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ABSTRACT

Ontario’s Ministry of Transportation (MTO) is responsible for the management of
approximately 3000 bridges on the provincial highway network. The MTO in recent
years has been evaluating developments in Bridge Management Systems in relation to its
own requirements. The Ministry decided to develop an all-new system, similar in
network-level functionality to modern systems developed in other countries, but more
detailed in its project-level capabilities than any existing system. It would build on a
substantial body of research conducted by the Ministry over the past decade in the
subjects of treatment selection, effectiveness, and costing. The Ministry engaged ITX
Stanley, Ltd., to provide this tool, to be called OBMS, in a project which began in
January of 1998 and is due to be completed by the end of 1999.

Written in Visual Basic for client-server deployment, OBMS is a completely new
system from the ground up, and not an adaptation of any existing system. It features a
knowledge-based approach to treatment selection, and a tender item basis for direct and
indirect cost estimation, for project-level decision support to the Ministry’s engineer-
inspectors in the field. Fully integrated into the engineer’s OBMS desktop are electronic
maps of bridge and non-bridge data from the Ministry’s geographic information system;
input and output of electronic documents, including inspection photographs; and
historical data on maintenance and rehabilitation. Object-oriented methods for design and
development have provided innovative approaches to user interface design, system
integration, and rapid analyst-in-the-loop optimization at both the project and network
levels.

INTRODUCTION

The Ministry of Transportation of Ontario (MTO) is responsible for providing a safe,
economical and effective road network throughout the province to allow the movement of
people and goods. This includes the responsibility for approximately 3000 bridges. An
effective bridge management strategy is very important in fulfilling this mandate. As
funding constraints put more pressure on using government funds for infrastructure
spending as efficiently as possible, tools to assist in deciding how to allocate these limited
funds effectively are becoming increasingly important to the Ministry.
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The Ministry currently has a well defined process for bridge management. A
number of manuals, standards and systems currently in place at the Ministry support this
process. This includes sophisticated decision rules for rehabilitation and steel coating
selection, spreadsheets for economic evaluation of projects, a document imaging system,
and a multi-tiered bridge inspection program. However, the existing mainframe based
systems do not adhere to the Ministry’s new Technical Architecture, which includes a
standardized desktop based on the WINTEL platform running Windows 95 with NT and
UNIX servers. The systems also lack many of the features of a modern bridge
management system (BMS), especially in the area of network level analysis to determine
bridge funding needs and priorities. In developing the BMS, therefore, the Ministry’s
objectives include:

• Supply senior management with the tools and information to assist in making
decisions on the bridge network and to recognise the risks involved in the decisions.

• Provide leadership, assistance and facilities to other levels of government 
within the province of Ontario in the area of Bridge Management practices and 
policies.

• Provide data to staff in charge of day-to-day maintenance of the highway
infrastructure, delivery of transportation facilities, and development of policies and
standards for construction and maintenance of the highway infrastructure.

• Support the workflow in all processes involved in managing the bridge
infrastructure.

• Integrate all Ministry bridge management activities from inventory and
inspection to bridge MR&R decisions into a single system with appropriate links to
other systems.

• Improve on present data bases in terms of on-line availability, accurate data entry
and integrity, security, integration, efficient computer usage, reporting and system
interface so that the system can be easily accessed and used by consultants and Ministry
staff.

• Upgrade present systems to conform to current Ministry information system
standards.

In addition, the system is intended to fit within the Ministry’s evolving
framework for asset management. Since that framework was not yet specified at the
time of system design, it was necessary to ensure that the BMS would have the
flexibility to accommodate the changes in business processes and performance
measures which might arise from the new framework. In addition, the system would
need to interact with the Ministry’s new Integrated Highway Information System and
Geographic Information System in ways compatible with other future management
systems. During the design process, it was also decided to provide an open object-
oriented interface to support direct interoperability with future systems that might be
able to take advantage of it.

In 1998 the Ministry retained ITX Stanley, Ltd., with subcontract support from
Paul D. Thompson, to develop this new system, to be called OBMS. The project is to be
completed by the end of 1999.
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SYSTEM OVERVIEW

In order to organize the functionality of the system into identifiable modules, the
development team produced a business process model and use-case analysis, in a process
similar to what is described in (1). Figure 1 shows a high-level summary of the business
process model. In general, monitoring, needs identification, and priority-setting are
performed by the Ministry’s five Regions, while budgeting, funding allocation, and
expenditure planning are performed in the head office. Most work implementation is
administered by the Regions. This business process model, describing what the agency
would like to do with BMS support, evolved into a more detailed use-case model,
describing what the system would do to support the agency. This has ultimately provided
an outline for the system’s graphic user interface.

Also supporting the design process and organizing the system is a domain model,
a concept taken from object-oriented analysis (2). The domain model organizes the
“nouns” (things and concepts) which the software is intended to represent. Figure 2
shows a portion of this model from the OBMS. The domain model has evolved into an
outline for part of the relational database, and also forms a portion of the outline of the
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software now being written. It is also the basis for the open Application Programming
Interface, which is implemented using Microsoft’s Component Object Model (COM).

BRIDGE INSPECTION

The business process model and domain model both devote attention to the biennial
element-level bridge inspection, which is the primary data source for OBMS. This
involves recording the type, severity, and extent of deterioration of each major structural
element, such as decks, girders, joints, bearings, and pier caps. Consistent with many
other BMS, including Pontis and Bridgit, condition is expressed as the percent or quantity
of each element found to be in each of a small number of condition states. Compared to
typical inspection practice in the United States, the Ontario process has somewhat more
elements; for example, wearing surfaces and drainage systems are recorded separately
from decks, and coatings separately from steel elements. Each element has four possible
condition states, which for convenience are referred to as Excellent, Good, Fair, and
Poor, but which actually have precise engineering definitions that depend on the element
and material type.

For structures that are viewed as likely to receive work within the next four years,
MTO conducts a Detailed Condition Survey and/or a DART (Deck Assessment using
Radar Technology) survey. These data collection processes measure concrete
deterioration effects such as delamination, cracking, corrosion potential, and chloride
content. Although expensive to measure network-wide on an on-going basis, these
activities are indispensable for detailed scoping and costing of projects. The OBMS uses
these testing measurements to further refine the severity and extent of the element
condition rating.

The policy development and needs identification use-cases exploit some very
strong existing MTO tools, including decision rules for the selection of rehabilitation
treatments and coatings, and a well-maintained analytical process for project costing based
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on tender item tabulations. These resources are described below. The agency is also
especially concerned with capturing the wealth of accumulated knowledge of a very
experienced staff. As a result of this strong foundation, the OBMS includes an extensive
knowledge-based component at the project level, and a novel approach to the estimation of
direct and indirect costs using tender item data, as described in a later section of this paper.

In support of the prioritization, budgeting and resource allocation use-cases, the
Ministry also has some very demanding expectations for network-level analysis. In
particular, it is required that network-level outputs remain fully consistent with all
project-level inputs. In the optimization process, it is therefore necessary to satisfy both
network-level and project-level constraints simultaneously. With a high level of interest
in features that could directly relate investment levels to transportation system
performance, the system demands an unusually speedy mechanism for “what-if” analysis.
The unique approach being taken to address this problem, based on object technology, is
described below.

PROJECT-LEVEL MODELS

The project-level analysis of OBMS produces a list of project alternatives at varying
funding levels, and selects one alternative for each program period to make up the
optimal strategy for the bridge. To select and evaluate alternatives, the model performs a
life cycle cost analysis. Figure 3 shows the major components and data flows of the
project-level analysis.

The analysis begins with the identification of needs on individual elements, driven
by element condition as determined in recent inspections. Since there are several different
kinds of inspections, the software must find the most useful and relevant condition data.
For example, a bridge deck element may find this information in a biennial inspection,
detailed condition survey, or DART survey.
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Based on element condition, a knowledge-based model identifies feasible
treatment alternatives. For each possible treatment, the deterioration model predicts the
condition of the element at the end of the period. This predicted condition becomes the
basis for generating a list of feasible treatments for the second period, which in turn
allows the deterioration model to predict the condition at the end of the second period for
each treatment. This simulation pattern is a traditional life cycle cost analysis that can be
repeated for as many periods as desired.

Each possible combination of element-level treatments on a bridge is a potential
project alternative. Although in theory there are billions of possible alternatives on a
typical bridge, only a few are practical from an economic and engineering standpoint.
The system uses a benefit/cost analysis and a knowledge-based model to reduce the list of
alternatives to a manageable number.

Like most transportation agencies (3), Ontario lacks a capability to estimate
element-level unit costs. However, this problem can be overcome by consulting the
Ministry’s extensive tabulation of tender (bid) item unit costs, which cover most
typical direct and indirect cost categories. Knowledge-based models estimate project-
level costs and tender item quantities, and average benchmark costs supplement the
process for cost items not covered by the Ministry’s database. This allows the cost
models to reflect the complexities of real-life project-level costing without making the
software too complex.

To avoid unnecessary calculations and reduce computational demands on the
system, a long-term cost model predicts the outcomes of typical policies that might be
followed beyond the end of the decision-making horizon, based on predicted condition at
that time and the deterioration and cost models. The total life-cycle cost of a project
alternative is the sum of all discounted agency costs, including the estimated long-term
cost beyond the program horizon. The long-term cost serves a role similar to the failure
cost in Pontis (4) or the salvage value in a traditional life cycle cost analysis, in that it
provides a simplified limiting condition to represent outcomes beyond the timeframe of
the analysis.

The benefit of a project alternative is the savings in life cycle social cost that is
achieved by implementing the project rather than doing nothing. It includes the difference
in life cycle cost between the subject project alternative and the do-nothing alternative,
plus the predicted savings in user cost. “Soft factors,” such as political mandates and
project interrelationships, determined manually or by knowledge-based models, can also
contribute to the benefit calculation.

Knowledge-Based Models

One of the most important steps in the rehabilitation of a bridge is the selection of the
rehabilitation method. The Treatment Feasibility model identifies technically viable
options for rehabilitation of various bridge elements. The model makes use of the
decision trees and tables contained in the Ministry’s Structure Rehabilitation Manual (5)
and Structural Steel Coating Manual (6). Many of the rehabilitation methods identified in
these manuals have been used successfully by the Ministry since 1978. A typical decision
tree from the Structure Rehabilitation Manual is given in Figure 4.
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The decision trees and tables in these manuals are used when data from a detailed
condition survey are available. These decision trees may also include consideration of
other information such as traffic volumes and related road work. Where more than one
rehabilitation method is possible or where the choice between rehabilitation and
replacement is not obvious, the decision tree will recommend that a financial analysis be
carried out. In the past, this was normally done using spreadsheets developed by the
Ministry as given in the Structure Financial Analysis Manual (7). The new BMS will
include financial analysis as an integral part of the treatment selection process, thus
providing evaluated alternatives for consideration in the optimization model. A separate,
more detailed spreadsheet model for life-cycle cost analysis of rehabilitation alternatives
on specific bridges is also provided.

For bridges where a detailed condition survey is not available, the Ministry is
currently in the process of identifying standard or accepted repair options for each
element condition state that is reported during the biennial visual inspection. This
provides a simplified set of decision rules which parallels the thought process
traditionally taken by bridge inspectors. These repair options will be included in the
treatment feasibility model. Like the more detailed decision rules of the Structure
Rehabilitation Manual and Structural Steel Coating Manual, the simplified rules are not
intended to find the one best option, but instead are intended to find all feasible
alternatives that should be considered in the optimization.
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Deterioration Models

Element-level needs are driven by a Markovian deterioration model. The choice of
deterioration model form tends to be driven by certain factors unique to bridges which are
not exhibited to as great an extent in other types of assets. This includes a very small
condition state space and long life, which together yield long transition times among
states; and deterioration which is not smooth over time, strongly sensitive to phenomena
which are not observed in visual inspections. Several other BMS, including Pontis (8)
and Bridgit (9) in the USA, SIHA (10) in Finland, and the planned KUBA-MS in
Switzerland, have chosen this type of model.

The Markovian model takes advantage of the discrete condition states identified
for inspections, to provide a simple way of describing the likelihood of each possible
change in condition over time. Markov models assume that measurements are taken or
used at evenly spaced intervals, and that the condition in the next interval is dependent
only on the current condition state and not on any other attribute, including historical
conditions or events. Figure 5 shows how a Markovian model describes the change in
condition of a new element over time.

Although it is possible to predict deterioration with other forms of models,
including deterministic models, the Markovian model is particularly suitable for the
available condition data. It expresses its predictions in the same form as inspections, as a
distribution of the element among condition states, explicitly recognizing and using
information about the uncertainty of deterioration. It thus provides an unbiased estimate
of needs within any time frame. In addition, since the inspection process is being changed
to support the new BMS capabilities, it is necessary to apply techniques that do not
require long time-series of data for model estimation. Markovian models require only two
successive cycles of inspection, for most elements, before model estimation becomes
possible.

A concern about Markovian models is the assumption that future deterioration
depends only on the current condition state, and not on time or any other attribute of the
element or bridge. Since the models are calibrated to reflect the history of a whole bridge
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population, this assumption is usually acceptable at the network level, where only
average behavior of the inventory is needed. However, at the project level, many
characteristics of the specific element or bridge may cause its deterioration to be faster or
slower than the inventory average for that element.

Since the Ontario BMS models are driven entirely from a project-level life cycle
analysis, it becomes possible to modify the Markovian models by calculating project-
level adjustment factors to deterioration probabilities. These adjustment factors would
come from knowledge-based models reflecting any relevant bridge or element attributes
in the database, including the behavior of other elements on the same bridge, and the
attributes of the environment in which the element resides. For example, the deterioration
of girders can be modified based on the year of construction and the degree of leakage of
deck joints. Deterioration of steel is linked to the condition of the coating, and decks to
the wearing surface. Since the Markovian models still represent the average behavior of
the inventory, the knowledge model adjustments reflect deterioration rates both faster and
slower than the norm.

Cost Models

To the greatest extent possible, it is desired that cost estimates for project alternatives be
based on tender item unit costs. The unit costs maintained by MTO are based on actual
contract history, are updated continuously, and reflect the differences among the 
12 districts in the province.

In order to apply tender item costs, it is necessary to be able to estimate tender
item quantities based on the characteristics of the bridge and the scope of work. Often
this can be done easily when a recent detailed condition survey or DART survey is
available. In the absence of these data sources, it is necessary to look at the element-level
treatments and try to deduce the tender item quantities. The modeling framework
provides a knowledge-based model to do this.

Separate tender item knowledge models are defined for each type of tender item.
Each of these models is applied first at the level of element alternatives, then for project
alternatives. This gives each treatment a chance to contribute to the tender item quantity,
and then gives the project as a whole a chance to modify the accumulated tender item
results and calculate unit and total costs. When applied at the element alternative level,
the knowledge model has access to all the same information as the deterioration
knowledge model, described above.

Once the tender item quantity is determined, it is multiplied by the unit cost. This
is performed within the knowledge model at the project alternative level to allow
systematic adjustments to unit costs, to allow a fixed cost to be added, or to allow any
other appropriate non-linear calculation. Since many tender items indicate only lump
sum costs and not unit costs, the knowledge model may need to provide an allocation
method.

In a few cases, it may be impossible to determine either the tender item quantity
or the tender item cost. When this is the case, an element-level benchmark cost is used.
The knowledge model can use this cost in its calculations in the same way as it would use
a tender item unit cost. It is even possible to combine the use of the two types of costs.
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NETWORK-LEVEL MODELS

The network-level analysis of OBMS finds the set of project alternatives that maximizes
benefit within budget constraints. Since all benefits are expressed as avoided social
costs, the analysis also minimizes social costs. It provides summary predictions of
network-wide performance at any given funding level. This makes the analysis very
useful in the budgetary process, since it allows the Ministry to express funding needs in
terms of the level of performance that can be achieved. Figure 6 depicts the data flows in
the model.

In program management analysis, it is important to distinguish between “hard”
constraints and targets. Budgets are considered hard constraints, because in general a
program will not be implemented beyond the bounds of available funding. Funding
allocation constraints are similar, modifying the budget constraints to affect only a subset
of the inventory. With performance constraints, however, there is no institutional
mechanism to regulate implementation to ensure that predicted levels of performance are
actually achieved. The degree of achievement of performance targets is not known until
long after implementation, and there is significant uncertainty in the relationship between
the programmatic decisions and the actual outcome.

From these considerations, it is desired that the optimization model respect the
overall budget constraint as highest priority, respect the funding allocation constraints
as long as there are feasible solutions which can do so, and just report on, but not
enforce, the degree to which performance targets are predicted to be met. In every case,
whether or not the constraints can all be satisfied, the system must report the solution
which can achieve the highest benefit while meeting as many of the funding constraints
as possible. It must also report on the level of funding required to satisfy all
performance targets.

Network-level optimization problems in bridge management systems have often
been solved by defining and solving mathematical programs. Pontis (4), for example,
performs its network-level analysis as a Markovian decision process, formulated and
solved as a linear program. Deterioration and cost models are expressed in the constraints
of the program. For the Ontario framework, however, this approach would be
computationally impractical, because the deterioration and cost models are bridge-
specific and non-linear. Fortunately, an object-oriented perspective suggests a different
way to approach the problem, as described in the next section.
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ANALYST IN THE LOOP

A basic requirement of the OBMS is that the project and network levels always be
consistent with each other. This is a tall order when the project-level models include
knowledge-based components.

In a traditional simulation-based approach as in Pontis or Bridgit, the software
process for updating project-level data is separate from the network-level analysis
through the entire depth of the software architecture. When it is desired to perform a
network-level analysis to take new project-level data into account, a simulation-based
system analyzes the entire inventory or selected subset in one batch, updating all project-
level and network-level results. This approach is robust in that it handles large-scale
changes to the database (e.g., importing a new set of bridges) and complex interactions
among bridges, and uses computer memory sparingly. For routine BMS operations,
however, where database updates are relatively infrequent on any given record, the
traditional approach has performance difficulties. It is necessary to re-run the entire
analysis even if only a small number of records have changed, so the speed of the process
is ultimately limited by the speed of the database manager.

Object-oriented methods and technology provide an alternative computational
approach that accommodates more detailed project-level models without exacerbating the
performance difficulties of a simulation. As indicated in Figure 2, each element
alternative and each project alternative in OBMS is defined as a separate object. Each of
these objects is responsible for actively keeping itself up-to-date, managing its own
persistence, and evaluating its own role in a potential optimal program. The updating
capability includes changing its own state when notified of some external stimulus that
might affect it. Bridge inspection activity is by far the most common such stimulus.
Knowledge-based processes regulate the creation and activity of these objects.

Figure 7 shows the logical hierarchy of the most important analytical objects in
OBMS. Element-level deterioration and treatment feasibility models provide the most
detailed analysis in the system. The project level identifies feasible combinations of
treatments as project alternatives, estimating costs and benefits. Finally, the network level
provides budget constraints, and maintains systemwide performance measures.

The interactions among the three levels and among objects within each level are
carefully orchestrated. When the state of an object is changed (e.g., by a new inspection),
the system has a structured way of notifying all other objects which might be affected by
the change. Each object also keeps track of all objects that affect its own state. When an
object is notified that a change affecting it has occurred, it consults the objects on which
it depends, to obtain updated input data for its own internal processes.

With this framework of self-regulating objects established, it is natural to envision
a dynamic, or incremental, approach to maintaining the state of optimality of a program
once the initial solution is established. This concept is analogous to “engineer-in-the-
loop” or parametric engineering design, so it is referred to as “analyst-in-the-loop.”
OBMS will respond to any data input, be it inspection, budget constraints, or knowledge-
based decision rules, by starting from a known optimal solution and making incremental
adjustments to find a new optimal solution consistent with the new stimulus. The
computational effort is then limited to constraining the scope of cascading state changes
so a new equilibrium is achieved quickly.
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This incremental approach is feasible with many different kinds of optimization
algorithms. In the simplex method for linear programming, for example, it is common to
perform “what-if” analysis by pivoting from one known solution to another. Since the
OBMS problem involves choices from among discrete alternatives, the problem structure
is more similar to integer programming. However, since there is only one hard constraint
applicable to each bridge, a special case known as incremental benefit/cost analysis, using
a gradient search method, is very efficient and produces near-optimal results. The
deviation from optimality with this method can be contained to be well within the range
of uncertainty of budget constraints.

Naturally, this object-oriented vision of the OBMS analysis is best implemented
with object-oriented programming tools. The modularity imposed by object technology is
essential to limit the complexity of the software. In a realistic BMS analysis, a new
inspection may change the cost and priority of needs on the bridge, having a ripple effect
on the priorities and treatment selections on other bridges. Changes in state of the
affected bridges may necessitate changes to data stored in the database or displayed on
the screen for those bridges, or for the network as a whole. Object technology allows the
code for this kind of behavior to be developed efficiently and reliably by limiting what
each object has to know about its downstream effects.

Object technology enhances the speed of the analysis by providing convenient ways
to separate the BMS analysis from the physical database. Taking advantage of the large
memory capacity of modern personal computers, OBMS maintains in its memory the basic
data required to orchestrate the interactions among objects. In most cases, the response to a
new input can reach equilibrium without having to consult the hard disk at all. Then only
the limited number of data items which have changed need to be stored to the database.
Since the response time can be made very short, it becomes feasible to fully respond to each
inspection or other input at the time it is made, rather than waiting for a simulation to occur.
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An engineer can enter a new inspection, review the project-level alternatives, and see both
the project-level and network-level effects of the decision immediately.

DESIGN AND DEVELOPMENT PROCESS

This concept of self-regulating software objects would be rather complex to implement
with traditional structured analysis and design techniques, but it is much more suitable for
object-oriented development. This implies a much different approach to design and
development than has traditionally been used in management systems.

Object oriented design and development promote modular systems and the cost
effectiveness associated with modular software. In particular for this project, the
Component Object Model (COM) based architecture enables the client side of the
application to consist of modules that are independent and interact with each other and
the database only through the COM. One implication is that the application is isolated
from the physical database, and therefore from specific database management systems.
The database management system can be changed without major impact on the
application software, and performance of the analytical process is not as strongly affected
by the speed of the database manager or network. In addition, the COM provides a
standard interface to external systems, which reduces the impact of future expansion.

This is an important consideration for the BMS in that several external systems
are to be interfaced with it. The system architecture features a data services layer as the
relational representation of the physical database between the database and the domain
model layer. External systems communicate with the database through the domain model,
which in turn accesses the database through the data services layer. This provides
flexibility for such interfaces with reduced development and maintenance effort.

External interfaces in this development include those made to the existing Bridge
Document Image Management System (BDIMS), and the Ministry’s ArcInfo GIS. The
BDIMS interface will enable BMS users to access bridge related documents (plans,
drawings, photographs, etc.) for viewing or to download to the local client for local storage
and viewing. A MapObjects interface is planned for the display of bridge data on maps.

While important to the system architecture, the object-oriented approach used in
this project is also very important to the project work plan. This project has been
organized in three phases: the design phase, a phase for the development of the data
management subsystem, and a third phase for the development of the decision support
and analysis subsystem. The latter two phases overlap significantly in terms of schedule.
The design phase included the following steps:

• Requirements definition, which produced the business process model, a general
description of the system requirements, and the domain model.

• Logical and physical database design.
• Analytical model design, identifying the quantitative and knowledge based models.
• Graphic user interface design based on Microsoft’s Windows User Interface.
• Development of the component object model.
• Development of an executable architecture which demonstrates all of the central

mechanisms to be developed in the subsequent phases.
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This last step is a critical one in that it is a risk management tool for the
development team. The executable architecture demonstrates that the system architecture
is workable and ‘doable’ and is the bridge between finalization of the design and
initiation of development.

In the development phases of the project, the object-oriented approach allows fast
track development at reduced risk through the use of a “spiral development” process. An
initial release of the system will include core utility classes, interface objects, data
services objects, and the basic BMS desktop and screens for data viewing and editing. A
second release will include the field inspection subsystem and a populated database. In
phase 3, the analytical components will be added and a final release of the system
produced. This incremental development approach reduces risk in that it forces the
development team (both Ministry and Consultant) to resolve any critical problems early
in the development.

CONCLUSIONS

The new OBMS, in development and expected to be complete in 1999, provides
significant new features not available in MTO’s previous generation of Bridge
Management Systems. It offers a powerful, yet intuitive user interface and includes
linkages with the Ministry’s Bridge Document Image Management System, GIS mapping
system, and tender item unit cost database. The system offers a sophisticated element
library that includes a new bridge deck element that has wearing surface elements and
deck elements that are separate but performance linked. Element inspection data are
based on a visual condition state inspection as well as on the results of field testing
programs such as half-cell corrosion potential surveys. Element behaviour is based on
Markovian deterioration models that can be modified through knowledge-based
modification factors. Project level analysis and network analysis results are consistent
with each other because the system is based on project level models. A very high level of
performance is assured through the use of an object-oriented design and development
program.

An object-oriented perspective has allowed the development team to approach a
well-known, difficult computational problem and organize it into a form that is far more
tractable. Some of the most difficult parts of the problem, including the knowledge-based
decision rules for treatment selection, and tender item costing, have already been worked
out by the Ministry over many years of research and experimentation. The optimization
method, as of this writing, remains conceptual and is still under development. However,
it is composed of ingredients that have already been proven in many other systems, such
as incremental benefit/cost analysis and self-contained software objects. When
completed, the system may demonstrate an attractive new approach to infrastructure
management systems.
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