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Abstract 

The aim of geosteering is to place the well optimally in the reservoir, based on 
the available measurements and interpretations of the geology. The 
interpretations are captured in earth models that are used for decision support. 
But real-time decision processes such as geosteering are poorly supported by 
current earth modelling methods. While drilling, new measurements received 
from the well allow revisions of the pre-drill geological interpretations. 
However, the current modelling tools are not capable of updating their 
representations of the interpretations in real-time. 3D earth models are typically 
kept unchanged during the drilling operation, while updated 2D models capture 
the geological interpretations only in a simplistic manner. Furthermore, 
uncertainties in the interpretation of the geological structures are not accounted 
for. Such strategies are inadequate for geosteering support when drilling in 
geologically complex regimes, and may lead to poor decisions. 

Current 3D modelling technologies are typically based on an inflexible, global 
grid that is used to represent geological structures and petrophysical properties. 
The management of this grid is slow and time consuming. To pave the way for 
a more effective earth model management, novel principles for i) local updates 
of the geological structure in an existing grid, ii) local control of the resolution 
of the geological structure and consequently the grid, and iii) local scale 
uncertainty management including the geological structure are proposed. The 
principles are demonstrated in a 2D software prototype. The ultimate aim is to 
enable an always updated multi-realization 3D model at optimal resolution 
while drilling, suitable for real-time decision support under uncertainty. 
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List of papers in Part II 

The focus of this thesis is effective earth modelling for geosteering. Four of the 
papers that the thesis is based on address effective earth modelling, one 
discusses a proposed workflow for geosteering, and one addresses effective 
management of real-time LWD logs. To provide context, the main elements of 
the proposed geosteering workflow are summarized and the theme of each 
paper is indicated. The workflow is shown in Figure 1. 

 

 

 

Figure 1. Proposed workflow for real-time geosteering decision support. 



vi 
 

First the pre-drill earth model is imported. The initial uncertainty around the 
planned well has been estimated, and is represented in the form of an ensemble 
of realizations representing possible geological scenarios around and ahead of 
the bit. The uncertainties captured by the scenarios include both grid-based 
properties and geological structures, including the structural topology 
(connectivity). For each update step while drilling (e.g. every meter), all 
realizations are automatically updated (paper C). The updates are effectively 
performed, based on the suggested earth modelling technology (papers A, B, 
D). The updates are based on logging-while-drilling (LWD) measurements 
including Deep EM that are presented to the tool in a consistent manner (paper 
F). Each realization is then optimized in size (paper E). Based on a chosen set 
of decision objectives, tools for decision analytics will calculate an optimal well 
trajectory based on the currently available information. The earth model and 
the decision analytics results form a basis for decision support under 
uncertainty while drilling. The time available for calculations at every step in 
the workflow is a critical element in the real-time workflow. 
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Paper C. Luo, X., Eliasson, P., Alyaev, S., Romdhane, A., Suter, E., 
Querendez, E. and Vefring, E. (2015) An Ensemble-Based Framework 
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Prediction, 19-21 March, Pau, France. https://doi.org/10.3997/2214-
4609.201700060  

I am the main author of all papers except Paper C. Paper D is peer-reviewed, 
the others are not. 

Paper A describes principles and initial results regarding local updates of the 
grid when the geological structure is locally modified. 

Paper B expands on the initial results by also discussing a coarse framework 
for a fault operator that allows local insertion, removal and manipulation of a 
fault. 

Paper C describes an ensemble-based framework for geosteering, using an 
earth model with a simplified geological structure. 

Paper D provides a mature insight into the strategy for effective updates of the 
connectivity of the geological structure in the earth model grid. 
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Paper E presents a novel strategy for multi-resolution earth modelling where 
both the structural resolution and the grid resolution can be locally controlled. 
Also, local management of uncertainties are discussed. 

Paper F discusses shortcomings in the current management of real-time 
measurements. A new approach is presented, particularly designed for 
automated decision support. 
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Thesis structure 

The thesis is structured as scientific paper-based and consists of two parts. 

Part I 

Section 1. Introduction with research topic and the main contributions of 
the work. 

Section 2. Overview of present geosteering methods and their limitations, 
in particular regarding earth modelling. 

Section 3. Overview of present methods for earth modelling and their 
challenges with respect to geosteering. 

Section 4. Proposed method for geosteering, defining requirements for 
earth modelling support. Described in papers C and F. 

Section 5. Main method 1, local earth model updates. Detailed in papers 
A, B and D. 

Section 6. Main method 2, multi-resolution gridding. Presented in paper 
E. 

Section 7. Main method 3, local scale uncertainty management. 
Discussed in paper E. 

Section 8. Supporting developments 
Section 9. Discussion and future perspectives 
Section 10. Summary 
Section 11. References 
Section 12. Appendix, including 1) an overview of uncertainties in the 

interpretation of geological structures, 2) a discussion of the handling 
of subsurface interpretations over multiple scales and frequencies, and 
3) a small introduction to topology vs. geometry. 
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Part II 

Contains a compilation of the six papers A-F that form the basis of the thesis. 

 

 

 

Earth modelling and geosteering are highly multi-disciplinary themes, 
involving experts from a large variety of backgrounds. Development of new 
methods and complex software requires long-term efforts. Hence, proper 
motivation is required. But space in papers is limited. To make the thesis 
accessible to e.g. geosteering experts without profound knowledge of current 
earth modelling methodologies, Sections 2 and 3 provide a more complete 
motivation and background than the papers that this thesis is based on. 
Moreover, the Appendix provide background information about structural 
uncertainties and subsurface information at multiple scales and frequencies, and 
a small discussion about topology vs. geometry. The latter is an essential 
distinction when handling geological structures in earth models. 
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1 Introduction 

At the Norwegian continental shelf (NCS), the costs of drilling wells are high 
and hydrocarbons are often located in complex reservoirs. The mature fields on 
the NCS are moving towards tail end production, and most new discoveries are 
complex and often marginal. The window for economic success is narrow. 

A well is a main tool for realizing the economic values in an asset. Hence, the 
planning and drilling of new wells is a crucial part of subsurface asset 
management. The ability to steer the wells optimally in the reservoir by utilizing 
all available measurements through efficient workflows is important to 
maximize the recovery from individual wells and to realize future IOR projects 
and field developments. Optimal exploitation of complex fields can be 
supported by effective numerical methods for management of massive amounts 
of subsurface information in the decision loop. 

Yet, the steering of a well is today not adequately supported by subsurface 
modelling tools. Current workflows are dominated by subjective interpretation, 
simplistic earth models and manual decision making. 

1.1 Motivation 

The last two decades have seen a growing emphasis on optimal well placement 
to ensure maximum total asset recovery. Recent technological achievements, 
such as deep electro-magnetic measurements (Deep EM) and wired drill pipe, 
open up for new possibilities. Deep EM greatly improves real-time look-around 
capabilities while the well is being drilled, while the wired drill pipe technology 
allows transmission of more subsurface information within shorter time. The 
new information that becomes available while drilling reduces uncertainty and 
allows revisions of the geological interpretations made prior to the drilling 
operation. 
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The new technologies offer possibilities for better well placement and safer 
drilling at lower cost in complex reservoirs, by improving the understanding of 
the geology while it is being drilled. Optimal, real-time exploitation of the 
enormous amounts of available pre-drill and while-drilling measurements and 
uncertain interpretations requires effective capturing and management in 
computer-based number-crunching workflows. Future workflows should allow 
a continuous flow of new information to be effectively interpreted, integrated 
and utilised for decision support within the timeframe set by the on-going 
drilling operation. The earlier the predictions are made available, the earlier 
model-supported proactive decisions can be made. This contributes to better 
placement of the well, and safer and more cost-effective drilling. 

1.2 Problem statement 

3D earth models are main tools for support of decision processes for optimal 
exploitation of subsurface resources. Subsurface models in various forms are 
used for economic assessments and risk assessments for exploitation of 
hydrocarbons, mining, CO2 sequestration and handling of groundwater 
resources. They are applied by industrial companies, governmental agencies 
and local authorities. 

1.2.1 Ineffective management of structural uncertainties 

In most geomodelling methods, the geological structure controls the 
construction and shape of a grid. The grid represents the distribution of 
petrophysical properties, e.g. porosity, which is of main importance for optimal 
well placement. Thus, the interpretation of the geological structure controls 
where the well should be placed in the reservoir. 

Complex uncertainties in the interpretation of the structure is a major class of 
uncertainties that have largely been neglected in the earth modelling literature, 
and in earth model based subsurface workflows. It is well known that such 
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uncertainties are often considered more important for decision making than 
uncertainties captured in the grid-based petrophysical properties. Yet, structural 
uncertainties cannot be effectively handled in earth model grids. In particular 
modifications in the structural topology (how the structure is connected) are 
complex and labour intensive. In addition, the grid must be completely 
reconstructed and repopulated with properties in a time-consuming workflow. 
In multi-realization methods, this must be repeated for all regenerated 
realizations of the grid. This implies that decisive structural uncertainties are 
not represented in the earth models. Consequently, it is not possible to analyze 
these uncertainties in highly automatic model-based workflows. In such 
workflows, only the information that is in fact represented in the model can be 
considered. 

While drilling, new measurements arrive that reduces the uncertainty and allow 
revision of the pre-drill interpretations. But because of the limited capabilities 
for effective management of the geological structure, the time needed for 
updating the model exceeds the time available during drilling operations. This 
inhibits real-time model-based workflows where structural uncertainties should 
be considered. 

1.2.2 Management of scale and resolution 

Effective handling of scale and resolution is important to optimize computer 
based models that manage large amounts of information, and multi-resolution 
methods are much used in other scientific disciplines. However, within earth 
modelling the aim has typically been to optimize workflows that are not 
performed in real-time. An example is upscaling for flow simulation studies. 
But for effective interpretation and modelling in real-time, the lacking control 
of model size is a major bottleneck. 

The resolution of the grid controls the computational efficiency when managing 
the earth model, as well as the computational efficiency for subsequent grid-
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based modelling and simulation exercises. The model resolution is also tightly 
linked to the number of parameters for humans to control. The resolution of the 
grid is selected in a trade-off between multiple objectives. It should be ‘as 
coarse as possible’ to avoid too time-consuming computations, while it should 
still be sufficient to capture the most important uncertainties. The resolution 
cannot be effectively modified after the model has been established, and local 
control of the resolution is highly challenging. A severe consequence is that 
high-frequency and fine scale (subseismic) geological elements cannot be 
captured and considered for decision making while drilling. Moreover, the 
subsurface volume that a model covers is ‘as small as possible’, so that elements 
outside the model ‘box’ that are important for interpretation while drilling are 
left out. 

Clearly, interpretations across multiple frequencies, scales and locations are not 
well handled. 

1.2.3 Corner-point grids 

Corner-point grids, that are typically used for earth modelling, are inflexible 
and cannot be used to adequately represent structurally complex reservoirs. 
When using this type of grid, complex geological structures often cannot be 
captured with reasonable accuracy without requiring grid refinement. But grid 
refinement implies a larger grid and therefore more time-consuming 
management. As a result, such structures are often over-simplified or left out. 

1.2.4 Consequences for geosteering 

As a consequence of these limitations, it is highly challenging to calibrate 
geomodels to Deep EM and other LWD measurements for complex formations 
while drilling when time is limited. Multi-realization strategies for closed-loop 
management of geological uncertainties are today being incorporated in 
subsurface workflows such as field development planning. But they cannot be 
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used for geosteering, because they apply present tools for earth modelling. The 
workflows are time-consuming, and do not capture structural uncertainties that 
are highly relevant for optimal well placement in complex reservoirs. 

For many subsurface decision processes, time is not a main constraint. But for 
real-time processes such as geosteering, decisions should be taken ‘as quickly 
as possible’. This contributes to reducing the cost of the drilling operation and 
to optimize the placement of the well. Moreover, the conditions in the well 
depend on the formations that are being drilled. Right-time decisions minimize 
the risk of drilling incidents and potentially hazardous situations. To wait for 
time-consuming model updates to complete before decisions are taken is 
generally not an option while drilling. The amount of available time before 
decisions must be taken depends on the complexity of the geology, on the 
complexity of the drilling operation, and on the decision to be taken. Some 
decisions are less time critical, whereas other decisions must be taken within 
short time. There is always a trade-off between how much time that should be 
spent on computations to obtain more precise results, and the time available 
before a decision should be made. 

Today there is no effective, transparent, systematic and consistent workflow for 
quantifying and updating complex geological uncertainties in the geomodel, 
and considering them when making geosteering decisions. The existing earth 
modelling technology represent a main bottleneck in a future, highly automated 
decision support loop. 

1.3 Research Objectives 

The primary objective of the work presented in this thesis is to improve the real-
time support for decision making processes under uncertainty while drilling in 
complex reservoirs, by development of effective methods for earth model 
management. 

In support of the primary objective, secondary objectives are; 
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 To develop principles for locally updating the geological structure in a 
populated grid. When the structural topology is locally modified, e.g. 
by inserting a new layer or fault, the grid should only require a local 
modification. 

 To develop principles for a multi-resolution representation that 
provides local control with grid resolution without being constrained 
by the structural resolution. When the structural resolution (density of 
fault network and stratigraphy) is locally changed, the grid should only 
require a local modification. 

 To develop principles for effective local scale uncertainty 
management, including uncertainties in the topology of the geological 
structure. 

 To improve the handling of structurally and geometrically complex 
geology by application of a more flexible grid type that easier adapt to 
complex geological structures (without requiring simplifications to the 
structure). 

 To better utilize the computational resources of modern computers via 
parallel processing. 

 To test the principles in a 2D software prototype. 

The methods should be applicable within a highly automated geosteering 
workflow for updating multi-realization models. While the current focus is on 
geosteering and drilling support, potential future applications could include any 
earth model based workflow. However, such applications have other 
requirements that may or may not call for a different approach. 

The aim of the developments is to pave the way for real-time workflows where 
the earth model is always updated with the most recent measurements and 
interpretations, and is always at an optimal resolution, enabling model-based 
support for proactive, real-time decision making under uncertainty. 
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1.4 Main contributions 

The first main contribution is the development of principles for locally 
modifying the geological structure that is incorporated in a populated earth 
model grid. Such updates also include the structural topology (connectivity), 
e.g. the insertion of a new fault or a new layer. The geological structure splits 
the subsurface into a set of regions that are individually discretized. Each region 
obtains its own ‘subgrid’, and the set of populated subgrids together constitute 
the earth model grid. When the structural topology is locally updated, only a 
few of the regions and their subgrids are invalidated and need to be regenerated. 
Properties are stored in separate property functions, not directly in the grid. The 
existing properties can then be effectively mapped into the corresponding new 
subgrids. The rest of the grid is not compromised by the local update and can 
be retained. 

The next main contribution is the development of principles for locally 
controlling the resolution of a populated grid. It also takes the resolution of the 
geological structure into account. A novel method for representing the 
geological structure in a hierarchy supports representation of the regions (with 
their subgrids) at subsequently finer scales in a nested fashion. Each region, at 
any scale, is considered to be ‘an earth model on its own’, with its own subgrid, 
geological structure and properties represented in its interior. Using the 
principles for local updates of the geological structure, the resolution of the 
geological structure and the grid can be locally modified by activating subgrids 
for regions at the desired scale. 

Based on the functionalities for local updates and multi-resolution management 
of the grid, the final main contribution is principles for local scale uncertainty 
management of the grid. The method allows multi-realization handling of both 
properties and the geological structure, including the structural topology and 
geometry. It allows multiple realizations at a local scale in the interior of a large 
model, e.g. around and ahead of the bit while drilling. As drilling continues, 
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each realization could be locally modified and its resolution be optimized. 
Moreover, the number of realizations could be locally decreased behind the bit 
and increased ahead of the bit in a dynamic manner in real-time. By not 
requiring the inclusion of the complete model in the uncertainty handling, more 
effective management of the geological uncertainty is achieved. The aim is to 
focus computational efforts to where it matters for the decision at hand. 

A geological environment with faulted layers is considered for development of 
principles and software prototyping. The principles are demonstrated in a basic 
2D software prototype for synthetic cases. The numerical methodology is 
independent of scale, so the figures presenting the cases do not contain scales. 
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2 Geosteering decision support 

According to Lesso and Kashikar (1996), geosteering refers to an operation 
where a precise form of directional drilling is used to control the wellbore 
direction to stay within desired zones, based on real-time geological 
information gathered while drilling. Geosteering is a series of actions taken to 
adjust the wellbore direction during the ongoing drilling operation, so it is also 
referred to as “real-time well placement” or “real-time reservoir navigation” 
(Kullawan, 2016). The ultimate aim when drilling a new well is to optimize the 
operation with respect to all considered objectives including e.g. safety while 
drilling, drilling operational constraints, well maintenance, drilling costs, future 
production, field planning, and environmental impact. 

During the geosteering process, the trajectory of the planned well is adjusted 
based on measurements obtained from logging tools (LWD) during the ongoing 
drilling operation. LWD logs provide information about the formation that is 
penetrated by the wellbore. The new information reduces uncertainty and 
allows revisions of the geological interpretations made prior to the drilling 
operation. This requires effective interpretation, integration and utilisation of 
the new information within the timeframe set by the on-going drilling 
operation. As for any real-time model-based application, the time spent for 
model management is a crucial aspect in the attempt to deliver right-time 
decision support. 

2.1 Planning of a new well 

The planning of a new well is based on subsurface measurements known prior 
to drilling, such as surface seismic and offset wells. The interpretation of such 
information is captured in an earth model that is used to support decision 
processes before and while drilling. The interpretation of the available 
measurements is always burdened with uncertainty (see the Appendix, Section 
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12.1). This is a result e.g. of the processing of measurements (where the 
parameters used to control the process may not be optimal), derivation of 
parameters from indirect measurements, and the subjective geological 
interpretation of the available information. Uncertainties are being propagated 
throughout the process. 

When constructing an earth model, there is always a trade-off between a) how 
much time that is available for computation before they should provide support 
for decisions, b) the accuracy that is required for decision support, and c) the 
volume of the subsurface that should be captured in the model (see Sections 2 
and 3). These requirements are closely related to model size, thus depending on 
the resolution of the grid-based properties and the resolution of the geological 
structure. 

Simulations using a field scale model support the decisions about where to 
place new wells. A three-dimensional full-field numerical earth model contain 
large amounts of information. This includes individual structural surfaces that 
represent interpretations of geological interfaces such as faults and interfaces 
that represent changes in the stratigraphy, how these surfaces are connected, 
one or more grids, representation of facies and petrophysical properties in the 
form of variograms, petrophysical property values distributed in the grid(s), 
estimations of pressure, results from grid-based fluid flow simulations, and 
more. First, the manual workflows for managing the model imply that it is slow 
to construct and update. Second, the model construction is a sequential process. 
If changes are performed in the first step, the model must be completely 
regenerated. Third, large amounts of information require much processing time 
when updating the model. Fourth, modelling and simulation results may often 
require manual interpretation before decision making can take place. 
Throughout the whole process, there is a large number of parameters that the 
interpreters and decision makers must consider. 
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Briefly and generally stated, the ‘geological model’ (or ‘static model’) is a 
model at relatively fine scale that allows capturing more geological detail. The 
‘simulation model’ (or ‘dynamic model’) is generated from the geological 
model via upscaling. This is required because the grid in the geological model 
is too large for conducting flow simulations within reasonable time. 

In the planning phase, all available relevant information is examined in detail. 
Fine scale interpretations of the geology around offset wells are extrapolated to 
the planned well, guided by coarse scale seismic and knowledge of the geology. 
The construction of a model at local scale around the planned well (local scale 
model) may require much manual work. However, the extraction of a local 
scale 2D model from a large-scale model may take place in a more automatic 
workflow (see Section 2.2). But large-scale models only carry information at 
coarser scales, and much information may be left out (see Section 3.3). 
Furthermore, uncertainties are assessed and possibly included in the local scale 
model. This depends on the requirements set for the model, the time available 
for creating the model, as well as on the capabilities of the tool to represent 
relevant uncertainties. Several tools and models may be involved in the 
construction of the well scale model, see e.g. Bashir et al. (2016). 

2.2 Current geosteering practices 

For geosteering, simplified well scale models are constructed. This can take 
place for example by manually creating a three-dimensional sector model 
locally around the planned well (see e.g. Arata et al. (2016)). Another approach 
is to create a two-dimensional model along the path of the planned well, by 
either automatically intersecting the 3D model or by manual work (see e.g. 
Pitcher et al. (2010)). Because the 3D model is a coarse scale model, automatic 
methods do not allow optimal capturing of well scale details. In some 
geosteering workflows, the 3D model is visualized together with a real-time 
update of the trajectory of the well being drilled. But the 3D model is not 
updated, so there is often a mismatch between the real-time logs and the model. 
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In Kullawan (2016) and Kullawan et al. (2014) an extensive review of current 
geosteering decision practices is summarized. The summary includes methods 
for updating the geomodel, such as a) Model, Compare, Update (MCU), b) Dip 
interpretation, and c) Bed Boundary Mapping, which are complementary to 
each other. The Reservoir Mapping method, based on Deep EM which brings 
the interpretation towards a reservoir mapping scale, is the most recent (see also 
Arata et al. (2016) for a brief review). Less prevalent methods include 
biosteering, geochemical steering, geomechanics steering and petrophysical 
steering. Furthermore, the summary pin-points challenges with the current 
practices and propose a framework for transforming data into insight, providing 
consistent guidelines for systematic decision making for optimal well 
placement. 

2.2.1 Geosteering example 

Figure 2 shows a screen from a software for geosteering decision support. The 
support is based on real-time interpretation of LWD logs and the updating of a 
simplified 2D model at the bottom of the screen. 

 

Figure 2. Geosteering decision support software (Source: Pitcher et al. (2010)) 
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Figure 3 depicts how the geological structure in a 2D model is updated while 
drilling by modifying the depth and thicknesses of the stratigraphic surfaces 
and inserting vertical faults. 

 

Figure 3. Comparison of pre-drill and post-drill 2D models. (Source: Pitcher et al. (2010)) 

2.3 State-of-the-art geosteering supported by 3D models 

2.3.1 Model update shortly after drilling 

In Cardola et al. (2017), a geosteering case is detailed. The paper describes a 
workflow for integrating geosteering outcomes, log interpretation and 
petrophysical analysis for effectively providing input for field development 
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decision support. The updates described in the paper all took place directly after 
the drilling operation, in time for amending well completion. 

Figure 4.A displays real-time LWD logs (1), Deep EM inversion results (2), 
together with an updated local scale 2D earth model (3). It is highlighted how 
the RT resistivity (1) shows low values both in a probable sand and in 
silt/mudstone. The RT density image helps in reducing the interpretation 
uncertainty. Figure 4.B indicates how the immediate post-well analysis of the 
resistivity inversion provided structural and stratigraphic input for the first 
update of the static model. The depth of the stratigraphic interfaces in the 3D 
model were updated as part of the workflow. Yet, its structural connectivity 
remained unchanged. An important conclusion from the paper is that 
interpretation methodologies, from geosteering to updating the full-field 
reservoir model, are highly dependent on each other. It is also emphasized in 
the paper that each of the involved methodologies (geosteering, log 
interpretation, forward modelling and 3D reservoir modelling) contributed to a 
better understanding of the other methodologies. Maximum integration of the 
involved disciplines in a real-time workflow is needed for optimizing 
production (and drilling efficiency). For example, the workflow discussed in 
Cardola et al. (2017) allowed a timely choice for well completion. Furthermore, 
progressive refinement of the results, based on more detailed interpretative 
tools, allowed for an improved 3D reservoir model at the fine scale. 
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Figure 4. Geosteering case. Modified from Cardola et al. (2017). 

In Arata et al. (2016), a workflow for locally updating a seismic-driven multi-
realization local scale 3D reservoir model after the drilling of each new well is 
described. The model updates were based on e.g. Deep EM information from 
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the drilled well, but without a new seismic inversion. In Tarchiani et al. (2017a), 
a coarse-scale model was updated. In the workflow, the grid-based properties 
were changed, and small differences in the geological structure could be locally 
tuned. The latter did not include modifications in the structural topology. The 
workflow described in the paper for effectively updating the Field Development 
Plan was important to address subsequent drilling activities. It also provided 
possibilities for better decision making when appraising and developing the 
field. It is stated in Arata et al. (2016) that “the ultimate goal is to include the 
data acquired in horizontal wells in a live reservoir model, updated across the 
entire cycle of the well placement”. 

In Hanea et al. (2015), the ensemble-based model is typically updated before 
the drilling of each new well in a drilling campaign. This allows optimization 
in the order in which wells are drilled. The geological structure can be updated 
in depth via modifications in the velocity model. See Suter et al. (2017a) for 
further discussion about this strategy. 

2.3.2 Model update while drilling 

In Tarchiani et al. (2017b), a novel workflow for updating the predictions of 
the geological structure ahead of the bit was outlined. While drilling, the 
seismic volume and the horizons and faults interpreted from the seismic were 
adjusted to the depth of the resistivity image generated from Deep EM at a local 
scale around the well. This took place via a displacement volume that was 
continuously generated/updated while drilling. No grid was modified in the 
workflow, and the structural connectivity remained unchanged in this highly 
automatic procedure. In the paper it is explained that future developments 
involve “refined management of the uncertainty related to the data and an 
increasing 3D influence of the geomodel”. 
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Figure 5. Sector model versus large-scale model. (Source: Bashir et al. (2016)). 

In Bashir et al. (2016), a methodology where a 3D geocellular sector model is 
updated while drilling is described. The sector model covered a local volume 
around the well. Figure 5 shows the relationship between the large-scale model 
and the sector model in terms of the volumes each of them cover and their grid 
resolutions. The advantages of maintaining a 3D model rather than a simplistic 
2D model are emphasized in the paper; a better understanding of lateral 
heterogeneity allows improved control when the geological environment favour 
the well trajectory to be adjusted in three dimensions rather than only up-dip or 
down-dip in the vertical direction. Bashir et al. (2016) discusses how “The use 
of a reliable earth model should minimize the need for advanced and expensive 
LWD tools and their associated services like reservoir boundary mapping”. 
Moreover, “The trade-off between cost and performance still exists, but the 
decision to use costly LWD tools can now be based on our confidence in the 
initial 3D model.” It is also emphasized that the updating of a 3D geocellular 
model while geosteering shortens the process to update the geological model 
which feeds the simulation model. 
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But the same challenges related to the construction of the large-scale model, 
makes also the construction of sector models around the well challenging. For 
example, it is explained in Bashir et al. (2016) that the boundaries of the sector 
model must be carefully selected to honour the influence of adjacent wells. 
Models covering smaller volumes allow increased horizontal and vertical 
resolution that approximates the well log resolution without impacting 
computing time. Just as for large-scale geomodels, there is a trade-off between 
resolution and time spent for computation. This trade-off must be selected prior 
to the construction of the sector model, and it cannot be updated once the model 
has been constructed (see Section 3.3). 

During drilling, the formation tops and stratigraphic interfaces in the unfaulted 
model were adjusted in depth. As the model did not contain faults, it is assumed 
that the structural connectivity remained unchanged during the model updates. 
Also, the petrophysical properties were updated. The view of the 3D model was 
shared among the drilling asset team stakeholders for decision support. 

2.4 Technology gaps 

Optimal model-based real-time decision support for geosteering and for the 
drilling operation requires that the model is well calibrated against all 
measurements and interpretations at all times during drilling, that the relevant 
uncertainties are quantified in all spatial dimensions, and that decision support 
is provided at the right time while drilling. 

As it has been discussed earlier in Section 2, the current work processes for 
geosteering suffer from several shortcomings; a) it is highly challenging to 
calibrate geomodels to EM and LWD measurements for complex formations, 
b) there is a lack of flexibility in the current geomodelling strategies for support 
of effective model updates (in particular structural updates) and handling of 
complex uncertainties while drilling, c) in many workflows, the geological 
models that are updated are simplified models that cover only a volume locally 
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around the well, and d) there is a lack of an effective, transparent, systematic 
and consistent workflow for quantifying complex geological uncertainties in 
the 3D geomodel, and effectively considering them when making geosteering 
decisions. In the current geosteering practices geological interpretation require 
a high degree of manual interaction, right up to the extent that the drilling speed 
must be reduced in critical areas (Antonsen et al. 2015). 

In a reactive process, one attempts to resolve challenges and ‘unexpected 
events’ as they occur. A proactive strategy implies to predict challenges and 
take actions to minimize the potential effects of these ‘unexpected events’. In a 
drilling setting, this requires taking all available information, including realistic 
estimates of all uncertainties, into consideration while still providing decision 
support within the available time before decisions must be made. In a stressful 
environment where much is going on at the same time and many experts with 
different backgrounds, opinions and objectives are involved, this can be highly 
challenging and lead to poor decisions. Moreover, a documentation of the 
decision process may be more or less lacking and therefore difficult to evaluate 
and learn from. In critical situations where all contributing factors intensify, 
underlying problems become acute and may lead to critically poor decisions 
with economically unfavourable results and potentially catastrophic outcomes. 

2.4.1 Challenges related to the earth model 

3D earth modelling tools are today typically used only for strategic decisions, 
where there is ample time for analysis. However, the requirements for good 
decision making are the same, independently of how much time that is available 
(Kullawan, 2016). 

Any type of model simplification as discussed in Section 2.2 reduces the 
amount of information captured in the model. This allows more effective model 
management and/or to capture more details around the planned well (a trade-
off). But simplification also implies that important information may be ignored 
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when constructing the model (see discussion in Section 3), and thus becomes 
much more difficult to consider for real-time decision-making. If the decision 
process heavily relies on model-based support, removing potentially critical 
information from the model is far from optimal. It is well known by subsurface 
experts, and emphasized in e.g. Bashir et al. (2016), that geological 
interpretation should take place in three spatial dimensions when providing 
geosteering decision support. This is particularly important when drilling in 
heterogeneous depositional environments with large lateral variations in 
lithology and structure, requiring decision support also when actively steering 
the well laterally (as opposed to simple vertical changes only). Moreover, it is 
important that the resolution of the model is fine enough to capture geological 
features that should be used to control the well path. 

When comparing the local scale model to the large-scale model, more details 
around the planned well are included and information at locations and scales 
that are assumed to contribute less to the decision making are removed/ignored 
and not represented in the model. This trade-off is necessary to optimize the 
model complexity to allow real-time decision support. For 3D sector models, 
because of their inflexibility in management of information at different scales 
and frequencies (see Section 3.3), this can only be obtained by ignoring all 
information outside a given box. Clearly, this can have critical consequences 
for more complex operations. For 2D models, all information outside the 
vertical plane (the curtain of the planned well) is ignored. If the drilled well 
deviates laterally from the curtain or the 3D sector model, there is no model 
representation at all. Obviously, for model-based consideration of interpretation 
uncertainties while drilling, the uncertainties must be represented in the model. 
Interpretation uncertainties may have propagated from other scales 
(importantly, seismic scale) or from distant locations in the subsurface. In such 
cases, they cannot be properly addressed by considering only a small part 
around the well. 
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Depending on the workflow that is applied during drilling, it may for example 
be that two or more models are considered simultaneously; the large-scale 
model and a (set of) simplified local-scale model(s) that are updated in real-
time. In an environment where time is limited, the extra complexity resulting 
from considering multiple models is not optimal. 

If a conventional 3D geocellular model is used for geosteering support, local 
updates of the geological structure are highly limited (see Sections 2.4 and 3.3). 
Moreover, the selection of model resolution take place prior to drilling and 
cannot be adapted during the operation (see Section 3.3). This inhibits the 
capturing of high frequency geological features which may be critical to 
consider at the fine scale that is important to geosteering decision making (see 
e.g. the discussion in the Appendix, Section 12.2.1). In particular when drilling 
in heterogeneous environments, such challenges hinder effective model-based 
decision support. 

Field development decision workflows heavily depend on earth models. The 
use of such models has reduced costs and improved production and safety. In 
contrast, current workflows for geosteering and drilling operational decision 
support do not employ models that contain all relevant information about the 
subsurface, that are continuously updated during the drilling process, and that 
provide relevant decision information in a timely manner as drilling progresses. 
This hinders the clear potential that model-based decision support provides, in 
particular when drilling in more complex and heterogeneous geology. 

  



Existing Earth Modelling Approaches  

 

22 
 

3 Existing Earth Modelling Approaches 

In this section, conventional 3D earth modelling strategies are reviewed. Such 
methods are typically used for applications where modelling time is not a major 
limiting constraint; fluid flow modelling, production optimization and field 
development planning are today not real-time decision processes. In these tools, 
interpretation uncertainties in the geological structure are not well managed. 
Consequently, as also discussed in Section 2.2, current geosteering practices do 
not include updating of the geological structure in 3D models. 

In Appendix A.3 in Suter et al. (2017a) and on page 5 in Suter et al. (2017b), it 
is summarized how the interpretation of the geological structure is often 
burdened by first-order uncertainties, potentially resulting in dramatic effects 
on the decision to be taken. The Appendix (Section 12.1) contains a discussion 
of structural uncertainties. 

3.1 Handling of geological uncertainties 

A grid-based geological model (geocellular model) contains two ‘main parts’; 
the geological structure (such as stratigraphic interfaces and faults) and the 
grid-based properties (such as porosity, permeability, saturation, density, etc.). 
The properties are represented in a grid that conforms to the geological structure 
(the grid is constrained by and follows the structure, so that the structural 
elements also exist in the grid). The grid is a necessary input for most types of 
computer based simulations and predictions. In the model construction 
workflow, first the structure is constructed, then the grid. 

‘Geological uncertainties’ is a term used to cover a large range of different types 
of uncertainties when interpreting various types of geological evolution. The 
existing earth modelling workflows typically have large focus on uncertainties 
in the grid-based properties. This is not because such uncertainties are generally 
considered to be more important or dominating compared to uncertainties in 
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the geological structure, but because the existing modelling tools are ineffective 
and require time consuming manual work to handle structural uncertainties. 
Uncertainties in the structural and stratigraphic framework are often said to 
have the highest impact on the results, depending on the complexity of the 
geology as well as on the type of decision being made. For example, see Branets 
et al. (2015) regarding modelling of fluid flow, Nasibullin et al. (2016) for 
estimating gross rock volume (see the sensitivity chart in their Figure 1), and 
Ahmadi et al. (2013) where a method for managing structural uncertainties for 
history matching is discussed. The latter article states that much of the past 
history matching and uncertainty quantification work has neglected structural 
uncertainties. For example, uncertainties in the reservoir connectivity are 
crucial when estimating fluid flow. Such uncertainties include e.g. sand-sand 
connectivity across a major fault known from seismic (see for example Figure 
21 in this thesis), or can be related to subseismic faults that are only identified 
while drilling. Both larger and smaller faults, as well as e.g. subseismic sealing 
shales, contribute to compartmentalization of the reservoir. 
Compartmentalization is important to consider when drilling a well. According 
to Cherpeau et al. (2010), where stochastic simulation of fault networks is 
discussed, very few methods have been proposed for changing the topology of 
a structural model once it is established. 

Automatic management of grid-based petrophysical properties is much 
addressed in the literature and there are many algorithms available that support 
such handling. But there are far fewer algorithms for effectively managing the 
geological structure and its uncertainties. 

3.2 Model construction and management 

According to e.g. Mallet (2008), Jackson et al. (2013), Røe et al. (2014) and 
Howley and Meyer (2015), the construction of a geocellular reservoir model 
using conventional modelling tools can be summarized as follows; 
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Table 1. Earth model construction process 

1. Decide the conceptual model to be used for the interpretation. 
2. Construct the geological structure (e.g. fault surfaces and 

stratigraphic interfaces). 
3. Construct a global corner-point grid that follows (is constrained by) 

the structure. 
4. Populate the grid with properties. 

 

Step (1) in Table 1 is an exercise that takes place in the mind(s) of the 
subsurface expert(s) that are involved. It is a result of careful studies of all 
available information. The interpretation exercise is highly subjective and 
biased by the experience of the expert(s) (see Section 12.1.1 in the Appendix), 
and may thus introduce ‘challenges’ or errors that cannot be dealt with without 
complete reconstruction of the entire model (see e.g. Bond et al. (2007) and 
Bond (2015)). 

Step (2) is the first step in capturing the selected conceptual model in a 
numerical geomodel. The conceptual model guides in the interpretation of the 
structural elements observed from seismic, well logs, etc., for example in how 
the elements should be connected. The structural modelling exercise requires 
much manual work in the form of picking with the mouse in the set of seismic 
sections and assuring that the structural elements ‘fit together’ in a geologically 
realistic fashion. 

Step (3) is a mostly automatic procedure, although it may present challenges 
so that regridding with different gridding parameters is required. 

In steep contrast to Step (2), Step (4) is highly automatic. Facies and property 
modelling over a given grid is based on geological parameters such as e.g. the 
width, thickness and sinuosity of channels, or other types of property 
distributions. The use of geological rules, controlled by the geological 
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parameters, enable multiple facies and property realizations to be routinely 
produced in a fully automatic and geologically sound fashion which 
approximates the knowledge of the subsurface in an intuitive and effective 
manner. The results are fully reproducible, and updates in the property models 
take place by simply modifying the parameters and re-running the algorithms. 
There is no need for manually modifying e.g. the porosity value in an individual 
grid cell. The geological parameters also enable effective communication 
between geoscientists in an intuitive manner. 

However, property modelling is typically performed per geological layer. This 
implies that if the geological structure (in particular its stratigraphy) is 
modified, the property models may need to be manually changed and re-run to 
correspond with the new structure. Property modelling is carried out on the 
same grid for all properties. The result is a populated corner-point grid often 
referred to as the ‘geological grid’. It forms a basis for e.g. performing fluid 
flow simulation (typically via upscaling) and other simulation exercises. 

The model construction workflow is iterative. Scenarios are generated and 
tested, before going back and updating if necessary. Clearly, having already 
passed Step (4), one will typically go back as few steps as possible to save time. 
The construction of an earth model requires much work, e.g. in the order of 
several man-years. Depending on internal practices and needs, the model is 
updated e.g. every 3 or 5 years (ref: private communication). Then all the 
available and relevant information about the subsurface, including new seismic 
and logs from new wells, is used as basis for a complete remodelling. 

3.3 Technology gaps 

In the following, some of the complexity of the modelling process in light of 
real-time requirements is discussed; 

In the construction process in Table 1, each step depends on the previous steps. 
Assume that a complete model is provided. Then, if the model is locally 
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modified at some step, it implies that all subsequent steps must be performed 
again. Depending on the model complexity, this may take much time. This is 
far from optimal for real-time processes. 

Step (1), selection of interpretation concept; 

There can be multiple conceptual models that fit the available information 
about the subsurface equally well, both at local and global scales (see the 
Appendix, Section 12.1). But once a model is generated, the interpretation 
concept cannot be modified. This is because of the large amount of work 
involved in the following steps. 

Step (2), structural modelling; 

For any conceptual model, at any scale, there are many possible geological 
structures with different topological configurations that fit the available 
information (uncertainty in the structural interpretation). This issue is detailed 
in Section 3.3.1. 

Because of the applied gridding strategy (see Section 3.4), current tools are 
limited when attempting to capture and handling more complex geological 
structures. The corner-point grid with its regular ‘IJK’-topology enforces strong 
limitations on the maximum complexity of the structure. This is explained for 
example in Mallet (2008), Hocker (2011), Mallet (2014) and Mallison et al. 
(2014). They emphasize that the geological structure may require modifications 
by over-simplifying or even ignoring structural elements, to allow a suitable 
corner-point grid to be constructed. This practice may result in a geologically 
unrealistic model. In Mallison et al. (2014) it is explained that the process of 
building a corner-point grid becomes challenging if more than a dozen 
intersecting faults are included. But there is no further technical reasoning 
around the nature of the problem. It is also stated in the paper that severe 
limitations arise if the fault network includes truly 3D features such as Y-faults, 
where the pillar concept is said to break down entirely and serious compromises 
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must be made. According to the paper, such errors cannot generally be 
quantified in flow simulation studies. Noteworthy for geosteering applications, 
it is also claimed that of even greater concern is the fact that these alterations 
become a major impediment to integrated modelling efforts and 
interdisciplinary collaboration. Clearly, if the geological structure that is 
represented in the pre-drill model does not agree with the pre-drill 
measurements, challenges will arise while geosteering. 

The resolution of the geological structure is decided at this early phase in the 
modelling process, e.g. which faults and layers to include in the model. 
Moreover, the size of the subsurface volume to represent in the model is 
selected. These decisions are major constraints for the resolution of the grid to 
be generated (see Section 12.2 in the Appendix for a discussion of model scale 
and resolution). The structural resolution must be coarse enough to allow a grid 
that is coarse enough to avoid spending too much time for computations in later 
modelling steps. When constructing a model, many geological elements may 
therefore be left out such as smaller faults (see e.g. Mallet (2008), Mallet 
(2014), Arata et al. (2016) for further discussions). Then there is no 
representation of these elements in the model, and they cannot be considered in 
a highly automatic model-based geosteering process. An example is if there are 
500 interpreted faults in a given subsurface volume, but only 100 are 
represented in the model (ref: private communication). The assumption is that 
the removed elements play a less important role at the scale that is studied, and 
for the decision purpose. Moreover, offset wells (and cores) provide high-
resolution information which can only be captured at a coarser resolution in the 
model. 

The subsurface volume that a model covers should be ‘as small as possible’, so 
that elements outside the model ‘box’ that are important for interpretation while 
drilling may be left out. This also includes local scale interpretations around 
offset wells. Such interpretations become difficult to reconsider for the 
interpretation around the well being drilled if the modelled volume doesn’t 
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include the offset well. As a consequence, updates cannot be effectively 
interpolated from offset wells if required. 

All these decisions regarding model scale and resolution are subjective and 
depend on the bias of the interpreter(s). Depending on the modelling purpose, 
the trade-off may be severe. Moreover, each model is typically constructed to 
serve a specific purpose (a specific type of decision). It can thus be challenging 
or impossible to modify the model to serve another purpose. Each purpose may 
then require its own model at its own scale and resolution. 

To modify the structural resolution (e.g. the density of the fault network or the 
stratigraphic resolution) once it is established, requires time-consuming manual 
work. Moreover, such modifications again require the same type of modelling 
decisions to be made as when the model was initially constructed. 

Step (3), grid construction; 

Once the grid is constructed, its resolution cannot be locally updated. A new 
grid must be generated for each required resolution. 

Furthermore, the resolution of the corner-point grid is more or less the same 
throughout the model (although the lateral resolution is typically coarser than 
the vertical resolution). Dictated by the IJK-topology of the grid (see Section 
3.4), all layers extend laterally throughout the model although their thickness 
may be set to zero when required. The grid adapts to the faults, thus the lateral 
resolution may to some extent vary with the local fault resolution. But if the 
fault network is too complex, a grid cannot be generated. 

Step (4), property modelling; 

A single grid contains all facies and properties; hence all properties are 
represented at the same resolution independently of the need. It is not possible 
to represent individual properties at a resolution adapted to the frequency of 
their variations, even if a modelling exercise would benefit from more details 
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in one property (higher grid resolution) and less detail in others (lower grid 
resolution). Clearly, also property models are valid for a specific selected scale, 
namely the same scale as was selected for the structural model. To change the 
scale requires manual work and possibly re-interpretation. 

3.3.1 Managing interpretation uncertainties in the geological 
structure 

In conventional workflows, automatic model updates and uncertainty 
management are limited to modification of the property values represented in 
the cells or nodes of an existing grid, e.g. in a History Matching process. This 
is mainly because a) structural modelling is not an automated process and 
requires much manual work for proper and geologically realistic handling of 
the structure, and b) local updates of the geological structure require a time 
consuming global reconstruction of the populated grid. Thus, the geological 
structure is typically not included in the uncertainty handling process; only item 
4 in Table 1 is subjected to uncertainty modelling. 

In more recent methods, one tries to capture uncertainties in the geological 
structure by geometric perturbation of the base case structural model (see e.g. 
Mallet (2014), Nasibullin et al. (2015), Hanea et al. (2015) and Caumon 
(2014)). Geometric perturbation includes to slightly adjust the location and 
displacement of existing faults (Røe et al., 2014) or adjust the geometry of 
stratigraphic interfaces (Aarnes et al. 2015). In multi-realization strategies, this 
perturbation is constrained by an ‘uncertainty envelope’ where the geometries 
are perturbed in a continuous manner. If the stratigraphic interface is split by a 
fault, the uncertainty envelope exists on both sides of the fault. However, the 
strategy does not allow representation of topological uncertainties such as; “The 
fault displacement is uncertain. On the right-hand side of the fault, which 
observed interface is the one that corresponds to a given interface on the left-
hand side of the fault?”. 
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Uncertainty management via geometric perturbation is today being 
implemented in commercially available tools and workflows, see e.g. 
Nasibullin et al. (2016) and Hanea et al. (2015). Geometric perturbation does 
not modify the structural topology, and therefore cannot be used to capture 
uncertainties in how faults are connected, the depositional structure, or 
uncertainty regarding the existence of faults and stratigraphic elements. Neither 
does it handle more complex uncertainties involving the geological concept 
used in the interpretation, such as “is local scale compression taken up by 
faulting or folding?”. In typical workflows, the grid is globally regenerated 
even when the structural model is only slightly geometrically perturbed. Thus, 
multiple realizations are generated in Step (2) in Table 1, and for each 
realization a separate global grid is constructed. The necessity for globally 
regenerating the global grid when the structural topology is only locally 
modified is a result of the grid being a rigid numerical construction where the 
topological relationship between its cells cannot be modified in a flexible 
manner (see Section 3.4). 

The past few years have seen improvements in addressing more complex fault 
networks by stairstep (staircase) faults (see e.g. Hoffman et al. (2008)). They 
allow to maintain the IJK-indexing even across reverse faults. But representing 
faults in an approximative and inflexible manner via a stairstep approach is not 
optimal for geosteering. For geosteering, a precise and realistic representation 
of the geological structure even at well scale is required. The stairstep approach 
is developed to handle faults in a corner-point grid with its particular challenges 
regarding cell topology and geometry. 

In Table 2, limitations in present earth modelling techniques with respect to 
geosteering are summarized. 
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Table 2. Limitations in present earth modelling techniques with respect to geosteering. 

1. Time consuming manual work is required for managing the 
geological structure, so that uncertainties in the structural 
connectivity are typically not captured in the model. 

2. Local updates of the geological structure are not possible without 
global grid reconstruction, so that local management of structural 
uncertainties is time-consuming also in automatic workflows. 

3. Poor control with grid resolution and size, so that information across 
multiple scales and frequencies cannot be handled. 

4. Complex geological structures are not properly handled. 
 

Each of these challenges present a serious limitation when drilling in complex 
reservoirs. Time consuming manual management of the geological structure 
(item 1 in Table 2) is a challenge that is not directly related to the grid. But the 
last three items in Table 2 are consequences of using a global corner-point grid 
(see Section 3.4). If the grid cannot be brought into agreement with the 
measurements in a geologically sound and realistic manner, there will be a 
mismatch between the measurements and interpretations, and the model. Such 
a model has less predictive power, and decision makers will (and should) 
question its results. In particular when drilling in complex geology, where right-
time model support is even more critical, this is far from optimal and may lead 
to poor decisions. The ability to ‘model what you see’ and capture the relevant 
geology in a realistic manner, without being seriously restricted by an inflexible 
grid, is vital for optimal well placement. 

Because of the described limitations for managing structural uncertainties, such 
uncertainties may easily be underestimated. The lack of tools for effective 
model updates results in suboptimal decision support for geosteering where 
structural uncertainties are vital to handle. Moreover, it may also result in 
underestimating uncertainties regarding e.g. fluid flow or reservoir volume.  
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In Table 2, challenges in present earth modelling techniques with respect to 
geosteering were summarized. In Table 3, it is shown how each of the main 
methods discussed in this thesis relate to these limitations. 

Table 3. How the main methods in this thesis address the challenges in using present tools for 
geosteering. 

 Type of limitation Addressed by method 

1. 

Time consuming manual work is 
required for managing the 
geological structure, so that 
uncertainties in the structural 
connectivity are typically not 
captured in the model. 

Preliminary work for 
automatic management of 
faults (Section 8.1). 

2. 

Local updates of the geological 
structure are not possible without 
global grid reconstruction, so that 
local management of structural 
uncertainties is time-consuming in 
automatic workflows. 

Local model updates (Section 
5), multi-resolution grid 
management (Section 6), and 
local scale uncertainty 
management (Section 7). 

3. 

Poor control with grid resolution 
and size, so that information 
across multiple scales and 
frequencies cannot be handled. 

Multi-resolution grid 
management (Section 6). 
Moreover, local model 
updates (Section 5) enable 
local updates of the structural 
resolution in real-time. 

4. 

Complex geological structures are 
not properly handled. 

Application of tetrahedral 
grids (in 2D: triangular grids). 
Multi-resolution grid 
management (Section 6). 
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Control with model resolution and handling of structural uncertainties are 
important for any earth model based workflow. Local model updates are 
important for speeding up the earth model management. Moreover, it is 
explained in Suter et al. (2017a) how the suggested approach can be supported 
by parallel processing. Processing in parallel aims to speed up the model 
management by distributing the computational load over multiple processors. 

3.4 Globally defined corner-point grid 

A main reason for ineffective management (in particular of structural topology) 
in existing methods for three-dimensional earth modelling is that a three-
dimensional corner point grid is an inflexible construction. The topological 
connections between the cells in a corner-point grid are bound to follow the 
IJK-regular topology, and the topology cannot be modified in a flexible 
manner. The grid adapts to (is constrained by) the geological structure (e.g. 
faults and stratigraphic interfaces). This implies that the geological structure is 
also represented by a subset of the faces of the grid cells. Also this relationship 
cannot be easily modified, so geological surfaces (e.g. faults) cannot be moved 
with respect to the grid topology in a simple manner. 

The inflexibility of the globally defined grid implies that the populated grid 
must be globally regenerated when the structural topology is locally modified. 

Moreover, it is highly challenging to adapt the grid to a topologically or 
geometrically complex geological structure (see Section 3.3). As a simple 
example, consider two neighbouring faults that can be seen on seismic or 
interpreted from well logs. Assume that the distance below them are below the 
resolution of the grid. This implies that they cannot be correctly represented. 
To allow capturing in the model and enable the creation of grid cells, one fault 
must be moved away from the other. For flow modelling, such practices may 
or may not be acceptable. Also note that a typical practice in flow simulation is 
to have at least two grid cells between faults to avoid too complex grid cell 



Existing Earth Modelling Approaches  

 

34 
 

geometries (ref: private communication). But this is a modelling decision, and 
different interpreters have different habits. 

But for automatic decision support while geosteering, such practices are far 
more challenging. This is because the model cannot be brought into agreement 
with the well scale measurements. This introduces inconsistencies which in the 
next step would need to be dealt with algorithmically. Moreover, a suboptimal 
model results in suboptimal decisions. Furthermore, when drilling in 
structurally complex environments with more complex geometries and 
connections, the problem is far more serious. It inhibits to ‘model what you see’ 
because the grid does not allow it. The consequences for decision making may 
be severe. 

3.5 Emerging technologies 

Recent geomodelling research was summarized in Appendix A.4 in Suter et al. 
(2017a) and on page 6 in Suter et al. (2017b). 

In Bentley & Ringrose (2017), future directions in reservoir modelling are 
discussed. The authors highlight the need for improved uncertainty 
management, as well as for more effective grid management. Their proposed 
future strategy for the latter is referred to as a grid-independent world, where 
grids are disposable and can be generated whenever necessary. This allows fit-
for-purpose generation of earth model grids, where the grid resolution is 
optimal for the task at hand. The generated grid is discarded (archived) once 
the decision question at hand has been addressed. 

Techniques such as those presented in Jackson et al. (2013) and Mallet (2014) 
are mentioned as methods that may allow improved strategies for reservoir 
modelling. A conceptual comparison between these two approaches and the 
method described in this thesis is provided in Appendix A.4 in Suter et al. 
(2017a) and on page 6 in Suter et al. (2017b). While the strategy in Jackson et 
al. (2013) allows remeshing in the interior of a region independently of 
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neighbouring regions, in the same manner as in the methods discussed in this 
thesis, the resolution of the geological structure is not included when 
considering grid resolution (see Section 6.2.1). In the GeoChron strategy 
discussed in Mallet (2014), remeshing of individual structural surfaces is 
applied (see Section 6.2.4). But also here, the structural resolution is not 
included when the grid resolution is considered. The structural resolution is a 
major restriction for the grid resolution (see Section 6.2.1). Consequently, both 
these approaches offer far less control with grid resolution than the method 
suggested in this thesis. 

For reservoir modelling, it has been proposed to use CAD-tools for capturing 
geological structures in the form of NURBS (non-uniform rational B-splines) 
surfaces for managing complex geological structures (see Jacquemyn et al. 
(2016) and Melnikova et al. (2016). Such approaches avoid several of the 
challenges discussed in Section 3.3. This is because the industrial quality CAD-
tools that are used have been refined for management of general and complex 
geometries as basis for the following grid construction. It is shown how 
NURBS surfaces representing structurally complex geological environments 
are created and combined, using an automated stochastic approach based on 
geological rules. 
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4 The proposed workflow for geosteering and 
drilling support 

In Figure 1, a proposed workflow for geosteering is shown. The aimed-at 
functionalities of the workflow determine the requirements set to the earth 
modelling tool. To better explain the requirements set to the earth modelling 
methodology presented in this thesis, the geosteering workflow is discussed in 
more detail. 

Ultra-deep directional electro-magnetic (Deep EM) measurements have been 
used increasingly during the last years to obtain information about the 
formations around the wellbore while drilling. Deep EM measurements is a 
technological step change aiming to provide more information about geological 
structures, fluid contacts and reservoir properties deeper into the formation than 
traditional Logging While Drilling (LWD) data. The new technology has given 
the possibility to improve the interpretation of geological formations around the 
drill bit, resulting in unprecedented opportunities to shift from reactive to 
proactive geosteering (Bittar and Aki, 2015), and even provide information 
ahead of the bit (Constable et al., 2016). Depth of penetration depends on many 
factors. While traditional LWD sensors typically ‘see’ a few centimetres up to 
a meter or two around the wellbore, Deep EM may extend this range up to e.g. 
30 metres. But the range depends on the geology (and the resulting contrasts) 
that surrounds the wellbore. Moreover, all measurements are subjected to 
geological interpretation with its uncertainties before they are utilized for 
decision support (see the Appendix, Section 12.1). 

As explained in Antonsen et al. (2015) and Constable et al. (2016), there is an 
increasing need for better methodologies to evaluate and quantify uncertainties 
and an improved fundamental understanding of the relationship between the 
inverted resistivity distributions and the geological structure. In Zhou (2015) 
and Zhou et al. (2016), strategies to incorporate geological constraints using 
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available information (seismic images, well logs and geological understanding 
of the reservoir) and their impact on the interpreted models are discussed. As 
highlighted in Constable et al. (2016), reducing geological uncertainty is a key 
to minimizing drilling risk, well complexity and non-productive time while 
drilling. 

Optimally, human operators and decision makers should not be burdened with 
calculations and handling of information at a detailed level. This work should 
be left to computers that are superior in number-crunching. The main role of 
humans should be focused on; i) setting objectives for how the handling shall 
take place (provide model input), and ii) making decisions based on a clearly 
communicated, model-based prediction of the most likely consequences of the 
alternative decisions that are presented, including associated risks (exploit 
model output). To build trust in the modelling results, the models and workflow 
must be transparent and understandable. Also their limitations must be known 
and possible to consider. 

4.1 Suggested workflow 

A key idea behind the proposed geosteering workflow is to continuously update 
the earth model, represented by an ensemble of possible realizations, by 
incremental integration of the new measurements acquired during drilling using 
the Ensemble Kalman Filter (EnKF) methodology. 

Prior to drilling, an earth model derived from seismic, offset wells, production 
measurements and other available information is made available. Its 
uncertainties are represented in the form of an ensemble of realizations 
representing possible geological scenarios around and ahead of the bit, aiming 
to span the space of interpretation uncertainties. The scenarios may differ both 
in the grid-based properties and the geological structures (including structural 
connectivity), as well as in grid resolution. The scenarios will be continuously 
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updated during drilling, constrained by while-drilling Deep EM measurements 
and other LWD logs.  

The earth model functionalities limit which type of uncertainties that can be 
captured and managed in real-time (see Section 3.3). While drilling, each 
realization in the ensemble is continuously and automatically updated. The 
model updates are enabled by adapting an ensemble-based method which has 
previously been implemented for reservoir history-matching and production 
optimization (see Aanonsen et al. (2009), Skjervheim & Evensen (2011), 
Skjervheim et al. (2015) and Hanea et al. (2015)). 

When new measurements are received during the drilling operation, they are 
compared to the measurements simulated by the corresponding forward models 
for each realization. The comparison formulates a stochastic minimization 
problem for joint inversion of all available measurements. The ensemble-based 
algorithm updates the realizations to approximate the solution of the problem, 
and as a result minimizes the misfit between the available measurements and 
the earth model. The earth model updates are performed by adjusting a set of 
modelling parameters, implying that the parameterization of the earth model is 
vital. Optimally, the parameters should enable the model to be automatically 
managed in a geologically realistic manner that is both intuitive to subsurface 
experts and that allow capturing of geological uncertainties. Such parameters 
are referred to as geological parameters. 

LWD measurements reduce the pre-drill uncertainties, but the remaining 
uncertainty is still significant. For example, multiple different geological 
scenarios may fit the measurements equally well. These scenarios can be 
topologically different, e.g. in the number of layers and faults at the local scale. 
It is therefore important that the earth model and the workflow can handle such 
uncertainties. 

Whenever necessary while drilling, experts could be allowed to include more 
geological knowledge by either constraining the uncertainty using their 
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knowledge of the field or by proposing a new hypothesis of the geology around 
and ahead of the bit (for example, “is the newly detected contrast below the 
well an oil-water contact or a shale?”). For each new hypothesis, new 
realizations must be generated that capture the uncertainties of the hypothesis. 
As time is a critical factor, the generation of realizations should require as little 
manual work as possible. This could be achieved by developing suitable 
geological parameters that ensure effective and intuitive human-system 
interaction. The new realizations are inserted into the earth model as a local 
update, and automatically adapted to fit the available measurements using the 
ensemble-based method. A stochastic algorithm adjusts the probabilities of 
each hypothesis as drilling continues and new measurements arrive. The 
calculated probabilities can be used for decision support. Moreover, scenarios 
with low probability can be removed, hence rejecting the improbable 
hypotheses. 

Allowing humans in the modelling loop introduces subjectivity and bias. 
However, subjectivity was already introduced in the construction of the model. 
If humans are not involved, it is up to the algorithms to automatically generate 
every reasonable geological scenario that may fit with the measurements. But 
are existing (and future) algorithms sophisticated enough to accomplish this, in 
particular when drilling in complex geology that may be less well understood? 

Based on the predictions of the geology around and ahead of the bit contained 
in the earth model realizations and the corresponding probabilities, decision 
analytics algorithms will perform optimization under uncertainty and 
recommend the optimal well trajectory ahead of the bit with respect to a set of 
geosteering and drilling objectives. Given the proposal for a trajectory, e.g. 
geological risks, the cost for drilling the remainder of the well, the cost of 
performing a side-track, or a rudimentary estimation of future production (with 
uncertainties) could be estimated in real-time. This forms a basis for decision 
support while drilling. Such calculations could be performed for the different 
scenarios of the ahead-of-bit geology. 
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A distinguishing feature of the workflow is the systematic, transparent and 
unbiased local updating of the geological uncertainties around and ahead of the 
bit while drilling. Transparency implies that model parameters can be examined 
and adjusted in an automatic or manual fashion, and that the effects of the 
modifications should be understandable to humans. The model updates 
themselves are unbiased if humans are not involved in the update loop. 
However, the bias and subjective reasoning from the initial model construction 
may still be present. Only future research can reveal how this affects the 
decision support. 

The proposed framework aims to allow evaluation of alternative decisions 
under uncertainty, including predicting the outcome of the decisions, based on 
the most recent measurements and an always up-to-date earth model that 
effectively handle all relevant uncertainties in the geological structure, the 
facies and the petrophysical properties. The aim of the strategy is to contribute 
to real-time decision support for a) improved drilling safety, b) lower drilling 
cost, and c) production optimization. 

In Figure 6, results from a geosteering prototype software are shown. The figure 
is similar to Figure 5 in Luo et al. (2015). The prototype applies a simplified 
earth model where the structural topology is not updated. Prior to drilling, 
uncertainties in the depths of the top (blue dotted lines) and bottom (green 
dotted lines) reservoir interfaces and the OWC (red dotted lines) are estimated. 
The middle lines are the mean estimations, while the upper and lower ones are 
the estimations +/− one standard deviation (STD) away from the means. The 
synthetic true model is shown using solid blue and green lines for the top and 
bottom interfaces, respectively. To the upper left, the drilling has just started 
(see the location of the drillbit). To the upper right, around 200 m have been 
drilled. In the image at the bottom, around 400 m have been drilled. The 
uncertainties in the geological structure and the OWC are reduced as new 
measurements arrive. The drilled well path is indicated with black curves with 
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plus signs. In this example, the reservoir coverage is good. Luo et al. (2015) 
contains a more detailed discussion. 

 

Figure 6. Geosteering workflow applied to a synthetic case. 

4.2 Papers describing the methodology 

The proposed geosteering methodology is shown in Figure 1. The complete 
workflow was presented in Luo et al. (2015). It applies an ensemble Kalman 
filter (EnKF) for managing and updating uncertainties. The updates were 
constrained by Deep EM measurements.  

A decision analytic framework for geosteering is discussed in Kullawan et al. 
(2014), Kullawan et al. (2016) and Kullawan et al. (2017). The framework is 
summarized in the PhD dissertation Kullawan (2016). It aims to provide 
unbiased and consistent decision support under uncertainty for real-time 
applications. Model updates while drilling is a key element in the approach. 
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In Suter et al. (2017c), a tool for consistent and automatic management of real-
time measurements is proposed. Automatic processing, e.g. the geosteering 
workflow, requires a certain quality in the measurements. For example, they 
must be synchronized in time, so that their latencies are equal and preferably 
close to zero. Another aim is to estimate the uncertainties for each individual 
measurement. The estimates could then be propagated to the geosteering 
workflow, allowing them to be appropriately taken into account in the 
estimation of the interpretation uncertainties. 

The main theme of this thesis is the proposal of principles for effective earth 
modelling while geosteering. A methodology for locally updating the 
geological structure in a populated earth model grid was presented in Suter et 
al. (2017a). It was first discussed in Suter et al. (2010) and in Suter et al. (2012). 
Moreover, a novel technique for multi-resolution grid management was 
presented in Suter et al. (2017b). This paper also describes a method for 
management of uncertainties at a local scale within a large model. 

The proposed principles for effective earth modelling are discussed in the 
following sections. 
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5 Local updates of a populated grid 

To address the challenges regarding effective management of the geological 
structure in an earth model that are discussed in Section 3, principles for locally 
updating the topology of the geological structure in a populated earth model 
grid has been developed. It also allows local modification of the grid resolution 
in the interior of regions bounded by the geological structure. The method was 
presented in Suter et al. (2017a), and initially discussed in Suter et al. (2010) 
and in Suter et al. (2012). 

5.1 Principles 

Local updates of the grid when modifying the connectivity of the structural 
model are obtained by avoiding a global grid. The geological structure and the 
properties are split and separately managed. The principles are illustrated in 
Figure 7, which depicts an earth model with two depositional layers (  and ) 
that are split by a fault. The geological structure separates the subsurface into 
disjoint regions . Each region is individually discretized so that it obtains a 
subgrid  at the required resolution (the grid is not shown in Figure 7). Each 
region may obtain several subgrids if properties should be handled at different 
resolutions. Moreover, by refining or coarsening a subgrid, or replacing a 
subgrid, the grid resolution can be locally altered. The properties are handled 
in separate property functions , e.g. for each depositional layer . The 

subgrids are populated by interpolation of the appropriate part  of each 

property function via a mapping . The collection of populated subgrids { } 
for the set of regions { } together constitute the earth model.  
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Figure 7. A simple model to illustrate the principles for locally updating a populated earth model 
grid. The figure can also be found as Figure 2 in Suter et al. (2017a). The colours in the figure 
indicate property values. 

When the geological structure is locally modified, only subgrids in regions that 
are affected by the structural update (i.e. bounded by a part of a structural 
element that is modified) must be regenerated and repopulated, whereas the rest 
of the populated subgrids are kept. In an update of the structural topology, e.g. 
when inserting a new fault, existing regions may be eliminated and new regions 
established. Subgrids in the regions that are removed are discarded, while new 
regions obtain new subgrids that can be effectively populated from the existing 
property functions. The amount of computations required for a local update is 
independent of the number of grid cells in the model. For more details, see 
Sections 2 and 3 in Suter et al. (2017a). 
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The individual management of each region thus implies that; 

 A region does not overlap with other regions except at their common 
boundaries, 

 A region is discretized independently of other regions, 
 A region has a dedicated (part of a) property function for each property 

to be represented in the region, 
 A region has a dedicated mapping for transferring property values 

between the property function(s) and the subgrid(s) in the region. 

Individual management of each region enables; 

 Local updates of a populated grid when the topology (connectivity) 
of the geological structure is modified. 

 Computational processing in parallel (subgrid generation, 
generation of a mapping, property population). Parallel processing 
effectively utilizes the computational resources in a modern computer, 
such as multicore CPUs and GPUs, or the resources in a cluster of 
computers. 

The combination of the ability to locally update an existing earth model grid 
and the capability for parallel processing is expected to dramatically increase 
the computational efficiency when managing large models. 

5.2 Examples 

The mapping  allows effective updates of the geological structure without 
invalidating existing property representations. It is thus important to the 
discussed methodology when non-trivial complex property distributions are 
handled. Examples discussing its properties were shown e.g. in the Figures 8-
10 in Suter et al. (2010), and in the Figures 1-2 in Suter et al. (2012). Suter et 
al. (2010, 2012, 2017a, 2017b) all contain multiple examples of mapping 
properties into the geological structure, both before and after structural updates. 
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Section 5.3 in Suter et al. (2017a) contains a discussion of the handling of 
properties. 

The properties of  dictate which type of structural configurations that can be 
handled, while still being able to map values from the property function into 
the subgrids that are controlled by the geological structure. It thus determines 
which type of modelling functionalities that can be obtained. Therefore, further 
figures are shown to indicate how the mapping behaves. They have not been 
shown in the papers due to space limitations. The example in Figure 8 indicates 
that  is flexible enough to handle e.g. folded shapes. 

 

Figure 8. To the left, a simple S-shaped layer . The layer has been discretized, and properties 
are interpolated from the property function  to the right and mapped into  using the mapping 

. The figure indicates that  is flexible enough to allow population also of folded shapes with 
existing properties. 

Figure 9 contains two shapes  and  that have been discretized. illustrates 
an initial shape, while  is a locally updated version of  where three vertices 
in its polygonal boundary have been moved in correspondence with the 
movement of the circle in light green which encapsulates all three vertices. No 
other vertices were moved. The figure indicates how a local deformation of the  
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Figure 9. The boundary of has been locally deformed into the boundary of , as indicated by 
the green circle (three nodes in the boundary polygon were moved). Values from the property 
function  are mapped into each of the two shapes. It is clear that the local modification of  to 
create  has consequences for the mapping and therefore for the property distribution also away 
from the location of the nodes that were moved. This is seen in the two volumes encircled in black 
and orange, respectively. The length of the black arrow indicates how much the property 
distribution has been displaced at this specific location. 

boundary has implications for the mapping  and thus the distribution of 
properties within the complete volume covered by a single mapping. An 
example is within the area encircled in black, where it is seen from the pattern 
in the properties that they have been moved to the right. In the volume encircled 
in orange (the location of the orange circle is the same for both  and ), it is 
clear how the blue area in the properties has been shifted to the right. The dotted 
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vertical line in blue is for reference, we see that all property values have been 
‘translated’ to the right in a continuous manner. If such deformation becomes 
problematic, it is possible to subdivide  into a set of smaller regions  with 
a corresponding subdivision of  into smaller regions . Now each region can 
be handled independently of the others, by ensuring that the local deformation 
of the boundary of  will only modify the shape of a subset  of the regions 

. Then the local deformation should only affect the properties in the interior 
of . Within the regions with unaltered boundaries, the mapping of the 
properties will remain unchanged. 

5.3 Dependencies between regions 

A crucial principle is that the subsurface is split into a set of separate regions 
that are handled independently; there are no dependencies between the subgrids 
in any two regions, neither numerically nor when considering storage in the 
computer memory (the data model). 

For practical applications however, there will typically be dependencies 
between regions (but not between the subgrids in two different regions). 
Dependencies may typically be established e.g. when a set of neighbouring 
regions are used to represent a faulted stratigraphic layer where properties are 
interpreted to follow a trend across all regions. In this case it is often reasonable 
to represent a property for the layer using a single property function that covers 
all its regions. But it is important to note that this is a modelling choice, it is not 
a requirement set by the method. If required, each individual region could have 
its own property function. This is not indicated in Figure 7, but corresponds to 
letting the property values in  and   be represented not in a common 
property function  but in two individual functions  and . This is useful 
if the properties on each side of a fault require different handling, e.g. in terms 
of resolution or if the property values follow different trends. This does not 
influence the computational efficiency of the method. 
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A further example is when a stratigraphic interface is displaced by a fault. The 
interface is represented by two separate geometric elements that are 
numerically independent. Yet, the elements clearly have a geological 
connection as they represent the same geological interface. If a property is 
assigned to the interface instead of being represented in a property function (as 
is proposed in Jackson et al. (2013)), the property could be used for both 
geometric elements. 
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6 Multi-resolution earth model gridding 

Management of scale and resolution is much debated in the earth modelling 
literature (see Sections 3.5 and 6.2 for examples). Next, a novel method for 
multi-resolution grid management is described, including multi-resolution 
management of the geological structure (faults and stratigraphic interfaces). 
Multi-resolution techniques have been successfully applied within other 
sciences and applications, enabling ordering of information according to scale.  

A successfully developed, flexible and general multi-resolution approach for 
earth modelling would enable effective management of massive amounts of 
subsurface information (as indicated in Section 12.2 in the Appendix). Multi-
resolution management in a geological context is a highly complex theme, and 
very few methods have been proposed in the literature. Yet, future methods 
may allow a set of entirely new techniques and model-based workflows where 
information across multiple scales and frequencies are effectively managed by 
allowing different resolutions in different parts of the model. Moreover, for 
real-time applications such as geosteering, local modifications of the model 
resolution are crucial to optimize the model size. The method was discussed in 
Suter et al. (2017b). 

Rocks are heterogeneous at all scales. The interpretation of the geological 
evolution at a given scale, say well scale, is constrained by observations and 
interpretations at both coarser and finer scales (see discussion in Section 12.2). 
Highly automatic earth model based decision support requires that all relevant 
information is present in the earth model, independently of scale and frequency. 
If relevant information is not present in the model, it is not possible to take it 
into account in a model-based prediction and decision loop. 

But representation of all relevant information typically results in large models; 
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 Geological interpretation is based on reasoning in terms of multiple 
scales. Optimally, information over a range of scales should be 
represented in the model and be ready to be considered for 
interpretation whenever necessary. But representation of information 
across a large range of scales increases the model size. 

 Frequencies of subsurface heterogeneities are important to consider. If 
the subsurface change rapidly in a given volume in a manner that 
matters to decision making, it requires a more detailed representation. 
But large amounts of details result in a larger model. 

 Interpretation uncertainties exist at all scales. Uncertainties can be 
handled by application of multiple realizations, which again increases 
the model size. 

When geosteering, local scale interpretations around the well must be 
effectively constrained by and integrated with coarser scale pre-drill 
interpretations. Real-time model-based interpretation and decision support thus 
requires integration and management of large amounts of uncertain subsurface 
information at multiple scales and frequencies in a computationally highly 
effective manner. To filter out irrelevant information, independently of scale, 
frequency and location, is important to optimize the model size. Details should 
be represented when required, and excluded if they do not support decision 
making. When drilling in complex geology, this is even more vital; 
computations should focus on the parts of the model that matter for decision 
making. In conventional earth model construction processes, such filtering is 
handled manually and depends on the subjective view of the interpreter. 

The time available for modelling between new measurements arrive until 
decision support is required, should optimally be decided by the decision-
makers, and not be limited by the capabilities of the modelling tool. Such 
considerations depend on the operational or steering decision to be made, and 
may change while drilling. Some decisions require almost immediate support, 
while for other decisions, more time is available. The decision at hand should 
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control the trade-off between model quality and time available for model 
management. 

The proposed multi-resolution method addresses some of the main challenges 
pertaining to the control of the model resolution (see discussion in Section 3 
regarding shortcomings of existing methods). By combining a) a method for 
hierarchical representation of the geological structure and the resulting closed 
regions with b) the method for locally updating the grid described in Section 5, 
principles for real-time multi-resolution management of the grid are proposed 
to enable real-time local control with the model resolution. 

The strategy has two main aspects for earth model management; a) effective 
handling of massive amounts of subsurface information, and b) effective 
modification of the model resolution via local updates. The latter is critical to 
avoid slow, global model updates. 

The aim is to ensure a set of always optimally sized earth model grid 
realizations for real-time processes such as drilling, by allowing a) different 
resolutions of the grid in different parts of the model, and b) effective local 
updates of the resolution of the grid. Optimal control with grid resolution aims 
to allow optimal control with the trade-off between numerical accuracy and the 
time needed for computations in the subsequent modelling, simulation and 
decision processes. 

6.1 Principles 

In existing approaches for geomodelling, the geological structure splits the 
subsurface into closed regions (see Section 4.1 in Suter et al. (2017a)). In the 
proposed multi-resolution approach, by ordering the geological interfaces in a 
hierarchy, the closed regions also obtain a hierarchical ordering. A hierarchical 
ordering (e.g. of full-dimensional cells) is the foundation for many existing 
multi-resolution methods within other sciences. 
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First the stratigraphy is organized in a hierarchy, following geological 
principles. An example is a lithological subdivision, where rocks are subdivided 
into layers at different scales; beds, members, formations, groups and 
supergroups (layers from fine to coarse scale). But note that given a set of 
interpreted surfaces, the ordering of the surfaces in a hierarchy is a modelling 
choice. See Suter et al. (2017b) for details of the ordering according to 
stratigraphic principles, as well as the Figures 5-8 in that paper. 

Faults are associated with the stratigraphic hierarchy, in accordance with the 
scale of the layer each fault displaces. Simply stated, a small-scale fault 
typically deforms layers at a fine level of detail, whereas a large-scale fault 
deforms layers at a coarser level of detail. These coarse-scale layers contain 
fine-scaled layers and faults, so a large-scale fault will also deform layers and 
faults at the finer scales. Combining stratigraphic interfaces and faults results 
in a nested set of closed regions. Each region obtains a populated subgrid as 
explained in Section 5. Population of properties requires the generation of 
property functions for layers at any level of detail. The generation of the 
hierarchy of closed regions is far from trivial, and currently constitutes a major 
challenge when addressing realistic and irregular geological structures. For 
example, each fault is associated with the level of detail of the coarsest scale 
layer it intersects. But clearly, the fault may not terminate exactly in the 
stratigraphic interfaces that constitute the boundaries of the layer. 

As basis for discussing the principles, consider Figure 10. To the middle right 
it shows a simple, idealized earth model with two layers, split by a fault. There 
are bounding faults at the left- and right-hand side boundaries, respectively. 
This second coarsest scale is denoted level-of-detail = 1 ( = 1). The top 
layer consists of the two regions  and , and the bottom layer contains the 
two regions  and . 
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Figure 10. The principles of the multi-resolution earth modelling concepts. At the bottom right 
is the region tree which captures the hierarchy of nested regions. 

Each of the two layers are subdivided into three layers at the next finer scale 
( = 2), see the model to the top right. Each of these layers are split by 
faults. The two layers in the model to the middle right (at = 1) together 
constitute a single layer called ‘ ’ at the coarser level of detail = 0 as 
indicated in the model to the bottom left. 

A fault is associated with the coarsest scale layer it intersects, so that it 
terminates in the boundaries of this layer or boundaries in the interior of this 
layer. In the model to the upper left, faults at two different scales ( = 0 and = 1) intersect the layers. In the model in the middle right, the fault in the 
middle is associated with = 0. In the model in the middle left, the faults 
in the interior of region  (see the model to the middle right) are associated 
with = 1. The tree to the bottom right indicates how the regions are 
organised in a hierarchy denoted the region tree, the hierarchical representation 
of regions. Suter et al. (2017b) contains more detail. 
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6.1.1 A region is an ‘earth model on its own’ 

An important consequence of the methodology is that any given subregion, at 
any scale, can be considered as being an ‘earth model on its own’. This was 
also discussed on p. 20 in Suter et al. (2017b). 

Each region is completely independent of other regions (at any level of detail) 
that it does not intersect with. Each region  at a specific =  is bounded 
by structural elements that each belongs to (is associated with) the level of detail 
 or some coarser level < . In the interior of , it can have its own geological 

structure that belongs to a finer level of detail > , its own subgrids and its 
own property functions. This implies that the geological interfaces and 
properties in the interior of the region can be represented numerically 
independent of the interfaces and properties in the exterior the region. 

As an example, consider the model to the middle right in Figure 10. Region  
is ‘an earth model on its own’. In the model to the middle left, it is indicated 
how it contains geological structure in its interior. 

Note, however, that in practice one will typically impose dependencies between 
the geological interfaces and properties in the interior and exterior of the region. 
For example, a geological interface (say a stratigraphic interface) will generally 
be used to bound several regions. But the interface could still be modelled as a 
single geometrical element. This is exemplified in the model to the middle right 
in Figure 10, where the stratigraphic interface between the two layers bounds 
multiple regions at different scales. Another example is that a property function 
will often be used to represent a property for an entire layer, even if the layer is 
separated by faults into multiple regions. But these dependencies are modelling 
choices, not requirements set by the method. The numerical framework itself 
does not require dependencies between the interior and the exterior of a region. 
For example, when layers in the hangingwall side of a syn-depositional fault 
have properties that are different from the layers deposited at the same time in 
the footwall side, this could be represented by using two different property 
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functions. See also Section 5.3 regarding this issue. But in that Section, a region 
is not considered as being part of a multi-resolution environment. Thus, in its 
interior, the single-scale region only contains a populated subgrid and no 
structural interfaces. 

Using the already existing geological interfaces as basis for multi-resolution 
management ensures a smooth transition of level of detail across already 
existing geological interfaces. For example, a layer that is split by a fault can 
have different stratigraphic resolution on each side of the fault. On one side of 
the fault the layer can be represented at its coarsest stratigraphic resolution (e.g. 
the layer itself), whereas on the other side of the fault the layer can be 
represented at a finer stratigraphic resolution (so that it is represented by several 
layers at the next finer scale). 

An example is shown in Figure 30 in Suter et al. (2017b), where the regions E1 
and E2 are represented at different stratigraphic resolutions. This requires that 
the fault completely intersects the coarse scale layer (the fault cannot start or 
stop in the middle of this layer). This is also illustrated in the models to the 
middle right and left in Figure 10. 

6.1.2 Local model updates 

The principle in Section 6.1.1 establishes that each region at any level of detail 
in any grid realization is ‘an earth model on its own’. This provides a foundation 
for locally modifying each grid realization in the interior of each such region. 
Such updates include e.g. the insertion of a new layer or fault in the interior of 
a region at some scale. The updates can be performed in accordance with the 
principles for local model updates as outlined in Section 5. However, in this 
multi-resolution framework the updates can be applied to any region at any 
level of detail. Such updates would typically affect the hierarchy of geological 
interfaces and regions at finer scales in the interior of the region. 
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As a basic example, consider the insertion of a new fault  as shown in Figure 
11. Region  is the same as region  in Figure 10, except that here it doesn’t 
contain any interior structure. First, the level of detail of the fault and the  

 

Figure 11. Sequential insertion of two new faults into the region B. B is the same region as region 
B in Figure 10 (but not including its interior geological structure). 

smallest region that contains it are identified. The smallest region is region , 
which becomes the root of the subtree that is being considered.  is inserted 
into , splitting it into two subregions  and . The new subregions are 
discretized and their subgrids populated, allowing a local update of the global 
grid realization in the interior of . The local update takes place by replacing 
(swapping) the previous geological structure and subgrid(s) in the interior of  
with the new geological structure and corresponding subgrids in the two new 
subregions. The rest of the regions, namely { , , } in Figure 10, are retained. 
This is in correspondence with the principles in Section 5. Furthermore, the 
region tree must be updated. This amounts to swapping node  in the tree in 
Figure 10 with the root node  and its subtree as shown to the middle right in 
Figure 11. Such updates can take place recursively. Each of the new subregions, 
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at any scale, is again considered as a ‘small earth model on its own’ which can 
be subjected to local updates. This is indicated in the bottom model in Figure 
11, where the antithetic fault  is inserted as a local model update as just 
described. 

This example also indicates that different trees can be used in the multi-
resolution handling. This is not well explained in Suter et al. (2017b). To the 
bottom right in Figure 11, two alternative trees having  as their root are shown 
(alternative 1 and alternative 2, respectively). Both trees include ,  and  
at the finest level of detail, but only alternative 1 includes  as a separate 
region. In alternative 2, region  was removed as a separate node and replaced 
with  and . This corresponds to inserting  and  simultaneously. There 
is a difference for practical applications in using alternative 1 vs alternative 2. 
If using alternative 1, an extra level of detail is available.  can then be 
represented either with or without including  when selecting a specific level 
of detail (see Section 6.1.3). If alternative 2 is used, one can only choose to 
include or exclude both faults at the same time when refining the level of detail 
in the interior of . But the local model update to insert  can be performed in 
the interior of  in both cases. Further development is required for consistent 
handling of these choices of alternatives. Note that the manipulation of trees is 
computationally cheap, and will be possible to complete in real-time. 

Following the same principle as when inserting a new fault in , it is also 
possible to update the local scale stratigraphy in the interior of . As an 
example, consider the update of  by inserting a new subseismic layer that 
while drilling is interpreted to be a local pinch-in. An example is shown in 
Figure 4 in Suter et al. (2017a). In this figure,  corresponds to  while  is 
the layer that pinches in. Multi-resolution is not considered in that paper. But 
by application of the principle in Section 6.1.1, it is clear that this update could 
take place in the interior of some region. 
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Local model updates in a multi-resolution environment are also exemplified in 
the Figures 21-24 in Suter et al. (2017b), showing a slightly more complex 
model. These examples include local updates of both the fault network and the 
stratigraphy. An example using a software prototype is shown in Figure 29 in 
Suter et al. (2017b). Several faults are inserted into layer , which constitutes 
the root of the local scale region tree. In Figure 30, the interior of  has been 
locally updated by splitting it into multiple subregions −  by faults that 
intersect . 

6.1.3 Controlling local scale resolution 

A typical use of multi-resolution strategies known from other sciences and 
applications is that the model resolution can be locally controlled. This can take 
place by ‘activating’ nodes in a hierarchy represented in a tree. In the suggested 
approach, these nodes represent regions in the region hierarchy as explained in 
Suter et al. (2017b). The location of a node in the tree represents its level of 
detail. An example is the tree at the bottom right in Figure 10. 

It is explained in the Sections 3.4 and 6.2.1 that the resolution of the geological 
interfaces limits how coarse a grid can be. Regions are ‘earth models on their 
own’ as explained in Section 6.1.1. Each region, at any level of detail, control 
the resolution of the geological interfaces in its interior. The insertion or 
removal of interfaces in the interior of a region result in a local modification of 
the structural topology (see Section 6.1.2). In Section 5, it has been described 
how the topology of the geological structure can be locally updated within a 
populated grid. Thus, the suggested framework aims to allow local control with 
the resolution of populated grid realizations in real-time by enabling insertion 
and removal of geological interfaces in the interior of regions in a recursive 
fashion. Control with grid resolution is crucial for the computational efficiency 
when managing the grid, and also controls the computational efficiency when 
performing subsequent modelling and simulation exercises. 
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Next, local coarsening of the grid resolution is discussed. Assume a grid 
realization where all leaves in the tree of regions are activated so that the 
realization is at its finest possible resolution. Simply stated, grid coarsening 
takes place by activating coarser scale subregions. Their populated subgrids 
replace the subgrids for the subregions at the finer scales as local updates of the 
grid. An example is shown in Figure 10. Consider the model to the middle left. 
Region  is activated at its finest level of detail, so that the children of  are 
activated. In the model to the middle right,  has been activated. The geological 
interfaces in its interior have been removed and do no longer constrain grid 
resolution in the interior of . Local scale grid coarsening is described in the 
Figures 11-16 in Suter et al. (2017b). 

To refine the grid resolution at local scale, corresponds to replacing the subgrid 
in a parent region with subgrids for the child regions of the parent region. This 
is the reverse operation of the local scale coarsening described above. Consider 
the model to the middle right in Figure 10. It will be locally refined in the 
interior of region . First, geological interfaces at the next level of detail in the 
interior of  are activated and used to subdivide  into subregions. If there are 
no populated subgrids for the subregions, each subregion is discretized and each 
resulting subgrid  can be populated from a property function that corresponds 
to the stratigraphic level of detail of each subregion. The set of populated 
subgrids for these subregions will replace the subgrid used to discretize . This 
replacement takes place as a local update of the populated grid, by application 
of the method in Section 5. All geological interfaces at the next finer level of 
detail are simultaneously included in the parent region. Only the parts of the 
interfaces that are in the interior of the parent region are used. A region can be 
split into an arbitrary number of subregions, depending on the number of 
geological interfaces at the next finer level of detail. Both refining and 
coarsening of regions take place in a recursive manner. Local scale grid 
refinement is indicated in the Figures 11-16 in Suter et al. (2017b), by studying 
the figures in reverse order. 
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Already generated subgrids that belong to regions at ‘inactive’ levels of detail 
can be retained or discarded. If they are discarded, they must be generated and 
populated when required. If they are kept, the model updates can be more 
effectively performed. But it comes at the cost of more memory consumption 
and less adaptivity of the grid (if the gridding objectives have changed and the 
present subgrids do not satisfy the new objectives). 

For each petrophysical property, both the geological structure and 
correspondingly the grid can have different resolution at different locations 
within the modelled volume. For example, porosity can be represented at a fine 
resolution (including both the structure and grid) around and ahead of the bit, 
while being represented at a coarser resolution away from the bit. Furthermore, 
for a specific volume of the subsurface, say around the bit, different 
petrophysical properties (say porosity and saturation) can be represented at 
different resolutions (including both their structural resolution and grid 
resolution). This supports individual and effective representation of each 
property in accordance with the needs for effective modelling. 

Figure 9 in Suter et al. (2017b) shows an example where the stratigraphic 
resolution has been locally refined. In Figures 21-26 in Suter et al. (2017b), it 
is indicated how local control with grid resolution could be applied while 
geosteering. In Figures 29-33 in the same paper it is shown using 2D a software 
prototype how the grid resolution is increased around and ahead of the bit, while 
it is decreased behind and away from the bit. The 2D prototype is yet too 
immature to handle more complex geological configurations, so only very 
regular structural topologies are shown. For example, all faults terminate in the 
same stratigraphic layer. 

Preliminary algorithms for multi-resolution management can be found in 
Section 6.3. 
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6.2 Related work 

Previous work was summarized on page 6 in Suter et al. (2017b). But there has 
been performed little work for highly adaptive and flexible multi-resolution 
management of earth model grids. The most relevant is the method explained 
in Jackson et al. (2013, 2015), which to a large degree is similar to the method 
explained in Section 5. Therefore, strategies that may be considered less 
relevant in light of the suggested approach are also discussed. They may still 
support the further development of the method. 

6.2.1 Local control of grid resolution in the interior of an ‘empty’ 
region 

Within geological modelling, present methods for local control of grid 
resolution allow the construction of a grid of arbitrary resolution within a closed 
region. Any such region is at the finest possible scale, and contains no 
geological interfaces in its interior that should be used to constrain the grid. 
Methods for locally controlling the resolution within a region include a) locally 
adaptive gridding (remeshing in the interior of each region) as explained in e.g. 
Jackson et al. (2013) and Jackson et al. (2015), and b) locally subdividing grid 
cells in the grid in each region. But in such methods, because the grid is 
constrained by a static geological structure, the grid resolution will always be 
finer and cannot be coarser than the structural resolution allows. There will 
always be some (potentially very large) minimum number of cells in the grid, 
depending on the resolution of the geological structure (the number of structural 
surfaces) that the grid must adapt to. The consequence is that even the coarsest 
possible grid may contain too many cells to allow timely computation of results 
in a real-time environment. 

In Jackson et al. (2013, 2015), geological interfaces are placed in a hierarchy 
that specify which surfaces that truncate, are truncated by or conform to other 
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surfaces. This is another type of hierarchy than the one suggested in this thesis. 
Truncation rules control the structural topology and are uncertain. 

Traditionally, LGR (Local Grid Refinement) methods are used to subdivide 
grid cells in corner-point grids, see e.g. Mehl et al. (2006). Corner-point grids 
are discussed in Section 3. 

6.2.2 Binary stratigraphic tree 

In Zhang et al. (2015), the use of a binary stratigraphic tree is described. The 
tree is constructed to allow effective searches in a binary tree. But the tree does 
not reflect the mindset of subsurface interpreters, where a layer is typically 
subdivided into sublayers depending on the geological evolution (e.g. as in 
sequence stratigraphy). The stratigraphic tree proposed in this thesis has an 
arbitrary number of children for each parent. 

6.2.3 Cut-cell grids 

In Hocker (2011), a gridding methodology denoted ‘Faulted S-Grid’ is 
described. The grid is highly regular (orthogonal grid) but individual cells are 
cut by faults after its initial construction. Cells can be subdivided, allowing 
different grid resolutions. 

Another method using cut-cell grids is described in Mallison et al. (2014). It is 
an application of the GeoChron model (Mallet, 2014) where cells are cut to 
allow e.g. more complex fault networks. It is stated that the strategy retains 
many of the strengths of structured corner-point grids, for example the 
structured relationship between the coarse-scale simulation grid and the fine-
scale geologic grid. Local grid coarsening and refinement is performed, based 
on nested cells. Structural uncertainties are not particularly addressed in this 
paper, but it is mentioned that different grids could be generated for each 
structural realization. Based on this statement, one may assume that a local 
update of the structural topology requires a global regeneration of the grid. 
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In Ahmadi (2012) and Ahmadi et al. (2013), a potential approach for modelling 
of structural uncertainties within the cut-cell grid framework is presented. This 
work addresses uncertainties in the structural topology of a 2D model with 
stratigraphic interfaces and faults, but should also be applicable in 3D. Its 
intended application is history matching, where modelling time is of less 
importance. Geological interfaces are represented in an order (or hierarchy) that 
is said to be consistent with the sequence of geological events that created the 
structure (also see Section 6.2.1, namely the hierarchy mentioned in Jackson et 
al. (2013) and Jackson et al. (2015)). 

6.2.4 Remeshing of structural surfaces 

In the construction of a tetrahedral subgrid, the resolution and quality of the 
grid in particular along its boundary depend on the resolution and quality of the 
surfaces representing the boundary. Thus, remeshing of surfaces allows better 
control with the resolution of the grid. This was indicated in the Figures 29-31 
in Suter et al. (2017b), where the surfaces representing some of the two-
dimensional stratigraphic interfaces were remeshed where less geometric detail 
was required. Remeshing of surfaces has been discussed in Pellerin et al. (2014) 
and more recently in Anquez et al. (2017). 

6.3 Recursive algorithms for multi-resolution 
management 

Next, a recursive algorithm for generation of a populated earth model grid is 
proposed (in pseudo-code form). It was not described in Suter et al. (2017b), 
and is intended to improve the explanation of the proposed method. It generates 
populated subgrids in parallel. The input is the geological structure, suitable 
property functions and a region tree (an example of a region tree is shown at 
the lower right in Figure 10). The starting point is a single region  at some 
scale, considered to be the local root node. Typically, it could be a region that 
contains the complete model in its interior. Starting from the root node, the 
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model resolution will be recursively refined in the interior of  to the locally 
desired resolution. Different subsurface locations can have different 
resolutions. 

Algorithm I ( ): Recursively generate populated subgrids for a region  in a 
grid realization. 

(1) IF  is an active region (its node in the region tree is active, so that a 
populated subgrid  should be generated at this level of detail), THEN 

a. IF a suitable populated subgrid  for  already exists, THEN 
i. Add  to the set of subgrids ^ 

ELSE 
i. Generate a populated subgrid  for  as described in 

Algorithm 1 in Suter et al. (2017a) 
ii. Add  to the set of subgrids ^ 

b. Use ^ to locally update the realization of the global grid 
c. Stop. 

(2) ELSE   //  is not an active region 
a. Use the available geological interfaces at the next finer level of 

detail in the interior of the region to create boundaries for its 
subregions { ∈ }. 

b. parallel for each ∈  
i. Call Algorithm I ( ). 

end parallel for 
(3) ENDIF 

As can be inferred from Algorithm 1 in Suter et al. (2017a), Algorithm I can 
be extended to also supporting local updates of the grid resolution and local 
updates of the grid-based properties. 

Next, a recursive algorithm for locally updating the topology (or geometry) of 
the geological structure in a multi-resolution setting is suggested (in pseudo-
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code form). It also allows local updates of the resolution of the geological 
structure and grid in a volume  in the interior of a grid realization. When a 
geological interface at some level of detail is modified, it may have an effect 
on all regions at finer levels of detail that are bounded by this interface. The 
update results in a new set of regions that will replace an old set of regions in 
the interior of . The algorithm indicates that not all child regions of a region 
must be involved in the local grid update. This applies recursively, aiming to 
minimize the computational efforts for updating a global grid realization. 

The starting point is to identify the smallest set of neighbouring regions ∗ that 
exactly cover  (one or more regions) where the local update of the geological 
interfaces will take place. The regions ∗ may be at different levels of detail, 
but ∗ must constitute a volume with no holes. Let ∗ be the set of regions in ∗ that are local scale root nodes, so that the rest of the regions in ∗ are 
children, grandchildren etc. of the nodes in ∗. Outside , the grid realization 
remains unaltered. 

As a simple example, consider the bottom model in Figure 11 defined by the 
tree in Alternative 2. This hierarchy implies that  does not exist as a separate 
region. Therefore,  is the parent region where the local update takes place. 
Assume that  is being moved.  is the volume covered by  and , as the 
local update should not include . Thus, ∗ consists of  and , as well as 
their subregions (if there were any). ∗ consists of  and  without their 
subregions. The aim is to indicate two improvements that both contribute to 
less computations than if all subregions of  were included; a) when moving 

, it is not necessary to include  in the local update, and b) if  and  were 
subdivided at multiple levels of detail, it may be that not all their nested 
subregions need to be included in the update. 

Algorithm II ( ): Locally update the topology or geometry of the geological 
interfaces, or the resolution of the geological structure and grid, in the interior 
of a volume . 
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(1) Modify one or more geological interfaces in the interior of . 
(2) Starting from the regions in ∗, visit all regions ∗ in a recursive 

manner. For each region, if it has been eliminated or if its boundary has 
been geometrically modified, add it to ∗ . Let ∗  be the set 
of the remaining regions in ∗. 

(3) Discard the subgrids  of all regions in ∗ . 
(4) Let ∗∗ be the nested set of new regions that are established using the 

updated geological structure, and let ∗∗ be the regions in ∗∗ that are 
roots. Let ∗∗ also contain the regions in ∗  (whose subgrids 
have not been discarded). ∗ and ∗∗ both cover . 

(5) Run Algorithm I for all ∈ ∗∗. 

Comments to Algorithm II: 

 The algorithm reflects an aggressive approach aiming to minimize the 
computational efforts. In Suter et al. (2017a), it is emphasized that a 
local update of the geological structure implies that only subgrids in 
regions that are directly affected by the updated structure must be 
discarded and rebuilt. It is reasonable to assume that a child region, at 
any finer level of detail, may be retained if its boundary is not 
geometrically altered in an update of the structure. This is the case if a 
geological interface at a coarse level of detail is modified, but without 
affecting interfaces at finer levels of detail. Then the children of fine 
scale regions with unaltered boundaries may also be recursively 
retained. This optimization would reduce the number of regions that 
must be regenerated. A conservative strategy is to remove and 
regenerate all regions in the interior of the smallest region containing 
the modified structure. In the example using Figure 11, this 
corresponds to recursively regenerating everything in the interior of . 

 Step (2) describes a conservative approach; it may not be necessary to 
discard subgrids belonging to regions whose boundary is only 
geometrically deformed. Instead, it may be possible to deform the 
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subgrids in this region. This was discussed in Section 5.3 in Suter et al. 
(2017a). 

Note that neither Algorithm I nor Algorithm II have been properly 
implemented and verified in the software prototype, and should be considered 
as work in progress. It is expected that they can be improved. 

In summary, multi-resolution earth model management is a highly complex 
theme. But multi-resolution analysis has proven to be extremely useful within 
multiple other sciences and applications. A successful further development of 
the proposed strategy, in combination with the ability for local grid updates as 
described in Section 5, has the potential for providing a large range of benefits 
for earth modelling. This includes enabling generation of realizations that 
capture large subsurface volumes at a level of detail that is adapted to the 
purpose of the modelling exercise at hand. The level of detail can vary 
throughout the grid, and be locally modified during the exercise. In support of 
such functionalities, the following principles have been proposed; 

 Local control with the earth model resolution; the model is 
organized in a set of nested regions that are defined from geological 
structure that is arranged in a hierarchical manner. The resolution of 
the geological structure, the grid and the grid-based properties can be 
locally controlled within each region in a recursive fashion. 

 Local updates of the grid resolution; in the interior of each region, at 
any level of detail, the geological structure, grid and properties can be 
updated without consequence for its exterior. 

 Computational processing in parallel; the interior of any region at 
any level of detail can be managed independently of other regions (that 
do not intersect the region). If there are dependencies between regions 
(see Section 6.1.1), it may to some extent reduce the potential for 
parallel processing. 
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7 Local scale uncertainty modelling 

Effective model management is decisive for real-time applications such as 
geosteering, particularly when aiming at maintaining multiple realizations. 
Handling of details that do not contribute to decision support will slow down 
the model management unnecessarily. It is therefore advantageous to focus the 
uncertainty management to where it is most important for the decisions to be 
taken; around and ahead of the bit. 

Based on the previously discussed methods for local model updates (Section 5) 
and multi-resolution management (Section  6), it is discussed how local scale 
uncertainty management e.g. around and ahead of the bit could be supported. 
The method enables management of both the geological structure (its topology 
and geometry) and the grid-based properties. The method was discussed on the 
pages 27-32 in Suter et al. (2017b). 

The novelty of the proposed method is that; a) it allows uncertainty 
management of geological scenarios that differ in their structural topologies, 
and b) uncertainties can be modelled locally in the interior of grid realizations 
without requiring regeneration of the complete grid, and c) uncertainties can be 
modelled at any scale within a large model. 

Today, multi-realization models are not suited for real-time applications where 
time is limited. This is because the update of any realization requires that its 
populated grid is globally regenerated (see Section 3.3). Moreover, automatic 
management is limited to geometrically perturbing the base case structural 
model. Geometric perturbation does not include amendments to the structural 
topology. This inhibits flexible management of more complex uncertainties. 
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7.1 Principles 

The multi-resolution method in Section 6 provides a method for consistently 
defining the volume of interest where the local scale uncertainty management 
should take place; namely in terms of regions in the earth model (that are 
controlled by the geological structure). Assume there is a single, global 
realization of the grid. Local scale geological uncertainties can be spanned by 
a set of realizations of the interior of a region (or a set of regions) in the global 
scale realization. Each such region is considered to be an ‘earth model on its 
own’ (see Section 6.1.1), and is independent of the surrounding regions. This 
allows representation of uncertainties in both the geological structure and 
properties. Each realization should respect the constraints set by the 
surrounding volume (the rest of the grid). Each realization of the interior of the 
region can be used to locally update the earth model grid as indicated in Figure 
12. 

Furthermore, the flexibility of the method is indicated. If it is advantageous for 
the application at hand, it is possible to apply multiple realizations at global 
scale. Then each such realization could obtain multiple local scale realizations. 
If required, this principle could also be applied recursively as described next. 
At some large scale there could be only one realization. Within a portion of the 
grid at medium scale there could be a set of realizations. And at local scale, 
each of the medium scale realizations could have a set of realizations. In Figure 
12, this amounts to letting e.g. region  or  be represented by multiple 
realizations. Moreover, specific volumes of the subsurface, say around wells, 
could be represented by more realizations than elsewhere. This would allow to 
capture multiple types of geological scenarios with different structural 
topology. 
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Figure 12. Top: a global tree, representing a global grid realization. Bottom: two subtrees, 
representing two realizations of the interior of the region A1 in the global realization. Each of 
the two subtrees can be swapped into the global tree. The global grid can be correspondingly 
locally updated with each of the realizations of the interior of A1. The figure is the same as Figure 
28 in Suter et al. (2017b). 

7.2 Combining local structural updates, multi-resolution 
analysis and uncertainty management 

Next, the principle in Section 6.1.1 and the nestedness of regions is further 
explored. Consider the tree in Figure 10, where each region contains multiple 
regions at finer scale in a recursive manner. Then consider Figure 12, where 
each region can have multiple realizations of its internal structural topology at 
the next level of detail. Each realization results in a different configuration of 
subregions. 

Consider any given region in the tree, at any level of detail. In its interior, the 
proposed method in principle allows multiple realizations of the structural 
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topology (different geological scenarios). This results in multiple realizations 
of the configuration of children of the region being considered. Each realization 
is represented in its own subtree as in Figure 12. Each child region in any of 
these realizations can be further refined in a multi-resolution manner (as in 
Figure 10), so that it again obtains children (grandchildren of the initially 
considered region). There can be multiple realizations of the structural topology 
in the interior of each such child region (as in Figure 12). This applies in a 
recursive manner. 

This principle allows much freedom for modelling. But clearly, the potential 
for an exponentially growing set of nested regions should not be overused. It is 
not considered likely that the representation of a large set of structural 
configurations over a large range of scales will contribute to decision making. 
But the principle allows that it is possible to have both different grid resolution 
and a different number of realizations at different subsurface locations. 
Application of more realizations, independently of scale, allow capturing of 
more geological scenarios and their uncertainties. 

In practice, such capabilities could be used to study the uncertainties in the 
interior of for example a fault block or a layer at some scale. For each scenario, 
local scale uncertainties in the interior of finer scale layers or fault blocks of 
specific interest could be captured and assessed. 

Furthermore, in the interior of any region at any level of detail, the proposed 
method allows local updates of the structural topology or geometry. Such 
changes are propagated to the finer levels of details in the interior of the region. 
If the topology is modified, it invalidates many of the existing structural 
configurations (and thus regions) at the finer scales (see the algorithms in 
Section 6.3). But when only deforming the boundary of a region, e.g. if a 
stratigraphic boundary is deformed or a fault operator is applied to deform the 
geometry in the interior of a region, the changes could possibly be propagated 
to the finer scales without invalidating the structural topology. This could take 
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place by deforming the geometries also at the finer scales in accordance with 
the coarse scale deformation. This would allow to retain the present hierarchy 
of regions. 

7.3 Uncertainty management while drilling 

The Figures 29-33 in Suter et al. (2017b) shows examples that demonstrate the 
principles of local scale uncertainty management using a software prototype. 
The examples include uncertainties in the structural topology. 

To capture the uncertainties that are most important for decision support, local 
scale realizations could be generated in real-time around and ahead of the bit 
once drilling commences. During the drilling operation, all realizations would 
be sequentially updated and refined with new information of geological 
structures and properties at fine resolution around the well as drilling 
progresses. As a result, the model grows in size. To handle the increase in model 
size, it is proposed to a) optimize the size of each grid realization, and b) locally 
control the number of realizations. This is in accordance with the discussion in 
Section 7.2. 

Computationally demanding uncertainty management should focus on the 
volume of interest for decision support. Therefore, uncertainties around and 
ahead of the bit could be captured using a high number of local scale 
realizations, while volumes of less interest for the decision to be taken, say 
behind the bit, could be represented by a lower number of realizations. The 
reduction of realizations could take place by removing sets of realizations with 
the lowest probabilities. The volume of interest will change as the bit 
progresses, and the number of realizations could be correspondingly updated in 
a dynamic manner. 

Each local scale realization, and also the global scale realization, can be locally 
updated while drilling as described in Section 6.1.2. Moreover, each local scale 
realization and the global scale grid can be optimized in size for the application 
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at hand (see Section 6.1.3). By gradually inactivating fine scale regions 
containing small faults and fine scale stratigraphy, the grid can be gradually 
coarsened in regions behind and away from the bit as drilling progresses. 

It is an important aim to dynamically modify the local model resolution in real-
time. Depending on the type of decisions to be supported and the complexity 
of the geology, the time available for calculations at every step in the 
geosteering workflow is a critical element. Some decisions must be taken 
promptly, whereas others allow more time for computations. In general, the 
decision support should be available ‘as quickly as possible’ (see two examples 
in Appendix A.1 in Suter et al. (2017a)). Faster results imply a better potential 
for cost reduction and optimal well placement. Control with model resolution 
and level of detail is essential for such considerations. 

For example, assume that the model just has been updated with new 
information. A potential approach is to quickly generate a coarse-resolution and 
approximate ahead-of-bit model that include only the most vital information as 
input for immediate decision support. At the cost of less accurate predictions, 
this allows effective computations in the subsequent modelling and decision 
algorithms so that preliminary decision support is provided as early as possible. 
Simultaneously, by application of parallel processing, a more accurate model 
at finer resolution can be generated. The decision support algorithms can be run 
again to confirm (or reject) the initial estimations from the coarse-resolution 
model. The fine-resolution model allows improved decision support, but at the 
cost of more time spent for computations. Moreover, generating and testing 
local scale scenarios at slightly different resolutions against the measurements 
in the model update loop in Section 4.1, may contribute to improve the 
interpretations. 
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8 Supporting developments 

The work described in this thesis focuses on methods for real-time earth 
modelling. The work described in Sections 5, 6 and 7 focus on effective multi-
realization grid management. In support of these principles, other techniques 
have been briefly visited as part of the developments. 

8.1 Fault operator for local scale fault management 

Today, management of the structural model typically requires much manual 
work (see Section 3.3). But multi-realization real-time modelling dictates a 
highly effective approach. To this end, initial work for automatic management 
of single faults has been performed. It demonstrates that local structural updates 
and modelling of structural uncertainties can be done using such an approach. 

In Suter et al. (2012), see Figures 3 and 4 in that paper, a basic yet numerically 
effective fault operator for insertion, manipulation and removal of dipping 
normal faults in a 2D earth model was suggested. It has later been further 
developed and in Figure 13 it is indicated how it can be used to adapt and 
remove the fault in a basic model (this model is the same as shown in Figure 7 
in Section 5). 

The operator applies the same mapping  as the one used to link a property 
function with a region in the geological structure (see Section 5). The mapping 
is used to locally deform the geological structure and populated subgrids in the 
hangingwall and footwall of the fault in a geologically realistic manner in 
accordance with e.g. the fault displacement. If an existing fault is modified, so 
that the structural topology is unaltered, there is often no need to regenerate 
repopulate the affected subgrids. The hangingwall and footwall regions can 
have non-trivial shapes, bounded by the geological structure (see p. 11 in Suter 
et al. (2017b)). The other parameters of the operator can be automatically 
specified and controlled, e.g. within the EnKF-controlled model update loop in 
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Section 4.1. This implies that the operator can be set up without manual work, 
which is a major advantage for automatic local updates and uncertainty 
management while drilling. Insertion and removal of faults imply that the 
structural topology is modified. Within the proposed framework, these updates 
require only a local update of the grid. A fault can be moved by first removing 
it, then re-inserting it at a different location. 

 

Figure 13. Example of the fault operator, where only the hangingwall side of the fault is modified. 
Top: a simple faulted model. Middle: the fault displacement has been increased. Bottom: the 
fault displacement is set to zero and the fault surface can be removed if requested. (The figure is 
the same as Figure 4 in Suter et al. (2017b).) 

The main attractiveness of the proposed operator lies in its simplicity and 
numerical efficiency. It is particularly aiming to support geosteering, where a 
high degree of complexity in the operator itself may be in conflict with 
requirements for multi-realization real-time management. For geosteering, 
numerical efficiency and realistic management first and foremost of topological 
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and geometrical uncertainties are of major importance to place the well 
optimally in a structurally complex reservoir. 

Because of its simplicity, it should be possible to adapt the fault operator to 
complex structural topologies and geometries. Moreover, management of more 
complex fault configurations and geometries such as multiple fault planes, fault 
drag (see Figure 21) and conjugate faulting could be possible. By sequential 
application of the operator, even complex events such as fault reactivation and 
multiple faulting events through geological time may be within reach. 
Furthermore, in the interior of the hangingwall and footwall of the fault, it 
should be possible to constrain the stratigraphy and fine scaled faulting by 
measurements. 

8.1.1 Existing strategies 

In Section 3.3, it is discussed how current conventional earth modelling tools 
apply geometric perturbation to each surface in a manually constructed 
structural base case. The aim is to capture some of the interpretation 
uncertainties in the depth of the layering within an ‘uncertainty envelope’, and 
to manage this uncertainty in an automatic workflow. However, the structural 
topology remains unchanged. In Cherpeau (2010), stochastic simulation of fault 
networks is discussed. However, but no grid is considered. Several fault 
operators for automatic management of faults have been suggested in the 
literature, see for example Georgsen et al. (2012), Laurent et al. (2013), Røe et 
al. (2014) and Godefroy et al. (2017). They have been developed for reservoir 
simulation studies, and have not been properly evaluated for use within the 
suggested geosteering workflow. 

Implicit modelling approaches represent a break with the mind set behind 
manual digitising as basis for model construction. They are promising also for 
real-time processes, as they aim to allow a highly automatic and fully 
reproducible workflow to manage the geological structure. See for example 
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Hjelle et al. (2013) and Laurent et al. (2016) for modelling of folds. The latter 
approach was expanded in Grose et al. (2017). In Gonçalves et al. (2017), a 
machine learning approach to implicit modelling was discussed. 

8.1.2 Examples 

The proposed fault operator is designed for the multi-resolution framework 
described in this thesis, as it acts in the interior of the regions defined by the 
geological structure. Yet it needs further development to allow model updates 
to be constrained within the geosteering workflow explained in Section 4.1.  

A more basic version was applied for generation of the models in Figure 5 in 
Suter et al. (2017a) and in Figures 29-33 in Suter et al. (2017b). This basic 
version is used to demonstrate local scale uncertainty management in the 
structural topology in a more complex setting with multiple faults. It does not 
handle the associated fault related deformation in a realistic fashion, and only 
handles vertical faults. 

Petrophysical properties may have changed in the fault deformation zone due 
to e.g. fracturation or mineralization. Figure 14 and Figure 15 shows the 
modification of a simple faulted model. The figures exemplify how the 
parameters of the fault operator (location and displacement), may also be used 
to change the properties. Figure 14 shows a fault with a small displacement, 
whereas in Figure 15 the fault has a larger displacement and a correspondingly 
larger impact on the surrounding properties. The degree of impact is indicated 
by the gradual change in ‘darkness’ in the properties; near the fault the 
properties are very dark (high impact), then the darkness fades away with 
increasing distance from the fault surface. The degree of darkness is controlled 
by the fault operator, in this case by calculating the distance to the fault plane. 
When the properties are mapped into the layers from their respective property 
functions (see Section 5.1), their values are modified in accordance with the 
distance to the fault plane. The fault can be automatically moved using the fault 
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operator, and the impact on the petrophysical properties would move with it. 
These two examples only indicate how properties can be automatically changed 
depending on the geological structure; it has not yet been addressed how this 
could take place in a geologically realistic manner. 

 

Figure 14. Impact of faulting on petrophysical properties.  Here the impact depends on the 
distance from the fault and the fault displacement, and is indicated by darkening the layers. 
Dark means high impact. 

 

 

Figure 15. The fault displacement is larger than in Figure 14, and the petrophysical properties 
are modified in a correspondingly larger volume around the fault. 

8.2 Multi-resolution management of grid-based properties 

It was briefly mentioned in Section 4.2 in Suter et al. (2017a) how grid-based 
properties could be managed, using a multi-resolution property function. 
Preliminary results are shown next, to indicate the future potential. 

Figure 16 depicts the results of subjecting a realization of porosity from a 
stochastically modelled scenario to multi-resolution analysis using Haar 
wavelets. The analysis was not constrained by physics. An advantage of the 
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principles discussed in Section 5 is that property functions can be represented 
over a domain suitable for e.g. multi-resolution analysis. In this example the 
domain is a square, in correspondence with the other examples discussed in this 
thesis. Figure 16 indicates how details below a given threshold were removed 
in a global manner (namely for the entire property function), while main 
features were kept. For each image in the figure, the amount of information that 
was removed is shown. 

 

Figure 16. Multi-resolution analysis of porosity in two facies types, shale and sand. For each 
image, the removed amount of information is shown. 

In Figure 17 it is shown how a property subjected to multi-resolution analysis 
was interpolated and mapped (using the mapping  as discussed in Section 5) 
into a geological structure with two layers. The difference between the property 
in the top layer and the bottom layer is in resolution only. The top layer 
represents the property at a much coarser resolution than the bottom layer. The 
property distributions are visually comparable as the shape of the two layers are 
very similar. The resolution of the two subgrids in the two layers should be 
adapted to the resolution of the property that is interpolated. 

In Sahni and Horne (2005), an application of Haar wavelets for History 
Matching under uncertainty is described. Multi-resolution management of 
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properties will depend on the application of the model, e.g. geosteering dictates 
different requirements than flow simulation. 

 

Figure 17. The same property function at two different resolutions is interpolated into a layer-
cake model with two layers. The resolution in the bottom layer is much finer than the resolution 
in the top layer. 
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9 Discussion and future perspectives 

The development of the proposed earth modelling strategy is still in an early 
phase, and there are many open questions. Multiple principles have been 
discussed, they need to be combined into a strategy that fully demonstrates the 
targeted functionalities. 

The figures shown in Suter et al. (2017a) and Suter et al. (2017b) are generated 
from a software prototype which is not yet mature enough to handle more 
sophisticated cases. To demonstrate the potential of the principles that are 
discussed in this thesis, they should be verified using more realistic 2D sections. 
The sections should represent more complex structural configurations over a 
larger range of scales. They should allow verification of local scale 
management of structural uncertainties, control with the model resolution over 
multiple levels of detail (both stratigraphically and in the fault network), and 
local updates of both uncertainties and the grid resolution.  

9.1 Adaptation to 3D 

The initial developments have taken place in 2D to demonstrate principles. The 
principles that have been developed so far should also be applicable in 3D. But 
the complexity of a three-dimensional strategy is significant, given the 
topological irregularities and uncertainties in a realistic interpretation. 3D 
functionalities are far from being just simple extensions of functionalities in 
2D. The challenges pertain e.g. to geometric modelling (modelling of surfaces 
is more complex than modelling of curves so that both topological uncertainties 
and multi-resolution become more complex to handle), as well as to geological 
modelling (capturing of complex, heterogeneous geology with its interpretation 
uncertainties in three dimensions, development of operators and geological 
parameters that act also in 3D). 
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9.2 Including the earth model in the geosteering workflow 

Effective interaction between the earth model and the ensemble-based update 
tool (see Section 4) is critical. The update tool updates each realization based 
on a set of parameters. For addressing complex geological configurations in an 
effective, automatic and realistic manner, geological parameters should be 
developed to control the earth model. Such parameters represent geological 
knowledge and are consistent with geological rules. They should also allow 
automatic control with related uncertainties. The earth model must be capable 
of ‘modelling what you see’ and to realistically represent events such as a 
faulting, erosion, deposition in various environments, fault re-activation, and 
other relevant types of geological evolution. If relevant parameters cannot be 
developed, realistic prediction ahead of the bit in a timely manner may not be 
possible or becomes highly challenging. Moreover, the parameters must also 
be intuitive to the subsurface experts that manage the model. 

Examples can be found in Graham et al. (2015a) and Graham et al. (2015b), 
where a set of geological parameters for controlling clinoforms was used. 
Moreover, the developments discussed in Section 8.1 rely on such parameters. 

9.3 Support of drilling operational decisions 

Drilling operational decisions depend on the formations being drilled. An 
always updated model could be used for support of real-time decisions, and to 
aid in the prediction of potential well control incidents that may even affect the 
safety of the drilling operation. This requires extremely effective modelling 
capabilities, as some decisions are taken within very short time. 

Current 3D earth modelling tools are developed to support reservoir 
engineering and other disciplines where time is not an important issue, and the 
interpretation of the modelling results requires expert skills. But for drilling 
operational support where time can be critical, it is important to develop 
methods that effectively communicate the modelling results and decision 
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suggestions in a manner that are adapted to the drilling environment. 
Visualization and manual inspection of a 3D model may not be optimal. 

The driller and his crew are located on a rig, not in an integrated operations 
centre. The data transmission between the rig and the operation centre may be 
unstable. Future developments should address also such scenarios. 

9.4 Management of realistic structural topologies in a 
multi-resolution environment 

In traditional multi-resolution strategies within other sciences, e.g. for effective 
visualization, one typically takes advantage of a very regular topology between 
cells to define a hierarchy of nested cells. But in geomodelling, topological 
connections between regions are consequences of structural heterogeneities. To 
allow realistic modelling, complex topology and its uncertainties must be 
handled within the proposed multi-resolution framework. 

One of the most challenging issues is thus that the described methods currently 
only handle structural configurations with a high degree of regularity. 
Examples are shown Figure 5 in Suter et al. (2017a) and the Figures 30-33 in 
Suter et al. (2017b), where all faults start in the same stratigraphic interface and 
end in the same stratigraphic interface. But structural heterogeneity results in 
‘irregularities’ in the connectivity between stratigraphic interfaces and in the 
topology of a fault network. For example, in the figures in Suter et al. (2017a, 
2017b) it should not be a requirement that all faults intersect the exact same 
layers. This requires improvements in the multi-resolution method. 

Note that multi-resolution analysis is designed for applying approximations 
where details are removed. Details in the structural topology could be included 
in this methodology. This is briefly discussed in the last section of the Appendix 
in Suter et al. (2017b). 
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When developing more complex multi-resolution functionalities, it is important 
to keep in mind that the gain of sacrificing accuracy is computational efficiency, 
targeting real-time decision support. While geosteering, structural details will 
be added around and ahead of the bit and removed once the bit has passed. But 
structural connections such as fault terminations are difficult to identify away 
from the well based on local scale LWD measurements (fault surfaces may 
extend e.g. ten times the maximum fault displacement). It may thus be advisable 
to approximate the structural topology while drilling, so that it becomes more 
regular. After the well has been drilled, such simplifications can be improved 
by also considering seismic. 

9.5 Formalization of the multi-resolution framework 

Multi-resolution methods are much used within many sciences and 
applications, including image processing, signal processing, geometric 
modelling, visualization and rendering of animated movies. In these sciences, 
there is a formalized mathematical/numerical framework that supports the 
understanding of existing methods and provides a basis for further 
developments. In this thesis, however, only a few basic rules for multi-
resolution management have been described (see Suter et al. (2017b)). Thus, 
the framework for multi-resolution handling of the geological structure, regions 
and subgrids should be improved and formalized. Management of local updates 
and uncertainty should also be addressed within such a formalization. 
Moreover, criteria deciding the resolution of the geological structure and 
petrophysical properties according to the decisions at hand should be 
developed. The aim is to allow effective, consistent and transparent 
management of model resolution. 
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9.6 Non-unique region hierarchies 

The hierarchy of regions originating from a multi-resolution structural model 
with given topology is not unique, see the lower model in Figure 11 with two 
alternative hierarchies. 

Consider the model to the middle right in Figure 10. The four child regions of 
the parent region can be organized in the following three trees; a) by 
subdividing the parent using all geological interfaces in its interior (results in 
four children), or b) by first subdividing using the stratigraphic interface, which 
results in two layers, then each of the two layers are split by the fault (results in 
two children of the parent, then each of the two children have two children), or 
c) by first subdividing using the fault, which results in two fault blocks, then 
each of the fault blocks can be subdivided using the stratigraphic interface 
(results in two children of the parent, then each of the two children have two 
children). 

These subregions are a result of the given structural topology, yet they can be 
represented using several different hierarchies. The hierarchy has consequences 
for how to handle the resolution of the structural model and thus the grid. It also 
affects the subsurface volume that is included in a local update or in local scale 
uncertainty management. The options provide modelling flexibility. For 
example, should a parent region contain a set of layers that are subdivided by 
faults, or should it contain a fault block that is subdivided by the layers? Note 
that tree structures used to represent different hierarchies could be easily 
modified in real-time. This may allow a flexible approach where the hierarchy 
of regions depends on the modelling question at hand. Multiple different 
hierarchies could be established to optimize for different modelling tasks. 
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9.7 Control with grid resolution supports interpretation 
while geosteering 

Improved control with grid resolution aims to support real-time modelling 
capabilities. For example, the grid resolution around and ahead of the bit where 
more details are required could be very fine (e.g. log-scale if required), and be 
gradually coarsened away from the bit (to seismic scale and coarser). As drilling 
progresses, the resolution ahead of the bit would be refined, whereas the 
resolution behind the bit is coarsened. 

But such improved control could also be used for new functionalities. Offset 
wells could be present in the model, but with little detail while the focus is on 
the well being drilled. During drilling one could effectively zoom in on an offset 
well and revise details in its interpretation. The updates could be extrapolated 
and have an immediate effect on the interpretation of the well currently being 
drilled. Such functionalities are not possible using a local scale sector model 
where offset wells are not represented. 

9.8 Multi-scale earth model management 

Current subsurface interpretation workflows are often based on extracting local 
scale sector models from the geological model, say for geosteering support or 
for investigating dynamic behaviour in a particularly challenging part of the 
subsurface. Properly developed multi-resolution techniques may in the future 
be employed to avoid the need to construct separate models, instead the 
volumes of interest could be generated from the geological model at a suitable 
resolution. Modifications would then happen directly in the geological model, 
without requiring a manual transfer of results from a separate sector model. 



Discussion and future perspectives  

 

88 
 

9.9 Grid-supported interpretation 

Improved control with model resolution may allow improved capabilities for 
seismic interpretation while drilling. Seismic interpretation typically takes 
place on a coarser scale. Considering seismic while drilling requires that the 
model is capable of handling information across a range of scales. 

Future methods for locally updating the geological structure, for real-time 
optimization of the grid resolution and for local scale uncertainty management 
may become essential parts of interpretation workflows that are not run in real-
time. For construction of an initial model based on for example seismic and 
well logs, an ensemble of populated grid realizations could be generated. 
During seismic interpretation, newly interpreted surfaces could be used to 
locally update the realizations. Optimization of grid resolution could enable 
temporary focus on and enable local updates in particularly challenging parts 
of the subsurface. 

For flow modelling, management of scale and resolution is an important 
challenge that is much debated in the literature (see e.g. Section 3.5). Moreover, 
effective management of structural uncertainties is currently a major challenge. 
But a potential future application of the proposed methods for flow simulation 
has not been investigated in this thesis. Many challenges pertaining to such an 
application have not yet been addressed. 

9.10 Model-based collaboration over computer networks 

Even today, experts support geosteering from various geographic locations 
such as their offices, the rig or an IO-centre. The proposed multi-resolution 
strategy may provide a foundation for effective collaboration between multiple 
users at different geographic locations. Each user could have access to the 
complete model, either passively (visualization of the results) or actively 
(updating local parts of it). The updated parts could then be submitted via a 
computer network and be used to update the corresponding parts in the models 
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of the other users (or in a shared model) in real-time. The aim is to allow experts 
to work together on the same model, sharing their knowledge and alternative 
interpretations, and discussing decisions, even from different locations. 

Though it may sound attractive, there will be challenges pertaining to the 
subjective interpretations of each user. If care is not taken in the numerical 
methodology to consistently handle a range of different interpretations, sharing 
of a model may easily lead to inconsistencies. On the other hand, it is assumed 
that today’s practitioners face similar challenges when working together to 
construct a model. 
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10 Summary 

In this thesis, a set of principles that address major challenges for effective 
management of uncertainties in geomodels has been described. 

The first main development is a method enabling local updates of the topology 
of the geological structure in a grid. The second main development is a method 
for multi-resolution representation of the grid, based on multi-resolution 
management of the geological structure. The combination of these two methods 
aim to enable unprecedented control with the grid resolution in real-time. This 
is important to allow real-time efficiency when managing complex 
interpretation uncertainties over multiple scales and frequencies. 

The third main development is a method for local scale uncertainty 
management, including the structural topology. It is based on the first two main 
methods, and aims to enable effective sequential updates of the uncertainty 
around and ahead of the bit as drilling progresses. 

Simplex-based grids are employed (triangulations in 2D, tetrahedralizations in 
3D). This allows management of complex geological structures that cannot be 
properly handled using a corner-point grid. 

The principles have been discussed and demonstrated in a basic 2D software 
prototype. But many open questions remain. The developments have been 
aimed at pointing out a path for future research on effective 3D earth modelling. 

The ultimate aim is to enable an always updated multi-realization 3D geomodel 
at optimal resolution while drilling, suitable for real-time decision support 
under uncertainty. 
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12 Appendix 

Earth modelling and geosteering are highly multi-disciplinary themes, applying 
knowledge from different fields of science. To make the thesis better accessible 
to non-experts, the Appendix provide background information about structural 
uncertainties (Section 12.1), about subsurface information at multiple scales 
and frequencies (Section 12.2), and a small discussion about topology vs. 
geometry (Section 12.3). 

12.1 Interpretation uncertainty 

Geological configurations such as complex depositional environments, erosion, 
faulting and folding can be highly challenging to interpret. Fracturing and 
mineralization affect the flow in the reservoir, which is important for optimal 
well placement. E.g salt movements and sand injectites may provide excellent 
hydrocarbon traps, but the precise locations of the traps can be difficult to 
identify from seismic. 

Poor measurements, such as poor seismic below salt or basalt, imply more 
interpretation uncertainties. Successful exploitation of subsurface resources in 
such environments thus depend on effective interpretation while drilling. If a 
model-based decision loop is employed while geosteering under challenging 
conditions, it is vital that the model can in fact capture complex geological 
configurations and that it can be effectively updated while drilling. 

Interpretation uncertainties are a result of a) lack of measurements at all scales 
and imprecision in the measurements, b) uncertainty in the interpolation 
between and extrapolation from known data points, and c) uncertainty in the 
interpretation concept and incomplete knowledge of relevant geological 
behaviour by the interpreter. Therefore, any geological interpretation is 
uncertain. Some uncertainties can be captured in a model, and some cannot. 
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The range of uncertainties that can be captured and effectively managed in a 
realistic manner depends on the capabilities of the modelling tool. The 
modelling of interpretation uncertainties is extensively discussed in the 
geological literature, e.g. in Bond et al. (2007), Bond (2015), Caers (2011), 
Caumon (2014), Hesthammer et al. (2001), Linde et al. (2015), Mallet (2008), 
Mallet (2014) and numerous other articles within geology and geological 
interpretation. Moreover, interpretation of the subsurface generally depends 
much on interpretation of visual information. In Schetinger et al. (2017), the 
conclusion from an extensive user study was that humans are easily fooled by 
digital images. In the attempt to evaluate if an image had been edited or not, the 
performance of humans was superior to random guessing, but poor compared 
to results achieved by computational techniques. 

Optimal placement of the well while geosteering depends much on the 
geological structures in the reservoir, e.g. when following a thin, faulted layer 
(Kullawan et al., 2017). Next, different types of interpretation uncertainties, 
with a particular focus on structural uncertainties, are illustrated in a series of 
figures from the existing literature. Note the scales in the figures, uncertainties 
in the structural interpretation can be large. Moreover, these types of 
uncertainties exist at all scales, including scales relevant to drilling and 
geosteering. 

In Figure 18 it is indicated how a set of data can be interpreted in different 
manners. 
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Figure 18. Modified from Wellmann et al. (2010). Original figure caption: “Fig. 2. Adapting the 
classifications of Mann (1993) to the uncertainties in structural modelling; (a) interpretation of 
a geological formation boundary based on ill-defined input data points (i.e. where the contact 
position itself is uncertain) and resulting uncertainty in the interpreted boundary, (b) uncertainty 
of interpolation between and extrapolation away from known data points, (c) incomplete 
knowledge of structures in the subsurface, e.g. does a fault exist or not.” 

In particular type 3 indicates a type of uncertainty that in existing earth model 
strategies cannot be managed without globally reconstructing the grid if 
changing from the case with a fault to the case without a fault. Such a change 
implies to modify the topology (connectivity) of the structural model, which 
requires a global regeneration of the entire grid (see the discussion in Section 
3). 

In Figure 19 it is shown how a given set of field observations can result in very 
different interpretations of the geological evolution; a set of outcrop 
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observations can be interpreted as a fold (B.i), a compressional fault (B.ii) or 
an extensional fault (B.iii). 

 

Figure 19. Modified from Bond (2015). Original figure caption: “Fig. 4. Making observations 
and predictions to construct and test model(s). A) Simple field observations, such as bedding 
cleavage relationships can be used to make predictions of what you would expect to see walking 
across strike. The scale and geometry of the folds, and other complications (e.g. faults) can be 
determined by further observation, but a reasonable prediction of the overall structural model 
can be made from the initial observation. B) A set of initial data or observations allows multiple 
models to be created that fit the data, there is not a unique solution.” 

A conceptual model is the basis for any geological interpretation as it defines 
the geological rule set to be used for the interpretation. Depending on the region 
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at hand, some models may be discarded. In Figure 20 it is shown how the choice 
of a conceptual model results in different interpretations of fault location and 
connectivity. The selected conceptual model has severe consequences for the 
interpretation of the depth of a horizon in the structurally complex area. The 
seismic profile in the figure covers around ten kilometres in lateral direction. 

 

Figure 20. Modified from Bond (2015). Original figure caption: “Fig. 2. A tree diagram used to 
define different classifications of uncertainty, after Tannert et al. (2007). Uncertainty is divided 
into objective and subjective components. Objective uncertainties may be dealt with through the 
use of error bounds. For example in the seismic image a chosen velocity model could be used for 
depth conversion, an assessment of the possible range of velocity models could be employed to 
assigned errors or uncertainties to the depth of different horizons. Decisions can be made in a 
quasi-rational knowledge guided way and the uncertainties assessed. For subjective uncertainty 
the different interpretations of the seimsic image represent the subjective uncertainty in 
geological interpretation - creating error bounds is not so easy when different conceptual models 
are applied in an interpretation e.g. for fault placement and connectivity. Subjective uncertainties 
may be through of as intution or rule guided. Seimsic imagery from the Virtual Seismic Atlas 
(www.seismicatlas.org), interpretations by Rob Butler and Clare Bond.” 

The geological structure is important for the reservoir connectivity and the 
conditions for the flow of fluids, and hence for optimal well placement. But its 
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interpretation is burdened with large uncertainties. For example, internal 
geometries in the damage zone of a fault are often difficult to interpret from 
seismic even for large faults. This results in uncertainty regarding interpretation 
of traps, and the flow pattern during production (is the fault sealing or not?). 
For subseismic faults there is even less information available at a suitable scale. 

In Figure 21 is an example describing challenges pertaining to the interpretation 
of fault geometries and displaced stratigraphic layers. In (a), it is indicated how 
the seismic resolution is too low to distinguish between three possible 
conceptual interpretations of the fault damage zone; the top interpretation 
shows a single fault plane with no reservoir connectivity across the fault, the 
interpretation in the middle is for a fault where the deformation has been taken 
up by multiple parallel fault planes that results in reservoir connectivity across 
the fault, whereas the bottom interpretation indicates that parts of the 
deformation has been taken up by normal drag also resulting in reservoir 
connectivity across the fault. These interpretations may result in very different 
flow and migration patterns around the fault. 



Appendix

107

Figure 21. Modified from Wibberley et al (2008). Original figure caption: “Fig. 5. The problem 
of resolution from seismically imaged faults and impact on across-fault reservoir connectivity 
and possible fluid flow pathways. (a) Fault zones more complicated than a single slip plane will 
have reservoir-reservoir connectivities and the potential for fluid migration (bold dashed 
arrows), which are difficult to predict, as a function of multiple slip planes and/or normal drag. 
(b) An example of along-strike changes in fault zone structure (from Childs et al. 1996).”

In a geosteering situation, new information constrains the uncertainty. This
could affect the placement of a well which is currently being drilled, depending 
on e.g. the fault displacement and whether it is sealing or not. Moreover, the 
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pressure regime may be different on each side of the fault, potentially leading 
to serious drilling problems. An always updated model may be used to support 
decisions both for placing the well optimally with respect to later production, 
and for aiding in addressing drilling problems. In particular the latter will 
require very effective earth model updates. In (b) in Figure 21, potential models 
of the structural geometries in the fault damage zone are shown.

In Figure 22 a complex geological structure is discussed. A seismic data set 
from 1992 was interpreted as shown at the bottom in the Figure. A later data 
set from 1996 of far better quality allowed a new interpretation, depicted at the 
top of the figure. Without going into details, the interpretation of the geological 
structure is very different. The drilling of a well confirmed the interpretation 
from 1996. The scales on the left-hand side in the Figure show that the seismic 
profiles cover around 500 ms TWT.

Structural uncertainties are complex to handle in earth models. They do not 
only include uncertainties in the shape of the geological bodies, but also if the 
bodies exist and their location with respect to other bodies of interest.
Moreover, many uncertainties should be handled at a local scale as they don’t 
have significant impact on coarser scale interpretations or the interpretations at 
other locations. Uncertainties in the interpretation of geological structures have 
a profound impact on drilling risks, the cost of the drilling operation and the 
estimated future production, as well as completion, maintenance and 
decommissioning of wells, and field planning including placement of future 
wells.
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Figure 22. Modified from Hesthammer (2001). Original figure caption: “Fig. 6. Seismic profiles 
along the 34/10-K2H well on Gullveig. (a) Seismic interpretation based on the 1996 survey. (b) 
Seismic interpretation based on the 1992 seismic survey. Drilling of the well verified the 
interpretation shown in (a). The oil-water contact is clearly observed within the Brent group and 
Statfjord Formation in the 1996 survey, but is absent in the 1992 seismic data set.” 

When drilling in complex geology, ‘unexpected events’ that were not properly 
considered prior to drilling may occur. A valuable contribution to decision 
support would be tools that allow real-time updates of the model and of the 
estimates of the risks, costs and production for a set of alternative drilling and 
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well placement scenarios. An example is to provide an answer to the following 
question while drilling; “should the well be drilled to the primary target (an 
option that just got worse) or the secondary target (an option that is currently 
interpreted to be more promising than expected)?”. A successful outcome of 
the drilling operation and predictions of the future cost/income may depend 
much on the ability to effectively handle more complex geological 
configurations and events. In particular when exploiting resources in more 
complex geology in already depleted fields (tail production), where the 
economical margins are narrower. 

While geosteering, it will often not be sufficient to update the model only 
locally around the bit. The new interpretation at local scale may not agree with 
any of the pre-drill models at the coarser scale, see Figure 22. Such agreement 
can then only be achieved by updating also at a coarser scale. Clearly, this is an 
even more complex challenge for real-time modelling. 

12.1.1 Uncertainties in the conceptual model 

The geological concept (the fundamental assumptions/hypotheses about the 
geological evolution) used in the interpretation constrains the possible 
outcomes of the exercise. But as indicated in Figure 20, the selection of (range 
of) concept(s) is also burdened by uncertainties. In Bond (2015) it is argued that 
‘experimental evidence suggests that minimising interpretation error through 
the use of geological reasoning and rules can help decrease interpretation 
uncertainty’. On the other hand, use of geological reasoning to constrain the 
possible range of interpretations implies that the bias of the interpreter may lead 
to that other possible interpretations are ignored and not captured. If a range of 
possible interpretations are not captured in the model, the model will have less 
prediction power. In Bond et al. (2007) it is investigated how the background 
and experience (bias) of the interpreter may result in different geological 
concepts being used for interpretation. It was demonstrated in a thought-
provoking manner how a single seismic profile was interpreted using highly 
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different concepts, resulting in very different outcomes. Further literature on 
the subject includes Refsgaard et al. (2012), Cavero et al. (2016) and Bentley 
& Ringrose (2017). 

Existing earth modelling strategies require much manual work for handling the 
geological structure. As indicated above, uncertainties in the geological concept 
used for interpretation generally involves also uncertainties in the geological 
structure. The strategy discussed in this thesis aims at effective management of 
both the structure and the properties by enabling local model updates. It may 
thus form a basis for a future modelling approach where also uncertainties in 
the geological concept used for interpretation at a local scale can be effectively 
handled. 

12.2 Subsurface information at multiple scales and 
frequencies 

Rocks are heterogeneous at all scales, as demonstrated in the Figures following 
next. 

In Figure 23, a seismic line covering several kilometers laterally and in depth 
is interpreted as a region subjected to extension, resulting in domino style 
rotated fault blocks. 

Figure 24 shows an outcrop at the scale of 10’s of meters together with an 
interpretation of the main extensional faults (in black) in the fault network, and 
some stratigraphic interfaces (various colours). In the interior of each fault 
block, some fault surfaces in white are indicated. 



Appendix 

112 

Figure 23. An interpreted seismic line from Gullfaks. (Source: http://www.seismicatlas.org, 
Gullfaks: ST8511r92 Inline 394 Interpretation, by Mike Sizer). 

Figure 24. An outcrop showing an array of extensional faults cutting Triassic to Lower 
Jurassic Blomidon Formation rocks, near Clarke Head, Minas Basin North Shore, Nova 
Scotia. See trees in the background for scale. On top of the original image, a more detailed 
structural interpretation is drawn. (Source: Mikenorton 
(https://commons.wikimedia.org/wiki/File:Extensional_fault_array_Clarke_Head.png), 
“Extensional fault array Clarke Head”, https://creativecommons.org/licenses/by-
sa/3.0/legalcode)). 
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Figure 25 shows outcrops at cm-scale. Lamination and fracturing at mm to cm 
scale may exhibit noticeable contrast in properties. Such effects at this fine scale 
are usually not captured in any detail when constructing an earth model, even 
if there is a need and suitable information is available e.g. from cores and 
outcrops. 

Figure 25. Two images depicting geological structures at cm-scale. Left: Microfault in a 
sedimentary rock, US dime for scale. Red arrows show amount of offset (Source: Qfl247 
(https://commons.wikimedia.org/wiki/File:Microfault.jpg), “Microfault”, 
https://creativecommons.org/licenses/by-sa/3.0/legalcode). Right: Cross-bedding and scour in 
the Logan Formation (Mississippian) of Jackson County, Ohio, hammer for scale (source: 
https://commons.wikimedia.org/wiki/File:Logan_Formation_Cross_Bedding_Scour.jpg). 

Now assume there is a strong need for representing and interpolating such local 
scale details, including their main uncertainties, in a model covering also 
coarser scales. But when using conventional tools, capturing across a large 
range of scales is not possible. A major reason is the poor control with the grid 
resolution. 

12.2.1 A geosteering example 

In Figure 26, a model is shown at two different scales. In (a), the model 
expresses fault blocks with folded stratigraphic layers at a coarse scale. In (b), 
one of the fault blocks in the model from (a) is shown at a finer scale. It is 
indicated how fine scale (subseismic) faulting was filtered out from the model 
in (a). But the figure also demonstrates different deformation styles at the two 
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scales. In (a), a ductile deformation style at the coarse scale is indicated, and 
each layer in the interior of each fault block is represented in a geometrically 
continuous manner. 

 

Figure 26. View of geological structure at (a) coarse scale, and (b) fine scale. (Source: Fossen 
(2010)). 

However, when details are added in (b), it is demonstrated how the deformation 
at the finer scale appears as brittle, resulting in the series of small (subseismic) 
faults that displaces each layer (here in a very regular manner). Moreover, the 
finer scale stratigraphy in (b) shows how each layer from (a) is divided into 
finer scale units. At a yet finer scale, it is reasonable to assume that even more 
details in the fault network and stratigraphy could be represented. 
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To indicate challenges for geosteering, let us assume that a geosteering 
operation was planned in the section in Figure 26. It was interpreted from offset 
wells that several of the layers are good reservoir rocks. Let us further assume 
that the geological structure was more variable than indicated, and that seismic 
interpretation was challenging. In fact, assume we are left with an interpretation 
more or less as in Figure 26 (a), but with large associated uncertainties. This 
uncertainty includes details in the stratigraphy and fault network that was 
interpolated from offset wells. One possible fine-scale scenario is the one 
shown in Figure 26 (b), with a brittle deformation style at the fine scale. 
Another possible fine-scale scenario is that the reservoir rocks are less 
consolidated, resulting in a more ductile deformation style also at the fine scale. 

The geometries of the reservoir rocks are highly uncertain; are they displaced 
by subseismic faults or not? The structural uncertainties could include fault 
locations and displacements, resulting in different trap geometries. Other 
uncertainties may include if the subseismic faults are sealing or not, and 
possibly uncertainties in the oil-water contacts (if there was already a 
production history). Pre-drill fluid flow predictions may have resulted in very 
different flow models for the two fine-scale scenarios. Now, let us assume that 
the well was planned to follow one of the black layers shown in Figure 26 (a). 
Moreover, it should be steered in the best possible manner according to the new 
information that arrives while drilling (using the workflow discussed in Section 
4). Such steering includes the possibility for changing the target layer while 
drilling. 

The outlined geosteering scenario emphasizes the importance of a) representing 
information about the reservoir architecture at various scales in an effective 
manner, b) pre-drill capturing of the uncertainty regarding brittle or ductile 
deformation style at the fine scale, and c) local updates of the geological 
scenarios around and ahead of the bit while drilling. 
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In summary, interpretation at a fine scale is understood in light of, and is 
constrained by, the interpretation of the geological evolution at coarser scales. 
The typical strategy is to first interpret the coarse scale geological evolution 
before considering details around planned wells. But information at fine scale 
from well logs is used to constrain the interpretation also at coarser scales. 
When updating the interpretation at the coarser scales, it affects the 
interpretation at finer scales. Ideally, all information that is available for 
decision support should be reflected in the always updated earth model, 
independently of scale. 

12.3 Topology versus geometry 

12.3.1 Mathematics 

In mathematics, topology is the study of the properties that are preserved 
through continuous deformations, twistings and stretchings of objects, see e.g. 
Weisstein (2017b) and numerous textbooks. Tearing or gluing, however, is not 
allowed. A circle is topologically equivalent to an ellipse (the circle can be 
deformed into an ellipse by stretching) and a sphere is equivalent to an ellipsoid. 
A much-used example is the following; ‘A coffee cup is topologically 
equivalent to a doughnut, they both have exactly one hole’. 

Geometry is the study of figures in a space of a given number of dimensions, 
of a given type and with a certain shape. Examples are plane geometry (dealing 
with objects in a plane such as points, lines, circles, triangles, polygons) and 
solid geometry (where objects such as points, lines, spheres, surfaces, cubes, 
cylinders and polyhedra, all in three-dimensional space, are discussed). See e.g. 
Weisstein (2017a) and numerous textbooks. 
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12.3.2 In geological modelling 

In geological interpretation and modelling, a geobody is a volume with 
relatively homogenous properties in its interior, being for example the result of 
a depositional event where conditions did not change much over some 
geological period of time. Its boundaries are described with surfaces. The 
topology (connectivity) of the structural model describes how the different 
(parts of) geobodies are connected, or, correspondingly, how the surfaces in the 
structural model are connected. For example, if a new fault or a new layer is 
included in the model, both the model topology and geometry is modified. If 
the shape of a surface is slightly changed, e.g. by modifying a couple of its 
vertices, only the structural geometry is altered while the topology is retained 
(assuming that the updated surface does not introduce new intersections with 
other surfaces). The structural topology is a major control when predicting the 
flow of fluids, for example by capturing if two sand bodies are connected across 
a fault. 

The different conceptual models (see Section 12.1.1 in the Appendix) that are 
used for interpreting the subsurface geology will often have different structural 
topologies. In general, structural topology is more complex to handle in 
numerical models than structural geometry (see Section 3). 
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Abstract 
Earth models are important tools for support of decision making processes for 
optimal exploitation of subsurface resources. For geosteering and other real- 
time processes where time is a major constraint, effective model management 
is decisive for optimal decision support. During drilling, subsurface informa-
tion is received which should optimally be used to modify the 3D earth model. 
Today this model is typically not altered during the operation. We discuss the
principles of a novel method that enables a populated earth model grid to be 
locally modified when the topology (connectivity) of the geological structure 
is locally altered. The method also allows local updates of the grid resolution. 
The modelled volume is split into closed regions by the structural model. Each 
region is individually discretized and obtains its own subgrid. Properties are 
stored in separate functions, e.g. for each layer, and transferred into each sub-
grid via a mapping. A local update of the geological structure implies that only 
subgrids in regions that are directly affected by the updated structure must be 
discarded and rebuilt, and the rest of the populated earth model grid is re-
tained. Our focus is on decision support for optimal well placement while
geosteering. The proposed method aims to manage multiple model realiza-
tions that are never fixed and always locally updated with the most recent 
measurements and interpretations in real-time, and where each realization is 
always kept at an optimal resolution. 
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1. Introduction 

The planning of a new well is based on information known prior to drilling such 
as surface seismic and offset wells. The interpretation of the information is cap-
tured in an earth model that is used to support decision processes while drilling. 
Due to incomplete knowledge of the subsurface, the interpretation is always 
burdened with uncertainty. During the geosteering process, the trajectory of the 
planned well is adjusted based on measurements obtained from logging tools 
during the ongoing drilling operation. The new information reduces uncertainty 
and allows revisions of the geological interpretations made prior to the drilling 
operation. This requires effective interpretation, integration and utilisation of 
the new information within the timeframe set by the on-going drilling opera-
tion. 

However, commercially available three-dimensional earth modelling tools 
have limited capabilities for real-time updates. Model modifications are complex 
and labour intensive (see Section A.3 in the Appendix for details), and the time 
needed for updating the model exceeds the time available during drilling opera-
tions. This results in sub-optimal utilization of the measurements obtained while 
drilling, and is a large drawback for decision making processes that require the 
most current and precise information. 

In Section A.1 in the Appendix, two examples of how a more effective deci-
sion loop can contribute to safer and more effective drilling and geosteering are 
discussed. In Section A.2 in the Appendix, a potential future workflow for effec-
tive decision support is indicated. It aims to support decisions for safer and fast-
er drilling, increased future production and reduced drilling costs. The aim of 
the method suggested in this paper is to enable effective local updates of the 
earth model grid and local scale uncertainty management around and ahead of 
the bit, including uncertainties in the topology (connectivity) of the geological 
structure. Effective earth model management is essential to shorten the geos-
teering decision loop.  

1.1. Current Methods for Geosteering  

The recently developed ultra-deep directional electro-magnetic (deep EM) tech- 
nology is sensitive to resistivity contrasts up to tens of meters around the well-
bore (see e.g. [1] [2] [3]). Deep EM measurements is a technological step change 
that gives more information about geological structures, fluid contacts and re-
servoir properties deeper into the formation than traditional Logging While 
Drilling (LWD) measurements, even ahead of the bit [4]. The technology con-
tributes to closing the gap between seismic scale measurements and well scale 
measurements. Next, we briefly review two current workflows for updating an 
earth model in real-time, and how the model is used for decision support for op-
timal well placement. 

In [2], it is explained that the full-field 3D model typically ignores or blends 
small-scale features such as faults and facies changes that can impact drilling. 
For drilling support, the full-field model can be refined around the well or a 
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separate sector model on a fine scale around the well can be constructed. The 
detailed model is used to extract a 2D section along the planned well path, con-
taining geological structure and properties, which is used for drilling support. 
During the drilling process, four different interpretation methods are used for 
local scale structural interpretation, such as dip interpretation and remote 
boundary detection. Moreover, the results of the inversion of the deep EM mea-
surements acquired while drilling are visualized together with and compared 
with the seismic. After drilling is completed the 2D well-scale structural model 
and petrophysical model are modified, as basis for the following update of the 
3D full-field model. 

In the geosteering workflow discussed in [3], a 3D sector model around the 
planned well is generated prior to drilling. The volumetrically smaller model al-
lows an increase in the horizontal and vertical resolution, and the high-resolu- 
tion model is populated based on full-field petrophysical properties. It is empha-
sized that 3D modelling enables geologists to envision the result also of lateral 
changes in the well trajectory, as opposed to the simple vertical changes that 2D 
models allow, and thus to mitigate misinterpretations in the imaging of facies 
models. During drilling, the geometries of conformable layers can be updated to 
locally adjust their depths. Also properties are updated. Geosteering decisions 
are supported by sharing the continuously updated 3D view among the members 
of the decision making tea m. 

In the mind of the interpreters, geological modelling is a process that takes 
place in three-dimensional space. If a 2D model is used as the main tool for 
supporting decisions, important information may be ignored. 3D sector models 
based on the standard tools used in the industry today do not allow effective 
updates of more complex geological structures within the short time available 
during drilling (see discussion in Section A.3 in the Appendix). In particular 
when drilling in complex geology, effective handling of complex structural un-
certainties can be decisive for the outcome of the geosteering operation. 

1.2. Main Contributions of This Paper

In the tools and methods for earth modelling that are today standard in the in-
dustry, a global grid is used to capture both properties and structure. This tech-
nique implies that the entire grid is invalidated even by small changes in the 
geological structure (see Section A.3 in the Appendix). 

In the suggested approach, we use the geological structure to split the mod-
elled volume into a set of regions. Each region is individually handled and dis-
cretized without reference to other regions. Moreover, properties are not han-
dled in a single grid but in individual property functions that each represents 
only a small part of the subsurface. Each property function is handled separately 
without reference to other property functions. A region and a property function 
are linked via a mapping. All mappings are also handled separately, without ref-
erence to other mappings. As a result, local updates of the geometries and to-
pology of the geological structures that are captured in the earth model grid, as 
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well as local updates of the grid resolution, can be performed locally within a 
time frame independent of the size of the grid. 

When using conventional earth modelling tools, local updates of the structur-
al topology, e.g. insertion or removal of a subseismic fault or layer, require the 
grid to be globally regenerated and populated. Enabling local updates of the grid 
when the structural topology is locally modified aims to drastically shorten the 
time required for such updates. Local control with grid resolution (for each in-
dividual rock property) aims at improving the control with the trade-off between 
numerical accuracy and the time required for handling the grid(s). Moreover, 
local updates aim to enable effective, local scale uncertainty handling. When un-
certainties are handled locally, less time is required for updating the grid. Fur-
thermore, separate handling of each region opens up for parallel computer im-
plementations. Such developments are important to speed up and streamline the 
earth modelling process when targeting real-time workflows. Rudimentary dis-
cussions of the strategy were presented in [5] [6]. 

It is emphasized that the proposed method is at an early stage of development, 
yet too immature to handle complex geological configurations and uncertainties. 
Therefore, our aim in this article is not to describe a complete method for geos-
teering support, but to discuss principles for how a populated earth model grid 
can be effectively modified when the topology (connectivity) of the geological 
structure is locally altered. Structural modelling can be a complex task, and 
could e.g. be handled in combination with the methodology described in [7] (see 
Section A.2 in the Appendix). The principles of the suggested method are dem-
onstrated in 2D using a simplified geological structure. 

We start by providing an overview of the proposed method in Section 2. In 
Section 3, we show how the strategy is applied in a geological setting containing 
layers and faults. Next, the required input for the grid construction process is 
discussed in Section 4. In Section 5, the construction of a populated grid is de-
scribed, including pseudo code. In Section 6, the procedure for locally updating 
the grid is discussed, and in Section 7 examples are provided. In Section 8, the 
mapping is discussed in more detail. Section 9 summarizes the paper. In the 
Appendix, two examples that highlight the need and potential benefits of im-
proved workflows for drilling are presented in Section A.1. In Section A.2, we 
indicate a potential future geosteering workflow. The conventional 3D earth 
modelling methodology used in the industry today is reviewed in Section A.3. In 
Section A.4, more recent technological developments within 3D earth modelling 
are discussed. Finally, in Section A.5, various strategies for gridding of the earth 
model and their implications for model management are discussed.  

2. Overview of the Proposed Method  

A main component of our strategy is to separate the modelled volume into dis-
joint regions that are individually handled. The regions are defined using the 
geological interfaces in the structural model (see Section 4.1). Each region R gets 
its own grid, or even a set of grids if different properties should be discretized at 
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different resolutions. A grid for a particular region is called a subgrid GZ, and it 
should be generated at the resolution and quality decided by the application of 
the model. The subscript Z indicates the properties of each specific subgrid, e.g. 
its resolution. The resolution of each subgrid is in general independent of the 
other subgrids for this region and of subgrids for neighbouring regions. Howev-
er, if two subgrids in neighbouring regions are connected by the sharing of faces 
along their common boundary, dependencies between the two neighbouring 
subgrids are introduced. Typically, the subgrid is an unstructured grid. 

The properties are not represented in a single global grid, but in a set of indi-
vidual property functions (see Section 4.2). Each property function represents a 
specific property, e.g. porosity, for a geologically defined small rock volume, e.g. 
a depositional layer. A property, say porosity, can be represented at multiple res-
olutions by application of multiple functions (or a multi-resolution function). 
Control with resolution of both the subgrid and the property function provides a 
large degree of flexibility for locally controlling the earth model resolution. A 
given property could be represented at varying resolution depending on the lo-
cation in the model, and different properties can be represented at different res-
olutions within the same region. 

A mapping links a region with the corresponding part of a property function, 
and allows population of the subgrid with properties from the property function. 
For example, if a layer is split by faults into multiple regions, a set of mappings 
link each region with the corresponding part of a property function. (Note that a 
“function” and a “mapping” is the same in the mathematical terminology. In this 
article we let a “function” represent values of a rock property. A “mapping” is 
used to link a subgrid with a property function.) 

When the geological structure is modified, only the regions and subgrids that 
are in direct contact with the modified parts of the structure must be discarded 
and rebuilt (see Section 6). The rest of the existing subgrids are retained. More-
over, a local update of the grid resolution implies that only the subgrids in the 
affected regions are discarded and that new subgrids are established for these re-
gions. Again, the rest of the existing subgrids are kept. An update of a property 
function only implies that a small set of the existing subgrids must be repopu-
lated. The method is independent of the particular strategy used for structural 
modelling as long as a structural model (see Section 4.1) can be extracted. 

To update the populated grid as a fully local operation requires that all in-
volved data structures can be locally updated. In our strategy, the grid, the map-
pings and the property functions are data structures that represent information 
for only a small part of the subsurface. Local updates of the populated grid are 
thus achieved by avoiding the use of any globally defined data structure that 
cannot be locally updated. In this paper, simple examples of local updates of the 
fault network and the stratigraphy are shown. 

In the proposed method, each individual region is assigned its own mapping 
that links a subgrid for the region with a property function for a stratigraphic 
layer. First, this individual handling of each layer aims to enable more flexibility 
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for controlling and locally altering the interpretation of the stratigraphic record. 
Second, a region has a relatively simple shape and does not contain any geologi-
cal interfaces in its interior. As a result, the mapping can be kept simple without 
the complexity of taking interior geometries into consideration. A particularly 
attractive choice of mapping is therefore one that only requires knowledge of the 
geometric boundaries of the region and the geometric boundaries of the corres-
ponding parameter domain of the property function (see Section 5.2) for its 
construction. Such mappings have been developed, verified, optimized and do-
cumented elsewhere in the scientific community, see Section 8. The use of gen-
eral purpose mappings also allows us to capitalize from future developments 
within the field. Moreover, also gridding strategies for the discretization of each 
region may benefit when regions do not contain any interior geometries that the 
grid must honour. Gridding strategies are discussed in more detail in Section 
A.5 in the Appendix. 

3. Application of Method to Layered Media with Faults  

Next, we exemplify the approach for a geological setting comprising layered de-
positions with faults. A region is then assumed to be a part of a layer within a 
fault block (note, however, that a region could also be defined differently within 
the proposed framework). In this setting, a layer therefore consists of a set of re-
gions separated by faults. Each property is handled in a separate property func-
tion Φ that represents a property for a layer L. But more flexible designs are also 
possible using the proposed framework. For example, a single property function 
could cover a set of layers, a specific fault block, or some other geologically de-
fined volume of rock. 

When a structural element such as a fault or another geological interface is 
updated, i.e. geometrically perturbed, removed, inserted, or its connectivity with 
other structural elements is modified, only the regions whose boundaries are af-
fected by the structural update are involved in the update of the grid. The prin-
ciple is indicated in Figure 1, where the insertion of faults in the interior of the 
fault block denoted “A” only affects the subgrids in this particular fault block. 

In Figure 2, the population of an earth model grid is explained. The top layer 
L1 is split into two regions 1

1R  and 1
2R  by the fault, and similarly for the bot-

tom layer L2. Each of the four regions is individually discretized and we obtain 
four subgrids. Two properties, represented by the two property functions Φ1 and 
Φ2 for the two layers L1 and L2 respectively, are linked with each region using 
four corresponding mappings 1 1 2 2

1 2 1 2, , ,f f f f . Each mapping links a region with 
the corresponding part of the parameter domain of the property function. For 
example, the subgrid in 1

1R  is linked with the part 1
1D  of the parameter do-

main of Φ1 via 1
1f . Informally, we can say that the mapping deforms the interior 

of 1
1D  into the shape of 1

1R . This allows the subgrid to be populated by sam-
pling values from Φ1. This deformation is further explained in Section 5. The ef-
fect of deforming e.g. 1

1D  into the shape of 1
1R  is that it is elongated in horizon-

tal direction and squeezed together in vertical direction. The white near-vertical  
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Figure 1. At the top is a model representing a faulted reservoir with alternating sands and 
shales. At the bottom the initial model is locally updated by inserting three new vertical 
faults in fault block A. 
 

 
Figure 2. A structural model with two depositional layers (L1 and L2) split by a fault con-
tains four regions R that are individually gridded. Property values are interpolated from 
the property functions Φ1 and Φ2 to the right and transferred into the grid in each region 
by the use of mappings ( f ). The result is a populated grid as shown at the bottom. The 
colors in the figure indicate property values. 

 
line that splits Φ1 into 1

1D  and 1
2D  is the image of a part of the fault, corres-

pondingly for Φ2. Note that the direction of the arrows in the figure indicates 
how property values evaluated from the property functions are transferred to the 
subgrids. The mappings are in fact directed in the opposite direction (see Section 
5.2). Also note that we have zoomed in on the fault so that only parts of the lay-
ers are shown, they extend further both to the right and the left. As a result, only 
the corresponding parts of the properties around the fault are shown in the po-
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pulated earth model at the bottom of the figure. 
In the simple example in Figure 2, created using a rudimentary software pro-

totype, the property functions used to populate each layer are identical. Clearly, 
for realistic modelling, separate property functions will exist for each layer. 

4. Input for Earth Model Construction  

The required input for generating a populated earth model grid is a structural 
model and associated property functions.  

4.1. The Structural Model  

The structural model S  captures an interpretation of the geological structure 
at a specific resolution. The geometries in the structural model create a partition 
of space into disjoint polytopic regions  (polygons in 2D). The boundary ΩR 
of each region R is represented by a set of geometric patches, where each 
patch is a part of a geological interface. For example, a region can be a layer in a 
fault block and be bounded by parts of fault geometries and stratigraphic inter-
faces. Each region is a continuous closed volume, and it is the smallest volume-
tric object in the partition of space as it cannot be subdivided by any other geo-
metric patch in S . Geometric patches do not cross, and each patch stop into 
another patch (including patches representing the model boundary). A layer can 
e.g. be locally split in two as a result of hiatus or erosion so that it has zero 
thickness. Then the two parts are handled as two separate regions. The part of 
the layer with zero thickness is not represented by a region and is therefore not 
part of the earth model grid. Neither faults nor layers are required to cross the 
entire model. The described structural model is similar to the sealed structural 
model described in 3D in e.g. [8] [9] [10] [11]. 

In the initial strategy described in this paper there are no geological interfaces 
in the interior of a region. This implies that faults must terminate into other 
geological interfaces. To enable faults to terminate in the interior of a layer, ad-
justments are required when mapping properties to subgrids. Furthermore, 
when discretizing a region, this part of the fault must be taken into considera-
tion. 

An important future target is to allow integration of the proposed method 
with conventional tools for 3D earth modelling. The rules for the described 
structural model allow us to import from and possibly integrate with the stan-
dard tools used in the industry today. Potentially, the rules could also be adapted 
to other earth modelling approaches.  

4.2. Property Functions  

For each layer L we have at least one property function Φ. The function 
represents a physical property, say porosity, density, velocity or saturation. A 
bivariate scalar property function is defined by v wΦ : ,  over a parame-
ter domain DΦ, for example the unit square. 

Each property function is independent of the other property functions, and 
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can be managed at its own resolution. For example, porosity could be represented 
at a finer resolution than saturation. The same property can be represented by 
property functions at different resolutions. Property functions can be defined 
over parameter domains DΦ of different shapes. This may be useful for more op-
timal handling of facies and property distributions of more complex geological 
shapes. Different functions, typically over the same parameter domain and with 
the same resolution, can be used to represent multiple realizations of the same 
property. 

A set of functions can be constructed from the property representation of ex-
isting earth models. Each function is then handled separately, which provides 
flexibility e.g. for locally updating the stratigraphic record and for handling each 
property at its own resolution. However, to modify existing properties in a geo-
logically reasonable manner to match an updated interpretation of stratigraphic 
interfaces is not straight-forward. Property functions are mathematical con-
structions without the burdening requirement of carrying direct geological 
meaning. Geological meaning is only assumed after the functions have been used 
to populate the grid. This provides an extra degree of freedom such that the 
functions can be set up in ways that are mathematically convenient. On the other 
hand, it requires that the mapping of properties from the functions to the grid 
ensures that the geological meaning is restored when the grid is populated from 
the property functions. This issue is discussed in Section 5.3. 

The property functions can be set up in ways that are mathematically conve-
nient. Φ could in principle be any type of function, as long as it can be evaluated 
everywhere within DΦ. Potential strategies include that the function is 
represented over a grid, or is a uniform value as in [12]. The function could also 
be a complex analytical function, or a multi-resolution function as suggested in 
[5] [13] [14]. A property function can be constructed from grid-based property 
distributions that are imported from external tools. It could also be derived from 
the interpretation of well logs in real-time. 

In the example in Figure 2, the geological structure is imported from Petrel 
and the property functions are generated from an imported Petrel grid. Cur-
rently, the construction of the property functions take place in a simple manner 
and is only intended for demonstrating principles; by identifying a layer in an 
imported corner-point grid, the value in each cell in the grid is simply trans-
ferred into a regular grid with the same topology as the corner-point grid (i.e. 
the same number of cells in all directions). The populated regular grid then con-
stitutes a property function. But in this manner, e.g. collapsed cells are not 
properly handled. An improved procedure would sample the properties from the 
geological space where the corner-point grid has been adapted to the geological 
structure.  

5. Construction of a Populated Grid

The construction of a populated grid takes place by first identifying the closed 
regions  in S  to populate. Each region R is handled independently of the 
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other regions. Each region can contain multiple subgrids at different resolutions 
and with different numerical qualities, allowing each property within each re-
gion to be handled separately at its own resolution. There are three main steps 
required for populating a region R with a property, namely 1) construction of a 
grid in the region with a resolution and quality adapted to the property in ques-
tion, 2) construction of a mapping to link the region with the corresponding 
domain of a property function, and 3) populating the grid by transferring values 
interpolated from the property function using the mapping. Once a boundary 
polygon for R has been created, step 1) and 2) are independent and could be 
completed in parallel. 

Next, a procedure for populating a subgrid with a property is described. The 
procedure is repeated for all subgrids within all required regions and for all re-
quired properties. 

5.1. Construction of Boundary Polygon and Subgrid  

A polygon PR representing the boundary ΩR of the region R is required both for 
gridding and for construction of the mapping. PR is constructed by extracting 
and joining the geometric patches in S  that together constitute the boun-
dary of R. Details for its construction are discussed in Section 5.2. The resolution 
of PR controls the resolution of the subgrid as well as the computational effi-
ciency of the evaluation of the mapping. Once PR is constructed, a subgrid GZ at 
an appropriate resolution and quality to discretize the interior of R can be con-
structed using a suitable grid generator. If such a subgrid already exists, it may 
be reused. 

5.2. Construction of the Mapping and Population of the Subgrid  

For linking the property function Φ for a layer with the region R, we apply a 
mapping f. First, let us assume that we have an unfaulted layer L, represented by 
a single region R. The exact shape of L is a matter of geological interpretation, so 
we assume that we have arrived at an alternative we call L1. An informal and in-
tuitive way to understand the mapping of properties from a property function to 
a layer is to imagine that the shape of Φ is deformed into the shape of L1 as 
shown in Figure 3. Then the mapping ensures that the interior follows. If the 
geological structure is modified from L1 to L2, a new mapping f2 is generated to 
deform Φ to fit within L2 as shown in the figure. The nodes of the polygonal 
boundaries of DΦ, L1 and L2 are also indicated. Note that the direction of the ar-
rows also in this figure indicates how property values are transferred from the 
property function to the layer. 

Next, we describe a preliminary strategy for handling faults. The approach 
demonstrates how property functions are used to populate faulted layers, but 
further developments are required for proper handling of updates in the geolog-
ical structure when addressing realistic model alterations while drilling (see dis-
cussion in Section 5.3). Φ represents the property function for the complete 
layer L, and we assume that n − 1 faults separate L into n regions iR , i = 1, ∙∙∙, n.  
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Figure 3. Two mappings f1 and f2 can informally be said to deform the property function 
Φ to the right to fit within any of the two alternative interpretations L1 and L2 of the shape 
of a sedimentary layer L. PR,t is the geometric patch representing the top stratigraphic 
boundary of L1, whereas PD,t is the geometric patch representing the top boundary of the 
parameter domain DΦ of Φ. The other parts of the boundaries of L1 and DΦ are corres-
pondingly marked. 
 
A fault may displace multiple layers, but here we only consider the part of a fault 
that affects the layer that is currently being populated. The parameter domain 
DΦ of Φ must then be correspondingly split into n subdomains iD DΦ , for i = 
1, ∙∙∙, n. Now each iR  in L can be associated with each corresponding iD . As 
an example, consider Figure 2 where L1 is split into two regions R1

1 and R1
2  by 

the fault. The parameter domain of the property function Φ1 is then split into 
two subdomains D1

1  and D1
2  by a curve which is the image in DΦ of the part 

of the fault that splits the layer. In the example the curve is an almost vertical 
line, but it can also have a more complex geometry. 

The mapping is on the form S Tf Ω Ω  from a source polygon ΩS to a tar-
get polygon ΩT. In the described strategy, ΩS is the polygonal boundary PR of R 
and ΩT is the polygonal boundary PD of D, for any iR R=  and corresponding 

iD D= . We call the mapping 
R DP Pf , , and it links any pair R and D so that prop-

erties represented by property functions can be used to populate subgrids in R. 
The mapping we use (see Section 8) requires that the source polygon PR and 

the target polygon PD are topologically equivalent, so that PR can be deformed 
into PD. Here, topological equivalence means that the two polygons have the 
same number of nodes and that the nodes have the same ordering. Next, a recipe 
to construct PR and PD is discussed. 

In the same manner as PR was constructed (see Section 5.1), PD is constructed 
by joining the geometric patches that constitute the boundary of D. We let the 
patches constituting PR and PD be pairwise associated; the top boundary of R is 
associated with the top boundary of D, the right hand side part of the boundary 
of R is associated with the right hand side part of the boundary of D, and so on. 
Each geometric patch in the pairwise association must be topologically equiva-
lent. This is obtained by inserting new nodes into either of the two patches, but 
typically into the patch being part of the boundary of PD. This is because PD gen-
erally has the lowest geometric resolution, as a result of the simple quadratic 
shape of DΦ. As an example, consider Figure 3 where R is the entire L1 and cor-
respondingly, D is the domain DΦ of the entire property function. For this ex-
ample, L1 is thus considered to be the part of a layer in the interior of a fault 
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block. PR,t is the top stratigraphic interface of R, PR,l is the left hand side boun-
dary of R, PR,b is its bottom stratigraphic interface, whereas PR,r is the right hand 
side boundary of R. Correspondingly, PD,t is the top boundary of D, PD,l is its left 
hand side boundary, PD,b is its bottom boundary, whereas PD,r is the right hand 
side boundary of D. PD,t is associated with PR,t, PD,l is associated with PR,l, PD,b is 
associated with PR,b, and PD,r is associated with PR,r. Note that PR,t and PR,b can 
have a different number of nodes, and there are no constraints regarding the 
placement of these nodes. Thus, the top and bottom boundaries of a layer can 
have different geometric resolutions. 

In Figure 3, we see that PR,t contains five nodes. D is a square, so PD,t is a straight 
line represented only by its two end points at the upper left corner and upper 
right corner of the square. To ensure that PR,t and PD,t are topologically equiva-
lent, PD,t is refined by inserting new nodes (see Figure 3). We let PR,t and PD,t be 
parameterized by normalized arc length. The three new nodes in PD,t are inserted 
at the same parameter values si, for i = 1, 2, 3, as where PR,t has interior nodes. A 
similar refinement is applied to PD,b with respect to its counterpart PR,b. Neither 
PR,l nor PR,r have interior nodes, so neither PD,l nor PD,r need further refinement. 
Now that all pairwise associated geometric patches are topologically equivalent, 
we join {PD,t, PD,l, PD,b, PD,r} to form PD. Each of the patches must be oriented so 
that a valid polygon is formed, and PD must be have the same orientation 
(clockwise or anticlockwise) as PR. Now PR and PD are topologically equivalent. 

R DP Pf ,  can be constructed from the source and target polygons PR and PD, re-
spectively (see Section 8, where a particular type of mapping is discussed). The 
mapping allows any point Rx  to be mapped to its corresponding point 

Dx , as fx x . A property value Φ x  can then be evaluated by in-
terpolation of Φ, and the value can be used to populate the subgrid GZ that cov-
ers R. Typically, all nodes or cell centres in GZ are given values in this manner. 
The procedure is called “backward mapping” and is well known from image 
warping, see e.g. [15]. Note that for handling of more complex fault networks, 
e.g. where a fault terminates into another fault, the strategy must be generalized 
to handle more complex topological relationships in the geological structure. 

Pseudo code for grid construction is provided in Algorithm 1. The input is a 
list of regions in S  where subgrids should be constructed, together with as-
sociated property functions. The output is a populated subgrid for each region. 
The algorithm handles each region independently of the other regions. 

5.3. Handling of Properties When the Structure Is Locally  
Modified  

Existing properties are the results of modelling prior to drilling, or of predictions 
made earlier during the drilling process. But property predictions are burdened 
by uncertainties, and predictions of the geological structures and properties that 
are constrained by the most recent measurements and interpretations obtained 
during the ongoing drilling process are important to support the geosteering de-
cision process. 
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Algorithm 1. Part 1: Generation of subgrids for a set of regions. 

Initialization:  
Let S  be a structural model  
Let  be the regions from S  to be gridded and populated  
Let Φ  be the property functions Φ for each L containing an R in   
Let  be a set of grids GZ  

  
Let  be a set of mappings f 

  
Let  be a set of arrays a for storing grid-based property values  

 
parallel for each R  do  

Select a property function Φ Φ   
PR  Construct the polygonal boundary of R from S   

 Retrieval of GZ and 
R DP Pf ,  are independent processes  

Select Z (subgrid resolution and quality)  

Z RG P ZRetrieveSubgrid ,  (An existing GZ may be reused)  

ZG   

R DP P Rf P, RetrieveMapping ,Φ   

R DP Pf ,   

R DZ P Pa G f ,PopulateSubGrid , ,Φ  
a  

end parallel for 
return ,  

 
Algorithm 1. Part 2. 

1: ffunction RPRetrieveMapping ,Φ   
2:    if 

R DP Pf ,  tthen 
3:         If a subgrid in R has been populated, 

R DP Pf ,  already exists  
4:      Select 

R DP Pf ,  from   
5:    else 
6:      PD  Construct the boundary of D  
7:      

R DP P R Df f P P, Construct :   
8:    end if 
9:    rreturn 

R DP Pf ,   
10: end function 

 
Algorithm 1. Part 3. 

1: ffunction 
R DZ P PG f ,PopulateSubGrid , ,Φ  

2:      Array containing property values  
3:    a   
4:    parallel for each node or cell in GZ  do  
5:      x  Either grid node or cell barycentre  
6:         Map point in R to point in D  
7:      fx x   
8:         Interpolate Φ in x'  
9:      Φ x   
10:     a   
11:   end parallel for 
12:   rreturn a 
13: eend function 
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More complex property distributions are time consuming to generate for the 
entire grid. Therefore, to reduce the time for locally modifying the structural 
model, existing properties represented in property functions should be reused if 
possible. In a property distribution captured in a grid, e.g. facies objects are im-
plicitly represented. The sizes of the objects and the distances between the ob-
jects carry geological meaning, and the property distribution is matched to the 
shape of the layer it originally populated. In the parts of the model where there is 
no alteration of the geological structure during a local model update, which is 
typically a very large portion of the model, existing properties could be reused 
because their geological meaning is not altered. But when a property function is 
used to populate a subgrid that is adapted to a locally updated geological struc-
ture, care must be taken to ensure that the original geological meaning is (ap-
proximately) restored so that the updated model is geologically reasonable. This 
depends on the complexity of the property function, as well as on the complexity 
of the structural update, e.g. the amount of deformation of an existing layer. A 
major revision of the structure at local scale may render existing complex prop-
erty representations locally inapplicable, so that new properties that respect the 
new measurements should be generated at the local scale. This depends on the 
application of the model. Such issues have not yet been properly addressed. 
More basic property representations, such as constant-valued representations, 
are easier to handle. In the method described in [7], the aim is to allow automat-
ic modification of both properties and the geological structure. 

While drilling, when time is limited and an updated model is urgently needed 
for decision support, methods that provide approximate solutions within short 
time are typically preferred to methods that provide more exact solutions long 
after a decision has been made and the drilling operation has progressed. There-
fore, careful consideration with respect to the modelling requirements set by the 
decision process is required. The time needed to generate a model-based deci-
sion recommendation must be weighed against the desired quality of the rec-
ommendation. 

Finally, it is important to note that the current focus of the proposed strategy 
is on local updates to support decisions for the well being drilled, not on updat-
ing the model globally during the drilling process. In [16], a novel strategy for 
multi-resolution earth model gridding is described. It is based on the methodol-
ogy described in this paper, and one of its objectives is to aid in the localization 
of the updates by arranging the regions in S  in a hierarchical manner. Out-
side a region at any level of detail in the hierarchy, the model will not be mod-
ified. Moreover, the approach in [16] aims to increase the modelling efficiency 
while drilling by locally controlling the resolution of the geological structure and 
the grid. 

6. Local Updates of the Earth Model Grid  

With Algorithm 1 in mind, we explain the general method to locally update the 
geological structure in a populated grid. Let S  be the pre-update structural 
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model, while the corresponding post-update structural model is denoted S . 
S  is obtained by locally updating the structural connectivity and/or geome-

try in S .  is the set of regions in S  that are affected by the local 
structural update, whereas  is the set of regions in S  that are estab-
lished or deformed in the update. 

Thus, a local update of S  implies that one or more regions  in S  
are affected; they are either deformed or new regions have taken their place. In 
both cases,  is the set of regions in S  that must be attended. The rest 
of the regions in S  already exist in S . The general method is to first re-
move the subgrids for the regions in . To reestablish the global earth model 
grid, Algorithm 1 is run to generate populated subgrids only for the regions in 

. If a region is only slightly deformed during the structural update, it could 
be possible to deform its existing populated subgrids. 

Structural modelling can be challenging, and the particular technique to lo-
cally updating S  is not considered here. For example, such updates could be 
controlled in combination with an external process where multiple model reali-
zations are constrained by new measurements obtained while drilling as dis-
cussed in [7]. In this article we focus on how the populated global grid can be 
locally (rather than globally) modified when a local update of the structural 
model is performed. 

7. Examples of Local Updates of an Earth Model Grid  

Next, some basic examples are shown that demonstrate the principles of how the 
grid is locally modified when the structural topology is locally altered. Such local 
updates cannot be performed using the methodologies on which the commer-
cially available earth modelling tools are based. It requires further developments 
to handle more realistic geological configurations and uncertainties than those 
shown in the examples. 

In Figure 4, a new layer is inserted as a local model update. The S at the 
top has two layers L1 and L2, and a fault splits the layers into totally four regions  
 

 
Figure 4. An example of a local stratigraphic update. Top: an initial model with two lay-
ers L1 and L2 split by a fault. Bottom: a pinch-out in yellow marked L3 is inserted. The 
update affects only the two regions that together constitute L1, the subgrids in the two re-
gions for L2 are retained. The colors in the figure indicate property values. 



E. Suter et al. 

252 

that are separately gridded and populated with properties. In the updated S  
at the bottom of the figure, the volume formerly covered by the top layer L1 is 
now occupied by L1 and the pinch-out L3 in yellow.  consists of the two re-
gions representing L1. The subgrids for  were discarded while the subgrids 
for L2 were kept.  consists of the two updated regions for L1 as well as the 
two new regions for L3. A new property function for L3 was generated before 

 was sent for gridding using  Algorithm 1. 
In the example in Figure 4 the property functions used to populate each layer 

are identical just as in Figure 2, so that the effect of a local structural update can 
be examined. The procedure for populating the subgrid in any R using proper-
ties represented in the corresponding D is based on deformation of the boundary 
polygon of R into the shape of the boundary polygon of D (see Section 5.2). In 
Figure 4, the thickness of the layer L1 is locally decreased in the local update. 
The figure shows that the polygon deformation implies that the property repre-
sentation in the interior of L1 is correspondingly deformed, so that the vertical 
distances between the objects that are implicitly represented in the grid are de-
creased. See Section 5.3 for further discussion. 

In Figure 5, an example is shown where the grid resolution and the fault net-
work are locally modified within two separate fault blocks. The synthetic model 
consists of alternating sands (in orange) and shales (in gray), and all faults are 
vertical. The five layers in the middle of the model contain the faulted reservoir 
rocks. The two layers at the top and the two layers at the bottom of the model do 
not contain faults. Let us assume that these four boundary layers are of less in-
terest for the modelling purpose at hand. Their boundary geometries were orig-
inally at the same resolution as the geometries closer to the reservoir, but they 
were coarsened to allow coarser subgrids. A coarser subgrid requires less com-
putational time for its generation and population, but comes at the expense that 
fewer details can be captured in the grid. The grid resolution is generally finer 
within the sand layers than within the shale layers. This is useful if variations in 
the rock heterogeneity should be captured at different levels of detail for the two 
facies. 

At the top is the initial model, it has finer grid resolution within the fault 
block denoted “A”. The middle and the bottom models in the figure were ob-
tained by locally updating the model at the top. First, the grid resolution in the 
interior of fault block “A” was coarsened as a local model update. Then, for each 
of the two models, fault block “B” was modified in a local update by inserting 
new vertical faults with small displacements (a local update of the structural to-
pology). The subgrids for all new regions within the fault block were constructed 
at a fine resolution. In fault block “B”, the number of new faults and their re-
spective displacements are different for each of the two updated models. The as-
sumption is that the two updated models both represent possible realizations of 
the fault network, but with significant differences in the reservoir connectivity 
and with corresponding consequences for the resulting flow patterns. Within 
the fault block, parameters such as number of faults, fault location and fault  
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Figure 5. Top: an initial model with faulted reservoir rocks. The grid resolution varies 
across the model. Middle and bottom: the fault network and the grid resolution were locally 
updated within fault blocks A and B. Gray indicates shale, orange indicates sand rocks. 
 
displacement were used to automatically update the fault network in the interior 
of the fault block. The vertical faults were inserted using a simple fault operator 
that locally moved the stratigraphic interfaces vertically up or down. All model 
updates were accomplished in a fully automatic fashion that also supports un-
certainty modelling. 

8. The Selected Mapping  

Mapping between polytopes (in 2D they are planar polygonal domains) is a well 
known problem in computer graphics and geometric modelling. Numerous 
mappings with various numerical properties exist in the literature. One group of 
mappings is based on barycentric coordinates. Barycentric coordinates are fre-
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quently used to represent a point in the interior of a polygon as an affine com-
bination of the nodes of the polygon. The coordinates are unique for triangles 
and tetrahedra, but for arbitrary simple polygons there are many generalizations 
that each has a different set of numerical properties. The examples shown in this 
paper are generated using a mapping based on mean value coordinates (MVC). 
It was first described in [17], while pseudo-code can be found in [15]. It has also 
been extended to 3D, see [18]. In [19], a 2D mesh that conforms to the geologi-
cal interfaces is used for seismic restoration. When the structure is deformed in 
the restoration process, the MVC-based mapping ensures that the positions of 
the nodes in the interior of the triangulated mesh follow the restored interfaces. 
Then the properties stored in the grid are always available during restoration. 

The general procedure to populate a subgrid with values from a property 
function was described in Section 5.2. As shown there, the mapping from a 
source polygon to a target polygon takes the form 

R DP Pf , . When using the MVC- 
based mapping, barycentric coordinates for a given source point Rx  with 
respect to PR are calculated (see [15] for details). Then the coordinates are kept 
fixed while PR is deformed into PD. The target point Dx  can then be eva-
luated by applying the barycentric coordinates with respect to PD. 

The MVC-based mapping has many favourable properties. One of the most 
prominent is its computational efficiency; it has a closed form and it can easily 
be parallellized, allowing multiple property values to be interpolated simulta-
neously. It is not based on a grid and thus independent of the resolution of such 
a grid. However, the mapping discussed in [15] [17] is not bijective. A bijective 
mapping that also enable the application of source and target polygons of any 
shape may allow e.g. to address facies distributions of complex shapes in an eas-
ier manner. In [20], smooth and bijective mappings that also extend to 3D are 
discussed. 

9. Conclusions  

Decision making to optimize the exploitation of subsurface resources is chal-
lenging in particular when targeting more complex fields and reservoirs. Three- 
dimensional grid based earth models are routinely used for decision support in 
workflows where time is not a major constraint. In geosteering operations, new 
measurements received while drilling should be used to modify the pre-drill in-
terpretation captured in the earth model and support right-time decision mak-
ing based on the most recent measurements and interpretations. But today’s 
methods fall short in the attempt to update the model in a timely manner. 

We have described a novel method that aims to enable real-time local updates 
of the topology of the geological structure and the grid resolution in a 3D earth 
model while drilling. The main principles for locally updating the populated grid 
when the geological structure is modified have been discussed, but the develop-
ments have not yet come far enough to address more realistic geological prob-
lems. Examples have been shown for basic cases. If the method can be further 
developed to handle realistic geology, it would offer a number of advantages for 
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increased grid handling efficiency:  
The grid can be locally modified when the topology (connectivity) or geome-
try of the structural model is updated. 
The grid resolution can be locally updated.  
Each property can be handled at its own resolution.  
Grid handling can be parallellized to further reduce the computational time 
required for managing the model.  
Uncertainties in the structure and properties can be handled at a local scale 
while the rest of the model is kept unaltered.  

The method is described in 2D. The mapping described in Section 8 has a 
three-dimensional counterpart. Therefore the basic principles for locally updat-
ing the grid as discussed in this article, applied to a simplified geological struc-
ture, should be possible to extend to 3D. Future work should first and foremost 
focus on management of more complex and realistic geology. The potential for 
improved modelling efficiency provided by local model updates, control with 
model resolution and parallel processing should be further explored. Moreover, 
modelling for real-time applications could be achieved by a high degree of au-
tomation so that the need for time-consuming manual work is minimized. Au-
tomation should be addressed by algorithms that update the model, both struc-
ture and properties, in a geologically realistic manner. Such algorithms should be 
controlled by geological parameters that are also intuitive to geoscience experts, 
to allow capturing of the geological reasoning behind the interpretation directly 
in the model. 

Modelling efficiency is important to support optimal well placement while 
geosteering. The suggested approach could potentially form an essential part of a 
methodology for effective uncertainty modelling where an ensemble of three- 
dimensional earth model realizations is always kept up-to-date with the most 
recent measurements, interpretations and uncertainty estimates, and is always at 
an optimal resolution, even during real-time workflows. 
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Appendix  

A.1. Two Geosteering/Operational Challenges 

Example 1: Effective updates of the geological uncertainty while drilling aim to 
offer support for improved geosteering workflows. Today, drilling speed (ROP, 
rate of penetration) is often reduced to allow time for geological interpretation 
and decision making while geosteering (see [22]), with the consequence that the 
drilling performance decreases. But with longer drilling durations there is an in-
creased probability for hole collapse before the production liner is set, in partic-
ular when drilling long horizontal sections. With high speed bidirectional tele-
metry like wired drill-pipe it is possible to quickly reprogram the rotary steerable 
system to new settings, and therefore it is possible to shorten the directional up-
date loop considerably. This allows higher ROP so that the probability for drill-
ing problems is reduced, but implies that less time is available for geological in-
terpretation and steering decisions. A more effective decision loop will thus con-
tribute to safe and effective drilling, and minimize the time spent in the open 
hole section. 

Example 2: Geological interpretation is uncertain. Assume that measurements 
indicate that the drill bit may have penetrated a fault or the roof of the reservoir 
and drilled into a formation associated with high risk for drilling problems. The 
longer the drilling continues in this formation, the higher is the risk of encoun-
tering problems. However, it is important to stay in the pay zone to maximize 
future production. The decision to be taken is if 1) a side-track should be drilled 
to reduce the risk of serious drilling problems, 2) retain the strategy and contin-
ue along the currently planned trajectory, or 3) continue drilling to collect more 
information and continuously re-evaluate the decision to side-track. In the latter 
case, when more information is available it may already be too late to avoid 
drilling problems. Also the uncertainty in the well trajectory should be consi-
dered. To support decision making, the geosteering decision support tool indi-
cated in Section A.2 could be applied to continuously monitor the operation and 
provide real-time model-based recommendations.  

A.2. A Potential Future Geosteering Workflow  

In [7], a novel workflow is discussed where a set of earth model realizations are 
used to capture uncertainties in the locations and displacements of faults, in the 
shapes of stratigraphic interfaces and in water saturation. In the workflow the 
realizations are automatically conditioned to deep electromagnetic (EM) mea-
surements while drilling. To minimize the time spent for managing multiple rea-
lizations representing complex geology in real-time, the ability to effectively up-
date both structure and properties is crucial. 

A decision analytic framework for geosteering is discussed in [23] [24] [25]. It 
aims to provide unbiased and consistent decision support under uncertainty by 
optimization with respect to multiple weighed geosteering and drilling objec-
tives. Such objectives may include e.g. to minimize the probability of drilling in-
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to formations associated with drilling problems, maximize reservoir exposure 
and future production, minimize dogleg severity, minimize the cost of drilling, 
etc. Local earth model updates in real-time is a key element in the approach. 

A possible highly automated future workflow for real-time geosteering and 
drilling decision support is to 1) if required, generate new realizations of the ge-
ology around and ahead of bit by locally updating the earth model, 2) locally 
condition all realizations by the recently received measurements as described in 
[7], and 3) employ decision analytics methods to provide decision support under 
uncertainty. This process should be run in a continuous loop to assess the cur-
rent risks and aid the optimization of the drilling operation. For support of the 
workflow excellent control with the geological structure and grid is paramount, 
which is the theme addressed in this paper. The faster the situation can be ana-
lyzed, the uncertainties and probabilities can be calculated, and a decision rec-
ommendation can be produced, the faster the modelling results can be applied 
by the drilling/geosteering team. This will contribute to safer and faster drilling, 
increased future production and reduced drilling costs.  

A.3. Current Methods for Earth Modelling  

The interpretation of the geological structure is frequently burdened by first or-
der uncertainties, see e.g. [10] [13] [26] [27] [28] [29]. Poor assessment of struc-
tural uncertainties can thus have dramatic effects on the decisions to be taken, in 
particular when drilling in more complex geology. Uncertainty in the topology 
(connectivity) of the geological structure includes how geological interfaces, e.g. 
stratigraphic and fault surfaces, are connected. Topological uncertainty also in-
cludes if particular faults and layers exist or not, the lateral magnitude and depth 
of an erosional event (which layers that are eroded), complex fault patterns 
around a salt dome, if fault segments are linked or not, stratigraphic correlation 
between wells (e.g. if layers pinch out or not), if there is communication between 
layers across a fault or not, and so on. For example, when geosteering in seismi-
cally obscured areas, such as below salt or gas, interpretation uncertainties are 
often higher and the measurements and interpretations obtained while drilling 
become more important to guide the steering of the well. 

Numerous numerical methods require a grid for their discretization algo-
rithms. A grid is by nature a rigid numerical construction where the topological 
relationship between its cells cannot be modified in a flexible manner, and grid 
construction is an area of active research. 

In today’s 3D earth modelling methodologies, implemented in software tools 
such as Petrel and IRAP RMS, a globally defined corner-point grid at a specific 
resolution is constructed early in the modelling process [12] [27] [30]. The grid 
construction is based on a deterministic representation of the geological struc-
ture, often denoted a base case or reference model. Rock properties are then dis-
tributed in this grid. The grid thus represents both structure and properties. The 
strategy implies that modifications in the topology of the geological structure 
cannot be effectively transferred to the earth model without invalidating the ex-
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isting grid [12] [27] [30]. The updated structure is incompatible with the con-
nectivity between the cells in the grid, and the cell connectivity cannot be mod-
ified in a general manner. Therefore, for each such update, a new grid based on 
the updated structure must be constructed. Moreover, all properties must be re-
computed over the new grid. The reconstruction of the grid and distribution of 
properties may require much computational time, depending on the size of the 
model. In addition, much manual work is typically required to handle more 
complex updates of the geological structure. 

As a result of the slow and complicated management, a crucial class of geo-
logical uncertainties may be underestimated or overlooked. Today, structural 
uncertainties are normally addressed by perturbing the geometry of a grid while 
the topology remains unaltered (see e.g. [31]). 

In [30], a framework for modelling uncertainties in fault location and fault 
geometry in a structural model is presented. Here it is explained that if the base 
case structural model is updated, there are two possible procedures to construct 
a grid that match the new structure. In general, the grid must be entirely rebuilt 
and the new grid must be populated with properties as explained above. The 
second alternative is to deform the grid so that it matches the updated structure. 
This is an attractive option because the grid is not invalidated and the properties 
stored in the grid remain intact. In [32] [33] it is demonstrated how alterations 
in the displacement of a fault can be accommodated by grid deformation. But 
this only works for grids with simple fault geometries and when there are no 
changes to the topology of the geological structure [30] [32]. 

Recently, a system for closed-loop reservoir modelling has been developed 
[33] [34] [35] [36]. In the history-matching workflow a set of model realizations 
that are used for capturing geological uncertainty, including geometric uncer-
tainties in the geological structures, are updated. A main advantage of the 
workflow is that multiple model realizations can be automatically generated in 
batch and in parallel, in a fully reproducible manner. In [34] it is discussed how 
the geometry and depth of a stack of stratigraphic interfaces can be modified in a 
geologically realistic manner. In [33] it is explained that for each realization of 
the earth model grid, all individual modelling steps are still performed as in the 
conventional modelling process. Whenever the structural model is updated, each 
realization of the grid is constructed from scratch.  

A.4. Recent Earth Modelling Methods 

In the approach described in [13] [27], the structure is split from the property 
representation and all properties are stored in a globally defined rectilinear grid. 
A single globally defined mapping, called the uvt-transformation, links the 
property grid (in a parametric uvt-space) with a geological grid (in the geological 
xyz-space) that conforms to the geological structure. The mapping enables pop-
ulation of the geological grid with values from the property grid. However, 
structural uncertainty modelling is performed by geometric perturbation of the 
base case structural model [13] [37]. Geometric perturbation does not include 
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modifications in the topology of the fault network or layering. 
In [14] [38], a strategy for seismic interpretation based on capturing the geo-

logical evolution in the model is presented. The evolution is described as a se-
quence of geological processes that take place through geological time. For each 
step in geological time, a structural model can be constructed over a computa-
tional grid. The computational grid is a regular grid with the same resolution 
everywhere. In [14] it is explained that the properties are handled in a parameter 
space, separate from the structure. A globally defined bijective mapping links the 
existing properties with the restored structure, and the properties can be mapped 
into the computational grid where the structure resides. The strategy permits 
local updates of faulting by the application of a fault operator that is used to in-
sert and remove faults by locally updating the mapping. 

Earth modelling strategies where the structure and the properties are sepa-
rated and connected via a mapping introduce a new level of flexibility for up-
dating the earth model. When the structure is modified, the existing properties 
can be reused without the need for a full reconstruction of the properties. How-
ever, the numerical characteristics of the mapping determine e.g. its computa-
tional efficiency and its ability to handle local updates in the structure. In the 
two methods explained in [13] [14], properties are represented in a globally de-
fined grid and linked to the structure via a single mapping. Our approach is sim-
ilar in that the structure and the properties are handled separately. However, we 
do not apply a global strategy. 

In [12] [39], a surface-based method for adaptive gridding during fluid flow 
simulation is presented. Here the modelled volume is split into separate rock 
volumes by surfaces that represent geological interfaces to capture e.g. strati-
graphic and diagenetic heterogeneities. Aiming to avoid upscaling, each proper-
ty within each volume is uniform. Each rock volume is separately gridded, and 
the grid resolution can be locally updated within each volume. A characteristic 
aspect of the approach is that it avoids the complexity of handling property re-
presentations captured in a global grid. Numerically, the strategy suggested in 
this paper enables the same functionalities. But it also offers an additional level 
of flexibility as it allows capturing non-uniform property distributions within 
each rock volume. This provides an alternative when capturing e.g. gradational 
changes in different directions, or more complex trends and distributions.  

A.5. Gridding Strategy  

Geological heterogeneities have complex geometries. It is emphasized e.g. in [12] 
that using strictly rectangular (Cartesian) grids, approximately rectangular (cor-
ner-point) grids or PEBI grids of a given spatial resolution often provide a poor 
representation of geological heterogeneity. Local updates and uncertainty han-
dling of complex geological structures and other heterogeneities at well scale are 
main motivations behind the suggested strategy. A simplex-based subgrid (tri-
angulation in 2D, tetrahedralization in 3D) typically offers better flexibility to 
adapt to complex structural geometries, and enables local control with grid res-
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olution and quality. To optimize the grid to its application, it should be possible 
to use different constraints in the gridding algorithm to obtain subgrids of dif-
ferent qualities. Different quality parameters such as shape and orientation of 
grid cells, grid resolution and how well the grid can be adapted to complex geo-
logical structures are important for many numerical schemes. 

The geometry and topology of the structural model has severe consequences 
for the construction of the grid. In [12] [27] it is discussed how a corner-point 
grid may fail to capture complex structural architectures. A complex structural 
model may result in a grid of too poor quality to support various simulations, or 
even inhibit the generation of a grid. Moreover, in the trade-off between numer-
ical accuracy and the time spent for computations, grid resolution is a main fac-
tor. But the structural resolution dictates the resolution of the grid because the 
size of the grid cells cannot be coarser than the distance between individual ele-
ments in the geological structure. The requirements to the grid size may there-
fore dictate a coarse structural resolution that fails to capture important struc-
tural features. Furthermore, in [12], it is discussed how the resolution of the grid 
cannot be modified in a flexible manner. In [27], it is emphasized that a normal 
procedure to reduce the complexity and size of the grid is to simplify or leave 
out known structural elements such as faults (as exemplified in [2]). For drilling 
in complex geology, where structural accuracy in the model around and ahead of 
bit is of particular importance, such limitations and practices are far from op-
timal. Optimally, the model capturing the geological interpretation should not 
be obstructed by limitations in the modelling method. 

Gridding of complex geological structures is well known to be problematic. In 
the proposed strategy each region is individually discretized, potentially with 
different subgrids for each property. The subgrids in Figure 5 are generally not 
matching across their shared boundaries. For many applications, this is not a 
problem. For visualization, even small gaps between regions are acceptable. 
However, many numerical schemes require that the faces of neighbouring sub-
grids match across their shared boundaries. In [12] [39] it is discussed how grid 
resolution is independently controlled for each rock volume, and how grids for 
separate regions are linked together. When more constraints are used in the 
gridding process to obtain high quality grids, more computation time is general-
ly required. For optimal performance in a real-time environment, it could be 
important to carefully tune the input parameters of the grid generator to the ap-
plication of the grid. Moreover, similar to the method in [39], our method allows 
populated subgrids to be generated in parallel. It may thus benefit from ap-
proaches for domain partitioning, see e.g. [40], to further streamline the grid-
ding process. 

Flow modelling is not our primary concern. Yet, we believe that also such ap-
plications could potentially benefit from the proposed strategy when effective 
assessment of more complex structural uncertainties is required. In [39], the 
generation of unstructured grids for use in the next generation of unstructured- 
mesh fluid flow simulators is discussed. Unstructured grids allow the capabilities 
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of such simulators to be fully utilized in the modelling of complex reservoir ar-
chitectures. In [41], different workflows for construction of tetrahedral grids for 
simulations on complex structures are evaluated. 
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