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“Method of Conditioning a Random Field
to Have Directionally Varying Anisotropic Continuity”

FIELD OF THE INVENTION

This invention relates to a method of conditioning a multi-dimensional random

field. More specifically, this invention relates to a method of controlling the local

direction of maximum rock-property continuity in a geologic model.

BACKGROUND OF THE INVENTION

Geologic models are commonly used in the petroleum exploration and
production industry to characterize petroleum reservoirs and depositional basins. The
term "geologic model" may represent either the entire volume of a subsurface volume
of interest to an analyst, or a single region of interest within that larger subsurface
volume. Geologic models are generally in the form of a three-dimensional array of
blocks, sometimes referred to as cells. Furthermore, geologic modeling techniques
frequently refer to nodes within a model; each such node generally falls at the center
of any such block or cell. Occasionally models are in the form of an array of points,

in which case each point is a node. However, hereafter, without limitation, geologic

models will be referred to as being constructed of an array of blocks.

A geologic model's characterization of the subsurface derives from the
assigning of geologic rock properties, such as lithology, porosity, acoustic impedance,
permeability, and water saturation, to each of the blocks in the model. The process of
assigning values to the blocks is generally constrained by stratigraphic or structural

surfaces and boundaries, such as facies changes, that separate regions of different
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geologic and geophysical properties within the subsurface. Because geologic models
are frequently used to simulate the performance of a reservoir over time, the
importance of accurately assigning the values to each of the blocks results from the
fact that the spatial continuity of the rock properties in a petroleum reservoir can
significantly influence fluid flow from the reservoir. More accurate geologic model
characterizations of rock-property spatial continuity allow more accurate planning of
the production that can be attained from the reservoir. For this reason, methods of
improving the accuracy of the characterization of rock-property spatial continuity in

geologic models are desired.

Industry presently uses geostatistical algorithms to characterize the three-
dimensional spatial continuity of a rock property in a geologic model. These
algorithms use a variogram to quantify the spatial variability of the rock property as a
function of both separation distance and direction between individual blocks n the
model. Another form of geostatistical simulation 1s spectral simulation, which uses
the amplitude spectrum to control the three-dimensional continuity of rock properties
within the model. The amplitude spectrum 1s the frequency-domain representation of
the variogram. There are several advantages of spectral simulation over more
traditional geostatistical simulation methods that use variograms. These advantages
include computation speed, particularly when using the fast Fourier transform, and the
ability to directly measure and model rock-property continuity as a function of

continuity scale (spectral frequency), a feature unique to spectral simulation.

Nevertheless, all geostatistical algorithms, including spectral simulation, at
present suffer from the limiting assumption of stationarity i1n the geologic
characteristics of the modeled subsurface region. In other words, geostatistical
algorithms assume that a modeled rock property can be represented by a single set of
statistical measures, which are often referred to as global measures. For example, a
single global variogram model or amplitude spectrum would be used to represent the
spatial continuity of the modeled rock property over all blocks of the entire model.
The variogram or spectrum defines both the desired range (magnitude or separation
distance) and dominant direction of the continuity, assuming an anisotropic model. A

limitation of this method, however, is that it is well known in the art that the geologic
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characteristics of the subsurface are non-stationary. Specifically, the spatial
continuity of a rock property may change locally within the model, sometimes
according to predictable or measurable trends. These local changes will be referred to

as local measures, and may be characterized by local variogram models.

For example, consider the sediments deposited in a river channel. Paleo-
hydrodynamics control the distribution of the lithological and petrophysical properties
within this channel. It is understood in the art that the continuity of these properties 1s
anisotropic - typically greatest along the channel and less continuous across channel.
It is also understood that sinuosity may cause channel reaches to locally vary in
direction; therefore, rock-property continuity will also locally vary in direction. Most
geostatistical methods do not allow the direction of continuity to vary spatially, but
instead impose the limitation of a single direction of maximum continuity on the

model.

Very few geostatistical modeling methods have attempted to address this
limitation. Xu (1996) developed a geostatistical algorithm that can model locally
varying orientations of the rock properties. When assigning a rock-property value to a
geologic-model block, the variogram orientation is rotated to match the local
orientation of rock-property continuity. Azimuths assigned to each geologic model
block represent this local orientation. Azimuths are distances 1n angular degrees,
generally in a clockwise direction from north. These azimuths may be obtained from
any source, including well or seismic data interpretation. However, when assighing a
property value to a geologic-model block, this method must assume an 1dentical local
orientation of rock-property continuity for all blocks within the local search radius,
even if the azimuths differ for each block. This limits the ability to model locally
rapid changes in continuity orientation. In addition, the method 1s a variant of
traditional geostatistical algorithms that use variograms and, as compared to spectral

simulation, suffers from the limitations noted above.

More recently, Jones et al. described, in a co-pending patent application titled
“Method for Locally Varying Spatial Continuity in Geologic Models,” a method of

building geologic models in which the direction of greatest continuity bends spatially
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according to geologic or geophysical interpretation. This interpretation leads to the
path and orientation of maximum continuity, defined by a thalweg. A thalweg is a
reference line, often a centerline, through an interpreted geologic feature, such as a
seismically interpreted channel complex. The fundamental idea behind the method 1s
to transform the coordinate system prior to modeling so that the thalweg is linear 1n a
new coordinate system. Standard geostatistical methods may be used in the new
coordinate system, which then involves a constant orientation of continuity. After
geostatistical simulation, the original coordinate system 1s restored, providing a model
in which continuity follows the path of the thalweg. This invention works well to
condition rock-property continuity in geologic features that can be associated with
and described by a single thalweg; i.e., features with continuity directions that align
with a single thalweg, such as a channel feature. However, the mvention does not
work well to condition rock-property continuity in geologic features or regions having
more complex continuity patterns; i.e., features with continuity directions that cannot

be defined by a single thalweg, such as a complex deltaic geometry.

There is a need for a method whereby the direction of maximum continuity
within a random field, such as a three-dimensional geologic model, can be locally
varied. More specifically, there is a need for a method which allows the modeler to
vary the direction of maximum rock-property continuity at any location in the
geologic model according to local azimuth and/or dip information, using spectral
simulation as the geostatistical modeling method. Any such method should allow use
of information from geologic or geophysical data to determine or deduce the extent to
which continuity locally varies in a specific direction within the modeled region of the
subsurface, and thereby provide the ability to accurately represent this variability
within the geologic model and to simulate reservoir flow performance which reflects

this variability. The present invention satisfies that need.
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SUMMARY

The present invention is a method of generating a model of a random field
which has directionally varying continuity. First, a tentative model for the random
field is specified. Second, connected strings of nodes within the model are 1dentified.
Third, a spectral simulation on each of the strings of nodes is performed to determine
updated values for the random field. Finally, the tentative model i1s updated with the

data values from the zspectral simulations.

BRIEF DESCRIPTION OF THE DRAWINGS

The features of the present invention will become more apparent from the

following description in which reference 1s made to the drawings appended hereto.

Fig. 1 depicts a flow chart of the steps for implementation of a first

embodiment of the present invention.

Fig. 2 depicts the blocks in a layer of a model to which an embodiment of the
present invention is to be applied, along with the azimuths of spatial continuity

assoclated with each block.

Fig. 3 depicts a flow chart of the steps for implementation of a second

embodiment of the present invention.

Fig. 4 depicts the blocks in a layer of a model to which the embodiment of Fig.

3, and an example of a strip of nodes analyzed 1n that embodiment.

Fig. 5 depicts a flow chart of the steps for implementation of a third

embodiment of the present invention.

Fig. 6 depicts an example of the results of implementation of the present
invention, where Fig. 6A depicts a seismic interpretation of the surface of a
stratigraphic layer in a fan-shaped deepwater reservoir, Fig. 6B depicts the spatially-

varying continuity model which results from application of the present invention to
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the surface of Fig. 6A, and Fig. 6C depicts the fixed spatial continuity model which

results from application of a prior art method to the surface of Fig. 6A.

Changes and modifications in the specifically described embodiments can be
carried out without departing from the scope of the invention, which 1s intended to be

limited only by the scope of the appended claims.
DESCRIPTION OF THE INVENTION

This invention is a method to model random fields having one or more regions
that contain attributes having locally varying directions of continuity. The mvention
may be used to construct geologic models that contain locally varying directions of
rock-property continuity. However, the reference to geologic models herein 1s for

convenience and is not intended to be limiting.

The method is most beneficially applied to random fields, and specifically

geologic models, having the following characteristics:

(1)  The dataset for which the model 1s to be generated 1s two- or
three-dimensional and contains at least one property having anisotropic spatial

continuity.

(2)  The anisotropic continuity at any node in the model to be
generated can be represented by two (for two-dimensional datasets) or three (for
three-dimensional datasets) orthogonal vectors. Each such vector will be assigned a
magnitude which represents the range of spatial continuity in the orientation of that
vector. At each node, one of the vectors represents the orientation of maximuﬁ
spatial continuity at that node. The second vector, and third vector for three-
dimensional datasets, represents the magnitude of continuity perpendicular to the first
vector. The vectors may be considered as unidirectional (modulus 360°) or bi-
directional (modulus 180%). In other words, the orientation, which is also referred to
as the azimuth, of the vectors can point either upstream or downstream. In such a
model continuity is not tied to a presumed downstream direction of flow, but 1s

merely aligned so that the azimuth (+/- 180°%) is along the flow direction. For
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example, a 90° azimuth actually represents the east-west direction (90° or 270" having
the identical meaning in this definition), independent of the direction, east or west,

that a modeler might presume from other data was the direction of flow.

(3)  The orientation of maximum continuity can vary from node to
node in the model. The orientation is represented by a grid of azimuths and/or dips,
each of which can be measured or interpreted at each node using any practical means.
The azimuths and/or dips are specified at the nodes of the geologic-model. As will be
understood to those skilled in the art, an azimuthal grid specifies variations in
continuity within a horizontal plane of a model (in other words continuity which
varies with respect to compass heading), and a dip grid specifies variations in
continuity within a vertical plane of a model (in other words continuity which varies
as features dip vertically). For geologic modeling, these parameters are typically
derived from interpretation of geologic, well, and/or seismic data. Either azimuths or
dips, as a grid, are required if two-dimensional directional variations occur within a
plane of a geologic model, depending on whether the analysis 1s being performed for
horizontal or vertical two-dimensional planes. Both azimuths and dips, as a volume,
are required if the analysis 1s intended to model three-dimensional directional

variations which occur within the geologic model volume.

The most common geologic-modeling application of the method of the present
invention 1s to control the directional variation mm continuity within each two-
dimensional stratigraphic layer in a three-dimensional geologic model. The three-
dimensional geologic model is composed of a stack of two-dimensional stratigraphic
layers; each layer is exactly one geologic-model block 1n thickness and 1s parallel to
the assumed or measured subsurface stratigraphic layering. Therefore, each layer can
be treated by the method of this invention as a horizontal plane of blocks. The
directional variation in continuity within each of these planes 1s represented by a two-
dimensional grid of azimuths, in other words directional variations that occur along
the stratigraphic layer. Note that in two-dimensional applications of the present
invention the vertical orientation in the model is orthogonal to the stratigraphic layer,
and therefore vertical continuity is effectively independent of the local azimuth angle.

As a result, continuity in the vertical direction can be modeled separately, in other
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words either independent of the present method or 1n a separate application of the
present method to a model having vertical layers. In addition, three-dimensional
applications of the present method may be employed which simultaneously model

vertical continuity.

The method of the invention can be described, without limitation, as
comprising four basic steps. First, a tentative model 1s constructed in the space
domain. The space domain is the physical space of interest to the analyst and for
geologic applications comprises the three-dimensional array of blocks discussed
above. The model 1s tentative in the sense that spatial continuity of the modeled

property 1s not optimal and 1s intended to be modified using this method.

Second, a grid of azimuths and/or dips that represent local variations in
contmuity direction within the model are specified at the nodes of the blocks of the
tentative model. The grid 1s used to identify sequences of nodes in the grid that are

connected, 1n other words are adjacent 1 space and are generally aligned along the

local orientation of maximum continuity assigned to the nodes.

Third, for each of the identified sequences, a spectral simulation of the
property 1s performed. An amplitude spectrum 1s assumed for this simulation which
represents the desired maximum spatial continuity in the orientation represented by
the assigned azimuths and/or dips. The result is a new simulated property value for

each node in the sequence.

Fourth, and finally, the stmulated property values for specified nodes in each
sequence replace the values in those nodes in the mitially-created tentative model,
resulting iIn a new model having anisotropic spatial continuity that changes in

direction according to the mput azimuths and/or dips.

Numerous embodiments of the present method are within the scope of this

invention. The following described embodiments are representative.

A first embodiment of the present method is directed to the simulation of

continuity in a single dimension; locally, that dimension is represented by the
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orientation of maximum continuity. For example, for a given tentative geologic
model, it may be assumed that the local continuity variations that are present in a
tentative model for all directions other than that represented by a single local azimuth
and/or dip of interest are desirable and do not need to be modified. In such a case the
present method is applied to simulate the model’s rock properties in the single
dimension, whether azimuthal or dip-oriented. Figure 1 shows the steps for

implementing this embodiment, as further described below.

First, using any practical means, a tentative, multi-dimensional geologic
model, Fig. 1, step 111 is created. The tentative model is generated by assigning at
least one rock property value to each block within the model's grid. This process will
be well known to practitioners of geologic modeling, and can be performed, for
example, by using traditional geologic-modeling schemes, such as geostatistical
modeling, and/or by relying on trends present in available measurement data.
Preferably, the tentative model should honor all criteria that the model 1s intended to
accurately characterize, with the exception of the desired continuity trend that this

embodiment of the present invention is intended to simulate.

Second, using any practical means, a grid of azimuths and/or dips that
represent local variations in continuity direction within the geologic model 1s
generated, Fig. 1, step 112. This grid is specified at nodes corresponding to the

blocks 1in the tentative model.

Third, using the grid of azimuths and/or dips, "strings" of nodes 1 the grid
that are "connected" are identified, Fig. 1, step 113. “Connected” nodes are adjacent
in space and are generally aligned along the local orientation of maximum continuity
assigned to the nodes. The purpose of this step is to identify strings of nodes for
which model properties are to be determined according to the present method which
are consistent with and accurately characterize the trend of spatial continuity
associated with each of the strings. This step is preferably repeated until all nodes
have been associated with one of a plurality of strings. Each node will only be
associated with one such string, and the length of each such string may vary from as

little as one node, such as in situations where an edge of the model, a facies boundary,
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or another string indicates that a node has no clear continuity with adjacent nodes, but
may also extend sinuously across the entire length or width of the grid for longer

continuity trends.

Fig. 2 depicts an example of a string derived from the process of Fig. 1, step
113. The shaded blocks 201 in Fig. 2 are associated with a trend that extends
generally from the bottom left to the upper right in the figure. The orientation of the
trend in each block is indicated by line 202 within each such block, and correspond to

the azimuth of the trend in that block.

In the example of Fig. 2, only one trend, that associated with shaded blocks
201, is depicted. As indicated above, it will be understood that more than one trend
may be present in any such layer, and each such trend may be modeled. To identity
any such trend in a two-dimensional (in other words one layer) application of the
present embodiment, a simplistic index reference system may be used. Consider, for

example, a given node that has indexes in the grid (i, j) and another node that has

indexes (1%, j*). If Ii -—i*l <1 and | J— j*] <1 then the two nodes are adjacent in

space. The extension of this reference system to three dimensions for the k mdex
would be analogous. Whether two-dimensional or three-dimensional applications are
involved, connected nodes are those which are adjacent in space and are generally
aligned along the local orientation of maximum continuity. Note that numerous
options may be employed to determine whether connected nodes have an alignment
along a local orientation of maximum continuity, and which therefore could be
considered part of a string of nodes characterizing that continuity feature. For
example, a simple observational system may be employed in which a preliminary
geologic interpretation specifies presumed geologic flowpaths, and such flowpaths
may be used to deduce continuity trends. Other options for determining
connectedness of nodes will be apparent to one skilled in the art. A string of
connected nodes will terminate when the edge of the geologic model or other defined
boundary is reached, or when a node is reached that has previously been assigned to a
string. An analyst may also specify additional conditions that will cause the string to

terminate. This step is complete when all selected nodes in the geologic model have
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been assigned to strings, or when all trends in the model which are to be simulated

have been assigned to strings.

Next, in Fig. 1, step 115, a one-dimensional array of the tentative geologic
model rock-property values for each of the strings from step 113 1s created. Each
such array contains an identifier (for example, the indices) and the tentative rock-
property value for each node in the string, and the entries in the array are in the order
of nodes along the string. Although a string represents a one-dimensional curvilinear
path through the model, creation of the array effectively "straightens" this path and
allows for a one-dimensional spectral simulation to accurately characterize the spatial

continuity of the trend being modeled.

In Fig. 1, step 116, a one-dimensional spectral simulation of the rock property
is performed. This spectral simulation of these one-dimensional arrays itself
comprises three steps. First, a Fourier transform is computed for the array. The phase
of this transform is retained, and the amplitude of the transform is discarded. Next, an
amplitude spectrum is assumed which represents the maximum-desired spatial
continuity for this property within the string, in other words the desired continuity in
the orientation represented by the assigned azimuths. This spatial continuity may be
determined, for example, from a long-range variogram model for the region being
analyzed, as may be determined from separately available data. Finally, the phase
spectrum and the assumed amplitude spectrum are jointly inverted using an mverse
Fourier transform to determine values for the one-dimensional array which accurately

characterize the value of the property being modeled at each node in the string.

The strings of arrays determined in step 116 will range in length, depending on
the characteristics of the underlying data and the calculation procedure used to
determine azimuths and connected nodes. As will be understood to those skilled in
the art, calculation of a Fourier transform of strings of data of different lengths will
give results of differing accuracy. In the present method, the strings of nodes may be
padded with zero values, to obtain strings of relatively consistent lengths, before the
Fourier transform is computed. Generally, the padding will not result in strings that

are longer than about twice the range of the maximum-desired spatial continuity, as
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determined from a long-range variogram model. Those skilled in the art will
appreciate that the padding may use values other than zero, and that trial-and-error
testing may be required to determine the most appropriate length to use in the Fourier

transforms of the strings of data.

In Fig. 1, step 117, the simulated rock-property values for each string node are

substituted for the values in the corresponding nodes in the tentative geologic model.

- The result, Fig. 1, step 122, is a new geologic model having anisotropic spatial

continuity, in other words continuity that changes in direction according to the

azimuths and/or dips in the trends that are specified 1n steps 112 and 113.

In a second embodiment, it may be desired to simulate spatial continuity in
two or three dimensions; one of these dimensions represented by the orientation of
maximum continuity. Fig. 3 depicts the steps of this embodiment, and Fig. 4 depicts
an example representative layer of a geologic model for which this embodiment may

be appropriate.

The first three steps of this embodiment, Fig. 3, steps 311, 312, and 313, are
identical to steps 111, 112, and 113 in Fig. 1. In this embodiment, once the strings of
nodes have been identified, Fig. 3, step 313, nodes are identified that neighbor each
node in the identified strings, Fig. 3, step 314. As depicted in Fig. 4, the strings of
neighboring nodes that are identified in Fig. 3, step 314 are the lighter-shaded blocks
402. Neighboring nodes may be defined as adjacent nodes that are perpendicular to
the string node, though other definitions could also be applied. Neighboring nodes
may surround the string nodes on all sides, for example if a three-dimensional spectral
simulation is to be performed, or may occur only within the two-dimensional plane
containing the string nodes if a two-dimensional speciral simulation 1s to be
performed. Using the index reference system described above, neighboring nodes
may for example be defined as nodes that differ in (i,j,k) grid indices by no more than
a magnitude of one from the node in question. If a specific analysis warrants,
however, neighboring nodes may also include nodes that are two or more nodes away
from the node in the string, in the dip and/or azimuth directions. The combination of

string nodes plus all neighboring nodes is referred to as a "strip" of nodes. The
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required width/thickness of these strips will be a function of the desired range of
continuity in those orientations; a longer range will require a wider strip. In Figure 4,
there are at least two neighboring nodes for every string node. Notice, however, that
some string nodes may share the same neighboring node. Once again, the identifiers

(i, j, k) for each node in every strip are used for reference.

Using the node identifiers from step 314, and the tentative geologic model
from step 311, an array of tentative geologic-model rock-property values for each
strip is specified, step 315. The array dimensions are identical to the dimensions of
the strips. The arrays contain the identifier and the tentative rock-property value for

each node in the strip, and are ordered according nodes 1n the string.

For each array created in step 315, a spectral simulation of the rock property 1s
performed, step 316. This step follows the procedure discussed above in association
with Fig. 1, step 116, except that the dimensions of the simulation will be identical to
the dimensions of the array. In other words, for the example of Fig. 4, the spectral
simulation will be two-dimensional, one dimension representing the direction along
the azimuth of the string, and the second dimension orthogonal to that direction. The
amplitude spectrum that is used in the simulation should represent the desired
anisotropic spatial continuity for the rock property. The resulting arrays contain an

identifier and a new simulated rock-property value for each node 1n each strip.

In step 317, the simulated values for the string nodes are substituted for the
values in the corresponding nodes in the tentative geologic model. However, the
simulated values for each of the neighboring nodes are discarded. This 1s because the
neighboring nodes may belong to muliiple strips, and therefore potentially have
multiple values, since the neighboring nodes are attached to strings only after the
strings are identified. An advantage of this strip-oriented embodiment is that the two-
dimensional spectral simulation allows more accurate characterization of the spatial
continuity of the nodes in the strings. The result is a new geologic model having
anisotropic spatial continuity that changes in direction according to the input azimuths

and/or dips, step 322.
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A third embodiment of the present invention 1s described in the following
paragraphs in the context of controlling the directional variation in continuity within
each two-dimensional stratigraphic layer in a multi-layer geologic model. However,
as will be understood to those skilled in the art, this embodiment may be employed to
control two-dimensional directional variations in continuity occurring along any
arbitrary plane of the model, or three-dimensional directional variations in continuity
occuring within the geologic-model volume. In addition, the description of this
embodiment focuses on the computationally less burdensome "string" simulation
method (Fig. 1 above), although extension of this description to apply to the
alternative “strip” simulation method (Fig. 3 above) 1s straightforward. Figure 5

depicts the detailed steps that comprise this embodiment.

In this embodiment of the present invention, the tentative geologic model 1s
constructed in four steps, Fig. 5, steps 511 through 514. First, step 511, a tentative
geologic model is prepared in any appropriate manner, as described above 1n
conjunction with Fig. 1, step 111. Second, step 512, the fast Fourier transform 1s used
to calculate the two-dimensional amplitude and phase spectra for each stratigraphic
layer of the tentative geologic model. The amplitude spectrum 1s discarded and only
the phase spectrum 1s retained.

Next, in step 513, an isotropic, two-dimensional amplitude spectrum for the
stratigraphic layer is created. Note that a single amplitude spectrum may represent
individual, or multiple, layers in the model. To simplify the description of this
embodiment, but without limitation, a single spectrum will be referred to in the
following as representing all layers. The spectrum 1s assumed, or generated from
separately available data, and should characterize short-range continuity in the layer.
Generation of this spectrum at this step enables this embodiment to generate a model
with both short-range continuity (e.g. continuity in all directions other than directions
along-azimuth) and long-range continuity (along the azimuths which are yet to be
determined in this embodiment) accurately characterized. Inherent to this step is the
assumption that all directions other than the azimuthal direction are modeled with the
same short-range continuity. If the two-dimensional Fourier transform "strip" method

discussed above is being employed, this step may not be necessary because the two-
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dimensional Fourier transform implicitly controls continuity in both the along-

azimuth and the across-azimuth directions.

In step 514, for each stratigraphic layer, the amplitude spectrum from step 513
and the phase spectra from step 512 are inverse-transformed to produce each layer of
a new, tentative geologic model in the space domain. This model is output as a set of
2D arrays, one array for each layer. Because the amplitude spectrum from step 513 1s
isotropic and short-range, these steps correctly model the desired short-range

directional continuity in the layer.

Next, a grid of azimuths is prepared and strings of connected nodes are
identified. In step 515, the grid of azimuths that represent variations in continuity
direction within the stratigraphic layers in the geologic model are generated using any
appropriate means. Depending on the nature of the region being modeled, a single
grid could be used to represent all layers in the geologic model, or just one or several
layers. For geologic modeling, this grid could be generated using local continuity
interpretations from, for example, well or seismic data. The angle simulation method
described by Xu in “Conditional Curvilinear Stochastic Simulation Using Pixel-based
Algorithms,” Math. Geology, V. 28, 1996 is one example and the generation of vector
fields from flowpaths by Jones in “Using Flowpaths and Vector Fields in Object-
Based Modeling,” Computers & Geosciences, V. 27, pps 113-138, 2001 1s a second
example of methods for generating this grid.

Using the grid of azimuths from step 515, strings of nodes that are connected
are identified in step 516. One approach for this identification 1s desctribed below.
For computational convenience in this approach, it is assumed that the grid spacing
between nodes is one unit. Distances are defined in units of block dimensions, and

the grid consists of blocks, and therefore nodes, that are equally spaced.

A first node is selected for analysis, see for example node 203 1n Fig. 2,

referred to in the following as P1. This node may be selected by randomly sampling
from the 2D stratigraphic layer. Each such node will have an assigned azimuth, o,

indicating the direction of maximum spatial continuity at that node. This direction 1s
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referred to as "upstream". The "downstream" direction is this azimuth plus 180

degrees. These directional references are for convenience and are not limiting. In the
following, the direction o =0 refers to an azimuth pointing to the right in Fig. 2,

although that convention is not limiting. As will be understood, the direction & =0 1s

typically correlated to the map north direction, which is also not imiting.

In the upstream direction, using the azimuth « at P1, a distance d is calculated

that approximately spans a grid block 1n that direction, as follows:

d=[l/sina| 45°<a<135°225°<q <315°
d =[l/cosa| otherwise

This calculation specifies a point, P2 which is a distance d in a direction «
from P1 and is the next node in the string. The point P2 may not itself be exactly at a
node of the grid; the node nearest to P2 is nevertheless defined to be the next node mn
the string. Note also that the calculation procedure for distance d specified above 1s
for convenience, and other procedures may be employed, provided that a consistent
approach for identifying the nodes in the string is involved. As noted above, blocks
are assumed to have unit dimensions, and this calculation procedure inherently makes

that assumption, which 1s not limiting.

Next, the azimuth of the node identified from the point P2 must be
determined. The azimuth associated with that node will typically be used, but
azimuths of several nearby nodes could be combined to provide the next azimuthal
direction if so desired. Then, using that azimuth, the procedure is repeated to

calculate the location of an additional point P3 and its corresponding node and

azimuth.

This process is repeated to identify additional nodes in the string until the edge
of the model or a boundary (for example, a facies boundary) is reached, until the
string intersects a node already in a previously defined string, or until the next node
has an assigned azimuth that is very different from that of the previous block (for
example, greater than a pre-specified threshold difference). This last condition
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prevents sharp bends in the string, but has the intent of preventing discontinuous
geologic features from being combined. The steps are also repeated, as necessary, for

nodes in the downstream direction.

Once an entire string has been identified, the grid reference identifiers of all
nodes in the string are assigned to a 1D array, in the order of furthest block upstream

to furthest block downstream. These nodes cannot be assigned to any other string.

The entire procesé is repeated, Fig. 5, step 516, for additional strings, until all
nodes are assigned to one of the plurality of strings. At noted above, the result may
be that some strings extend a substantial distance across the layer of the model, and

other strings may be very short and comprise very few individual nodes.

In Fig. 5, step 517, a one dimensional array of the tentative geologic model’s
rock-property values for each string of nodes 1s generated using the arrays of node
identifiers from step 516 and the tentative geologic model layer’s values from step
514. For calculational ease, the nodes in each string should still be in the order of

furthest block upstream to furthest block downstream.

In step 518, a one-dimensional spectral simulation of the rock property i1s
performed for each of the one-dimensional arrays of rock-property values from step

517. This step is as described above in association with Fig. 1, step 116.

Finally, Fig. 5, step 519, the values simulated in step 518 are substituted for
the values in the corresponding nodes of the tentative geologic model resulting in a
new geologic model having anisotropic spatial continuity that changes 1 direction

according to the mput azimuths, step 520.

As noted above, this and the prior embodiments of this method could be
implemented in three dimensions. For example, 1n step 512, the tentative geologic
model could be transformed into its three-dimensional amplitude and phase spectra,
with only the phase spectrum retained. In this embodiment the third dimension would
be vertical. In step 513, a three-dimensional amplitude spectrum would then be
generated. This spectrum would be isotropic in the stratigraphic plane (x-y plane) but



CA 02507445 2005-05-26

WO 2004/061727 PCT/US2003/0263435

10

15

20

25

30

_18 -

represent the desired vertical continuity in the vertical direction (orthogonal to the
stratigraphic plane), as a result of the z-direction continuity control to which the
tentative model is built. In step 514, the three-dimensional phase and amplitude
épectra would be inverse transformed to produce the new tentative three-dimensional
geologic model in the space domain. Subsequent steps could then involve either of
two sequences of analysis approaches. First, the remaining steps could involve one
dimension in which one-dimensional transforms of each string could be computed
generally as described above. Second, the remaining steps could be two-dimensional.
In this second approach, the nodes identified in step 516 would involve "curtains" of
nodes. In this approach strings of nodes are identified in an uppermost layer of
interest in the model. Thereafter, all nodes in the model that have the identical 1,]
indices as each identified string are assigned to a two-dimensional array in which the
second dimension is vertical (perpendicular to the layer). Using this curtain-based
approach, the rock property values in step 517 would be extracted from the three-
dimensional volume created in step 514. In step 518 of this approach, the spectral
simulation would be two-dimensional. The result of the process would be a model

with control in all three dimensions.

An example application of this invention is shown in Figure 6. Figure 6A 1s a
seismic interpretation of the surface 600 of a stratigraphic layer in a fan-shaped
deepwater reservoir. Lines 601 drawn on surface 600 indicate the directions of
maximum rock-property continuity, as interpreted, for example, by a seismic
interpreter. The local azimuth angles of maximum continuity inherent to these
interpreted lines were gridded so that a continuity-azimuth value was assigned to each
model-grid node within the area outlined by box 602 in Figure 6A. Using an
embodiment of this invention, a tentative 2D geologic model was generated over the
area outlined by box 602 for layer 600. This tentative geologic model was then
transformed into its amplitude and phase spectra, retaining only the phase spectrum.
A 2D isotropic amplitude spectrum was generated which represented the shortest-
range continuity desired for the modeled rock property in layer 600. This continuity
range was assumed to be three model blocks. This amplitude spectrum and the

retained phase spectrum were then inverse-transformed to produce a new, tentative,
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2D geologic model of this layer. The azimuth grid was used to identity strings of
nodes and, for each string, the tentative geologic-model rock-property values assigned
to these nodes were modified using 1D spectral simulation. The 1D amplitude
spectrum that was used represented the longest-range of continuity desired for the
modeled rock property in layer 600. This long-range continuity was assumed to be
twenty model blocks. The simulated values were substituted for the values in the
corresponding nodes in the tentative geologic model, resulting in a new 2D geologic
model having anisotropic spatial continuity that changes in direction according to the
input azimuths, as indicated in Fig. 6B. The trends of continuity deriving from the
individual strings of nodes and their associated azimuths, in turn deriving from lines
601, are indicated in Fig. 6B by the shaded flowpaths which trend from right to left n
the upper right-hand portion of the figure, and turn and trend from top to bottom in
the middle and lower portion of the figure. This modeling is substantially similar to

the interpreted azimuths depicted 1 Fig. 0A.

For comparison, a traditional 2-D spectral-simulation method was also applied
to the data of Fig. 6A. An anisotropic amplitude spectrum representing the
stratigraphic layer was generated. This spectrum represented a long-range continuity
of twenty blocks, but in the traditional method this long-range continuity is limited to
the N-S direction (top to bottom in the figure). Similarly, the short-range continuity
was again assumed to be three blocks, but this is limited to the E-W direction (r1ght-
to-left). As will be understood to those skilled in the art any other two orthogonal
directions could have been chosen. This spectrum and the phase spectrum generated
from the tentative 2D geologic model were inverse-transformed, resulting i a new
2D geologic model, which is depicted in Fig. 6C. Note that this use of a traditional
spectral simulation method does not allow the direction of maximum continuity to
vary over the geologic model region, and the continuity trend lines are limited to a

top-to-bottom directional pattern throughout the modeled layer.

It should be understood that the preceding is merely a detailed description of
specific embodiments of this invention. Other embodiments may be employed and
numerous changes to the disclosed embodiments may be made in accordance with the

disclosure herein without departing from the spirit or scope of the present mnvention.
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Furthermore, each of the above embodiments 1s within the scope of the present
invention. The preceding description, therefore, is not meant to limit the scope of the
invention. Rather, the scope of the invention is to be determined only by the

appended claims and their equivalents.
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CLAIMS:

1. A computer implemented method for determining a performance of petroleum
reservoir over time, the method comprising:

a) constructing, based on at least one of collected geologic, well and seismic
data, a tentative geologic model of a rock property useful in petroleum exploration and
production, which model has directionally varying continuity, of a subsurface region of
interest;

b) identifying connected strings of nodes within said tentative geologic model,
wherein a grid of azimuths is used to identify said connected strings of nodes;

C) performing a spectral simulation on each of said connected strings of nodes
resulting in a simulated value of the rock property at each node;

d) updating said tentative geologic model by substituting the simulated
rock-property values for the values in the corresponding nodes in the tentative geologic
model to determine an extent to which continuity locally varies in a specific direction
within the modeled subsurface region of interest and to determine the performance of the
petroleum reservoir over time;

wherein for each of said connected strings of nodes said spectral simulation
COMprises:

1) determining a phase spectrum from a Fourier transform of each of
said connected strings ot nodes;

11) specifying an amplitude spectrum which represents the maximum-
desired spatial continuity for each of said connected strings of nodes; and

111) inverse Fourier transforming said phase spectrum and said

amplitude spectrum to determine updated data values for said nodes in each of said

connected strings of nodes.

2. The method of claim 1, wherein said tentative geologic model is subdivided 1nto

layers, and steps b), ¢) and d) are performed on a layer-by-layer basis.
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3. The method of claim 1, wherein one or more of each of said connected strings of

nodes is padded with additional data values prior to calculation of the Fourier transform of

each of said connected strings of nodes.

4. The method of claim 1, wherein neighbouring nodes to each said node in each of

sald connected strings of nodes are identified and further wherein said spectral simulation

1s multidimensional.,

J. The method of claim 1, wherein said tentative geologic model 1s specified from a

spectral simulation comprising:

a) determination of a phase spectrum from a Fourier transform of a first

estimate of said tentative geologic model;

b) specification of an amplitude spectrum for said tentative geologic model;

and

C) inverse Fourier transforming said phase spectrum and said amplitude

spectrum to determine said tentative geologic model.

6. The method of claim 5, where said amplitude spectrum characterizes a short-range

continuity desired in said tentative geologic model.

7. The method of claim 5, where said spectral simulation is applied on a

layer-by-layer basis to each of one or more layers of said tentative geologic model.

8. The method of claim 5, where said tentative geologic model is specified from a

three-dimensional spectral simulation.

9. The method of claim 8, wherein said identified connected strings of nodes are used
to identify curtains of connected nodes, and two-dimension spectral simulation 1s applied

to each of said curtains.

10.  The method of claim 1, wherein a grid of dips is used to identify said connected

strings of nodes.
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11.  The method of claim 1, wherein a combined grid of dips and azimuths are used in

three-dimensions to identify said connected strings of nodes.

12.  The method of claim 1, wherein said grid of azimuths corresponds to blocks in said

tentative geologic model.

13. The method of claim 1, wherein said identifying connected strings of nodes within
sald tentative geologic model is repeated until each node within the tentative geologic

model 1s associated with one of the connected strings of nodes.

14.  The method of claim 1, wherein said tentative geologic model 1s a model of a
geologic rock property selected from a group consisting of: lithology; porosity; acoustic

impedance; permeability; and water saturation.

15. A computer implemented method for determining a performance of petroleum
reservoir over time, the method comprising of generating a geologic model of a rock
property useful in petroleum exploration and production, which model has directionally
varying continuity, comprising:

a) constructing, based on at least one of collected geologic, well and seismic
data, a tentative geologic model of a rock property useful in petroleum exploration and
production, which model has directionally varying continuity, of a subsurface region of
interest, said tentative geologic model having one or more layers;

b) for each of said layers in said tentative geologic model,

[1] specifying a grid of azimuths for nodes in said tentative geologic

model;

[ii]  using said grid to identify connected strings of nodes within satd

tentative geologic model;

[iii]  performing a spectral simulation on each of said connected strings
of nodes, each spectral simulation involving a determination of a phase spectrum from a
Fourier transform of each of said connected strings of nodes, a specification of an
amplitude spectrum which represents the maximum-desired spatial continuity for each of

said connected strings of nodes, and the inverse Fourier transform of said phase spectrum
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and said amplitude spectrum to provide a simulated value of the rock property at each

node; and

[1v]  updating said tentative geologic model by substituting the simulated
rock-property values for the values in the corresponding nodes 1n the tentative geologic
model to determine an extent to which continuity locally varies in a specific direction

within the modeled subsurface region of interest and to determine the performance of the

petroleum reservoir over time.

16.  The method of claim 15, wherein one or more of each of said connected strings of
nodes 1s padded with additional data values prior to calculation of the Fourier transform of

satd one or more of each of said connected strings of nodes.

17.  The method of claim 15, wherein neighbouring nodes to each said node in each of

said connected strings of nodes are identified and wherein said spectral simulation is

two-dimensional.
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Output new geologic model.

FIG. 1
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FIG. 3
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111

Construct or specify a grid of azimuths
and/or dips representing local direction

Construct or specify a

tentative geologic model

in the space domain. of continuity at mode! nodes.

|dentify strings of connected
hodes.

115

Create a 1D array of tentative-

geologic-model rock-property
values for each string.

116

Perform 1D spectral simulation
on each string of nodes.

117

Substitute the simulated values
of each node for the values of
the corresponding nodes in the
tentative geologic model.

122

Output new geologic model.
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