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ABSTRACT

A comprehensive, real-time advisory system
was developed for the operation of water control
facilities within the South Florida Water
Management District. The Operations Assistance and
$imulated Intelligence System (DASIS) will monitor
and display real-time hydrelegic and meteorologic
data and structure status, provide multiple levels
of current and projected alarm detection,
incorporate a versatile data plotting package, and
features an operations advisor expert system.
The * initial component of the development was a
prework conference which brought the system
developers together with the operations domain
experts, control system engineers, control room
radio operatorss and District management.,
Subsequent tasks included formalizing a conceptual
system design, assembling a detailed scope of
work, allecating development work among internal
staff and external consultants, ‘taking an
inventory of the data and data amalysis tools used
by the experts, documeriing the  various
operational rules, and testing various knowledge
representation paradigms. After an inventory of
documented operating guidelines was conducted, the
domain experts, in this case the water control
operations decision makers, were interrogated
during structured interviews. These sessions
focused on decision factors, operating modes, data
sources, and expected outcomes of operations for
operations within a prototype region of the
District. A prototype of 0ASIS was developed for
one of the major hydrologic basins within the
District on a Symbolics Lisp machine wusing the
combined development tools of Symbolics Genera 7
software and the Automated Reasoning Tool from
Inference Corporation, The capabilities and
limitations of the OASIS prototype are currently
being evaluated by internal staff and external
consultants. Evaluation criteria include
suitability of program to operations decisions,
performance speed, appropriate use of available
software and  hardware, maintenance ease,
acceptance by end users, accuracy, consistency and
completeness of operations
expansibility.
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INTRODUCTION

The South Florida Water Management District
(District) operates more than 200 water control
structures along almost 2000 miles of primary
canals within its 18,000-square mile domain.
Seasonal demand for municipal and agricultural
water supply, in addition to the perennial need
for flood protection, environmental quality
enhancement, and protection of coastal well fields
from salt water intrusion, create a very complex
decisien making arena for the Operations staff at .
the District. The general operating strategy is
to provide adequate flood protection during the
wet season (June through October) by placing water
inte storage and discharging excesses to the
ocean, and to draw from the storage areas for
water supply during the dry season. This strateqy -
also incorporates protection of the environmental
and water quality values of the lakes, wetlands

.and estuaries in south Florida. General operating

guidelines exist for each water control structures
which suggest appropriate gate levels and pumping
conditions for specific hydraulic objectives,
inciuding safely passing the design flood,
supplying water demands during the dry season,
preventing saltwater intrusion, providing flow to -
the Everglades National Park, and facilitating
water movement and conditions during normal
operations.  Concurrent with the normal operating
guidelines are various local operating policies
which have been derived from environmental
considerations, municipal and agricultural demands
and other socio-economic concerns.

To support the water control operations
needed to satisfy the flood protection, water
supply, water quality and environmental
protection requirements of south Fflorida, the
District has developed an extensive hydrologic and
meteorologic data collection network. Real-time
data are collected by field personnel, telephone-
based units and through the District’s microwave
telemetry network, consisting of more then 650
electronic sensors located at 46 statiens south of
Lake Okeechobee. Sensors are automatically
interrogated between 1 and 4 times per hour during




normal operations, generating almost 65,000
records of information each day. In additien to
scheduled acquisitions, sensors can be scanned as
frequently as once per minute to monitor
maintenance operations or during severe weather.

Control structure operation decisions are
based on the analysis of many related hydrologic
and meteorologic factors; rarely are decisions
based on a value of a single parameter. In
addition to the instantaneous water level in the
canal, factors which enter the decision process
include trends in the water level, local
precipitation forecast, antecedent rainfall
conditions, capabjlities of the water control
structures, notices from users affected by water
levels, and other site-specific operating
constraints. The extensive data acquisition
program provides the decision makers with
sufficiently detailed information to evaluate
these factors. The primary domain expert is
Richard Slyfield, Director of the District’s
Operations Division; George Hwa is the Assistant
Director of the Operations Division, and together,
these two experts have almost twenty-five years of
experience 1in making operating decisions. The
experts use a combination of hydrauiic operating
guidelines and heuristics to determine appropriate
operations.

The application of artificial intelligence
techniques to the operation of the District’s
water contrel facilities was evaluated. After an
analysis of operational needs and an evaluatien of
available technology, the decision was reached to
develop a comprehensive real-time operations
advisory system, referred to as OASIS, for the
Operations Assistant and Simulated Intelligence
System. In conjunction with this decision, the
District desfanated a water resources engineer to
design and develop the OASIS program as opposed to
a computer scientist; this decision was based on
the premise that the knowledge acquisition process
would be easier for an engineer familiar with the
fundamental principles and operational aspects of
the District’s operations,

THE FIRST STEPS

Once the decision was made to proceed with
0ASIS, a schedule of project activities was
developed. The initial task was to define the
objectives of the advisor system. A conference
was held which brought together the operations
experts, control systems engineers familiar with
the existing data acquisition system, potential
end users, District management and the O0ASIS
developers. Individuals presented their ideas of
the desired goals and end products of the advisory
system. From this session came the first
comprehensive definition of what OASIS should be
capable of, the specific domains of expertise to
be embodied, how the advisory system should be
integrated into the existing operation control
room environment, what decision support tools
should be provided, and an idea of the available
data sources for the advisor. Shortly thereafter,
a conceptual design document was prepared,
complete with sketches of the various screens and
examples of user interaction.

Consistent with other major applicatiens of a
new technology, a reduced-scale prototype was
selected to evaluate the technical feasibility of
the advisory concept. The prototype would
concentrate on the development of OASIS features
for a subset of the District’s water control
stations and telemetry network. The Everglades
Agricultural Area (EAA) is one of the 12 major
hydrologic basins that comprise the District's
18,000 square mile jurisdiction, and was selected
as the prototypical region because of the variety
and  operational complexity of its component
stations. The EAA is bounded by Lake Okeechobee
on the north and three large everglades water
conservation areas to the south and southeast. In
all, 31 statiens are located within the EAA,
encompassing over 80 sensors, more than 50 control
gates, and B8 major pump stations located on four
primary conveyance canals.

Once the conceptual design of O0ASIS was
complete, external review and advice were
solicited from external consultants, expert
system developers and other related professionals.
Knowledge acquisition, knowledge representation,
expert system verification, and other fundamental
programming elements were discussed during these
conferences.

KNOWLEDGE ACQUISITION

The knowledge base for the District’s water
control operations comprises both declarative and
procedural  information. The declarative
knowledge describes static and dynamic facts and
relations critical to the operation of the
District’s water management facilities. Static
domain  knowledge encompasses physical system
components, hydraulic characteristics, and other
features that are relatively invariant over time.
The dynamic component of the knowledge base
includes hydrologic and meteorologic data
collected in the field and transferred to the
control room, policy decisions which 3$nfluence
daily operations, weather forecasts, antecedent
rainfall conditions, and notices from the public.
Procedural  knowledge includes the hydraulic
operating gquidelines, empirical relationships,
heuristics, eperating constraints brought about by
physical Tlimits of the system, as well as
fundamental demain principles, e.g., hydraulic
relationships and the analytical tools used by the
experts to reach decisions.

Knowledge acquisition is the process of
eliciting and encoding domain expertise from human
experts and other knowledge sources, typically
through a combination of observation, structured
interviews, and research. A major challenge
during the development of OASIS was to express the
decision making algorithms, procedures that may
have taken years of training and experience to
acquire and wutilize, in a way that was 1lucid
enough for a nonexpert to grasp and could be
encoded in an appropriate computer representation,
and yet vretain the accuracy, efficiency,
consistency, and comprehensive characteristic of
the domain experts. This challenge and other
components of the knowledge acquisition process
in the development of 0ASIS are addressed below.
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Strategy for compiling knowledge

The goals of the knowledge acquisition process
were to address the following issues.

1. How do the experts assess the sjtuation?

2. How do the experts define and investigate a
potential problem?

3. What is the appropriate strategy to solve the
problem?

4. What are the appropriate decision factors, and

how are their values determined?

What are the data and rules used by the experts?

. What are the tools used by the experts?

. Identify other people or agencies involved in
operating decision.

8. What is the time frame of the decision process?

-3 SN

were utilized in the
addressed

Four techniques
knowledge acquisition process which
these goals:

Familjarization of the domain;

Observation of the experts in action;
Detailed probliem analysis (interviews), and;
Knowledge base verification.
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Familiarization. A preliminary component of
the «knowledge acquisition process was for the
system developer to gain as much insight into the
domain as practicable. This was accomplished in
part through observation of the experts as they
evaluated situations, accessed data and relevant
operating manuals, utilized appropriate analysis
tools, and conferred with other individuals and
agencies 1invelved in the decision-making process.
In addition, a significant amount of oprocedural
knowledge was obtained from the hydraulic
operating guidelines developed during the design
and subsequent operation of the District’s water
controt  facilities. Daily operations logs,

structure status information and hourly water-

levels are maintained by contrsl room personnel,
providing convenient access to historic field
conditions and operational activities. Additional
perspectives on the decision process were obtained
through discusston of the operations with
individuals other than the domain experts, e.g.,
District management and staff of projects affected
by daily operating decisions.

Observation. ODocumented observation of the
experts in action was a principal step in the
knowledge acquisition process. While passive,
i.e., uninterrupted, observation is suggested by
some expert system developers, often times
decisions were based on subtle factors which
required mere thorough explanations by the
experts. Primary facets of the decision-making
process observed included the type and priority of
different data, the experts’ working environment,
what data are used most, who does the expert
confer with, what are the steps in the many types
of operational decisions, what data format is most
convenient for the expert, what type of interface
capability 1is needed, what is the time frame for
decisions, and How do the experts deal with data
uncertainty, e.g., inaccurate, inconsistent, or
incomplete data.

Interviews. After several waeks of
observation the domain experts were interrogated
during structured interviews. The interviews

focused on decision factors, operating modes, data
sources, and expected cutcomes of operations for a
prototype region of the District. Selected
combinations of hydrologic and meteorologic
conditions were examined. These combinations were
specific enough for the experts to focus their
attention, yet diverse enough to cover all
practicable ranges of conditions. The main
instrument used during the interviews was a matrix
of decision factors, with each unique permutation
specifying an appropriate set of water control
operations. A challenging variety of conditions
was evaluated during each interview, resulting in
intense 1-3 hour sessions. During the interviews
the experts collaborated for accuracy and clarity
of their response. As a supplement to the
experts’ interrogation, the daily operations logs
and hourly records provided examples and further
clarification of the operation rules.

Some  general

operating gquidelines were

enumerated, however, a large percentage of the
water control operations depend on = specific
conditions and could not be generalized. The
knowledge base expanded more rapidly as the
general guidelines were extrapolated to
undoéumented operations, in  contrast to

incorporating specific rules with unique decision
factors.

Verification. After the information obtained
from these interviews were encoded in the expert

system, the experts evaluated the accuracy,
consistency, and ~completeness of the OQASIS
knowledge " base. Discrepancies and other

conclustons of the evaluation were investigated
and revisions were incorporated and subsequently
re-avaluated through’ this iterative process.

KNOMLEDGE REPRESENTATION WITHIN O0ASIS

The goal of knowledge representation during
the development of QASIS was to incorporate the
variety and degree of expertise which compose
domain knowledge fnto the data structures and
procedures of OASIS. The knowledge base comprises
both declarative and procedural infermation. The
variety and degree of expertise which compose this
domain . knowledge was incorporated into the data
structures and procedures of the DASIS prototype
through multiple knowledge representations.

Declarative knowledge was represented in the
DASIS prototype by means of a semantic net data
structure, consisting of nodes representing
components in the taxenomy of the District’s
facilities, and 1links describing the nodes and
their relationships to ome another. Stations were
defined as instances of particular station types
according to their functions and capabilities.
Their spatial relationship to canals, lakes, water
conservation areas, and other statjons were
explicitly documented as sTots in the station and
water body schemata. Specific structures and
sensors at a specific station are referenced, and
each has a schema to document relevant
characteristics and their current status. The
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dynamic information, e.g., real-time data and
changaes in structure status, were explicitly
contained in sliots of the appropriate facility
schema.

The major portion of the OASIS prototype
operations advisor procedural knowledge was
represented by modules of condition(s)-action(s)
expressions, referred to as production rules. The
following is a simple example:

IF - all of the fellowing conditions are met:

1. it has rained more than 1 inch in the preceding
24 hours;

the weather forecast calls for more rain;

the canal Yevel has risen more than 0.25 feet
in the iast hour;

the average canal Tevel is above 12.0 feet; and
a2 high risk of damage exists for residences in
the area if the canal level exceeds 13.0 feet.

[2 LI~ 75 5 ]

THEN - perform the following action:
1. investigate ways to Tower the canal level

This action places another fact in the data base,
indicating that the operator is looking for ways
to lower the canal level, which is subsequently
~ compared to conditions in other rules, e.g.,

IF:

1. the operator is investigating ways to lower the
canal; :

2. personnel are standing by at the local pump

_station;

3. the pumps are functional at the local pump
station; and

4. there are no environmental, legal or other

restrictions on pumping.

THEN:

1. conduct pumping operations at the local pump
station in accordance with standard operating
procedures,

Conflicts arose in the order that rules were
slated for firing. However, as the rules were
analyzed, often one or more conditions of one rule
would mandate a higher priority, e.g., the risk of
immediate flooding generally always carries a
greater sense of urgency than the risk of reduced
water supply six months from now by temporarily
lowering the water Tevel.

The initial efforts to program the operating
rules focused on specifying unique combinations of
decision factors, e.g., weather, water levels,
trends in water levels, and water supply demands,
as conditions on the left hand side of the
production rules, and specifying the appropriate
action on the right hand side. This technique
required an enormous amount of code to represent
every possible combination of decision factors as
a single specific rule and was very cumbersome to
work  with. Review of the operating rules
indicated that the majority of possible operating
conditions could be covered by writing general
production rules which spanned a range of
magnitudes for each decision factors. Specific
rules were written to cover the remaining wunique
cases. This change in knowledge representation
greatly reduced the number of rules in the

knowledge base,
alone were reduced

the rules for one pump station
in number by an order of

magnitude, although the rules did become more
complex. In addition to creating a more compact
rule base, the generalized representation of

operating rules was easier to maintain and expand.

ACCESS TO REAL-TIME DATA

A critical step in the development of the
prototype was the interface with the extant real-
time data base, comprised of both automated data

acquisition and records of manyal readings. This
enormous existing data base serves as the source
of field data for the OASIS advisor. The

technique selected for accessing this information
within the prototype was to write a simple
communications protocol to pass real-time data
from the Modcomp to the Symbolics through a direct
RS-232 serial connection. The method has serious
drawbacks for full-scale implementation, but
sufficed for the prototype development. To reduce
the CPU toad on the Symbolics, preliminary data
filtering and format transformation were carried
out on the Modcomp side. A Lisp function within
the OASIS prototype inserts the data directly into
the expert system's fact base.

THE OASIS PROTOTYPE

The OASIS prototype incorporates the dual
capability of providing decision-making support to
the control room operators with the supplemental
abiTity to complete the decision process by
suggesting appropriate control structure
operations. The OASIS prototype incorporates four
functional elements:

1. Operations Status displays real-time hydrolegic
and meteorolggic and structural information;
Operations Assistant displays current and
historic time series of data for trend amalysis;
Operations Adviser is the contrel structure
operations expert system; and

Alarm Status provides continuous background
data analysis for detecting present and
anticipated alarm conditions, complete with
suggestions for ameliorating the identified
alarm conditions.

W N

The prototype was developed jointly by the
District and Inference Corporation. District
staff developed the conceptual design, conducted
the knowledge acquisition interviews, formalized
the knowledge representation, and established the
communications 1links between the Symbolics and
other computers. On a contract basis, Inference
staff encoded the functional framework, i.e., the
interfaces between the different components of
OASIS, prepared the initial District maps, and
designed the preliminary data storage format.

The prototype is executed through a highly
interactive color graphics interface which
utilizes a combination of the Symbolics Lisp color
system and Inference's color ARTIST capabilities.

A series of maps serves as the means to locate
stations of interest, and screen menus are
available to select OASIS functions. Desired
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basins, stations and operations are accessed by
moving the mouse-controiled cursor arrow to the
appropriate location on the screen. Keyboard
interaction 1is required to enter some manually-
processed data and optional station information.

A background process within the 0ASIS
prototype analyzes the incoming data for current
or projected alarm conditions. Present trends are
extrapolated for 24 hours and 7 days to identify
impending conditions which would require control
operations. The presence of any level of alarm
urgency is communicated to the contrel room
operators through an alarm window which is present
during all OASIS operations. The color of the
alarm window reflects the urgency of the
situation, flashing red represents conditions
which require immediate attention, such as high
water levels with a threat of health or economic
damages, flashing yellow represents conditions
which need attention soon to prevent alarm
conditions that may arise within the next 24
hours, and flashing green signals the possibility
that a problem may arise within the next 7 days.
Petails of the alarm conditions are obtained by
selecting the alarm window with the mouse.
Suggested operations for ameliorating each alarm
condition are provided upon request.

PROTOTYPE EVALUATION

During the 12 months following the completion
of the OASIS prototype, the prototype will undergo
extensive internal and external review. The
District’s ‘operations staff will evaluate the
- accuracy, consistency and completeness of the
expert system and other OASIS features. In
addition the performance speed of the prototype
will be analyzed with respect to the time
requirement for the operations decisions. The
data format of the knowledge base will be
evaluated with regard to storage and retrieval
performance, considering the interaction with the
Modcomp system and the archive data  storage
computers. External consultants will analyze the
prototype on the basis of efficient and effective
utilization of hardware and software capabilities.

Following the OASIS prototype evaluation,
resylts of the technical analyses will be
veviewed. If the District staff and external
consuttants agree that the prototype can retain
its basic framework, the design revisions will be
incorporated. However, if the consensus is that
the prototype structure is not appropriate for the
OASIS objectives, major modifications will be
implemented, up to discarding the prototype.
Regardless of the final evaluation
recommendations, the prototype has satisfied the
fundamental vrequirement of a  knowledge-base
protatype in that it has allowed the the District
to test the concept of applying artificial
intelligence techniques to the decision-making
arena of water control structure operations.

SUMMARY

0ASIS will be used in an advisory capacity in
the Operations Contro) Room. It will be a dynamic
advisor, incorporating new operating procedures as
they are implemented. Anticipated benefits of
OASIS fall into two categories, daily operations
and operations support. Benefits expected to
accrue during daily operational activities include

1. Routine system-wide monitoring will be provided
on a consistent and comprehensive basis.

. Dacision makers will be fully informed of

changing conditions at all times.

Continuous analysis of data trends will

identify impending alarm conditions.

The operations expertise of muitiple experts

are combined.

Operation advice during crisis conditions will

not be influenced by emotions.

. Consistency of operations should provide more
defensibility of actions, as well as enable

better coordination with local water management
districts. :

o e W™

Benefits expected to accrue in support of
operations include

1. The knowledge extraction process has provided
documentation of previously undocumented
operating rules.,

2. The rules have been further evaluated as they

have been organized during the knowledge
acquisition process.

3. Using OASIS to determine the influence of -

proposed operating strategies on existing
operations,

4. OASIS can act as a training tool for Operations

staff.
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