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PATENT APPLICATION

SUBSURFACE DIRECTIONAL EQUALIZATION ANALYSIS OF ROCK BODIES
BACKGROUND OF THE INVENTION
1. Field of the Invention

[0001] The present invention relates to determiningmodels of the relationship of rock bodies
or complex objects in the earth to evaluate recoverable hydrocarbons and other geological

information of interest.

2. Description of the Related Art

[0002] Ultimate rec'overy of hydrocarbons from reServoir fluids heavily depends on the three
dimensional (3D) delimitation of rock bodies. The spatial distribution and flow of fluids must be
constrained to the spatial delimitation of rock type regions and properties (i.e., petrophysical
properties and ﬂuid.saturation geocellular models). The exact spatial location of rock bodies at
non-sam’pled locations is almost unpredictabl&;, and one must resort 1o high-frequency sequence
stratigraphy that cah be used for advanced probability studies and predictions of sedimentary

deposition.

[0003]  State of the art facies analysis has so far as is known been based on the following
workflow: (a) Core descriptions were performed at cored wells; (b) Sequence stratigraphy
studies were developed to generate a conceptual sedimentological model to select analog

outcrops and airborne images; (¢) Facies maps were drawn to generate a semi-quantitative
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conceptual model; and (d) Core descriptions were used to predict facies categories at non-core

‘wells by cluster analysis, neural networks or similar techniques.

[0004] The numerical understanding of sequences of rocks is usually based on quantitative
computation of transition probabilities in vertical sequences. Walther’s law allows {for
transposing vertical transitions to lateral and 3D sequences of rocks. Lateral deposition of rocks

at regional resolution may also be simulated with physical models. -

[0005] Dynamic modeling approaches have been devised based on the rate of sedimentation
compared to the spatial gradient of sediment transport. The inforniaﬁon frdm wells and
interpretations must be integrated into a geocellular model of rock facies and pfopertieS. A
number of technical limitations have been identified in the workflows. The main difﬁculfy 1s that
reservoir rocks are Ilocated at some several thousand feet in the subsurface. Therefore, seismic

imaging at :_the required resolution is not possible yet, Fm*thermore, the amount of rock cores that
can be available at a given reservoir is not l,z-,.irge, and prediction of facies atno.n-cored wells from

~ logging data may be limited by the logging tool resolution.

[0006]  In addition to data collection limitations, there are computationai limitations imposed
by the mathematical approaches utilized for numerical analysis and modeling. Facies numerical
analysis is based on analysis of vertical and lateral proportion curves and conceptual modéls.
Transition probabilities follow the Markovian property which in practical terms states that a
Seq'uence of rocks can be decomposed in a chain of single rock occurrences of :eﬁents: This 1s that
one.ev.ent at geological time (1) is conditional to another older event at time. (1:-_1),, and so forth, 1n
a pair-wise fashion. This leads to a conditioh of independence between conditional events (ie.,

Kolmogorov axioms). Such relations validate the use of products of probabilities to represent a
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joiht event. For example, the probability of an event A is P(A‘) and the probability of a second
| eveh‘_[ is P(B). The probability (_if B given A is abbreviated aé P(BIA)'. If a third cvent is
conditional to B, then P(C[B) is the conditional (transitional) Markovian probabiiity. The
- probability of the third event given two prior events 1s wrongly pll‘op'osed to be the product of
P(CB) by P(BIA). While such a product is valid for the.MaIkovian model, 1t 1s rarely valid iﬁ

realistic rock sequences.

[0007] Facies analysis modeling alsd faces similar limitations. For example, a sinuqus shape
as observed 1n meandéring channels or other complex shaped bodies of rocks has not so far as is
known beeh successfully modeie_d with second order sequemial indicator siniulation (SIS).'.It has
been proposed that higher Qrder comlectivity could relax the limitation of SIS but a theoreticai
solution with higher order moments 1s intractable. Therefore, a practical way around was
proposed using analog images of dépositional environments. The pfoposal has -been termed

multipoint sﬁtistics, and it is based on scanning the probability of multiple chation “data” events

in a selected analog image. The .approach is described in the literature.

[0008] Another way around the second order linﬂtation of SIS was by using Boolean object
modeling methods where the geobodies geometry was statistically shnuiated. The cenfer of mass
for each object was generated as a point proqus, and the objects were drawn as described. b_y |
their simulated 'geom'etrica_l pafameters;. In a second stage, objects were moﬂfed'to' match well

data with an optimization algorithm such as annealing,

- [0009]  The problem became a puzzle if bodies had to align with complex trends observed in

well data. If the categorical well data was not in agreement with the geometry and size of the
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simulated objects, the results would not converge to a model conditional to the well data as

e_xpeéted. This was an issue when using object modeling with a large number of wells.

[0010] . For example,'_ one well ﬁfith the wrong rock c.lassiﬁcation was enough to break the
contimjity expected to place a specific chaﬁnel o'bject. As a consequence, the data conditioning
process with simulated annealing for hundreds of Wells. cOuld take hundreds of hours of
computer time. Such a difficulty may be resolved 1f the. well data W.aS really consistent with the
proposed geometw of simulated objects. Such compatibility between objects and well data was
also necessary between well data and analog images used in facies modeling with multipoint-
statistics. A link between obj'ect modeling and multipoint statistics was intuitijvely accepted;;
however a theoretical framework needed to be devised to unify and improve the threé metﬁods
. (i.e., multipoint, object simulation and SIS). Seccjnd order SIS and objéct modeling were linked
with conditional proportions. A higher order unified model that can integrate safellite images

with borehole data was, so far as is known, not available.

SUMMARY OF THE INVENTION
[0011] Brieﬂy, the present invention‘ provides a new and improved computer implemented
method of subsurface directional analysis of an area of interest with rock bodies having
geolp gicai trends in the earth. The analysis has ii]put data including geo’oddy data and categorical
data regarding the area of interest. The computer impieménted method forms a measure of
postulé.ted proportions of rock joint events in the geological trends in the arca of ihtefest, and
also forrhs a measure of spatial tensorial re!ations 'f'or projections along directions df the
geological trends in the area of interest based on the measure of postulated propbrtio:is of rock
joint events. The method projects the categorical' data onto the measure of spatial tensorial

 relations and determines cross-structural relationships between the projected categorical data and

4



CA 02829688 2013-09-10
WO 2012/125357 PCT/US2012/027958

the measure of spatial tensorial relations for expected pairs of directions and rock categornes.
‘The measure of spatial tensorial relations and the projected categorical data are equalized to form

a meta-model of facies present in the area of interest and their directions, and a record-is formed

of the 'meta-modél of facies.

[0012] The present invention also provides a new and improved data processing system for
subsurface directional analysis of an area of interest with rock bodies having geological trends in
the earth. The data processing system has input data including geobbdy aﬁd cate.gorical data
regarding thé area of interest for the analysis. The data processing system includes a processbr
which forms a measure of postulated propo;ftions of rock joint events in the geological trends in
the area of interest, and forms a measure of spatial tensorial relati'ons for projections along
directions of the geological trends in the area of interest based on the measure of postulated
proportions of rock joint events. The processor also pi'ojeéts the categorical data onto -thf;
measure of spatial tensorial relations and determines crosé-structural 'relationships ‘between th¢ -'
projected categorical data and the measure of spatial tensorial relations for expected pairs of
directions and rockcategdrics. The processor further equalizes the measure of spatial tensorial

relations and. the projected categorical data to form a meta-model of facies present in the area of

interest and their directions and forms a record of thé meta-mode] of facies.

.[0013] The present invention also provides a new_and improved. data storage device having
stored in a'cbmputer readable medium cc:)'mpl.l,te:l.~ operable instructions for causihg a processor to
perform subsurface directional analysis of an area of interest with rock bodies having geological
trends in the earth. The processor has as inpﬁt data geobody eind categorical .dat_a regarding the
area of interest. The instructions stored iﬁ the data storage device cause the processor to forin a

measure of postulated proportions of rock joint events in the aeological trends in the area of

>
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interest and form a measure of spatial tensorial relations for projections along directions of the
ge{jlogical trends in the area of interest based on the measure of postulated proportions of rock
joint events. The instrur;tions Stored in the data storage device cause the processor to project the
categorical data onto the measure of spatial t'cnsorial relations and determine cross-structural
relationships between the proj ectcd categorical data and the measure of spatial tensorial relations
for expected pairs of directions and rock categories. The 1nstructions stored in the _data storage
‘device further cause the processor to equalize the measure of spatial tensorial relations and the

projected categorical data to form a meta-model of facies present in the area of interest and their

directions, and form a record of the meta-model of facies.

" BRIEF DESCRIPTION OF THE DRAWINGS
0014]  Figure 1 is a functional block diagram or flow chart of data processing steps for a
subsurface directional analysis according to the present 'inveﬁtion. l
[00.15] - Figure 2 1s a schematic diagram of a computer system for subsurface directional
analysis of- rock bodies according to the present invention.
[06016] Tigure 3 is an example image data base which is used in the processing :steps of

Figurel'.
[0017]  Figure 4 is a diagram illustrating an example diagram of a subsurface rock sequence.

[0018]  Figures 5A, 5B, and 5C aﬁre diagrams of subsurtace stratigraphy of an example pbrtion

of the earth.

[0019]  Figure 6 is a display of tensor anisotropy obtained according to the present invention
superimposed on an image an area of the earth with complex anisotropy in a fluvial deltaic

environment with tidal components.



CA 02829688 2013-09-10
WO 2012/125357 PCT/US2012/027958

[0020] Figure 7 is a compositional schematic représentatidn of probability for threec

simultaneous events in a stratigraphic sequence.

[0021]  Figure 8 is a display of cumulants determined according to the present invention from

facies proportions.

[0022] FigureYisa schematic diagram of a sterebnet plot used in connection with the process

steps of Figure 1 for 3D direction selection according to the present invention.

(0023] Figure 10 1s an exaniple display or image adjusted to well data according {o the present

inventibh.
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0-024] In the drawings, Figure 1 1s a diagram or flow chart F Qf data processing steps
according to the p,re.sent invention. As will be set forth, the present invention .providefs .
subsurface directional analysis for forming an image based facies three-dimensional (3D) meta- -
model with ﬁnbiased vectors and tensor rg]ations among rock bodies or complex objects in the
directional subsurface depositional environment, The present invention provides novel physicalé
~ spatial-statistical analﬁical computer modeling tools which are applied to sequence stratigraphy
for the characterization of geological heterogeneity of developed industrial oil/gas reservoirs,

aquifers and sequences of rocks in the subsurface.

[0025] As shown 1n the flow chart F of Figure 1, a preférred sequence of steps of a computer
implemented method or process according to the present invention is illustrated schematically.
The flow chart F is a high-level logic flowchart illustrates a method a,ccording to the present

invention of forming a model indicating the relationship of rock bodies or complex objects in the
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carth to eValuate recoverable hydrocarbdns aﬁd other geological information. of interest.
Prolportions and cumulants are initially computed irom well data and (2D) satellite images
separately. The objective of the workflow (Figure 1) ié to equalize the cumulants and
proportions 1n the satellii;e image to match what is observed in wells. The method of the present
ﬁwenﬁon 1s performed in a d-ata processing system D (Figure 2) and implemented utilizing the

computer program steps of Figure 1.

[0026] The present invention utilizes physical measurements and images taken from an area
of interest in the planet and provides measures of tensor anisotropy of heterogeneity of complex '
rock bodies or areas in the area of interest. The present invention determines the tensor structure
of multiple 01‘i¢ntations interactively pointed from plots made by a stercographic projection
plt;')tting methodology known as stereonet. D_ire_ctions are then chosen and the cross-cumulant
computations and modeling performed with cross cuomulant functions, as described_- below. The
structural relations obtained among rock bodies or cOmp'lex' objects go beyoﬂd classic
covariances, variograms' and trivial correlations. A stereonet plot enables mathematical analysis
to assure that the physical spatial distribution of rocks in the vertical direction is not independent
of the lateral direction. Thus the anisotropy 1s described by a tensor of higher-ordei' relations
rather than independent directidnal components. Indeed, the methodology of the present
invention is available not only for prediéting' rocks, but for sfudying other .anisotropic

phenomena.

[0027] The present invention relates to computerized physical spatial-statistics analytical
tools which are applied to sequence stratigraphy for the study of geological heterogeneity. The
present invention quantitatively helps to resolve the problem- of selecting a valid satellite Image

suitable as a parametric analog for a sedimentary depositional environment and specific well

3
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data. Process step 14 oontains a data base of categorical images obtained previous classification
of rock bodies performed from satellite images. A selected 1mage is loaded which follows the

recommendation trom a geologist, and can be suitable for the well data loaded in process step 12.

[0028] Turning again to Figure .1_, well data as indicated at -12 are loaded, andeategorieal deta
for geobodies 1n the depositional environment are generated based on gamma ray derivatitres,
and/or cores ot other measurements or deseriptions of data regarding such geobodies. Geobodies
are accumulations of rocks that show clear signatures of coarsening or fining upwards textural
rock features in the vertical direction. Such signatures are visible in gamma ray logs tliat detect
the content of clay minerals. Thus, the derivatives of gamma ray are a quantitzitive analysis of the
slope of signals to classify rocks as eoetsening or lining upwards '.roek bodies. Such
elessiﬁc_ation of rocks together with a few, more expensive core descriptions helps to get
abundant facies data in hundreds of wells. Abundant data are needed for a reliable construction

of variogram anisotropies and cross-cumulants.

. [0029] The gamma ray derivatives are used m quantifying 'ﬁning and coarsening upwards
textual sequences. A categorical image 1s also loaded simplified to contain the same rock
categorics as identiﬁed in the well data. Process step 14 contains a data base of categorical
images obtained previous classification of rock bodies performed from satellite images. A
selected image 15 loaded which follows the recommendation from a geologist, and can be

suitable for the well data loaded 1n process step 12.

[0030] The satellite analogs are normally sel_eeted following initial core description and
expert input. One of the purposes of this invention is to provide a quantitative validation of the

selected satellite image analog through the construction of the meta-model. Process step 18,
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described below, provides the qualitative analyst a mathematical proof about the validity or lack

of consistency of an initial suggestion (process step 22).

[0031]  Satellite image-analogs are taken from the present planet surface in selected arcas
(e.g., classic deltas, dunes, and the like as shown in Figure 3). However, well data are taken in
ancient consolidated sediments which rest thousands of feet below the present surface, and
normally in a different geographic location. The analog satellite image is not z-i picture of drilled
rock where ‘wells are present in a ferniation of interest but a picture of similar (analog)

superficial visible phenomena.

[0032] As indicated schematically zit step 16, a méving window determines proportions of
rock joint events of Qrder (G separated a set of lag distances G-i. Thus, for example, two lag
distances are needed for third order rock joint e:vent'. The determination of properties of rock
joint events is done for second to fifth order on the well data. The cumulant processing explained
below in connection to probabilities represented in Figure 7 and described below regarding
Equations (1) and (13) is utilized during step 16. It Shbuld be ﬁnderstood, howevér, the number
ﬁ)f orders can be increased ot enhanced, if desifed. The data processing results of step 16 are

evaluated and their non-stationarity established with zonations.

[0033]  Process 'étep 18 1s performed to construct geobodies. A plotting devic¢ known as a
sterconet 1s enabled, allowing a ﬁs érl analyst to select 3D vector directions interactively. Figure 9
13 an example plot from a stereonet plotter. The sterconet plot points to a constructor 6f spatial
tensorial relations in the image on the horizontal projections of the specified trends. The tensorial
' variability is constructed by selecting directions in the stereonet, and the principal directioﬁs are

found by a data 'proces'sing and analysis process known as indepehdent component analysis, but

10
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using higher order cumulants, such process is performed interactively selecting direction in
process step 18. The result is a display which simplities the variability in output of structural and

dimensional information about the objects in the subsurface.

[0034]  The stereonet plotter used in construction of geobodies during step 18 is an interactive
plotter, ' allowing the osee to iteratively project the wells onto. the image, while making a
preliminary search by 360° rotations. The result of 1nteraot1ve pro] ection by the stereonet plotter
 deforms or adjusts the scale of the well posmons through the geobodles and shlfts the or}.gm of
the wells to maximize the lmear correlation ‘Wl'th the wells for selected rock categories and
selected seqoonoes. Information about sequence boundaries limits the section of data which 1s

subject to the iterative projection.

[0035] Once-the wells have demonstrated to contain ~sequences ‘that match the image '
sequences, the lateral deformation and shifting applied are proj eoted on the Veftioal or well bore
directions. The required deformation parameters are then interpolated to construct a deformation
meta-model. The images are deformed following this deformation meta-model. Thus,, a result is a

3D meta-model containing the equalized, non-linearly, deformed and phase displaced stack of '

categorical satellite images extracted from satellite analog. '

- [0036] Data points in the stereo-net represent interaotively selected vector directions in 3D.
Once a direction is specified by the operator the present inventioo oomputes the ranges of
continuity ‘of cross-—oUmulaots (process step 20). With more than {wo direetions selected, the
present iovention performs anisotropy analysis (prooees step 22), and evaluates the match
between .anisotropy ratios of (variogram) ranges 'and the anisotropy previously observed in the

well data. If the match fails an expert is consulted and the proposed vector directions are

11
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modified again (process step 18). If the anisotropy ratios match within a reasonable error, an
attempt 1s made to eQualize signals froni the meta—model (stacked satellite images) to the wells in
the selected directions (proéess step 26) to match not only the anisotropj ratios but the actual
variogram ranges of spatial continuity. In addition, third and higher order cumulants are-u'sed to

match the facies proportions 1n the meta-model to those observed in the wells.

[0037] Cross structures are determined during step 20 on Wéll data and on the image 3D
me'ta-m(')del;- ‘The processing during step 20 i.s based on a determination of the probability of
“multiple jo.irit cvents, as described'below. A cfoss—cu:rﬁl.ﬂant model 1s géﬁerated for- eve;y pair of
indicated or expected directions and rock categories. The directions are sclected based on the '

analysis of anisotropy performed a priori. During step 22, the directions found during step 18 and -
the cfoss—cumuiant model processing of step 20 are evalua_ted a’nd compared against each other.

The stereonet and cross-structures detect whether an analog or image is suitable for certain well
data, and a reviewing analyst/sequence stratigrapher recommen.ds whether the analog should be
rejected or accepted with in a c;:rt&i_n probability of error as indicated at step 24. The analysis
performed during step 24 further is predicated on the data iImages be‘ing- in canforrnify with
Walther’s "Law, that the vérti.cal progressing of facies changes should be the saﬁle as
corresponding lateral facics changés. [t the iinage is accepted a Iﬁroposed meta-model (Figure
10) is part of thé processing results output during step 26. 'Figure 10 represents a categorized 2D
image assembled over three dimensional space following Walthef’s law using object modeling.

the actual bontent of the meta-model represented by the image of Figure 10 1s a numerical 3D

(tridimensional) set of data stored in database memory..

12
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[0038] The meta-models of deformation are iteratively optimized to maximize the similarity
between the cross structures at well data and cross structures at the 3D image meta-model (at

well and outside well bores).

- [0039]  Equalization of the image to the wells includes various steps. First the well data is
projected on the lateral-surface covered by an image. Second,, the image 13 rotatéd, shifted and
transformed tq' ma}f;imize the cross—corfelation between a well and its pp:ssible lateral pfojections,
on the image. Third a sequential kriging of indicators 1s performed to prediét the deformed image
from the proj écted well data, v~>~..i'ith parameters extracted from the -image itself in 3D. Conditional
probabilities described in detail below - are utilized together with abundant bootstrapping
sampling of the image. Fourth, a new well is brought into the data processing and the operatioﬁ.
is sequentially repeated. The final result is a 3D numerical meta-model of facies from which

images such as those of Figure 10 are formed.

[0040] With the cross-strucfures resembling one another, a detailed evaluation of aﬁisotropy
is carried on- during step 22 to find the possible direction that lead to a framework for optimized
modeling by considering a second deformation meta-model due to shift from anisotropy to |
i1sotropy conditions. Anisotropies are analyzed beyond the second order. Propo'rtions are -related
to cumulants (Figure 7) and the maximum directions' of continuity fof cach order follow the
_ polynomial equa_tions in Figure 7. The overall anisotropy 1s a complex lcc-rmbination function olf
t-_he proportion (i.e., probability) of joint eveﬁts. In other words, data orthogonal in the second

order may not be orthogonal in the third order, and so forth.

[0041]  The image meta-model 1s analyzed as indicated at step' 24 by the analyst/user based on

that person’s experience to suggest corrections or modifications. The accepted meta-model
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passes to next step, or otherwise analyst input is provided by an analyst sequence stratigrapher

dﬁring step 24 and processing reverts back to the stereonet analysis according to step 18 as

described above.

'[0042] Figufe 10 a,t' 100 shows a satellite image from Lena Delta (Siberia, Russia), and also
shows at 102 the braided and tidal cﬁannels extracted and equali'ze-d to real well data from
boreholes. The end results are stacked braided and tidal channels from distal and proximal areas
of the anaidg shown at 102, The well da',té' used in the analysis are facies logs computed from

gamma ray derivatives from logging data, and core descriptions.

[0043‘] Once the meta-models are determined to be Well constructed and representative during
~ step 22, an imagé meté-modell 1S reconstructed during step 26 by projecting one well at a time on

the E:xiStihg imagemieté model. The well data is .then used to generate, with the ﬁse of computer
impleméhted sequential kriging interpolation techniques, the conditional probabilities needed for
simulation of facies at each surrounding location. Based on these predicted probabilities, the
‘image meta-model is éorrected, and the probabilities and other parameters extracted from the
image meta-model are reported as indicated at step 28 and can be used for stochastic simulation
of facies models and geocellular modeling, Thus, process step 28 is the actual construction of
the ﬁnﬁl 3D metamodel 'made up bf equélized stacked satellite images which should match the

cumulants and proportions observed in the wells.

[0044] - Vertical categorical well data is provided, and a preparation of categorical data, with
derivatives of logs is also enabled. Geobodies categorics at wells are computed from spatial
dertvatives of proportions for rock events and derivatives of camma ray logging data. The

categories obtained from such analyses are the input to the Walther’s Equalizer, and can be used
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for object modeling, multipoint statistics. or other algorithms. Any advanced modeling of spatial
distribution of rocks requires the use of depositional environments that can be represented by

these geobodies categories.

[0045] - As illustrated in Fig. 2, a data processing system D deeording to the present invention
includes a computer 40 having a processor 42 and memory 44 coupled to_ the processor 42 {o
obtain a measure of spatial relations in subsurface formalities. The computer 40 may, 1f desired,
be a portable digital processor, such as a personal computer in_the form of a laptop computer,
notebook computer or other suitable programmed or programmable digital data processing
apparatus, such as a desktop computer. It should also be understood that the.computer 40 may
be a mulﬁcore processor. with nodes such as those trom Intel .Corpo;‘ation or Advanced Micro
Devices (AMD), or a mainframe computer of any conventional type of suitable processing
capacity such as those avaﬂable from International Business Machines (IBM) of Armonk, N.Y.

or other source.

[0046] The computer 40 has a user interfaee 46 and an output display 48 for displaying output
data or records of preeessing of well logging data measurements performed according to the
present imjentien to obtain a measurc o.f transmissibility of fluid in subsurface formations. The
output display 48 includes eemponents such as a printer and an output display screen eapable of
previding pi‘infed output information or visible displays in the form of graphs, data sheets,

graphical images, data plots and the like as output records or Images.

[0047]  The user interface 46 of eomputer 40 also mmcludes a suitable user input device or
input/output control unit 50 to provide a user access to control or access information and

database records and operate the computer 40. The functionality of the stereonet module used
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during step 18 (Figure 1) may be performed by the user interface 46 and output display 48, if
desired. Altérnatively, a separate module may be provided for stereonet plotting. Data
processing system D further includes a database 52 stored in computer menﬁofy, which may be

internal memory 44, or an external, networked, or non-networked memory as indicated at 54 in

an associated database server 36.

| [0048] The data processing system D includes program code 60 stored in memory 44 of the
computer 40. The program code 60, according to the present invention is in the form of compﬁter
operable instructions causing the data processor 42 to form obtain a measure of transmissibility

~ of fluid in subsurface formations, as will be set forth.

[0049] - It should be noted that program code 60 may be in the form'of microcode, programes,
routines, or symbolic computer operable languages (such as C++ code) that provide a specific set
of ordered operations that controll the functioning df the data processing system D and direct its
operation. The instmctions of program code 60 may be stored'in memory 44 of the computer 40,
or on computer diskette, magnetic tape, conventional hard disk drive, electronic read-only
memory, optical storage device, or other appropriate data storage device having .é, computer

usable medium stored thereon. Program code 60 may also be contained on a data storage device

such as server 64 as a computer readable medium, as shown.

[GBSO} 'The flow chart F of Figure 1 illustrates thé structure of the ldgic of the pfesent

ir-l.vent'io'n as embodied 1n computer program operating mstructions. Those skilled in the art
appreciate ithat the flow charts illustrate the structures of computer program code elements ;that
functiop according to the present invention. The invention is practiced in its essecntial

embodiment by computer components that use the program code instructions in a form that
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instructs the digital data processing system D to perform a- sequence of ‘processing steps

corresponding to those shown in the flow chart F.

[0051'] Geologists currently use the qualitative Walther’s law 1n connectien with what is
known as Hutton’s uniformitarism principle for making conceptual models describing vertical
sequences of rocks in relation to lateral (e.g., horizontal) depos.ition, as observed on satellite
images or analogs. The present invention provides an analytical too] besed on anisotropy and
transforms the theory underlying Walther’s law to a quantitative imaging of the vertical and
lateral successions of complex rock sequences. The present- invention thus adapts Walther’s law
- so that analysis may be quantitatively obtained regarding subterranean features -utilizing' spatial
mathematical/probabili_stie and physical principles. The relationship between later.al and vertical
heterogeneity is highly complex, and requires detailed extraction of complex. vector and tensor
relations among nenmiﬁdependent directions to detect rock bodies or objects orented n 3D

space.

[0052] . Figure 3 describes a simplified classiﬁcation of analdg images using the well known
Galloway triangle. In Figure 3, satellite earth images of certain ﬁver deltas are 'shown classified
‘based on the Galloway triangie. Tﬁe Mississippl River delta is classified as tluvial dominated;
the Mahakam River (Indonesia) delta 1s classified as between fluvial dominated and tide
dominated; the Fly River (Papua New Guinea) delta is classified as tide dominated; the
Irrawaddy River (Myanmai') delta is classified as primarily tide ddrninated;, the Copper River
(Alaska) delta 1s classified es- primarily wave dominated; the Rhone River (I'rance) delta 1s
classified as wave dominated; and the Nile River (Egypt) delta 1s classified as between wave

dominated and fluvial dominated. Each depositional environment contains specific characteristic
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facies proportions and cumulant anisotropy characteristics which should match the observed well

| data.

[0053] As is known, Walther's law proposes that the vertical progression of facies should be
the same as the corresponding l.ateral facies Changes. Figure 4 1s a simple' illustrative
genefalizaﬁon of Walther’s law regarding a comparison to anisotropy and principal components
in the context of the preSent invention. Figure 4 illustrates that any direction in which a well is
drilled is correlated to surrounding directions. Therefore, the sequence of rocks observed in a
vertical or inclined'well 1S @ proj ection of the lateral sequénce of rocks. However, an excéption to
Walther’s law 1s when the latéral and the drilleci directions coincide Witﬁ principal directions of
anisotropy as observed frpm variograms or higher-order structures (1.e., cross-cumulants). The
ellipse 60 in Figure 4 shows an example of those principal directioils (lateral directionlé'l and

drilled direction 62) and a directional well 64.

[0054] Figures SA, SB,. and 5C are further simila:r illustrations of Walther’s law Ifrom the
perspective .of .anisotrc)py ih the context .(.)f the present invention'. Figure 5A illustrates the
sequence of rocks in a prdgr&dational sequence in the vicinity of a well 64, with an ellipse 65
: 'shdwing on e¢xample of prihcipal directions 66 and 67 of anisotropy in a progfadationél
geological sequence, Figure 5B illusirates, as an alternative, a retogradational‘ sequence in the
vicinity of well 64 with ellipse 68 showing an example of principaldirectiohs of anisbtropy 70 ‘
and 71 in this situation. Figufe 5C illustrates, as a turther alternative, an aggradati(jnal sequence

in the vicinity of well 64 with an ellipse 74 showing an example of pr_incip'al directions of

anisotropy 75 and 76.
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[0055] Figuré 6 is a display complex anisotropy in a ﬂuvial' deltaic e’hviron_ment with tidal
components with of tensor anisotropy superimposed. In Figure 6, superimposed on a satellite
image of a river delta three locations are repres'entations of tensor anisotropy 77, 78 and 79, each
~ having a different pair of proj ccted principal directions of anisotropy 77a and 77b, 78a and 78b, ..

- and 79a and 79b, respectively.

- [0056] TFigures 4, 5 through SC, and 6 are thus demonstrations that the.qualitative Walther
law can be quantified as anisotropy due to rock bodies. The anisotropy is defined as the
‘ directional dependence of the range of spatial continuity of rock bodies (e. ., dunes, meandering

or braided channel geometries, and the like.

[0057] The present invention computes complex and lohg mathematical non-linear rélations .
between horizontal analog images and vertical infoﬁnatibn from wells. The present invention
forms computer models bas.ed on .physicall phenomena stemming from a known qualitative
geological ﬁaradigm - that vertical Variébilify-of deposited rocks can be projected oﬁto .thel lateral
dOmaiﬁ of satelliteimages take'ﬁ on present geological phenomena, as observed on the earth’s
surface. The present. inyention prbvides a more accurate, quantitative expression of the
qualifative assessment made by Walther’s law .known in Sequénce stratigraphy. Walfher's law
prbposes that the vertical progression of facies should be the same as the corr.espondmg lateral

facies changes.

[0058] The present invention provides a methodology which generalizes and applies the
prin'ci.pl'es of Walther’s law as a modeling and analytical methodology of spatial dependence.
Accordingly, with the present invention two directions of possible heterogeneity of anisotropy

are deemed to match each other, or have higher order correlations, when signals obtained from
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measurements regarding earth features are put in the same phase and wavelength scale, or what
18 termed according to the prosont invention equalized. This operation implies an empirical shift
and deforroation of the lateral image signal to maximize its correlation to a well. Walther’s law
has been related according to the present invention to anisotropy; Thus, two directions are not

- independent, if at least one of them does not coincide with the direction of maximum oontiriuity,

- the axis of variogram anisotropy.

[0059] ' For curvilinear bodies (e.g., moarldoring'and broided channels). Walther’s law depends
~on complex curvilinear axes of anisotropy. Such a problem requires using tensors with 'higher
order cumulants for multiple directions. This leads to non-stationary anisotropy which is a

function of proportions. Figure 8, as will be described, illustrafes the relarion between

proportions and higher order cumulants.

- [0060] With the present invention, .the decomposition of moments into terl-'sor structures
allows for predictions because the proposed structures are addible, o,s shown in Figure 8. The
numerical oxarrlple 1s a simplified oxomple of the basic principles used. In more complex cases
with actoal data, classifying images such as deltas like those shown in Figures 3 and 5 with

cumulants from scanned images permits quantification of the proportions of joint events.

[0061] Thus, a new concept of tensor anisotropy of facies distributions is imbedded in the
| subsurface directional analysis which the present invention provides. The tensor anisotropy
concept 18 'litilizod to decompose ‘tho proportions in residuals for the second, third and hi'gher
order of cumulants. The spatial structures for those residuals are found and their local principal

directions of anisotropy established (Figure 6). The new anisotropy 18 a set of n-1 connected
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cellipses of continuity, for each order n. For example, 'systems that require (at least) a description

with cumulants of order three (n=3) show two (2=3-1) connected ellipses of anisotropy.

{0062] As has been deséribed, Figure 3 1s an il_lustraﬁon of the traditional classiﬁcatio.n of
~ deltaic systems. A description of this classification is discussed in GalloWay, W.E., and Hobday,
D.K., “Terrigenous clastic _depositional systems™, Springer, Berlin, 1996, While the actual
classification 1s related to the depositional dynamics, one cm;ld atteﬁlpt to quéntify the frequency
of joini evéhts in a selected pattém. The initial approach may be to count the proportion of joint .
events for a given distance fronﬁ the sea, dr in a vertical 'sequénce. The proportion or joint
probability 18 usually abbreviated with the intersection of individual events {4, B,C,D.N}, then the
' probability 1s p(4~BAC m D...n N) Assume the joint events give proportions of geo-bodies
occufring t!iue to (a) tidal, (b) fluvial, and (¢) wave dynamics. Therefore; the joint probability and

complex anisotropy al}é,lysis are analogous but precise' to locate a delta in the Galloway triangle.
The Kappa Model for the Probability of Joint Events

[0063] The computation of joint proportions for events or rock bodies in the analogs of Figure
3 is a probability of a joint muitiple event. One can propose to decompose such coinplex joint
' probability with a novel approach termed Kappa model, and for three events this is
P(ANBNC)=P{(A)P(B)P(C)+
+ P(B)(P(A)P(C| 4)~ P(4)P(C))
+ P(CAP(A)P(B| 4) - P(4)P(B))
 +P()(P(B)P(C| B)-P(B)P(C))

+K,ABC - | - | . (1)

[0064]  Where the first row is the product of the probability (i.e., proportions) for independent

events. This product is not informative about any pattern. The second to fourth rows are the
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effect due to pair-wise (Markovian) transition probabilities. For example, they may describe joint
events on the sides of the Galloway triangle, The last kappa (eumnlant) fenn is due to the true -
triple‘ relation between events, and it is the only measure of the three events happening in a joint
pattern. Equation 1 is a novel way to compute the probability of having any combination of

events at any scale, indeed.

[0065]  Therefore, tensor relations are proposed to be used for detailed sequence straﬁgraphy_
._studies and object or nluitipohlt modeling constraints. The' transition probabilities in a sequence .
are related to the pair-wise conditional probabilities P(A | B), P(C | B),P(C| 4). The conditional

probability of higher order (i.e., third order, Figure 3) hae been reselved here by extending the'

Bayesian conditioning, this is

P(AmBﬂC)

P(C|(ANB) =

t00661 Rock boch'esi control the n'ansition probabilities of rocks assembled in sequences;
therefore Equation 2 can be used to quantify the vertical and lateral successions of eornplex rock
sequences observed. in core description. Results obtnined by sedilnentologists may proﬁde
average proportions of patterns with an astounding simiiar_ity'. to what can be encountered in

satellite images.

A Numerical Example of Higher Order Conditional Probability

[0067] In applying the present invention, a determination 1S made of proportions and
probabilities for joint rock-body events. A short numerical example (Tables 1 to 3) illustrates

this. In Tables 1 to 3, the proportion of joint events can be seen to implicate a count of how
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many times a triple or multiple point event occurs in a sequence. Predicting these joint
probabilities has, so far as is known, been impossible in the past because handling higher
moments is non-trivial and extremely complex. So far as is known, the use of cumulants for this

purpose has not been previously recognized or attempted.

[0068] In this example, the principles of computihg probability of joint events in rock
sequences are outlined. Table 1 is a detailed set of outcomes for rock categories in a rock

sequence.
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TABLE 1. A Sequence of Three Rocks: Sandstone, Siltstone, Shale
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The first three columns are indicator variables representing the value (1) every time a

[0069]

rock occurs. The first indicator 1s sandstone, the second is siltstone, and the third is shale. A

d sequence (CUS) 1s when the triple event shale-siltstone-sandstone happens in

L

coarsening upwar

a vertical succession going from base to top. A fining upward sequence (FUS) is when the triple

event from base to top is sandstone-siltstone-shale. Table 1 also shows the indicators for joint

events (AB), (BC), (AC) and (ABC) separately for both the CUS and FUS.

Tables 2.1 and 2.2 give the averages of the indicator products (or momenfs) for the

CUS and the FUS, respecti.vely.

10070]
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TABLE 2.1 Joint Event Pr_oportions'CUS
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'[0071] The second order moments represent the probability of joint pair-wise point events,
and the th_i-;d order moment répresents the joint brobabﬂity of triple point events. The moménts
are redimdant; therefore, the third order moment also includeé. the second order moment
occurrences within the triple array. The third order moment can be dec‘omposedas a _combinaﬁon
of cumulants as ié indicated in Equation 1. The three cumulants are the mean, variance and a
pseudo~sk¢wness.of the indicators (Tables 2.1 and 2.2, last rows). in actual spatiél estimation,
cumulants are used instead of moments because they are addible. Thus, they allow for highei'

order sequential kriging estimation (Vargas-Guzman, 2008).

[0072] Tables 3.1 and 3.2 provide conditional probabilities COmput.ed with the Bayesian

relation described in Eqﬁa’cion 2.
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TABLE 3.1 Conditional Probabilities for CUS

PAB) 0.709 P(CIAB) 0.643
_RBOY 0650 | PABC) 0.923
PAIC) 0.683 F(BIAC) 0.878

TABLE 3.2 Conditional Probabilities for FUS

[0073]  The probability of triple events given pair-wise events is high in the example, but that =
1s not a géneral result. In some .cases, triple events could be rarer than.pair-wise OCCUITENCES.
MQre advanced analysis may imply the simulation of joint events, outside well bores and m 3D.
“This is described later. The example in this section is particularlf ﬁseful to go beyond the so
called Markovian transition prob_abilities for simple pair-wise events. The approach describéd in.

the example allows for multiple point statistical treatment of sequences for modeling purposes.
From Proportions of Joint Events to Cumulates

[0074] The present invention thus provides quantification of tensorial anisotropy and
structures of directional variability extracted from analog satellite Images and well data. These

techniques may also be applied in other areas where multipoint statistics and other object

modeling are to be used.

' [0075] The relations among indicé,tors .are fuilctiohs of the expected proportion £ (I) = /.
* Note that 1 1s the average -propdrtion or number of timés that an occurrence or rock happens na
sequence divided by the total nu:rnber of samples. This givés the variance c(0) = f(_]- — .
I | Quant'itativé oeologists are familiar with the fact that variance ¢c(0) = f(] — f) is the sﬂl of the
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indicator variogram. However, as indicated before, covariances or variograms only account for

palr-wise ﬁariability because they can be computed from two samples correlated at a time.

[0076]  The correlation of three points requires a more advanced measure. Figure 7 shows the

- plots of novel cumulant polynomials' which relate the probability of an occurrence (i.e.,

proportion of outcomes) to the value and shape of the indicator cumulant function. These plots
‘come from the following equations. A third order cumulant is «, = f —=3(f — /) f ~ f°, where
f 1s the proportion of events, and K, represents a pseudo skewness for three indicators. A four

order cumulant is «, = f—7f° +12 f'—6f". The fifth order cumulant considers five point

indicator variables, and thisis &, = £ =15f7 + 57 =81f* +38f°.

[0077]  Figure 8 .d-emonstrates that the shape of rock bodieé can be related to the order of the
uncertainty associated with non-sampled locations. With samples at two ldcations the uncertainty
at the sampled wells 1s zéro'. The uncertainty on the expe.cted _'proportion at points located
- between sampled wells is parabolic as indicated at 80. Therefore, the uncertairity 1S maximum at
- the mddle point bétween two,. sampled (coredj’ wells under symmetric variability. For three
s.ample points, the sample locations in a third orde: x3 model coincide with the 7610 cgmulant.
The uncertainty forms a sinusoidal type of uncertainty -cui‘ve as indicated at 82, unless the
samples aré symmetric pair-wise. The same pfiﬁciple' 15 extended for higher orders. The_ curve 84
~1s for the fourth order x4, and the curve 86 for the fifth ordér k5. For a large number of
realizations in a 3D rock model, after computing the average proportion of predicted rock
categories, the cumulé.nts 1n Figuré 8 should respond to the expected geometries. The same

principle is also applied to the study of vertical successions of rocks, and of satellite images. .
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[0078] A practical input from the present invention to facies modeling is the statistical
distributions to '_dr.a'o.x..I objects using deformed versions of the polynomials in Figure 8. Then, the
objects are re-assembled with an optifnization modeling approach. It 1s to be noted that
. connectivity 1s broken due to lack of higher order terms above fifth order. One way to improve
the object modeling of facies 1s by swapping obje.cts. until they optimize an objectiv_e function
drive.n by highér order cumulants. The approach is the :same as ﬁsually utilized Wlth second order
structure's.' .The object- elements of geobodies are swapped until the difference between a target
cumulant function extracted from 1mages and the Sample cumulants computed in the object '

modeling realization i1s minimized for a given category.

Simulation of Rock Types Within Geobodies

[0079]  Modeling of geobodies or depositional facies is unavoidable for a realistic prediction
of rocks at no'n-sampled locations between wells. These tasks require the correct use of tensorial
anisotropy.' The distribution of fluids in a reservoir is driven by the quality (pore size and pore

connectivity) of rocks. A usual practice is to define rock types (RT) based on a relation between

the permeability coefficient k and porosity ¢, such as \/ k /¢ , or other rock quality indices. Rock

types may also be related to litho-facies at least in fhe local framework. It.has been found that.
Simulatinglrock types acc'drding to the inputs of the present invenﬁon tollowing CUS or FUS
constraints Withjn previ'ously -d'elimited geobodies 1s a rewarding practice bécause it leads to
- reproduced rock types and lithofacies successi'on_s as ‘eXpected in the more general frame within

geobodies.
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Dynamic Inverse Conditioning of Geobodies

[0080] The para;rhete,rs from the present invention can be modified _iteratively using inverse
“solutions. The practical modeling approaches have demonstrated that dynamic sedimentary
constraints imprinted 1n the derivative of gainrﬁa Tay help to construct the expectcd ﬁﬁiﬁg or
coarsening upwards sequences. A more adﬁanced Way to achieve such a conditioning i.s by
running a transport equation. For example, inverse conditioning using ,Well known :ﬂo.w and
transport forward modeling packages. are ﬁsed. A suitable forward simulation pro gTa;tﬁ based on
flow dynamics is,“SEDSIM’* as described In f‘SimuIating clastic sedimentation,” Tetzlaft, D.M.,
and Harbaugh; J W, 1989, Computer methods in the geosciences: Van Nostrand Reinhold,
(1989). Thl;S simulation- technigue can also be used to solve a transport Navier-Stokes differential
‘equation to produce the distributioﬁ of depésited sediments. The mnput COnstraints are boundary
“and initial conditions. An initial condition is the base surface of the basin, and boundafies are
sedimént supply SOurces. Since those paleo-conditions are heterogenéoils and unknown at

present, the approach can not directly honor well observations.

[0081] A .complementary solution is a stochastic inverse approach as follows: The transport
model can be solved with arbitrary (best guess) initial parameters. The resulting model of rqcks
1S dbtained.after compactiﬁg and deforming the result to observed conditions, using the present
invention. To dé—compact rocks oné can see the approach proposed in: “Stripper: An interactive
backstripping, decompaction and ~ geohistory program”, Gidner, R.F., Cross T. (Ed.),

Quantitative Dynamic Stratigraphy:. Prentice Hall, New Jersey, p. 165-180 (1989).
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Cross-Cumulants Among Rock Bodies
Classic Indicator Covariance, The Second Order Co-Cumulant

0082] A measure of the covariance 1s an indicafion of the residual similanty between events,

after removing their independent effect or product of first order terms P(A)P(B). The removal

operation vields the covariance which is defined according to the present invention as a residual

of the second-order-moment or co-cumulant, and this is

e(1,,1,)= P(4" B)— P(4)P(B) 3)

[0083] It is well known that under a stationary model P(A)=P(B)=E[I], and
P(ANB)=E[{ I | where I =lindicates the first event has occurred, and [/ = | indicates the

second event has also occurred.
The Indicator Variogram and Non-Intersection Probability
[0084] The variance minus the covariance is known as the Variograln, this gives

s = PANP(A)+ P(B) ~P(4NB) @

[0085] Under the statistical principle of stationarity, P(4) = P(B); then, the variogram can

also be written as
[0086] The indicator variogram is the residual probability of all dissimilar events

ra=PA-PUANE) Y
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[0087] And this yields

e ;%P(ANB)C (7)

[0088]  Using indicators is straight forward, and the indicator variogram 1is
Yo = EI1—E[L ] ] (7a)

Indicator Estimation ..

[0089]  If the event A represents data and B 1s to be estimated, a first step sequential indicator

kriging 1s well known, as

E|I,|1,|=00(1, - E[1,)+ElL,] (8)

[0090] Since E[/ ]= E[I ]due to stationary, then

Elr,|1,|=601 +E[1)01-6%) (9)

- 10091] The weight ¢ in terms of the classic least squares and events 1s also known, as

g5 _ P40 B)— P(A)P(B)
T P(APA)

(10)

[0092] Where P(A4)P(4°)is the variance of I,

P(B| A)— P(B)
P(A)

- [0093]  From Equation 10 one gets 8’ =
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[0094]  And this yields

P(B| 4)=(1-P(4))0] + P(B) (11)

[0095] Compare this equation to the simple kriging estimator in Equation 8 with / =1 and
E(I,)=P(B)

[0096] If Equation 9 is written with probabilities, and P(A) = P(B), Equation 11 becomes
PBI|A)=(1-0)P(D+6, 1 . IfI =1; fhen,'the estimator 1s P(B | A) - P(A)=8"(1-P(A));
where 1- P(A4) 1s residual probability data, and P(B|A4)—P(A4) 1is a residual probability

estimated to update the conditional distribution functions or ¢df’s.

[0097] . Under the “second order” sequential kriging estimator, a third event can be éstimated

as follows,

P(C|A4,B) =05, (I, —(05(1, - P(4)+ P(B)))

+85(1, — P(A)+ P(A) (12)

[0098] Then, P(C|A4,B)-P(C|4)=6,,(,-P(B|A4))), where the left hand side is a
residual conditional probability. The sequential kriging weights @' are ratios of residual

conditional covariances 8/ =& /& .

' [0099] - This tollowing section shows that (cross) moments do not guarantee truly higher order
composition of expectation of indicator variable products. Mor_éover; truly higher order data

redundancy requires a more advanced treatment using co-cumulants as follows.
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Spatial Indicator Functional Co-Cumulants

[00100] The co-cumulants of order G relate n=G variables. If the variables are separated by lag

distances 4, , and they are stationary for every lag distance, then the co-cumulants can be
parametric functions x(h ). The second order co-cumulant is the covariance, this is
c(h)=x(h ). The bilinear co-cumulant is a function of two lag distance k(n,_,h ), and in

- general, the nth order co-cumulant is a function of n-1 lag distances. A simple eﬁcponentia_l model

is for exar'np'le x{h,n)=k(0,0)exp(ah +a,h,). These models can be extended from all the
- known positive definite covariance models. The third order co-cumulant can be plotted as a

surface but higher order co-cumulants are not plotted and their management is in the hyperspace.
Probability of Multiple Joint Events
[00101] The probability of multiple events Gccm'ring simultaﬂeously 1S

PANBNCA...N)=E[I LI ..I]

[00102] - A higher order conditional probability 1SP(N 1 (ANBNCN...N-1)). The joint prior

eventis(AN BN C ... N ~1). From the previous sections one can induce the foiloWing

PANBNCAN..N)
P(ANBNCnN...N-1) (13)

P(N{(AmBmCm...N—-l))m

[00103]  and

P(ANBACAN...N)=P(N|(N-1nN-2n..."A)...P(C|(4 " B)P(B| A)P(4)
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[00104] The co-cumulates fbf four and fifth order follow the known equations from residuals
of higher order moments. The tri-linear and tetra-linear cumulogram (i.e., a higher order

variogram) is the nth order cumulant minus the nth order co-cumulant. This is
(s gy gy, ) = 540 (0,0) ~ (B By B, )

[00105] It has been found that the sum of a cumulogram and a co-cumulant gives a cumulant at
zero lag distances. This is analogous to saying that the sum of a covariance and the variogram
‘yields the variance. The cumulogram and cross-structures are needed for comparisons and spatial

 estimations.

[00106] From the foregoing, it can be seen that the présent infvention' performs various
operations that range from basic steorconet analysis of simple 3D objects to more complex
analysis of rock bodies (e.g., dunés, meandering channels, braided channels, deltas, and the like).
Although the present invention is based on application of mathematical spatial-statistics relations
to geobodies, expert knowledge and the flow mechanics of deposition ma},} be built in, for case-

specific problems;

[00107] The lﬁreseht invention utilizes physical measurements and images-taken from an area
of interest in the planet and provides measures of tensor anisotrbpy of heterogeneity of complex
~rock objects or areas 1n the area of iﬂterést. The present invention deténnines the tensor structure
of multiple orientations interactively pointed fmm plots made by a stercographic proj ectio.n
plotting methodology kn.oi?m as stereonet. Directions are then chosen and the cross;cumulant
computations arc imbedded into the tensor as provided from" the stereonet. “The structural.
relations obtained among rock bodies or complex objects go beyond classic covarianoes-,

variograms and trivial correlations. A stereonet plot enables mathematical analysis to assure that
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the physiczﬂ spatial distribution of rocks in the vertical direction is not independent of the lateral
direction. Thus the anisotropy is described by a tensor of higher-order relations rather than
independent directional components. Indeed, the methodology of the present invention 1is

available not only for predicting rocks, but for studying other anisotropic phenomena.

[00108] For curvilinear bodies (e.g., meandering and braided channéls). Walther’s law depends
on complex curvilinear axes of anisotropy. Such problem requires the abstraction of using
tensors with Ihigher. order cumulants for rﬁultiple directions. This leads to non-stationary
_'anisotropy. which is a function of proportions. As has been set forth, the present invention

permits study and analysis of such higher order non-linear correlation between rock properties,

data measurement derivatives and images.

[00109] 'The invention has been sufﬁcienﬂy described so fhat a person with average knowledge
in the matter may reproduce and obtain the results méntioned in the invention herein
Nonetheless, any skilled pel_‘son in_thc ﬁeld.of technique, éubject of the invention herein, may
cari’y out m_ﬁdifications not described in the request herein, to apply fhése modifications 10 a
determined structure, or in the manufacturing process of the same, requires the claimed matter in

the following claims; such structures shall be covered within the scope of the invention.

[00110] It should be noted and understood that there can be improvements and modifications
made of the present invention described in detail above without departing from the 'spirif or '

scope of the invention as set forth in the accompanying claims.
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CLAIMS

What 1s claimed 1s:

1. A computer implemented method of subsurface directional analysis of an area of interest
with rock bodies having geological trends in the earth, the analysis having input data including
geobody data and categorical data regarding the area of interest, the .computei' implemented

method comprising the steps of:

forming a measure of postulated proportions of rock joint events in the geological

trends in the area of interest;

forming a measure of spatial tensorial relations for projections along directions of the
geological trends in the area of interest based on the measure of postulated proportions of rock

joint events;

'proj eéting the categorical data onto the measure of spatial tensonal relations;

- determining cross-structural relationships between the projected cate gorical data and

the measure of spatial tensorial relations for expected pairs of directions and rock categories;

_equalizing the measure of spatial tensorial relations and the projected categorical data

to form a meta-model of facies present in the area of interest and their directions;

forming a record of the meta-model of facies.
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2. The computer implemented method of Claim 1, wherein the step of determining cross-
structural ‘relationships between the projected categorical data and the measure of spatial

tensorial relations comprises the step of:

forming a measure of the joint probability of a rock sequence in the measure of spatial
tensorial relations.
3. The computer implemented method of Claim 2, wherein the step of forming a measure of
the joint probability of a rock sequence comprises the step of:

forming a measure of at least three rock bodies in a succession of rock sequences.

4, The computer implemented method of Claim 1, further including the step of:
forming a measure of cross-cumulants among the measures of postulated proportions of

‘rock joint events in the geological frends in the area of interest.

5. The computer implemented method of Claim 1, wherein the categorical data includes

well data and data from a satellite image, and wherein the step of equalizing measure of spatial

~ tensorial relations comprises the step of:

projecting the well data onto a lateral surface covered by the satellite image.

6. The computer implemented method of Claim 5, wherein the step of equalizing measure

of spatial tensorial relations further comprises the step of’

adjusting the satellite image data to maximize the cross-correlation between a well in the

‘well data and lateral proj ections of the satellite image.
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7. The computer implemented method of Claim 6, wherein the step of equalizing measure

of spaﬁal tensorial relations further comprises the step of:

forming a prediction of the adjusted satellite image from the well data.

8. The computer implemented method of Claim 1, wherein the step of forming a record of

the meta-model of the facies comprises the step of:

storing the record of the meta-model of the facies in a data memory.

9. The computer implemented method of Claim 1, wherein the step of forming a record of

the meta-model of the facies comprises the step of:

forming an output display of the meta-model of the facies.
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10. A data processing system for subsurface directional analysis of an area of interest with
- rock bddiés having I ocological trends in the earth, the analysis having input data including
geobody and categorical data regarding the area of interest, the data processing system

comprising:
a processor for perfbrming the steps of:

forming a measure of postulated proportions of rock joint events in the geological

trends in the area of interest;

forming a measure of spatial‘ténéoria] relations for projections along directions of the
geological trends 1n the area of interest based on the measure of postulated proportions of rock

joint events;
projecting the categorical data onto the measure of spatial tensorial relations;

determining cross-structural relationships between the projected categorical data and

the measuré of spatial tensorial relations for expected pairs of directions and rock categories;

equalizing the measure of spatial tensorial relations and the projected categorical data

to form a meta-model of facies present in the area of interest and their directions; and

forming a record of the meta-model of facies.
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11, The data processing system of Claim 10, wherein the step of determining cross-structural

relationships between the projected categorical data and the measure ot spatial tensorial relations

performed by the processor comprises the step of:

forming a measure of the joint probability of a rock sequence in the measure of spatial

tensorial relations.
12.  The data processing system of _Claim' 11, wherein the step of forming a measure of the
joint probability of a rock sequence performed by the processor comprises the step of:

forming a measure ot at least three rock bodies in a succession of rock sequences.

13.  The data processing system of Claim 10, further including the processor performing the

step of:

forming a measure of cross-cumulants among the measures of postulated proportions of

rock joint events in the geological trends in the area of interest.

14, IT-he data processing system of Claim 10, wherein the categorical data includes well data
and data from a satellite image, and wherein the step of equalizing measure of spatial' tensorial

relations performed by the processor comprises the step of:

projecting the well data onto a lateral surface covered by the satellite image.
15. The data processing system of Claim 15, wherein the step of equalizing measure of
spatial tensorial relations performed by the processor further Comprises the step of:

adjusting the satellite image data to maximize the cross-correlation between a well 1n the

well data and lateral projections of the satellite image.
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16. ‘The data processing- system of Claim 15, wherein the step of equalizing measure of

' spatial tensorial relations performed by the processor further comprises the step of:

forming a prediction of the adjusted satellite image from the well data.

17. T.he data processing system of Claim 10, further including:

a data_meniory storing the record of the formed meta-model of the facies.

18.  The data processing system of Claim 10, further including:

an output display forming an image of the formed meta-model of the facies.
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19. . A data sforage device having stored in a computer rcadable medium computer
operable instructions for causing a processor 1o perform subsurface directional analysis of an
aré_a of Interest With _ro'ck bodies having geological trends in the earth, the processor having as
input data geobody and categorical data regarding the area of interést, the instructions stored in

the data storage device causing the processor to perform the following steps:

forming a measure of postulated proportions of rock joint events in the geological trends

in the area of interest;

forming a measure of spatial tensorial relations for projections along directions of the

geological trends in the area of interest based on the _meaSUIe of postulated proportions of rock
| jdint' events;
projecting the categorical data onto the measure of spatial tensorial relations;

determining cross-structural relationships between the projected categorical data and the

measure of spatial tensorial relations for expected pairs of directions and rock categories;

equalizing the measure of spatial tensorial relations and the projected categorical data to

form a meta-model of facies present in the area of interest and their directions; and

forming a record of the meta-model of facies.
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20.  The data storage device of Claim 19, wherein the stored instructions cause the processor
in performing the step of determining cross-structural relationships between the projected

categorical data and the measure of spatial tensorial relations comprises the step of:
forming a measure'of the joint probability of a rock sequence in the measure of spatial

tensorial relations.

21.  The data storage device of Claim 20, wherein the stored instructions cause the processor

in performing the step of forming a measure of the joiht probability of a rock sequence to

perform the step of:

forming a measure of at least three rock bodies in a succession of rock sequences.

22, The data storage device of Claim 19, further including the instructions causing the

processor to perform the step of:

forming a measure of cross-cumulants among the measures of postulated proportions of

~ rock jomt events in the ocological trends 1n the area of interest.

23, The data storage device of Claim 19, wherein the categorical data includes well data and
data from a satellite image, and wherein the stored instructions cause the processor in performing

the step of equalizing measure of spatial tensorial relations to perform the step of:

proj ecting the well data onto a lateral surface covered by the satellite image.

24, The data storage device of Claim 23, wherein the stored instructions cause the processor

in performing the step of equalizing measure of spatial tensorial relations further comprises the

step of:
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adjusting the satellite image data to maximize the cross-correlation between a well in the

‘well data and lateral projections of the satellite image.

25.  The data storage device of Claim 24, wherein the stored instructions cause the processor

in performing the step of equalizing measure of spatial tensorial relations further comprises the

step of:

forming a prediction of the adjusted satellite image from the well data.

26.  The data storage device of Claim 19, wherein the step of forming a fecord of the meta-

model of the facies comprises the step of:

storing the record of the meta-model of the facies in a data memory.,

27.  The data storage device of Claim 19, wherein the stored instructions cause the processor

in performing the Stép of forming a record of the meta-model of the facies to perform the step of:

causing a display device to form an output display of the meta-model of the facies.
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