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Abstract

Well placement decisions must be made in the face of many geological, engineering and
economical constraints. Some of these goals include (1) maximum intersection of connected
regions of high quality reservoir, (2) avoidance of fluid contacts that could cause early break-
through and reduced productivity, (3) compliance with physical drilling constraints such as
curvature and maximum distance, and (3) placement in proximity to platform locations. We
consider well placement subject to such complex constraints and accounting for geological
uncertainty quantified by multiple geostatistical realizations.

An iterative algorithm is proposed for well placement subject to multiple constraints
and “optimality” relative to uncertainty in the reservoir model. Preliminary results were
presented in CCG Report One (1999). Incremental results are presented this year due to
coursework.

Introduction

Placement of wells is an important problem that depends to a large extent on reservoir geom-
etry and continuity. Since the reservoir is never known exactly, geostatistical realizations
are being increasingly used to represent reservoir heterogeneity and uncertainty. There have
been a number of attempts to use geostatistical models for well placement.

In 1995, Goggin et al. (1) reported a well-position optimization method based on sta-
tistics. Well planning using a deterministic 3D model or an inverted seismic data volume
during the drilling of a horizontal well has been performed in a number of places, see for
example Badgett et al. (2). Gutteridge et al.(3) takes the application of 3D geological reser-
voir models forward from basic well planning, to a screening and ranking of multiple well
path options based on quality of connection to volumes of net sand and on instantaneous
productivity index. Quality factor maps are used in their research as potential well positions,
and then well paths are ranked in the order to obtain optimal well sites. They takes advan-
tages of what they called ‘shared earth model’, the model generated by latest 3D modeling
packages.

Also in 1996, D. Seifert (5) generated geological 3-D stochastic reservoir models by in-
tegrating reservoir specific and outcrop analogue data into a hybrid deterministic-stochastic
model. The model provides the basis for determination of the optimum well trajectories and
subsequent risking of their success. In his work, both horizontal wells and inclined wells are
evaluated over multiple realizations.
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“Integer Programming Optimization” was also applied as an automatic well selection
method by S. Vasantharajan et al. (4). In his work, quality map is used as input to the well
site selection.

No preious work considers the many restrictions on well placement. In this paper, an
integrated optimization algorithm is presented to take care of the parameters encountered
both in exploration and development stage, such as the geo-objects a well trajectory may
intersect, connected volume, various lithologic properties of reservoir rock like porosity, per-
meability and geologic structure and structural position. Also, well path sinuosity is captured
by curvature of the well path.

We propose an iterative algorithm that can simultaneously consider multiple constraints
in component objective functions. They must be combined into a single objective function to
be minimized. The weighting of the different components will consider the work of Deutsch
(6). We present progress to date.

Grid Topology

A 3-D reservoir model can be represented by an areal grid with nx cells along x direction and
ny cells in the y direction. The cell size is dx and dy in the x and y directions, respectively.
We consider a constant dx and dy, but this could easily be relaxed. In order to account for
the depth of the reservoir, we employ a variable depth array D(i, j), i = 1...nx, j = 1...ny,
see Figures 1 and 2.

Well Path definition

A well path is a 1-D trajectory defined by a sequential set of N coordinate locations {(xi, yi, zi), i =
1, ...N}, e.g., see Figure 3. The trajectory between the N control points may be taken as
linear or following a spline curve. The control points could be vertical, inclined, or almost
horizontal, see Figure 4.

Geo-object (Flow Unit) Calculation

A reservoir consists of connected regions, which we wish to produce with the fewest number
of wells in the best locations. The different connected regions in a reservoir are called “geo-
objects” or flow units. Each geo-object is a collection of net (reservoir quality) cells that are
connected together but disconnected from other geo-objects. Figure 5 illustrates three geo-
objects, while the outside cells are non-reservoir quality. Geo-objects are normally sorted
according to their sizes, where geo-object 1 is the largest, 2 is the second largest and so on.
Details on calculation of geo-object connectivity can be found in Deutsch (4). The program
for geo-object calculation has been integrated into the well selection program.

Connected Volume to Well Locations

The connected volume (CV) to a well location represents the reservoir volume that can be
drained by a well, that is, the reservoir volume that is reservoir quality and connected to the

2



Dx

Dy

Nx=number of cells along X(14) this

N
y
=

n
u
m

b
e
r

o
f

c
e
ll
s

a
lo

n
g

y
(3

2
)
th

is
c
a
s
e
)

Figure 1: Plan view of grid system.

Dz(1,1,5)

Figure 2: Definition of Dzs.
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Point(x1,y1,z1)

Point(x2,y2,z2)

Point(x3,y3,z3)

Point(x4,y4,z4)

Figure 3: Definition of a well path with 4 control points.

Vertical well

Figure 4: Three well types: horizontal, vertical and deviated wells
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Geo-object1

Geo-object2

Geo-object3

Vertical well

Figure 5: Schematic illustration of geo-objects and connected volume to a well location. The dashed
lines represent the drainage radius.

well location and within the drainage radius of the well. The connected volume depends on
the geo- objects intersected by the well and their distribution within the drainage radius. In
presence of multiple geostatistical realizations, the average or expected value of the connected
volume for a well location may be determined.

Let Ω represent the set of all cells within the drainage radius of the well. The indicator
variable i(u, uw) represents the probability of a location u being connected to the well location,
that is,

i(u, uw) =

⎧⎪⎨
⎪⎩

1, if location u is connected to well at location uw,
and u not connected to another well

0, otherwise
(1)

The connected volume for well uw is the indicator-weighted sum of all cells in the drainage
radius,

CVw = Vc

∑
u∈Ω

i(u;uw), where Vc is volume of a cell (2)

Note that we could easily multiply this term by the porosity of each cell to get a true pore vol-
ume. A single well can intersect several geo-objects simultaneously. The connected volume
is the sum of all the cell volume that fit the criteria specified above.

For multiple well configurations, we need to calculate the total CV of all the wells, the
cumulative connected volume (CCV ). It can be expressed in the form of object function
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component:

OCV =
nw∑

w=1

CVw = Vc

nw∑
w=1

∑
u∈Ω

i(u;uw), nwis number of wells (3)

In combination with other objective components, OCV can be used as a criteria for well
positioning. For the same number of wells, we would prefer the well configuration with the
greatest OCV .

The simplest case is when only one well location must be chosen. The OCV for all can-
didate locations and possible well trajectories can be calculated and, then, the well trajectory
is set to the one with the maximum connected volume. This procedure could be repeated
sequentially to place multiple wells; however, this will not in general, achieve the maximum
OCV . The number of combinations to consider is very large, which makes the multiple-well
case difficult.

Geologic Structures and Structural Position

Geologic structure influences oil and gas accumulation and drainage in many ways and
must be taken into account. The location of the fluid contacts relative to well locations is
important.

The facies, porosity, and permeability vary widely and must be given careful consideration
in any study of well placement. Production rates are higher in highly porous reservoir rocks.
Permeability is critical, for if the resistance to flow is high, the rate of recovery will be slow.
Wells in “tight” formations may quickly reach an uneconomic rate of production.

Sinuosity

Curvature ξ is defined as the change in angle of the tangent divided by the change in arc
length:

ξ = lim

∣∣∣∣ Δt

M̂N

∣∣∣∣ =
∣∣∣∣ dt

ds

∣∣∣∣ =
∣∣t′∣∣ (4)

Δt is the change in angle of the two successive tangents t and Δt on a space curve. ds is
the change of the arc length from point (xN , yN , zN ) to (x

N+1, yN+1, zN+1). The parametric
formula to t can be described as follows,

ξ =
√

x′′2 + y′′2 + z′′2 (sasit′sparameter) (5)

where, x′′ = d2x/ds2 y′′ = d2y/ds2 z′′ = d2z/ds2

The above equations are defined in the continuous domain, discredited versions of the
partial derivatives must be found before implementation is possible. Using the forward and
backward definitions of the derivative, the following difference functions can be used in place
of the partial derivatives:

X ′ ≈ XN+1 − XN−1

2Δs

Y ′ ≈ YN+1 − YN−1

2Δs

6



N

N+1

t+�t
�t

t+�t

t

Figure 6: Definition of curvature
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Z ′ ≈ ZN+1 − ZN−1

2Δs

X ′′ ≈ XN+1 − XN − XN−1

Δs2
, Y ′′ ≈ YN+1 − YN − YN−1

Δs2
Z ′′ ≈ ZN+1 − ZN − ZN−1

Δs2

The units for curvature is degree/length units, where the magnitude depends on the length
quantity.

Fluid contacts

The closeness of the well to the oil water contactmay be penalizedby OWC = m1 − lwc,
where, lwc =

√
(xw − xc)2 + (yw − yc)2 + (zw − zc)2, w is the closest point on the well path

to the fluid contact plane, c is the fluid contact plane, and m1 is a constant associated with
distance from well trajectory to fluid contact. Gas oil contact restriction could be defined
similarly.

Platforms / Drilling Pads

Sometimes the well sites are restricted to be drilled from central locations such as plat-
forms or drilling pads. The optimization program should have the ability to account for this
constraint.

Objective Function

All objective function components are combined. The method introduced by Deutsch (5) is
used to combine the effects of different restrictions. The final objective function O is made
up of the weighted sum of C components: O =

∑c
i=1 wiOi where wi and Oi are the weights

and components objective functions.
Notice that each component objective function OC could be expressed in widely different

units of measurement. Equal weighting causes the component with the largest magnitude
to dominated the global objective function. All decisions of whether to accept or reject a
perturbation are based on the change to the objective function,

ΔO = Onew − Oold

with

Δ O =
c∑

c=1

wc(Ocnew − Ocold) =
c∑

c=1

wcΔOc

To make each component contribute equally to the change in the objective function ΔO,weights
wc, c = 1, ..., C.This is to say, each weight wc is made inversely proportional to the average
change in absolute value of its component function:

Wc =
1

|ΔOc| , c = 1, ..., C
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Finally, the overall objective function is finally written as,

O =
1

O(0)
.

c∑
c=1

wcOc

The initial value O(0) is introduced to make sure the object function starts at 1.0 and a
dimensionless annealing schedule may be used.

Methodology

Features of our problem formulation:

1. Choose number of wells to be optimized, note that wells can be combinations of deviated
wells and horizontal wells etc.

2. Select initial locations and well path categories. Well path categories are horizontal,
deviated and vertical wells. Clustering wells are handled by selecting initial location
within one preset drilling spot.

3. Object function: Our objective here is a combination maximum of the following objec-
tive functions:

• Maximize connected volume Ocv

• Minimize penalty associated with closeness to fluid contacts
∑n

i=1 Ofci
,where n

is the number of

• Minimize penalty associated with interactive between wells Odp.

• Other user defined restrictions and objectives.

4. The initial Oall is calculated;

5. Perturbation Mechanism: randomly choose a well and modify the well trajectory by
randomly choosing the following options:

• Collar translate: defined as randomly select a distance for the well path (Δx,Δy)
within preset scope and shift the whole well trajectory.

• rotate: randomly choose a control point in the trajectory and randomly choose
an angle with degree (Δα,Δβ,Δγ) and rotate the trajectory.

• change path:randomly choose a control point on the trajectory and randomly
choose a shifting distance donated by (Δx,Δy,Δz). Note: all the shifting dis-
tance and angles are restricted by curvature preset in advance.

6. Recalculate the over all objective function of the new configuration;

7. Decision rule: the whole procedure will continue once the objective function isn’t chang-
ing much

where Oall cur is the current value of objective function, Oall pre is the value it previous
accepted and Otol is the tolerance of objective function we set in advance.
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Flow chart

A flow chart based on the above methodology is stated below.
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Figure 7: Flow chart for optimization algorithm

11



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


