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Abstract

Theincreasing demand for cost-effective oil and gaspro-
duction has led to an industry-wide push to develop smart
oilfields for the future. Applications for smart oilfields are
characterized with heterogeneous data and resources, com-
plicated business processes, and changing businessrequire-
ments from users. Existing software development process
and techniques have become increasingly incapable of
managing such complex software systems. Model-based in-
tegration frameworks are based on a domain-specific mod-
eling language and a common model database. They offer
the benefits of extensibility, modularity, and resuability of
both code and design to the applications. In this paper, we
describe a prototype integration framework for a class of
oilfield applications. To demonstrate the advantages of the
integration framework, we will show how applications are
developed and integrated in the framework in a systematic
manner.

1 Introduction

A smart oilfield is one that uses technical innovations
to measure, analyze, and optimize the cost-effective extrac-
tion of oil and gas production [2]. In the past few decades,
the major effort has been invested in the use of engineering
technologies and computer technology to model, simulate,
and predict the behavior of reservoirs. Such software appli-
cations have become very sophisticated, but they generally
do not work together. The key to developing smart oilfields
is building an integration environment (framework) which
allows a variety of independent simulators, databases that
store historical data, and real-time production data to com-
municate with each other. With an integration framework,
completely new synergies, such as new optimizations, col-
laborative problem solving and decision making, can be en-
visioned and achieved.
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In software development, a framework is a defined sup-
port structure in which another software project can be or-
ganized and developed [3]. Generally, aframework consists
of support programs, code libraries, or scripting language
to facilitate application development in the framework. For
example, Microsoft .NET Framework [8] provides a large
amount of pre-coded solutionsto common program require-
ments, and manages the execution of programs written spe-
cialy for the framework. The pre-coded solutions make up
the framework’s class library which addresses awide range
of programming needs, such as user interface, data access,
crytography, numeric algorithms, and network communica-
tions.

Generally, application integration supported by an inte-
gration framework can be classified into two kinds. Thefirst
is integration of legacy applications or services. These ap-
plications may be developed by different people using dif-
ferent languages and technologies, run on different hard-
ware platform, use different operating systems, and pro-
vide very different functionalities. A framework that sup-
ports this kind of application integration should have: (i) a
common interface for applicationsto communicate; (ii) data
transformation logic; (iii) abstract interfacesto insulate the
framework from existing technologies.

The second type of integration is of applicationsthat are
consciously designed with the express purpose of integra-
tion into the larger framework. When implementing these
applications, services and APIs provided by the frame-
work will be used to facilitate the development process. A
framework that supportsthis kind of applicationintegration,
which is aso the focus of this paper, should provide a com-
mon set of services so that applications can be designed and
composed in the framework.

In this paper, we describe our experience with the de-
sign and implementation of an integration framework for a
class of oilfield applications. Thiswork is part of a broader
effort towards developing a software framework for Inte-
grated Asset Management in smart oilfields[5]. Our frame-
work is based on the concept of Model-Integrated Comput-
ing [7], which is a system software development approach
that promotes the use of domain-specific models to rep-
resent relevant aspects of a system. It consists of three
major components. a domain-specific modeling language,



schema definition library, and a common model database.
The domain-specific modeling language in the framework
provides a common vocabulary for domain-experts to de-
fineand “understand” domain concepts, and formsthe basis
for varioustoolsto navigate the model database and retrieve
and update specific model parameters. Schemadefinition li-
brary contains the descriptions of the structure and format
of data. Each schema describes property information per-
taining to the records and fields within the structure of data
so that data can be shared and exchanged across different
applications. The model database stores real data itself or
metadata for accessing the real datathat is used by the ap-
plications. The applications that are integrated through the
framework read and write directly from the model database.
By allowing multiple applications to work on the datain a
coordinated manner, the model database eliminatesthe need
to write adapters for tools to communicate directly with
each other. With the three components, model-based inte-
gration frameworks offer the benefits of extensibility, mod-
ularity, and resuability of both code and design to the appli-
cations.

Section 2 gives background of smart cilfields. In Sec-
tion 3, we examine current practices of application integra-
tion. Section 4 outlines the architecture of our model-based
integration framework. Details about application develop-
ment using our integration framework is described in Sec-
tion 5. We conclude the paper in Section 6.

2 Smart Oilfields

The objectives of smart oilfields are reducing cost and
increasing efficiency of oilfield operations by deployment
of permanent sensors and controllers to monitor an oilfield
and alter production schedules continuously or on demand.
Such an ailfield management strategy can alow decision
making with integration of static and dynamic data, and
visualization of risk, uncertainty ranges and various finan-
cial metrics, using experts in remote collaborative environ-
ments.

In an idea digital oilfield operation that is governed
by an intelligent supervisory management system, contin-
uous data are obtained from individua wells, geophysical
recorders and surface operation facilities. The data is an-
alyzed in real time and can serve as the basis for progres-
sively moreaccurate oilfield definition and characterization,
management planning and control of thewells. Such anide-
alized system will enable unmanned actuation of smart de-
vicesto control flow by plugging, checking or choking pro-
duction intervals without intervention and production halt.
Real time interpretation of a heterogeneous data system and
instant consequential analysis of alternative will open the
possihilities for intelligent asset protection, recovery opti-
mization, human safety in the oilfield and environmental

protection leading to substantial economic gains over con-
ventional operation.

There are many challenges in realizing smart oilfields,
some technical and some organizational. One of the key
technical challengesis building an integration environment
which alows a variety of independent simulators, data-
bases, real-time production data, and business components
to communicate with each other. Complex architectural is-
sues can arise in such an environment, such as data hetero-
geneity, tool interoperability, etc.

3 Stateof the Art

Over the past few years, there have been large amount
of research and industry effort spent on smart cilfields. For
example, Intelligent Energy 2006 [6] is a groundbreaking
conference that focuses on new ways of improving perfor-
mance of oil and gas fields in the future. Many key chal-
lenges in developing a smart oilfield have been addressed,
such asreal-time asset management [11], dataexchangefor-
mat [12]. In terms of tool interoperability, Integrated Pro-
duction Modeling toolkit (IPM) developed by Petroleum
Experts [10] integrates applications from reservoir to the
surface network and performs predictions and accurate op-
timization over an entire oil field. In[9], experiencein im-
plementing smart oilfield concept on areal oilfield asset is
reported.

Existing practices of application integration can be clas-
sified into two mgjor types, depending on where integration
effort is spent. Data compatibility and tool interoperabil-
ity are the two major issues in integration application. The
first type is process-centric integration. It deals with the
automation of business processes by integrating functional-
ity from different applications. For instance, Aspen Frame-
work [1] is an integration infrastructure for enterprise-wide
business process solutions. It provides management of se-
curity and roles, supports automation and execution of busi-
ness processes, provides enterprise wide data-sharing via
object and file repositories, and a full set of capabilities
for solution builders. The Aspen Framework architectureis
amulti-tier distributed application component architecture.
Aspen Framework is based on the Microsoft Distributed In-
ternet Architecture (Microsoft DNA) and is fully Web- en-
abled.

The second type is data-centric integration. This kind
of integraton facilitates data exchange and manipulation
among disparate systems by creating mappings between
data exchanged among them. Based on this type of inte-
gration, organizations can increase their functionality and
performance because their information system is capableto
process and combine data from various applications. Tech-
niques that support data-centric integration include Elec-
tronic Data Interchange (EDI), data adapers, etc.
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Figure 1. Architecture of our framework

Our integration framework can be categorized as data-
centric. The model database in our framework stores real
data or metadata for accessing the real data. The applica
tionsthat areintegrated using our framework read and write
directly from the model database. A uniform interface is
provided for them to perform data access with the model
database. By allowing multiple applications to work on the
datain acoordinated manner, the model database eliminates
the need to write adaptersfor tools to communicate directly
with each other. To the best of our knowledge, our work is
the first to use domain models to address application inte-
gration for smart oilfield.

4 Architecture of Model-based Integration
Framewor k

Our framework is a model-based simulation environ-
ment which enables the integration of various simulators
and tools into a unified environment through its common
model database. Using our framework, the end user for-
mally models the data set required by a workflow through a
graphical interface provided by our framework. The mod-
elsarestored inamodel database. Themodel informationis
tranglated through model interpretersinto suitableinput for-
mats required by the integrated simulators and tools. Model
interpreters are the software components that trandlate the
information captured in the models based on the input for-
mat required by the integrated tools and simulators.

As depicted by Figure 1, there are three major compo-
nents in the architecture. In the following subsections, we

describe each component in detail.

Domain specific modeling language

Our framework adopts Model Integrated Computing
(MIC) as the core design technology. The visualization
of the data, definition and synthesis of specific workflows,
and the invocation of integrated applications, is al man-
aged through a domain-specific visual modeling environ-
ment. The grammar of the visual modeling languageis it-
self specified through a metamodel which is a UML-like
metamodeling language. The metamodel is defined in con-
sultation with domain experts.

We use Generic Modeling Environment (GME) [4] to
create our domain-specific visual modeling environment.
GME isaconfigurable graphical tool suite supporting MIC.
It allows the designer to create domain-specific models. A
metamodel (modeling paradigm) is a formal description of
model construction semantics. Oncethe metamodel is spec-
ified by the user, it can be used to configure GME itself to
present a modeling environment specific to the problem do-
main.

In Section 5, we will show details about a modeling lan-
guage for our specific domain - cilfield asset modeling.

Schema déefinition library

A schemadefintion library is the key to application inte-
gration at the data level. It tells the application devel opers
what data is available and how to access it. Besides, the
schemadefintion library can be a basis for code generation,
thereby reducing the time and effort in application devel op-
ment.



Schemas describe the structure and format of data. Each
schema contains property information pertaining to the
records and fields within the structure of data. This infor-
mation is vital to ensuring that the data is human readable.
Schema definitions are presented in a number of different
forms in different applications. These forms include well-
formed XML, document type definitions (DTDs), EDI, and
structured document formats. The schema definition lan-
guage used in our framework is XML Schema Definition
(XSD) [13].

Schema defintions are the foundation of anumber of data
transformation tools provided by our framework. In the
form of standalone programs or XSLT scripts, these tools
render the content of input data elements to the correspond-
ing elements of the output data as specified by the schema
defintions. One of the most important tasks of these tools
is data aggregation/disaggregation. Data is combined from
multiple sources or from a single source over time in data
aggregation. In data disaggregation, data is broken up into
pieces of output data.

Model database

The visual modeling environment provides a graphical
user interface that is used to instantiate, inspect, and modify
various models. It stores the model information in a pro-
prietary format that is programmatically accessible. In the
interest of standardization and open, platform-independent
access to the model database, we choose to decouple the
storage of the model data from the modeling environment.
Thus changesto the storage technology do not lead to major
changes to the whole architecture.

One benefit of having a platform-independent model
databaseis that we have much freedom to choose the appro-
priate storage technology, depending on user and applica-
tion requirements. For instance, both traditional SQL data-
base and flat or structured files can be used to implement
the model database.

To facilitate data access to the model database, our
framework provides classes and interfaces for persistent
data management with the model database. They alow
users to set up the connection string to the model database
and support read and write operations. The classes and in-
terfaces provided by our framework ensure a uniform data
access to the model database across different applications.

Alongside the data access classes, our framework sup-
ports a number of programs to let user manipulate data
in the model database through the modeling environment.
Specifically, the process of commiting changes from the
modeling environment to the database is termed as “ex-
porting” the model and the process of creating and updat-
ing modelsin the modeling environment with the data from
model databaseis called “importing”. Although the model
database can (and typically will) be modified by all theinte-
grated applications, these prepackaged applications are con-

sidered as anintegral part of our framework and provided to
the user.

It is not trivial to design and implement the model data-
base. In [14], we describe asimplified version of the model
database that we have implemented. It consists of various
datafilesin the form of ASCII or XML format. Work isin
progress to improve the model database. For example, the
next version of our model database will extract and man-
age metadata of models, such as relationships of between
models, model-specific information, etc. The metadatawill
serve as the basis of providing better data access to the
model database.

5 Application Development in the Frame-
wor k

Using the framework described in Section 4, we have de-
veloped a software system, whichisa part of Integrated As-
set Management (IAM) system for ‘smart cilfields’. More
information on IAM can befoundin [14, 15]. The software
system is called Integrated Forecasting Workflow.

5.1 Integrated Forecasting Wor kflow

In this workflow, the end user wishes to anayze future
production of the particular oilfield asset by configuring var-
ious “what-if” scenarios. Each scenario could correspond
to a different decision point related to, say, investment in
surface facilities.

The input data set for this workflow can be divided into
two main categories. model information, and system and
production controls. The model information consists of data
about reservoir, wells, and other oilfiled equipment. Con-
trols that include production targets, well events of signif-
icance, etc are passed to an optimization core. The main
(default) objective function is to maximize oil production.

The output of the workflow for a given scenario includes
production data at the desired level of granularity for the
wholefield. Graphs are plotted based on the output data, as
per the users requirements.

For this workflow, the domain specific modeling envi-
ronment serves as the primary user interface. It is tasked
with automating the routine work involved in setting up the
datathat isinput to the forecasting tool, configuring various
model parameters, invoking the tool, analyzing the output,
and generating the desired reports and graphs.

5.2 Steps

There are two major steps to implement the software ap-
plication.

Step 1. Domain specific modeling



Figure 2. The domain-specific modeling envi-
ronment

In collaboration with experts from Chevron and Petro-
leum Engineering department at USC, we have defined a
domain specific modeling language [14, 15]. Figure 2 isa
screenshot of the model environment based on GME.

With GME, we devel op a domain-specific modeling lan-
guage for describing a generic oilfield asset. The language
is based on the Unified Modeling Language (UML), pro-
vides a common vocabulary for domain-experts to define
and “understand” an asset model, and forms the basis for
various tools (such as the forecasting tool) to navigate the
model database and retrieve and update specific model para-
meters. The current version of the modeling languageis ca-
pable enough to describe all the physical and non-physical
model information that acts as input to the integrated fore-
casting workflow. We expect to continuously refine this
modeling language based on experience with other work-
flows and other types of assets.

The objects in an oilfield asset model are classified into
physical and non-physical components. Physical compo-
nents include wells, reservoir volume elements, separators,
compressors, etc. Non-physical components include pro-
duction controls, field constraints, drilling schedules, relia-
bility models, among others. The details of how each com-
ponent is modeled in this language can be found in [15].

Step 2: Application development

The Integrated Forecasting Workflow that we have de-
veloped consists of two applications. an oil productionfore-
casting tool and a well drilling schedule program. The oil
production forecasting tool is the primary application in the
workflow. It basically implements the logic described in
Section 5.1. The well drilling schedule program takes as
inputs a preferred drilling order, trajectory information of
the wells, and rig alocation etc. The onstream date of each
well in thedrilling scheduleis calculated by the program. In
our current workflow, the well drilling schedule program is
called whenever the onstream date of awell in ascenariois
not known and is required by the forecasting tool. The cal-

culated results are propagated to the scenario which drives
the oil production tool. Figure 3 shows the relationship be-
tween the two applications.

Different approaches were used in the development of
the two applications. The design and implementation
methodology for the oil production forecasting tool fol-
lowed a ‘traditional’ approach. It included receiving the
functional specificationsfrom the end user in variousforms.
The requirements were trandated into code and the fina
product was provided to the end user for evaluation and
feedback.

After we devel oped the oil production forecasting tool, a
domain specific modeling language, and some support pro-
gramsand classes are available from our framework. There-
fore, development of drilling schedule program is represen-
tative of application development in our framework.

We started with the design of datarequired by thedrilling
schedule program. Most of data was available in the exist-
ing model database. For new data types required for the
drilling schedule program, we did the following:

1. New schemas are created and added to the schema
defintion library.

2. XSLT scripts are aso written to perform necessary
data transformation.

3. For the new schemas, data access classes are coded.

We then updated the domain specific modeling lan-
guage to accommodate the new workflow which includes
the drilling schedule program. Since large amount of infor-
mation can be shared by the two applications, the update to
the modeling language was actually very minor.

After above steps, we implemented the logic of the
drilling schedule, which is a traditional application devel-
opment process.

Asasummary, we can see that besides providing support
programs and classes, our framework essentialy defines an
application development process, which helps applications
be developed and integrated in a systematic manner.

6 Concluding Remarks

This paper has shown a prototype model-based applica
tion integration framework designed specially for petroleum
domain. Details of the magjor components in the architec-
ture of the framework are given. To demonstrate the use the
framework, a concrete exampleis also described in the pa-
per. This example software system consists of two applica
tions, which are integrated through the framework. Devel-
opment of one of the two applications also shows the basic
steps for using our framework in developing an integrated
application.
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Figure 3. Integrated Forecasting Workflow

Since domain specific modeling raises the level of ab-
straction, domain models can be used to improve produc-
tivity of application development. Therefore, we plan to
address the challenges in application development for such
model-based integration frameworks and implement a new
methodology for semi-automatic, assisted application syn-
thesis that allows the domain- expert end users, software
architects, and programmers to interact through a well-
defined, integrated modeling environment.
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