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Abstract

The present research deals with the problem of development of an integrated expert-analytical
system for optimum selection of calculated oil-field-geophysical parameters of oil and gas deposits
with the purpose of increasing the accuracy of assessment of the reserves of oil and gas deposits.
The purpose of the system is to make current adequate decisions on determining of oil-and-gas
saturation of strata and future identification of the most significant methods for that, with these
methods forming the foundation of knowledge bases for oil-and-gas deposits of the Apsheron pe-
ninsula of Azerbaijan. The system architecture allows for expanding the system with its subse-
quent transformation into a cluster of expert-analytical systems. A logical model of the proposed
system is presented. The paper contains a detailed description of the mechanism of operation of
the system as a whole and of its individual blocks. Mathematical and formal-logical bases of the
intelligent system are explained. The system is equipped with a tool for dynamic statistical analy-
sis of decisions made by it, with representation of the results in real-time mode. The results of the
system testing on specific oil-and-gas deposit of the Apsheron peninsula of Azerbaijan in 2013 are
given.
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1. Introduction
Oil-field-geophysical explorations of wells (GEN) began with the development of resistivity and induced pola-
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rization methods (developed by C. Schlumberger), which have been in practice since the beginning of the 20"
century. Methods and means for determining oil-bearing capacity of strata have been further improved since
then, but it was not always possible to get an exact prediction. For instance, 15 commercially sensitive oil-
bearing strata were discovered in the South Caspian field at the end of the 20™ century. Deep-water drilling op-
erations were launched. As a result, rich deposits of gas and condensate were found only in one—Shahdeniz.
Other 14 wells and 7 out of 16 wells drilled at the depth between 3840 and 7087 m turned out to be economical-
ly ineffective. In 9 wells, no hydrocarbons whatsoever were found [1]. Therefore, development and improve-
ment of methods for determination of oil-and-gas-bearing capacity of strata clearly remain a topical problem.

Expert systems (ES) based on the principles of artificial intelligence (Al) and modern information technolo-
gies are among the most developed methods for solving problems of this kind.

Most modern intelligent information and expert systems, e.g. Micromine, Isoline GIS, INGEF, MFS VIKIZ
system, EMP Pro, ES “GEOFBI”, GIS-“PRAIM” etc. [2] [3] tend to versatility, which contradicts the basic con-
cept of expert system stating the well-known rule: the narrower is the application domain of an expert system,
the more precise are its decisions.

In most modern ES, special tools are used, such as expert shells (ES with empty knowledge base), which of-
ten causes the opposite effect and only complicates the process of ES development [4] [5].

2. Problem Statement

This research deals with the problem of development of an integrated expert-analytical system (IEAS) for opti-
mum selection of calculated oil-field-geophysical parameters of oil and gas deposits with the purpose of in-
creasing the accuracy of assessment of the reserves of oil and gas deposits. In calculating oil and gas reserves,
parameters obtained as a result of oil-field-geophysical exploration of wells are used as the principal ones among
other initial data.

At gas and oil deposits of Azerbaijan, spontaneous polarization and resistivity logging methods are most often
employed at the beginning of the mining. The lithological peculiarities of productive width section (using a par-
ticular deposit of the Apsheron peninsula as an example) were taken into consideration in this research when se-
lecting the method of determining the effective oil-and-gas saturated thickness of collectors hog. These deposits
correspond to the so-called layered model for which hog is determined from the overall thickness of collector
H,. minus the total thickness of argillaceous and non-productive interlayers composing these strata.

hog = Hef X(l_ Karg) (1)

The total thickness of the argillaceous interlayers K., was determined by two methods for the purpose of
control:
* by “anisotropy” method

Ky, =1—| 1.193145+0.04626116 x LN [p—J ~0.1858128x LN (p—]

parg parg (2)
1.46963x 0.7809883 x
+0.1870742x 21— Pos kel a’gj
Pr Pr Pr
pmax
where ——— is the ratio of maximum specific electrical resistance of “pure” (clay-free) oil-and-gas bearing
parg
stratum to resistance of clays;
P is the ratio of true stratum resistance to resistance of clays;
parg
* Dby using relative amplitude of natural polarization in a well
U
Ogp :ﬁ (3)
K,q =67.528%e"(-0.0473*K ) (4)
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where K, is porosity determined by the following formula:
K, =-109.49x (agp M4)+570.71x (argp " 3) = 717.37 x(argp * 2) +349.1x arg, —41.45 (5)

The porosity of collectors was determined with consideration for the argillic nature and heterogeneity of silt
and sand rocks of productive width of the deposit by two ways:

v" from the curve of porosity-relative amplitude «,. dependence obtained by means of core data according to
Formula (5);

v' through computations according to S. G. Komarov’s universal formula. In doing so, it was assumed that po-
rosity of a heterogeneous rock is constituted by open porosity and penetrability of silt and sand component
of the rock plus porosity of its argillaceous ingredients contained in rocks both in the form of interlayers and
in scattered state

K, = Kg" =K% x K, (6)

where K is porosity of clays taken from the cores;
K, isargillic content determined from g, or by “anisotropy” method,;

arg
K ;"ta' is the total porosity determined from the core data.

The oil-and-gas saturation coefficient of rocks was determined by three methods:
1. According to S. G. Komarov’s formula

total

Koy = Ko™ x(1-Kyq )% Kp ()

p

where K, is oil-and-gas saturation of a “pure” component determined from the core on the basis of laboratory

studies of the relationship between residual water saturation and penetrability
Ky, =-6991Ln (K, )+ 60,586 ©)

per

Ko is respectively determined for each horizon based on core analysis.

2.By K, =f (asp) relationship on the basis of laboratory analysis of core samples
Kog =1-(194.6428x (arg, " 6)—775.563x (argp *5)+1256.633% (argp " 4) ©)

—1058.888x (g ~3)+489.6133x (g * 2) —118.2965x o, +11.9693

3. Based on Archy’s Formula
Kog =l_(apsw/pr)l\]/n (10)

where a=1, n=14 are empirical constants;
p, is electrical specific resistance of rocks;
P 18 the resistance of strata saturated with 100 per cent water, which is determined by the formula:

Pru = Pou ] Kp (11)
where p,, is electrical specific resistance of stratal water;
K{ is porosity coefficient, m=1.63 is empirical constant.

The purpose of the developed IEAS is to make current adequate decisions on determining of oil-and-gas sa-
turation of strata and future identification of the most significant methods for that, with these methods forming
the foundation of knowledge bases for oil-and-gas deposits. Thus, the system architecture allows for expanding
the system through its integration with additional expert systems with subsequent transformation into a cluster of
integrated expert-analytical systems (BIEAS) for the most extensive coverage of oil-and-gas deposits of the Ap-
sheron peninsula of Azerbaijan.

3. Problem Solving

A logical model of IEAS is shown in Figure 1.
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Figure 1. Logical model of IEAS.

The proposed IEAS is planned to be used in the Intranet network. Let us trace the operation of the system in
Intranet environment. The initial geophysical information from client computers can be entered in the system
both for an individual well and in batch mode for a group of wells simultaneously in “input and well editing
blocks”. The initial data is subjected to information processing in relational database [6] [7] and prepared for
entering the knowledge base (KB) of the system, which we have created in the form of two sub-bases: sub-base
1 and sub-base 2.

A logical model is employed in the system with the purpose of representing expert knowledge generating
sub-base 1 of KB together with current facts from the database. Among the ways of application of expert rules, a
reverse logical conclusion [8] is used due to its higher efficiency. Presented below is the application domain
knowledge in the form of the first-order predicates with the object of subsequent automation of logical conclu-
sion. Let us introduce unary predicates Kngl(X), Kng2(Y), Kng3(Z), Kng4(T), Kng5(U), Kng6(V)
and Kng7(W) , where X “is the selected oil-and-gas saturation coefficient Kngl”, Y “is the selected oil- and-
gas saturation coefficient Kng2”, -, W “is the selected oil-and-gas saturation coefficient Kng7 ™. Let us in-
troduce unary predicates Kpl(X), Kp2(Y) and Kp3(Z), where X “is the selected porosity coefficient
Kpl”, Y “is the selected porosity coefficient Kp2” and Z “is the selected porosity coefficient Kp3”. Let us
also introduce predicates hngl(X) and hng2(Y), where X “is the selected effective oil-and-gas saturated
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thickness of strata hngl”, Y “is the selected effective oil-and-gas saturated thickness of strata hng2 ™. For “the
least of the oil-and-gas saturation coefficient list” relation, we shall introduce predicates
min Kng1(X,[Y,Z,T,UV,W]), -, minKng7(W,[X,Y,Z,T,U,V]), where the first argument X, ---, W means
that Kngl, -, Kng7 is the smallest oil-and-gas saturation coefficient, the second argument stands for the list
(sequence of the other oil-and-gas saturation coefficients).

So, in predicate form, logical premises can be represented as follows:

Premise of Rule 1:

(VX)(Vy)(VZ)(VI)(VU)(VV)(VW)(min Kngl(X [Y.zT,U ,V,W]))
— (3x)(3y)(3z)(Kngl(X ) A Kpl(Y) Ahngl(Z)).

Premise of Rule 2:
(VX)(Vy)(VZ)(Vt)(VU)(VV)(VW)(min KngZ(X,[Y,Z,T,U,V,W]))
— (3x)(3y)(3z)(Kng2(X ) A Kp1(Y) A hngl(Z)).

Premises of Rule 3-7 are constructed similarly.
Premise of fact 8:

(3%)(3y)(32)(3t)(3u)(3v) (3w)(min Kng2( X, [Y,Z,T,U,V,W])) (14)

(12)

(13)

Then logical conclusion can be represented in the following way:
(3x)(3y)(3z)(Kng2(X ) A KpL(Y) Ahngl(Z)) (15)

Let us prove by Robinson’s resolution method that a conclusion formula logically follows from a set of pre-
mise formulas (See Appendix).

For developing IEAS program, the environment of logical programming Visual Prolog (computer realization
of resolution method) was selected.

The making of preferential decisions, which represent vectors (VPD) consisting of three components: oil-and-
gas saturation coefficients, porosity coefficients and effective oil-and-gas saturated stratum thickness for an ob-
ject of a deposit, takes place at the first stage in the “decision-making” block with the help of logical conclusion
mechanism that uses rules and facts of database on the strength of logic of the first-order predicates. A horizon,
a block or a well can serve as an object of a deposit.

At the second stage, the adoption of finite decision vectors (FDV) with the participation experts takes place.
These vectors can coincide with the said VPD or differ from them in some or other aspects. FDV are accompa-
nied by explanations which among other factors may also imply intuition. “Decision making” blocks play a role
of blocks of new knowledge acquisition as well. The adopted finite-decision vectors, being essentially new
knowledge (facts), constitute the content of KB (knowledge base) sub-base 2.

When developing this IEAS it is also intended to reveal the most significant subset of database rules or, in the
final analysis, the most significant subset of alternative methods for the determination of required coefficients.
To accomplish this task, the frequency of use of specific FDV is formulated. During each process of making fi-
nite decision the statistical frequencies of calls to deposit objects of the following types: a horizon, a block or a
well are computed in the “decision-making” block (“new knowledge acquisition”) in real-time mode as the ratio
between the quantity of calls to the given object and the total quantity of calls to objects of the given type.

Figure 2 demonstrates the results of calls to specific deposit objects with the use of hierarchical tree.

Frequencies of Users' Calls to Objects

=[O kworgyoz- Gyzyltepe-Shongar depozit ~
- horizon [V [0.58)

= Block | [0.32)

wigl 183 [0.5)
=[] Block Il [0.23]

wiell 90 [02)
OBiock! [0.05]
O Black v [0.02]

Figure 2. Hierarchical tree’s fragment of frequency of use of

objects.
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As seen from Figure 2;

v' hierarchy of tree nodes determines the type of deposit objects selected by user, in the capacity of which can
be a horizon, a block or an individual well;

v' horizon 1V with frequency of 0.58 turned out to be most frequently selected object of the objects belonging
to “horizon” type.

FDVs from each user of IEAS are accumulated in “sub-base 2” of knowledge base, forming new knowledge.
This knowledge is analyzed in the statistical analysis of new knowledge with conclusions block in real-time
mode to identify the most frequently used rules of knowledge base—the most significant subset of methods for
determining the coefficients that can be useful for refining expert knowledge and during the expansion of the
system for subsequent deposit (in the course of generation of knowledge base rules for additional ES).

So, the knowledge base of the system is a dynamically updated or variable knowledge base in which know-
ledge is continuously corrected as the system is used. In the process of IEAS testing at the deposit objects
throughout 2013, the statistical frequencies of FDV [10] [11] were obtained. They are given in Table 1.

FDV 1 in this table stands for decision vector based on rule 1, ..., FDV 7-means decision vector based on rule
7. The consistency of the results of experts’ work is assessed by the program using concordance coefficient W,
which is calculated according to Kendal’s formula [12]:

n l 2
12 {ri —N(n+l)}
w-—=L 2 (16)
N?(n®-n)- NZZ(tﬁ ~t;)
i=1 j=1
where: n is the number of FDV (n = 7);
N is the number of experts (in IES prototype — N = 5);
r. is the sum of ranks of i-th FDV obtained from all experts;
k, is the number of groups of equal ranks input by i-th expert;
t; is the quantity of fractional ranks in j-th group input by i-th expert.
Table 1. Statistical frequencies of decision vectors.
FDV frequencies in % FDV frequencies in %
Objects  Finite decision vectors (FDV) Objects Finite decision vectors (FDV)
Experts Experts
1 2 3 4 5 1 2 3 4 5
FDV 1 0 3 0 o0 2 FDV 1 42 33 31 25 31
FDV2 35 33 30 24 22 FDV 2 25 39 36 21 31
FDV 3 29 35 32 22 2 FDV 3 9 8 11 15 4
Deposit FDV 4 10 3 14 15 15 Horizons FDV 4 9 10 8 9 10
FDV 5 11 15 12 11 26 FDV 5 14 8 12 29 19
FDV 6 14 10 12 26 14 FDV 6 1 0 2 0 O
FDV 7 1 0 0 1 0 FDV 7 0 1 0 o0 4
FDV 1 0 1 2 o0 3 FDV 1 0 5 1 0 O
FDV 2 54 23 20 21 16 FDV 2 41 29 27 19 25
FDV 3 19 23 28 19 36 FDV 3 16 5 9 26 38
Blocks FDV 4 8 7 30 7 16  Wells FDV 4 0 19 24 26 14
FDV 5 3 10 1 23 2 FDV 5 33 29 30 0 8
FDV 6 12 35 18 29 26 FDV 6 10 12 9 28 12
FDV 7 3 0 1 1 o0 FDV 7 0 0 0 1 2
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4. Conclusion

Euristic rules have been formed, which comprise the core of a two-component knowledge base consisting of
sub-base 1—the totality of rules (backward chaining) and current facts from the database, and sub-base 2 built
from new knowledge formed on the basis of the mechanism of Robinson’s resolution first-order predicate logic
from the knowledge of sub-base 1. The developed system is a network program using client/server architecture,
which reduced the impact of the human factor on the end result. The results of implementation of the prototype
system at the Research and Design Institute of SOCAR have proved the serviceability and demonstrated suffi-
cient efficiency of the system.

Acknowledgements

This knowledge is analyzed in the Statistical analysis of new knowledge with conclusions block in real-time
mode to identify the most frequently used rules of knowledge base—the most significant subset of methods for
determining the coefficients that can be useful for refining expert knowledge and during the expansion of the
system for subsequent deposit (in the course of generation of knowledge base rules for additional ES).
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Appendix

To this end, we shall add “conclusion negation” to a set of premise formulas, then, having excluded an implica-
tion sign we shall have the following:

(9X) (%) (v2)(9) (VU ) (%) (Yw) min_Kngl(X.[Y,Z.T,U.V,W])
v(3x)(3y)(3z)(Kngl(X ) A Kpl(Y) A hngl(Z)).

Let us rename the bound variables so that each variable bound by this quantifier would get a unique name in
the domain of action of each quantifier and move all quantifiers to the beginning of the formula:

()(¥y)(v2)(¥1)(vu) (9v) (¥w)(3n)(3p) (30) = min_Kngl(X,[¥,Z,T,U,V,W])

(17)

v(KngL(N) A KpL(P) A hngl(Q)). (9
Let us apply the distributive law to the obtained formula
(Vx)(vy)(v2)(vt)(vu)(vv)(vw)(3n)(3p)(30)
(—min_Kng1(X,[Y,Z,T,U.V,W])v Kng1(N))
(19)

A(=min_Kngl(X,[Y,Z,T,U,V,W])v Kpl(P))
A(=min_KngL(X,[Y,Z,T,U,V,W])vhngl(Q)).

Let us exclude all quantifiers of existence with the help of Skolemization process [9] and omit all quantifiers
of generality.

As a result, we have obtained the following conjunctive normal form (CNF) of the initial first premise of ex-
perts:

(=min_Kng1(X,[Y,Z,T,U.V,W])v Kngl(f(X,Y,Z,T,UV,W)))
A(=min_Kngl(X,[Y,Z,T,UV,W])v Kpl(f(X,Y,Z,T,U,V,W))) (20)
A(=min_Kng1(X,[Y,Z,T,U.V,W])vhngl(f(X,Y,Z,T,UV,W))).

Similar transformations are made to obtain CNF for other premises. Let us proceed to the premise of fact
(Hx)(EIy)(EIz)(Ht)(Hu)(Hv)(EIW)(min_ KngZ(X,[Y,Z,T,U,V,W])). (21)

Having omitted all quantifiers of existence after substituting them with subject constants: a,b,c,d,e, f,g
we shall have the following CNF for the premise of fact:

min_Kng2(a,[b,c.d.e, f,g]).

As a result of the above-listed operations, we shall get a set of disjuncts given below in consise form:
1. —min_Kng1(X,[Y,Z,T,UV,W])vKngl(f(X,Y,Z,T,UV,W)),

2. —min_Kngl(X,[Y,Z,T,U,V.W])vKp1(f(X,Y,Z,T,UV,W)),
3. —min_Kng1(X,[Y,Z,T,U,V,W])vhngl(f(X,Y,Z,T,UV,W)),

19. —min_Kng7(X,[Y,Z,T,U,V.W])vKng7(f(X,Y,Z,T,UV,W)),
20. —min_Kng7(X,[Y,Z,T,U.V.W])vKp3(f(X,Y,Z,T,U,V,W)),
21. —min_Kng7(X,[Y,Z,T,U,V.W])vhng2(f(X.,Y,Z,T,UV W)),

22. min_Kng2(a,[b,c,d,e, f,g]).
Let us prove that from a set of disjuncts (1)-(22) follows the logical conclusion:

)



0. G. Nusratov et al.

(3x)(3y)(3z)(Kng2(X ) A Kpl(Y) Ahngl(Z)) (22)

For proving by resolution method, we shall apply a logical negation operation to Formula (15) (conclusion),
transfer the negation sign inside the formula, substituting the existence quantifiers with generality quantifiers.
Further, having applied De Morgan’s law to the formula and omitted generality quantifiers, we shall have the
following (CNF):

23. —Kng2(X)v(=KpL(Y))v(=hngl(Z)).

Let us add it to the set of premises and prove the inconsistency of the obtained set of Formulas (1)-(23). Ac-
cording to Robinson’s resolution method, the product of sums must be unsatisfiable. From the set of disjunctions

(4)-(6) and (22) by means of substituting ol={a| X}, c2={b|Y}, o3={c|Z}, o4={d|T},
o5={e|U}, ob6={f|V}, o7={g|W}, we shall have the following disjunction:

24. Kng2(f(ab,c,d.e f,g))AKpl(f(ab,cde f,g))ahngl(f(ab,.cdef,g)).

In turn, when substituting o8={f (a,b,c.,d.e, f,g)| X}, c9={f(ab,c.de f,g)[Y},
010 = {f (a,bc,d,e f,g)] Z} we shall have nil disjunction from the set of disjunctions (23) and (24).

Hence, the inconsistency or unsatisfiability of conjunction of the formulas of the initial set of premises and
negation of conclusion is proved, which confirms trueness of the logical conclusion.
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