llt‘x‘lﬂ“llt‘lt*t’!‘ﬁltl‘l’tt!lﬂli‘l!*‘l‘*i*ﬂ*
530 REM

FCO REM ZXXXAXXAKAXKAXR R AR AR N X KRB R KRR R K S KB ¥ ¥ KK KR KK F K A KK KA A KK KKK KKK KK KK K

SOLVING

‘\xx‘tl‘l‘l‘xtxxlxltl‘ltl“l!‘}t!t‘D)lttll‘lﬂ’!l‘t!tl*t*i**!**!‘*‘

610 REM
620 OPEN "b:rrrr”™ FOR INPUT AS #1
630 INPUT #1,SUM(1),SUM(2),0S1,0L15,TSs,TLS \

640 CLOSE #1
650 REM txxa:xxxttxxtxxxx:xtttx*ttxxtxtxxxtxxxxxxxxxxxxxxxxxxxxxxx“*xxx
PI: Probabilityof detecting large structure, given the presence
of this structure. :
660 REM EEISMIC:The decision variable of value 1, if additional info
is required before appraisal drilling. The data is obtained
by seismic survey:
670 REM %30 A0K XK A0 KR K KR K OR K KK R K KK 0K KR A K K OK KK R KK K K K 0K K K XK K K K K XK XK K XK XK % K
68C INPUT "If Seismic Survey is required type 17;SEISMIC
630 IF SEISMIC=1 THEN 720 ELSE 122
TOO REM %0 1 %0 380K 3K K 40K K 0K K K K KK K A KKK KK XK K % % OF SROK R X A X0 30 K K KK & XK K KK KK \
*22 is the rule for the solving stage when seismic is used*
710 REM %3 x0omon 00k % ok 2% &k 3K K % 30K K KKK KK KO8 KK % %% % KO X 0K XK % KX & X K K X K % X X K K
720 INPUT “"Enter the rule for seismic survey”;ZZ:INPUT “Enter PI, the probabilit
y of detacting larges structure, given its presence”;PIl
730 IF ZZ=1 THEN 760 ELSE IF ZZ=2 THEN 770 ELSE 8@0
TAO REM 430 550K 030K X0 K K AOK K R K K KKK K OK KK R KKK K K K K K K KK XK K K K K K K
Y(c31) is the resource for seismic, u%ing rule 1 &
Y(c22) is the resource for seismic, using rule 2 &
TS50 REM %5 %508 50K 5 K X 0K K K 20X K K K K K KK A K 8K K K K XK 0 208 K K KK XK K K K K K K
760 C=1:INPUT "allocation fqr seismic, c=1";Y(1):Y(1)=Y(1)/SUM(1):GOTO 800
770 C=2:INPUT “"allocation for seismic, ¢=2";Y(2):Y(2)=Y(2)/SUM(2)
780 REM 330500 K % 200 40K XXM 0 KK K XK K K K KK KKK XK KO8 0 AOK KKK KK 08 K oK K 0 K KR K oK K K % K
PPP(2) is the probability of large
Structure.
790 REM #5000 20K 20K 0K 0K 8 0K 0K 80K R K 0K K K K KR KRR K K K K 5% oK K K K K KK K K % K K K
800 PPP(2)=0:1IF ZZ=3 .-THEN B10 ELSE 850
810 INPUT “y(1)";Y{1):INPUT Ty (2) LYY YL =Y (1) Z(SUMC L) «+SUM(2)):Y(2)=Y(2) /(SiIM
(1)+SUM(2)) )
820 C=1 :
B30 REM #5000 200K 5030 R0 0 0 000K KKK 0K 0K K 0 KR 0 K 0K R 0K K 0 52K 30K 3K K K oK K K K K K ¥
P(1l) is the probability of large structure, given that the prospect
is in category 1 and P(2) is the same probability given catedory 2.
840 REM t'ttn:t::xtnx:at:txtx:x:tta:x:xz:caxrux»t:x:ttvxtt*:x*st;t:xt*#xat;
850 INPUT T"INPUT THE RATE AT WHICH THE AREA 1S SURVEYED";RATE
860 P(1)=.6567:P(2)=.6
870. GOSUB 1450:PPP(2)=PPF(2)+(FF)*P(C)»SIM(C)
830 IF TZ=3 THEN 890 ELSE 900
890 C=C+1:1IF C>2 THEN 900 ELSE 860
900 PRINT “Prob. of large strucgymsre:z";PPP(2)
902 0S1=(4/7)*(PPP(2)/SUM(1))*0S1
904 OL1S=(4/7)*(PPP(2)/SUM(1))*0OL1S
908 TSS5=(3,/7)¥(FPP(2},/SUM(2})*TSK



TV AL -\I/ ) TATTE(E)/DUMC) ) *TLE 1930

930 REM FHEXAX X I AXRKKER KKK E KK KA KK AR K KEKR KR TRE N & & %0
227 is the rule used for appraisal drilling
x*#‘llltt*ttt!**!l“tl**““*“t‘t!t“\!‘tt

940 REM Re‘:ordlng dataswhich willf be uSF-d to produce a summary of the process
‘l***‘&.Y‘*'“‘*I"*ﬂ!***#t“““‘i‘t‘\l‘tﬁ“‘.“"“"‘It““t“““t'

350 OPEN "b:sei” FOR OUTPUT AS &}

960 INPUT “"rule for app. wells ™ 222

370 WRITE #1,SUM.2z22Z

980 CLOSE #1 )

990 IF ZZZ=1 THEN 1020 ELSE IF 22Z2=2 THEN 1030 ELSE 1040 -

1000 REM tttttnxAnttx‘xxatntt:ttt*ttttnﬂun‘x‘tt«x\nt“ﬁt‘\txt '
S1ZE 1s the size of the structure, l:-small, Z=larde
APP(1) i5 the allocation for appraisal drilling

1010 REM when the structure is small and APP(2) is the
allocation when the structure is large.
t‘#!**ttt**l**#*ll*t“*l‘#t‘*ﬂi!l‘l““‘t)ti“‘k*"

1020 SIZE=1:INPUT "How many wells for small str ~:WE:INPUT “"Cost per well”;CO-AP

P(1)=WE*CO: GOTO 1040 )

1030 SIZE=2:INPUT "How many wells for large str. " WEL INPUT “"Cost per well”,COST

.APP(Z):WEI*COST/PPP( 2)

1040 PPP(7)=0:1F ZZZ=3 THEN 1050 ELSE 1080 - -

1050 INPUT “"Number of wells for small str ";G: INPUT "Cost per well” . HO:APP(1)=G+

HO: INPUT "No. of wells for large str. ";GH:INPUT "Const per well”;DF:APP(2)=GH«DF

1060 SIZE=1

1070 REM x**:*xxxt*it:xttxxxx*x*tttxxxttxxtxxttntxn:vn‘txttttttttxt
Information is saved to produce the summary of the proces
*#t***##t*t***ﬁ**##*#ﬁ*t“‘*kﬁi‘t*t‘!t‘tt*t"i‘#"'*"‘tt‘

10830 OFEN "brapp  FOR OUTPUT AS 1

1030 WRITE #1, APP(1),APP(2):CLOSE 81

1100 REM !X****xt*#txi*,x***xt***lltt)#t*!tt)titt)t.’t‘it“lttt‘t"tttt't\tta
PB(1) is the probability of large oil deponsit given small structure
PB(2) is the probability of large 011 deposit diven large structure

1110 REM These values and the previous onesi i e , P(l) and P(2) are
caleculated from the_ table of the actual characteristics
‘ﬁttﬁtﬁttﬁ‘t‘!!tﬁ"“‘Qﬂ“l“‘l###tli&"“tﬁl“i"‘#*“‘t##‘.!‘tt“

1120 PB(1)=0:PB(2)=.4445 .

1130 R’E\q xtt**x*:t#:a:xt*#ttxtxt:#tnntttttt‘*atttttt\Mtvf*tt*tttt**'*'**t‘*tv
Opening file xxxx to input the data into EXPLYO for final calculation’
EXEAXEXRXKKEERKKE KKK KRR AN R AR RRAKKR XA ALK R KA X TR K F TR R KK AR KRS ERAD A KK KR A K& % X

1140 OPEN "b:xxxx" FOR OUTPUT AS #1 .

1150 WRITE #1,PPP(7),APP(1),APP(2),SIZE.PB(1).PB(2),Z2Z2%pI.PPP(1),PPP(2),0S1,.0L1Y

5, TS5, TL6, SUM( 1), SUM(2) ) - .

1160 CLOSE #1 &

>

1170 CLS:PRINT:PRINT:PRINT:FOR I= 1 .TO 8O:PRINT ~_ ", NEXT I:PRINT
1180 PRINT *~ Data is stored in a file. Run the main prodram now =
1190 FOR I= 1 TO 80:PRINT “_";:NEXT I:INPUT W ¢

1200 REM LR LR ESE SRS EE s P SRR F E S R T RS S AR ST S
ZZ is the rule for the 3rd. stage when seismic is not required.
PI is the probabllxty bf detecting largd oil deposit given its
1210 REM presence.
- il*‘***t*t*‘#i***“l**#*#‘*tt'tﬂ‘*‘t!".!tttt“llttt‘*tﬂ"*Ii&‘ i
1220 INPUT "Enter the rule for the appraisal drilling rule” ;22
1230 INPUT “"Enter PI, the probability of detection, given largﬂ 0il deposit™; Pl
1240 IF ZZ=1 THEN 1250 ELSE IF ZZ=2 THEN 126Q ELSE 1270
1250 C=1:INPUT "No. of wells for prospects in c=1";MN:INI'IT "Cost per well ;VB:A
FP(1)=(MN*VB)/(SUM(1)):GOTO 1270
1260 C=2:INPUT "No. of wells for prospects.in c=2";Z%: INPIT “Cost per well ;JK.A
PP(2)=(ZX*»JK) /(SUIM(2)) .
270 PPP(7)=0:1F ZZ=3 THEN 1280 ELSE 1310
1280 INPUT “"No. of wells for prospects”in c=1":AG INPUT “Cost per well”;CM:APP(1
) =AG*CM: INPUT “No. of wells for prospects in ¢z27;QW: INPUT “cost per well”;TY AP
P(2)=QW»TY
1290 APP(1)=(APP(1))/(SUM(1)+SUM(2)): APP(Z)’(APF(°))/(°UM(l)OSUM(Z)L
1300 C=1

1310 PH(1)=.3334 PB(2)=.4 : -
I ‘ . . [ 4



13730
1349
1350
13460
1370
1380
1330

1400
1410
1420
1420
1440
1450
1469
1470

181

RIﬂM YR EE R R 222 R P E RSS2 2032333203322 SRRt bR R s o R R ESSR SR P OR LRSS
Opeuing file tttt to input the data into KXPLO for final calculation
ERAAAE AR ARA R AR A A A A S RERRRAN S A AR ARKK KSR RKRE XD KA B A RKE KR AN A KA A X RK KX KK

OPEN "b ttet” FOR OUTPUT AS #1 " :
WRITE #1,APP(1), APP(2).C,SUM(1),SUM(2).2Z,PB(1),PB(2).PI1.0S1,0L15, TS5, TLS

FOok I [ TO 80 PRINT "7, :NEXT I

FRINT 7 Data 15 stored. Run the main program now, for the 3rd stade.
PRINT Fok = 1 TO BO:PRINT- 7", :NEXT [

CLOSE #1 ! "y

REM ttt""A#"‘Ot\t’)"‘#*!t‘!‘##tttﬂi‘t#t‘tttttt‘t‘#ltlitttt*)alt
Recording the _information to produce the summary of the process
KRR AL FAXERKKRREI IR TS AR R KRR KRR R R KA KK RA RN R KRR KR K KKK A K&

OPEN “b print” FOR OUTPUT AS &1 '

WRITE #1.APP(1),APP(2),22

END

REM . END OF THE DaTa FILE

REM .

IF (RATE)*(Y(C))<1 THEN 1460 ELSE 1470

FF=(RATE)*(Y(C))*PI RETURN

FF=1-((1-PI) " ((RATE)*(Y(C)))):RETURN
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20 KEM F 3 FProgram for Solving Kubn-Tucker Cond it oo

30 REM

40 REM i !

5O REM This program solves the Kutin-Tucker condityon:g for Random Seavoh Proe

50 REM There are two subroutines 20 and z1)3 allocation

. NOTATION:  »

70" REM Total resource is varted between O & 50 units nod 1 shown by Rh
II=Total number of targets, JJ=Toatl number of subspaces, POL,JY Protoa
lity that target I is in subspace J

80 REM K(I,J)=The detection rate for target I 1p J. H(J)-The detection rate for
subspace J, W(J)=Probability that there {s a targ=* 1 J, T(L,J)YzA togt
parameter for the program to see if Z{(1.J). the reaourec allocation .for

90 REM target I in J, is > or = to zero, Y(J)zZA tegt paramet.or for Z(J)
allocation as T(I[.J), V=If the value of this variable 1s 1 then PRGN
allocafion will be made. any other number will result 1o Z(J) allocation

100 REM For different problems. new set of data must be typed .

110 REM ‘tt*.\‘*t‘ttl‘)tt*tt*tx)l‘txtttttnt‘0lvtt‘“‘tit\tti"0\‘\"““‘1"‘00“0“

120 DIM P(50,50),K(50,5O),T(5O.50).F(50.50}.W(ZO).H(SO).Y<50).X(SO).R\FU),Q(ﬁﬂ)

130 INPUT "What is the total number of targers ', 1]

140 INPUT "How many subspaces ;. JJ &

150 PRINT "---omme TOTAL NO OF TARGETS-=- 11, -- -- -

160 PRINT "--------—-- TOTA% NO. OF SUB?PACES? B

170 REM

180 REM L is the number of elements in the matrix of I &% 0 o 4 Paoas!
1390 REM

200 L=11+JJ
210 FOR I= 1 TO_ 11 /)//——--‘\__
220 PRINT 1

230 FOR J=1 TO JJ -
240 READ P(I,J) ) -
250 PRINT P(I,J) :

260 READ K(I,J)

270 READ T(1.,J)

280 NEXT J

290 NEXT I

300 REM :

310 REM Sample data for 2 targets & 2 s'&.paces  Note that "this set of data
320 REM can also be used for 2 subspmrrf\kui one target

330 REM

340 DATA .3,.1,1, .7,.2,1,.7,.1.1, .3, 2.1

350 FOR J= 1 TO JJ .

360 W(J)=0 2
370 FOR I= 1 TO 1%

380 W(J)Y=W(J)+P(I,J)

390 H(J)=(K(IL,J)) »

400 Y(J)=1 o g
410 NEXT I .

420 NEXT 8 ,
430 INPUT "Type 1 if the allorcation is Z'1.J. 1€ not type any other number™ |V,
440 KK=1

450 REM . ‘ . )

460 FOR RR=0 TO 50 STEP 5

470 R(KK)=RR ¢

480 PRINT "R=", K(KK) ) .

430 LET M=0

§CO FOR I= 1 TO 11
510 FOR J= 1 TO JJ
520 T(I1,J)=1 . . . ¢
530 NEXT .J 154 A

540 NEXT 1

550 FOR J= 1 TO J.J < .

L5680 Y(J)=1 .

>
w
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NEXT J
REM
REM M is the number of iterations till all the allocations are >or =0
REM :
MzM.
FRINT "ITERATION M
REM 4
REM In: bAal'r*ng C & D which are uJPd for summation purpnses also
REM N & S are sat to zero. These two variables are used to tegt to see
REM if all the allocations are > or = to zero. This is satisfied if S=L
REZM ‘
B=0 ! ~
A O

L?
LET
LET
I V=1 THEN 770 ELSL 750

GCSiB 1460 -

IF (N=JJ) AND (S:JJ) THEN 790 ELSE IF (N=JJ) AND (S><J.J) THEN 610
GOSIB 940

IF (N=L) AND (S=L) THEN 730 ELSE IF (N=L) AND (S»><L) THEN 610
KK=K

NEXT RR

REM

U Zon0

Heoar b0

[CRGRENG)
I

" REM Printing the Normalized Expected No. of Detections

REM for 5 tb 50 units of Resources, (same order as 5 to 50].
REM

PRINT
PRINT "Normalized Expected’ No of Targets Datected from 5 to 50 units of Res

nurces” :PRINT . . ~

870
880
890
300
910
920
920
940
950
960
8970
980
930

FOR KK=2 TO 11

PRINT (Q(KK))/II

NEXT KK

END

REM txxt:tat.\»x!mx)xxw:xtyx:ttxxtlﬂmxx*xtxxtt::xt*x:tn‘v¢xaxxxxxxxt>«xxxxxx
\ SUBROUTINE FOR Z(I,J) ALLOCATION

REM ttttl‘t!x!tlt**l**ll*k*‘C"ttttixt&xltt1:!:‘!4)*!*4!“**!1!***1*"**

FOR I=1 TO I

FOR J=1 TO JJ

IF T(1,J)><0 THEN 970 ELSE-1010

B=(1/(K(I,J)))*(LOG((P(I, J YR(K(I,Jd))))

A=1/(K(I,J)) ’ .

C=C+B '

1000 D=D+A .

1010 NEXT J

1020 NEXT 1

1030 REM

1040 REM E is the constant of the Kuhn-Tucker gonditions
1050 REM

1060 E=EXP((C-RR)/D)

1070 PRINT E

1080 FQR I=1 TO II

1080 FOR J=1 TO J.J

100 NzN+1

1110 1IF T(I.J))(O THEN 1130 ELSE 1120

1120 GOTO 12

1130 Z(I, J)‘(l/(h(I J)))'(LOG(((P(I N (K(I1, )N /E)) 3
1140 REM

115
118
117

REM .
IF 2(1,J)>=0 THEN 1220 ELSE PRINT “Z2(";I;J;")=",2(1..J)

?REM TESTING Z(I1.J) «

1130 Z2(1.J)=0 . -
1190 T(I.J)=0 kS )
1200 IF N=L. THEN 1210 ELSE 1240

“ 1210 RETURN :

IR
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1220 PRINT "Z(";1:;Jd;")=",2(1.,0)

1230 5=S+1
1240 WEXT J
1250 NEXT I
1260 IF S=L THEN 1300 ELSE 1420

a

1270 REM
1280-REM Initializing Q. the expected number of targets detected -
1290 REM .
1300 LET 0=0 ’ : /
1310 FOR [=1 TO II
1320 FOR J=1 TO JJ
1330 REM
. F(I,J) is the c.d.f of the probability of detection
1340 REM
1350 F(I.J)=1-(EXP(-(K(I,I)+*Z(1. Uy
1360 G=P(I,J)»F(I,J)
1370 Q=Q+G ~
1380 NEXT J ] .
1390 NEXT I ¢

1400 PRINT “EXPECTED NO =-".Q
1410 Q(KK)=Q
1420 RETURN

1439Q AXSREXEAREE K EERKF KL B AR XA R E AR CR A KA RRERKARKR KRR F RN KKK KA K ARR KR K& ® 2+
1440 SUBROUTINE FOR Z(J) ALLOCATION
14 RKM EXAXEKEKAESERREER A AL E A AATARARK AR R AR KK KRARARKK KA KA ERRAK K AKX R £ % 6 ¥ &

1460 FORWHLL To JJ

1470 IF Y(J)><0 THEN 1480 Ei.3F 1520

1480 B=(1/H(J) ) (LOG(W(J)*H(.1)))

1430 A=1/(H(J))

1500 C=C+B

1510 D=D+A

1520 NEXT J

1530 E=EXP((C-RR)/D) ]
1540 FOR J= 1 TO JJ

1550 N=N+1
1560 IF Y(J)><0O THEN 1570 ELIE 1630 Q~
1570 U(J)=(1/(H(JI) V)4 (LOG{ (W{J)sti(J))/E}) ~
1580 IF U(J)>=0 THEN 1830 ELS3E PRINT "Z( ;J: )= ;U(J)

1590 U(J)=0. !

1600 Y(J)=0

1610 IF N=JJ THEN 1620 ELSE 1650

1620 RETURN

1630 PRINT “Z2(7;J,")=",0(J)

1640 S=S+1

1650 NEXT J .

1660 IF S=JJ THEN 1670 ELSE 1730

1670 LET Q=0

1680 FOR J=1 TO JJ

1630 REM )

1700 REM X(J) is the c.d.f. of the probability of detection
1710 REM

1720 X(J)=1-(EXP(-(H(J)y*U(J))))

1730 G=W(J)xX(.J) '

1740 Q=Q+G .

1750 NEXT J
17680 PRINT "EXPECTED NO. =",Q

1770 Q(KK)=w ~
1780 RETURN



Appendix (G)

Definitions of the Terms Used
Appraisal Drilling or Step-OQut Drilling : Wells drilled

L]

nearby the exploratory well to investigate the extend of
the oil-bearing structure and the Iimportance of the
findinqs.

Cap-Rock : Typical cap—r8cks are clays a;d shales. The cap
rock actsfas a seal to prevent the escape of oil and gas
from the reservoir. .

Crew-Month : One way of expressing the geological and
geophysical effort; it is the product of the number of
. Crews and the number of month that they are active in a
year. |

Cuttings : Small fragqents of rock brought to surface when
drilling underground formations.

~

Deveiopment Wells : Wells drilled in.an area which is

proved to be productive.
~

Exploratory or Wildgcat wWell : A well drilléd in an
+
unproved area. In the early days, the wild animals forced

hazardous sitituations on the prospectors so the name

Ld

wildcat was applied to exploratory drilling.

s

False Target : An object which exhibits similar . -

) -
characteristics as the target.

-~

Favorable Structure : Structure capable of containing oil.

Lithology : The study;of”rock charactesfstics.

185
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Negative Signal : Signal trom an activity indicating the

99

possible.absence of the target.

P
Net Acreage : The total area (land) which 15 held by a
company 1s the gross acreage. It the dnterest of another
company in the.area (proportion of the area) is subtracted
from the total area, then the remaining drea is the net

écreage which is held by the first company!

New Field Wildcat : A well drilled omr a trap which has not

) +
previousf; produced-oil or gas.

New Pool Wil¥cat : A test located to explore for a new

’

pool on a trab already producing oil or gas.

.
0il Pool : An underground single reservoir containing oil.
An oil field may contain one or mére pools.
operator : The Qerson responsible for making deciéions and
allocating the capital resources in an oil company.

Qutcrop : A subsurf&be formation that appears on the

- surface in some locations because of the geological condi-

tions.

Pay Thickness : The thickness of the producing zoné.
Permeability : A measure \Ef rock resistance for fluid
motion. |

Petroleum Resefves : Estimated amount of “0il and gas which

is capable of being recovered or produecd.

Petroleum Resources : The resources are always far in
excess of the reserves and they may be: . v

a) known and recoverable petroleum;

N

s

Y
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b) known to have been left behind in pools that are

not recoverable at present;

'S
c) undiscovered apd undévelopedfbools.
[
Play : An exploratory venture; usually a new venture.

Rorosity : An indication of the ability of rock to hold

oil.

Positive Signal : Signal from an activity indicating the
N/ '
presence of the target.
]
Yrospect : Area which may contain petroleum.
Reservoir : Sedimentary rock which is porous and permeable.
and contains oil; a trap.
»
Saturation : Percentage of pore space occupied by oil.

Source Rock : The rock from where petroleum may originate.

Petroleum may migrate through other rocks (carrier rocks)
and accumulate into rocks which are referred to as the
reservoir rocks.

Strategy : The art of devising or employing plans toward a

‘goal.

Stratiqraphic Trap : Type of trap formed by the change 1in

the rock characteristics such as porosity.

Tactic : A method of enmploying men and equipment to
achieve a purpose as part of a gldbal goal. |
arget : Object of the search.
Trap : Structufe or formation céntaining oil; for
i

different types of traps and théir description see -

Appendix (A.4).



