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1 Introduction

Decision support systems (DSS), which apply a
variety of analytical techniques to development of
reasoning software applications, have been in use
for over 30 years. Since the advent of computer
software, technologists have strived to find ways for
automation to improve the management of indus-
trial organizational processes, including engineered
unit processes and the business processes that are
the management activities of an organization.
In water and wastewater treatment, the DSS ex-

perience over the past 30 years has been spotty.
There are both great success stories that demon-
strate the possible and miserable failures that cost
utilities millions of dollars. In general, this indus-
try has lagged behind private industry in large part
because the driving forces for positive change are
not related to the profit of the enterprise. The
motivation for change in water and wastewater in-
dustries relates to a diffuse accountability - to the
utility itself, to governing boards and political bod-
ies that oversee the utility, to regulatory bodies
that may fine the utility for poor performance,
to ratepayers who expect a level of service, and
to the environment whose protection depends on
treatment quality. In comparison, private indus-
try has one, clear driver; the need to generate rev-
enue. Any company that does not create value for
its customers and generate revenue in the process
soon goes bankrupt. The sharp focus on revenue
has an impact on DSS development in industry be-
cause technology is seen as an enabler that adds
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efficiency and drives out unnecessary costs.
There is benefit to be gained from the ex-

periences and current practices of private, for-
profit companies in development of DSS. A recent
project, funded by the Water Environment Re-
search Foundation (WERF, 2002) is completing a
survey of past and current DSS applications de-
scribed in the literature and taken from the cor-
porate databases of private companies who spe-
cialize in DSS development. The project focuses
on discrete and continuous manufacturing indus-
tries, which are most like the water and wastewa-
ter utilities, but also examines the telecommunica-
tions industry. This work highlights the evolution-
ary growth observed in DSS development towards
architectures that are simple in design and driven
by standards, better utilization of the wealth of
analytical techniques available, and integration of
data and information system functions on the basis
of business process models. This paper includes ex-
cerpts from the findings of the WERF project and
makes recommendations for water and wastewater
utilities embarking on new or upgraded DSS capa-
bilities.

1.1 Background

Advances in sensor technology, distributed con-
trol systems and computer technology have dra-
matically increased the amount and rate of flow of
data that must be handled. Efforts over the past
three decades have examined many areas of deci-
sion support, including trend analysis, fault detec-
tion and diagnosis, planning and scheduling. How-
ever, decision support systems typically function
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as isolated entities, and it has been difficult for in-
dustrial designers to build integrated systems that
effectively combine disparate data from measure-
ment, modeling and analytical applications. Con-
sidered in isolation, a DSS achieves its goals, but
typically addresses only one of several drivers for
development.
There are four major drivers for implementing

decision support in industry, which are to improve
organizational economy, safety, flexibility and en-
vironmental protection.

・Economic Performance

Profitability via competitiveness and the return
on assets are the goals of a for-profit enterprise. To
achieve these goals, an industry must take steps
to improve efficiency and productivity, and cannot
tolerate long shutdowns or abnormal situations.
Most, if not all, decision support systems in in-
dustry have a cost/benefit profile that justifies de-
velopment on the basis of improved economic per-
formance. Few software projects in industry are
undertaken without a guaranteed payback within
a designated period of time, which is often less than
a year.

・Safety

This is an essential motivation for all industries
and a key element in most designs. Besides the
obvious concern for the health and well-being of
employees and customers, the practical reason for
this is also the high cost associated with failures,
injuries and loss of life. It is estimated that ab-
normal conditions such as these cost industry bil-
lions of dollars each year, and result in injuries to
people and damage to equipment and the environ-
ment. Safety concerns sometimes may be at odds
or compete with other organizational goals, includ-
ing flexibility, economy and environmental protec-
tion objectives.

・Flexibility

In industry, products have lifecycles that must
be carefully managed. In many markets, for exam-
ple, high-tech electronics, the lifecycle of a product
may be only a few months or even weeks. In other
industries, it is necessary to switch production re-
sources from manufacture of one product to man-
ufacture of a host of others. In addition, customer
demand changes across products and product life-
cycles, making it necessary to construct facilities

that run efficiently under periods of both low de-
mand and high demand. These needs require facil-
ities that are flexible and adaptable.

・Environmental Protection

Environmental protection is sometimes consid-
ered an external constraint on operation, in the
sense that there is no direct link between this
driver and value delivered to the organization’s cus-
tomers. Recently, efforts have been made to in-
ternalize the environmental aspects of a for-profit
organization because the costs associated with en-
vironmental damage can be quantified. These in-
clude short and long term legal and public-relations
costs.

1.2 The Evolution of Decision Sup-

port in Private Industry

Parallel industry has addressed the need for deci-
sion support in an evolutionary manner, so it is use-
ful to briefly review the history in this area. Soft-
ware technology for decision support has evolved
with computing technology. As tools and tech-
niques became available, industry implemented
DSS applications in an isolated and haphazard
manner. Nevertheless, many of these applications
were successful and resulted in further advances in
the technology. Advances in DSS technology in-
cluded greater productivity in developing the soft-
ware applications, for example, better user inter-
faces, development environments and more robust
software, and the evolution of standards. Parallel
advances in hardware technology significantly im-
proved computational capabilities and speed. Deci-
sion support systems now are increasingly accepted
as valuable tools within the broad context of the
entire organization or enterprise.
The history of expert systems technology demon-

strates the gradual acceptance and increasing ap-
plication of decision support systems found in in-
dustry. During the late ’70s and early ’80s, a soft-
ware technique called expert systems, which de-
rived from work in the field of artificial intelli-
gence, achieved prominence because of the success-
ful demonstration of expert system-based applica-
tions in medical diagnosis and computer configura-
tion problems, among others. The foundation of an
expert system is a set of if-then rules, developed by
human experts, which can draw conclusions based
on input data provided to the expert system. For
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example, a medical diagnostic expert system might
take as input a patient’s blood analysis data and,
based on rules that relate the value of specific an-
alytical results to conclusions about the patient’s
illness, determine the illness and specify remedial
actions to correct that illness. As it runs, an ex-
pert system may ask questions to direct its chain
of inference, or provide explanations of its reason-
ing to the user, either in a live question-and-answer
session or by exchanging information with on-line
data sources (databases, control systems, labora-
tory systems, etc.). It has been found that ex-
pert systems can emulate the reasoning of human
experts as they detect events, diagnose conditions
and respond intelligently to diagnostic assessments.

Expert systems were constructed for a variety of
purposes in the 80’s. Most of these expert systems
were, at the time, standalone applications that ad-
dressed diverse issues in financial, manufacturing,
medical, pharmaceutical, and telecommunications
markets. As the scope of these applications in-
creased, they grew larger, more complex, and more
proprietary. Each vendor had its own tools and
methodology and linking these applications with
other applications or other sources of data became
increasingly difficult. Advancement was limited
by access to data and there was no sensible in-
tegration within the organization either horizon-
tally with other operational software, or vertically
through the various levels of management.

In the 90’s, hardware and software platform stan-
dardization motivated expert system vendors to
create tools with better user interfaces and that
permitted better integration. Microsoft Windows
became as prominent as UNIX operating systems
and software integration standards emerged that
for the first time offered the promise of eliminat-
ing costly point-to-point integration between the
expert systems and disparate data sources or ap-
plications.

Also during the 90’s a growing number of or-
ganizations focused at the management level on
business and organizational changes as part of a
business re-engineering trend, which had as a focus
business processes defined as a sequence of tasks or
activities incorporating decision logic expressed in
part as rules. Business process management now
is a growing segment of the software industry that
has as a goal the modeling, validation, automa-
tion and continuous improvement of business pro-
cesses. This trend has resulted in development of
more expert systems in management settings be-

cause ’business rules’ have been identified as crit-
ical both to understanding how a business works,
and for process improvement. Expert systems to-
day are a key part of many business management
applications.
The most effective DSS interact with other ap-

plications and support all levels within an orga-
nization in a way that advances the goals of the
organization. Many challenges remain in DSS de-
velopment and new complications have arisen from
the need for greater collaboration and information
exchange amongst business partners participating
in supply or value chains. The broader view of
business process management within a value chain
perspective is the expected theme for development
of decision support systems in the next decade.

2 Business Processes and the

Value Chain Emerge

Parallel industries have achieved greater re-use
and proliferation of business best practices by
defining standard reference models. These refer-
ence models define standard processes, establish
a glossary of common terms, and relate business
processes to performance metrics. The linkage of
processes and metrics enables analysts to pin-point
problems when metrics degrade. Methodologies
developed by consultants and the model-user com-
munity help businesses to develop a plan of action
for change required to improve their business pro-
cesses.
To understand why business process reference

models are important to DSS development, con-
sider that any DSS, whether it is advising on the
best set-point for a treatment process control loop,
or guiding the master plan for a utility, must be
designed to help that organization meet its goals.
This obligates a DSS developer to ensure that the
DSS has access to the right data, outputs infor-
mation useful to the organization as a whole and
considers interactions with other parts of the or-
ganization. Controlling the set point of a treat-
ment process has a strong impact on energy and
asset utilization and the total cost of operations.
The lack of an overall, business perspective on DSS
development in the past has resulted in numerous
’silo’, or standalone applications that may work as
designed but do not support the overall goals of
the organization. Business process models are im-
portant to DSS development because they specify
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the kinds of DSS systems needed, the data required
and the relationships between data and processes
that must be considered when making decisions for
the benefit of the business as a whole.

The cornerstones of business process reference
models are standard processes, best practices, met-
rics and standard terminology. A process is defined
as a sequence of tasks, where each task represents
a single activity in the process. Each task may
be constrained by the availability of resources (hu-
man or machine). Examples of business processes
are the tasks of assigning operators to shifts in a
schedule, the processing of orders for supplies, and
all the activities that comprise the development of
a utility master plan. A ’best practice’ is a pro-
cess that has been identified as superior to other
possible processes for meeting specified objectives.
For example, to optimize the timely, accurate de-
livery of supplies to a plant, a best practice for
exchanging information between the plant and sup-
plier is to use a standard order form and electronic
communication of the form, such as by e-mail, be-
tween the buyer and the seller. Standard termi-
nology makes it possible to establish consistency
in communicating the meaning of a business refer-
ence model. In industry, misunderstanding of even
simple metrics causes confusion, such as the defini-
tion of ’lead time’ or the amount of time required
to fulfill an order. Various definitions are used and
meaning is lost unless there is consistency in inter-
pretation,

We can imagine the creation of reference models
that describe an organization, and that widespread
agreement on the suitability of the model is pos-
sible. But if the reference model describes only
one company that participates in a network of
companies interconnected by virtue of their buyer-
supplier relationships, then the model is insuffi-
cient. Optimizing the operation of one part of the
network doesn’t ensure the success of the whole
network, just as optimization of a single unit treat-
ment process doesn’t guarantee that effluent limits
will be met. This reality has given rise to a new,
broader perspective of the role of a company or
organization as one part of a larger network of en-
tities participating in a ’value chain’. This same
concept applies to the water and wastewater in-
dustry, where we can think of the network as a
’quality chain’ that has as its primary objective,
the delivery of quality effluent.

In industry, the first wave of software applica-
tions built to automate important inter-company

processes were referred to as Enterprise Resource
Planning (ERP) applications. Companies such as
SAP, Baan, J.D. Edwards, Manugistics and Peo-
pleSoft have built an industry around delivery of
ERP software applications and they have been
successful in automating business processes within
company boundaries. The next wave of business
applications were focused on Customer Relation-
ship Management (CRM) that addressed the needs
of the company’s demand side, that is, its cus-
tomers. On the supply side of the company, a
third wave of innovation resulted in development
of business applications for Supply Chain Manage-
ment (SCM), in essence linking the company to its
suppliers and its suppliers’ suppliers in a network of
collaborating buyers and sellers. Any modern com-
pany must have this broad supply chain or value
chain perspective to compete in today’s economy.
Two organizations have developed business pro-

cess reference models that have applicability to
the water and wastewater industry. These are
the Supply Chain Council’s Supply Chain Opera-
tions Reference (SCOR) model and the Telemange-
ment Forum’s Telecommunication Operations Map
(eTOM) model. These models, and the value that
they bring to the water and wastewater industry
are discussed in the next section.

2.1 The Supply Chain Operations

Reference (SCOR) Model

The SCOR model was developed by the Sup-
ply Chain Council (SCC), a consortium of contin-
uous and discrete manufacturing industries (SCC
2002). The SCOR model was designed to bring to-
gether elements from business process reengineer-
ing, benchmarking and best practices. These three
elements have become the pillars of many business
process improvement methodologies, so it is natu-
ral that standard reference models would have as
a centerpiece the consolidation of these elements.
There are four essential processes in the SCOR

model. These processes, their definition and their
analogous process in the water/wastewater domain
are shown in Tab.11.
The SCOR processes define essential process ele-

ments, which then can be linked together to model
a company. For example, a single manufactur-

1The SCOR model includes a fifth process called Return.
Refer to the SCOR documentation (Supply Chain Council
2003) for more information.
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Tab.1　 Supply Operational Reference Model Processes and Similar Processes in Water/Wastewater
　　　　　 Treatment.

SCOR Process Definition in the Manufacturing
Domain

Similar Processes in the Wa-
ter/Wastewater Domain

Source
Processes concerned with obtain-
ing raw materials that are used in
production from suppliers

Processes concerned with man-
aging raw water (clean water)
or raw wastewater for treatment;
also securing chemicals and other
materials for use in treatment

Make
Processes concerned with con-
verting raw materials into fin-
ished products

Treatment processes

Deliver
Processes concerned with deliv-
ery of finished products to cus-
tomers

Distribution of clean water and
transport of treated wastewater

Plan

All the plan processes for the
company, including Plan Source,
Plan Make, Plan Deliver, Plan
Return and Plan Supply Chain

Processes for scheduling treat-
ment, controlling processes,
planning the sequencing of
treatment events, and utility
master planning

ing plant contains each of these elements, that is,
raw materials are procured by Source processes,
whereas finished good are manufactured in Make
processes and delivered to customers by Deliver
processes. Plan processes ensure the smooth oper-
ation of the manufacturer. In contrast a warehouse
doesn’t have a Make processes, because it is simply
a storage location for goods.

The power of SCOR lies in its definition of sub-
processes, metrics and best practices comprising
each of the essential elements. The SCOR model
is hierarchical, describing business processes on
several levels where each level is a decomposition
of higher levels. As shown in Fig.1, the SCOR
model defines Level 1 as a ’node’ in a supply chain.
Each node may have many upstream, or supplier
nodes and many downstream or customer nodes.
The Plan, Source, Make & Deliver process ele-
ments are the Level two processes, which are fur-
ther decomposed into SCOR-defined Level 3 pro-
cess categories. SCOR does not define level 4 el-
ements; rather it states that these processes are
company-specific. At Levels 1, 2 and 3, the model
identifies key metrics, specifies standard definitions
for terms and links processes to common industry
best-practices.

Level 1：Supply Chain
Nodes

Level 3：Process
Categories

Level 4：Company-
Specific Process

Level 2：Process Elements
（P=Plain,S=Source,M=Make,
D=Deliver

Fig.1 The SCOR Model is hierarchical.

Additional information on the SCOR model can
be obtained from the Supply Chain Council’s web
site (www.supply-chain.org).

2.2 The Telecommunications Oper-

ations Map (TOM)

TOM is a business process reference model for
the telecommunications industry. The TeleMan-
agement Forum, an international non-profit organi-
zation serving the information services and commu-
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nications industry developed the TOM to address
standardization needs of the telecom industry.
The TOM is a blueprint describing major pro-

cesses in telecommunications operations. It is used
for internal process reengineering, developing part-
nerships, outlining boundaries of software compo-
nents, and defining required functions, inputs, and
outputs that must be supported by software prod-
ucts. As shown in Fig.2, the TOM consists of a
high-level identification of the primary processes
of Fulfillment, Assurance, and Billing, and sub-
processes within each, including detailed descrip-
tions of the activities of each sub-process.

Sales

Fulfillment Assurance Billing

Customer Interface Management Processes

Network and Systems Management Processes

Costomer Care Processes

Service  Development and Operation Processes

Network and Systems Management Processes

QoS=Quality of Service
Physical Network and

Information Technorogy

Order
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Problem
Handling

Customer
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Service Planning
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Fig.2 The TOM Model is focused on Service Pro-
vision and Billing.

Inspection of Fig.1 and Fig.2 show many sim-
ilarities. Both models are hierarchical in nature,
with high-level processes describing essential pro-
cess elements and comprised of many sub processes.
The sub processes define the many applications
that support a company in logical groupings using
standard terminology and specifying interactions
between processes where they occur. Both the
SCOR and TOM model provide an efficient frame-
work for integration of software components, and a
suitable reference for identifying decision support
needs.
Further details on the TOM model can be ob-

tained from the TM Forum Site (www.tmforum.
org).

3 A Common Architecture

for Decision Support

Decision support tools and techniques developed
over the last two decades conform to a common
architecture for decision support. Decision support
systems address two management issues;
　
design of plant and business process systems,

and,
control of plant and business process systems.
　
Design and control decision support applications

differ in their intended audience. Plant or process
designers are concerned with design issues and are
less interested in connection to live data sources.
Design methodologies use simulation to compress
time and make projections. In contrast, plant man-
agers and operators are concerned with operational
control issues and must have connectivity to live
data in order to control the plant or process sys-
tems in real time.
The following three features are common to both

design and control tasks;

1. an objective is clearly stated, for example;
make the product within a specified time
frame, achieve a high product quality, control
the concentration to a desired set point, etc.,

2. the objective is achieved by manipulating vari-
ables that impact the ability to meet the ob-
jective, for example; add more administrative
resources to eliminate order processing delays,
send advance notifications to alert customers
of an incoming shipment, etc., and,

3. models are employed, for example, dynamic
models of fermentation or inventory control
business process models.

Design and control problems have many of the
same features, and this is a key to developing a sin-
gle architecture that helps engineers develop soft-
ware systems for decision support. The essential
elements in this architecture are:

1. feedback of information to respond to the state
or condition of the process being managed,

2. feed-forward of information to proactively al-
ter the system state or condition of the pro-
cess,

3. models, both of the physical system and of
how we manage or control the physical system.
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The latter are decision processes described as
strategies, control algorithms or business rules.

These elements come together in the model-
based decision support architecture.

・Model-Based Decision Support Archi-
tecture

The decision support architecture, shown in
Fig.3, is a common architecture for DSS in indus-
try. The architecture applies to DSS development
at any level in a business from the plant floor to
corporate management. This architecture is based
upon the ’double-loop’ model, developed by Psy-
chologists as a theory of change and action (Ster-
man 2000).

Process

Detect,
Diagnose

Models
of the

ProcessDecision Rules,
Srategy

Decision,
Response

Fig.3 A Common Architecture for Decision Sup-
port.

The system to be managed or optimized is shown
in Fig.3 as the Process. The essential loop in
this architecture is the feedback loop (top loop in
Fig.3). The feedback loop detects events, diag-
noses process conditions and responds to maintain
process conditions, but in a purely reactive man-
ner. All decision support systems implement one or
all of detection, diagnosis and response tasks. For
example, an early ’expert’ decision support system
application was developed to detect and diagnose
bacterial infections and then recommend courses
of action to treat the infection. A proportional-
integral-derivative (PID) control algorithm is an
example of an implementation of this loop. These
are both control examples; however, there are also
many design examples, such as deciding to build
a new distribution center in response to increases
in product demand, and specifying the structural
steel requirements for a building to be constructed
in response to the need for more office space. Note
the role of models in these examples; PID param-
eters are derived from models of the process being

controlled, and supply network models help deter-
mine where to site a new distribution center.

Models augment the first loop and are applied
in decision support in two ways. Models of the
process are used to forecast future states in order
to proactively adjust, according to a defined strat-
egy, the real process to meet an objective. This
is shown in the right-hand side loop, which shows
the interaction between a process model and the
detect/diagnose activity. The model of the process
is an aid that confirms the detected state of the
process, refines a diagnosis or predicts a future de-
sired state. The outer loop applies process models
and models of decision rules or strategies. Both
may be applied in detection/diagnosis logic and in
the decision responses that change the behavior of
the process.

The model-based decision support architecture
explains the essential modules that developers
must prepare to implement decision support and
tells us how these modules work together. The four
main modules are:

1. Detection: monitoring, conversions, filtering,
pattern recognition, raising alarms / notifica-
tions, secondary metric calculation etc.

2. Diagnosis: assessment of state, message corre-
lation, etc.

3. Response: calculation of changes to manipu-
lated variables, determining remedial actions,
planning, scheduling, etc.

4. Models: models of the physical system or mod-
els of how we detect events, diagnose condi-
tions or respond to maintain process state.

Modules for Detection are common in many
industry and some applications (e.g., in telecom
network management) have elaborate Diagnostic
modules with sophisticated alarm creation and es-
calation procedures to execute remedial actions
and alert management without human interven-
tion. In all industries, the Response modules are
by far the most difficult to develop and implement.
Scheduling and planning packages are examples
of Response modules that use optimization tech-
niques based on various types of Models describing
how to plan or schedule tasks. One reason that
Response modules are difficult to develop is that
these modules must be proactive to work well, and
projections require the ability to forecast the future
effectively.
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4 Conclusions and Recom-

mendations

The work completed to date for WERF has
demonstrated the evolution and current state of the
art of decision support systems in industry. The
following conclusions can be drawn based on this
work;

・Decision support systems found in industry
have evolved from standalone or ’silo’ appli-
cations to integrated applications that sup-
port the goals of a company viewed as a
participant in a value chain. Without the
larger context provided by a model of the
water/wastewater industry business, develop-
ment of decision support capabilities will be
limited to silo applications.

・Business process reference models are being
developed in industry and these models are en-
abling greater proliferation of best practices.

・A broad range of analytical techniques are be-
ing applied in decision support systems and
a model-based architecture is evolving that
serves as a useful guide for developers.

・Business process models drive the definition
of data and its integration, and common data
models are evolving.

We make the following reccommendations based
on a broad examination of decision support tech-
nology found in industry;

・A business process reference model should be
developed for the water/wastewater industry
that encompasses elements from source supply
through treatment and distribution of treated
water. This model should focus energies on
improving the industry as a whole by speci-
fying important organizational processes, in-
teractions, opportunities for decision support,
and data. Promulgation of this model as a
standard will help to promote quality, reduce
cost and encourage information sharing.

・A first step in realizing a comprehensive refer-
ence model for the water and wastewater in-
dustry is to view treatment facilities as par-
ticipants in a ’quality’ chain. This emphasizes
the positive role of water and wastewater treat-
ment and the impact this industry has on im-
proving the environment.

・Decision support applications developed in
the water and wastewater industry can move

from standalone or ’silo’ applications to inte-
grated, high-value applications through a bet-
ter understanding of the relationship between
business-level strategic management processes
and operations-level engineered unit processes.

・Pilot projects are needed to demonstrate the
following key concepts of enterprise decision
support;
◦ Automation of important business processes
important to water or wastewater treatment
facility management

◦ Vertical integration of process control sys-
tems with asset management

◦ Conceptual development of a business refer-
ence model for water and wastewater util-
ities including common business processes
and related standard metrics and best prac-
tices

◦ Application lifecycle support enhancement
- from design, through validation, delivery
and continuous improvement - that results
through the application of a reference model
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