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ABSTRACT

This report describes a CONstraint-based design, management and COORDination
framework (CONCOORD) for collaborative AEC (Architecture Engineering Construction)
software. The framework offers fundamental changes to the way that project design and
management computer systems are built and used. The main goal is to define a new
framework for integrated project management systems that is flexible enough to
accommodate the various tasks required to create the product (facility) under a unified
representation and reasoning methodology. The unified methodology could serve as the
basis for robust knowledge integration, information processing, and coordination among
the various participants over the life-cycle of the project.

The basic approach of this research is to integrate operations research models and
artificial intelligence techniques to create an architecture for the proposed framework. Low-
level mathematical models represent the structure and behavior of various project objects
(spaces, beams, activities, resources, etc.) in a standard representational model
(mathematical constraints). Mathematical equalities and inequalities also represent project
constraints (requirements) among the attributes of the various objects. The architecture
handles parametric as well as logic constraints in a standard representation and inference
mechanism. A sophisticated constraint-management methodology coupled with interval-
based mathematics is the basis for model integration as well as the quantitative and
qualitative reasoning capabilities of the framework. Formalization and categorization of
domain knowledge, as related to the framework, serve as the core of future metaknowledge
modules to help in setting the system in various organizations.

Project participants interact with the system independently to create new project objects,
browse through the system's knowledge, add or delete constraints on the project objects
and perform efficient what-if queries.

The advantages of such an approach include the following:

» Coordinate human players over the life-cycle of the project (e.g., avoid decision
conflicts);

e Serve as a computer-based framework for horizontal and vertical integration,
process and product coordination, knowledge integration and exchange,
optimization through user interaction, and multidisciplinary education;

» Create a change history for future use and liability tracking;

» Provide a basis for evaluating proposed changes;

« Provide a technical vehicle to achieve constructibility benefits.
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PROJECT DESCRIPTION

A. Introduction and Project Summary

This research deals with the use of computers to support collaboration over the life-
cycle of a project in the AEC (Architecture Engineering Construction) industry. It assumes
that process coordination and human interaction are the basis for collaboration. The main
objective is to provide collaborative information systems with five main capabilities:

e Coordinate human participants over the life-cycle of the project.
e Serve as a knowledge integration and exchange tool.

e Avoid decision conflicts that can lead to failures.

e Create a change history for future use and liability tracking.

e Provide a basis for evaluating proposed changes.

Computers have long supported various tasks over the life-cycle of the project (e.g.,
architectural modelling, structural design, project scheduling). For certain tasks they are
generally indispensable, while in other areas their shortcomings often overshadow their
advantages [Skibniewski 90]. A great deal of research is ongoing into integration between
various computer tools for the purpose of collaboration among the various project
participants. Most try to achieve this integration through knowledge-based support relying
on various software architectures (e.g., blackboard architecture, cooperative distributed
problem solving architectures, etc.) [Levitt et al 91]. However, the nature and project
organization of the AEC industry makes it almost impossible to just rely on knowledge-
based support without standard representation.

This research offers fundamental changes to the way that project design and
management computer systems are built and used. The main goal is to define a new
framework for integrated project management systems that is flexible enough to
accommodate the various tasks required to create of the product (facility) (e.g., computer
aided design (CAD), finite element analysis, project organization, planning and control)
under a unified representation and reasoning methodology. The unified methodology
serves as the basis for robust knowledge integration and information processing among the
various project participants over the life-cycle of the project.

The basic approach of the reported research is to integrate operations research models
and artificial intelligence techniques to create an architecture for the required integrated
system. Low-level mathematical models represent the structure and behavior of various
project objects (spaces, beams, activities, resources, etc.) in a standard representational
model. Mathematical equalities and inequalities also represent project constraints
(requirements) among the attributes of the various objects. A sophisticated constraint-
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management methodology coupled with interval-based mathematics is the basis for model
integration as well as the quantitative and qualitative reasoning capabilities of the
framework. Formalization and categorization of domain knowledge, as related to the
framework, serve as the core of future metaknowledge modules to help in setting the
system in various domains.

This research’s main focus is to provide an overall conceptual design and overall
architecture for such an approach and to test the approach by developing a prototype system
to perform the integrated tasks over the life-cycle of the project.

Reader's Guide.

Section B outlines the research’s specific objectives. The present state of knowledge in
related fields is presented in Section C. Section D describes the basic approach for
pursuing the research objectives and outlines the developed framework. Section E
illustrates two AEC tasks formulated as constraint-management problems. Finally, section
F describes the significance of the work.

B. Objectives of the Research

The broad objective of this research is to provide collaborative information systems
with the main goals to coordinate human participants performing concurrent activities over
the life-cycle of an AEC project.

The specific objective of this work is to develop a CONstraint-based design,
management and COORDination framework (CONCOORD) that describes a new approach
to integrated AEC software systems. This new approach is expected to offer improvements
(see Section E) in accordance with the broad research objectives.

Another research objective is to design a software architecture with its corresponding
representation standards to support the development of integrated AEC software with
capabilities ranging from space (3-D) modelling in architecture, to construction
management activities (e.g., planning, scheduling and operation simulation).

C. Present State of Knowledge in Related Fields

The topics of constraint management and cooperative behavior in computer systems are
related to research occuring in several main fields: (1) computer science research on
simulation, planning and design; (2) civil engineering applications on design, management
and integration; (3) artificial intelligence research on reasoning for multi-agent domains; (4)
manufacturing research on design and process planning. This section outlines some of
these fields. For a complete review of related work on constraints, the reader is referred to
[Serrano 87, Serrano and Gossard 88].
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Computer Science Research on Simulation, Planning and Design.

[de Kleer and Sussman 78] and [Stallman and Sussman 77] used constraint-based
representations to analyze and synthesize electrical circuits. Their work introduced the idea
of dependency-directed backtracking to correct contradictory confluences, i.e., different
values for the same parameter proposed by different constraints. The work implemented in
Thinglab [Borning 79] introduced the idea that constraints could not only check
descriptions but propose new ones that satisfy the constraints. It had no symbolic algebra
capabilities, dealt only with equalities and used relaxation when simple techniques failed.
[Stefik 80] developed a hierarchical planner, MOLGEN, to aid in the design for molecular
genetic experiments. It propagates constraints arising at different levels of planning
abstraction to generate plans for gene-splicing experiments. [Sussman and Steel 80, Zima
85] developed constraint languages. Most of the recent work on constraints has been
influenced by the work of the pioneers mentioned above.

Civil Engineering Applications on Design, Management and Integration.

[Levitt et al. 91] review the research on and architectures for knowledge-based support
for automating concurrent multidisciplinary design. [Holz 82] represents design
constraints as algebraic inequalities and uses algebraic simplification to derive the values of
certain designable items in terms of given parameters. [Garrett and Fenves 87] presented a
design strategy in which structural components are designed automatically by applying
different types of knowledge. Other closely related work is that by [Rasdorf and Fenves
86] and [Rasdorf et al 87] on structural design constraints maintained in a relational
database. Related work on the use of "Constraint Logic Programming" (CLP) for
representing design constraints and processing them within the single framework of logic
can be found in [Lakmazaheri and Rasdorf, 89a, 89b].

[[Fenves et al. 89] report the IBDE environment for integrated design and construction
planning of buildings. The environment combines a number of knowledge-based expert
systems developed at CMU. A Blackboard is used to coordinate communication between
the different knowledge systems by means of messages and data.

DICE is a distributed and integrated environment for computer-aided design and
construction being developed at MIT [Sriram et al. 89]. DICE can be envisioned as a
network of computers and users where several knowledge modules communicate and
coordinate through a Blackboard by a control mechanism. Each knowledge module can be
viewed as either a knowledge-based expert system, a CAD tool, a user of a computer, or a
combination of the above.

A wide variety of object-oriented and knowledge-based project management software
projects have much to offer for suggesting representation approaches for project
information. These include [Darwiche et al 89], [Levitt & Kunz 87], [Ito et al 89],
[Axworthy and Levitt 89], [Kartam 89], [Tommelein 89], [Waugh 90] at Stanford and
[Logcher 87], [Cherneff et al 89], [Abu-Hijleh and Ibbs 90], [Best & Inkpen 90], and
[Kellett et al 90] elsewhere.
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Artificial Intelligence Research on Multi-agent Planning and Problem-
solving.

Although most of the research points of the proposal are related to research topics in
Al the main Al topic that closely relates to the architecture proposed in this research is
reasoning for multi-agent domains and distributed problem solving. As an example,
[Lansky, 85, 88] proposed an architecture GEM (the Group Element Model) as a
behavioral model for concurrent action. GEM was used to build GEMPLAN, an Al
planning system which is quite different from traditional planners in at least two respects:
(1) the variety of domain constraints, and (2) the way in which constraints are applied. The
order in which GEMPLAN applies constraints is guided both by the domain structure and a
set of tailorable regional search tables. Each region is associated with a constraint-
satisfaction search tree that builds a local plan for that region. The resultant search structure
is thus extremely flexible.

Manufacturing Research on Design and Process Planning.

[Krishnan et al. 90] use a constraint-management methodology similar to the one
proposed here to manage concurrent mechanical design under one organization. The
Edinburgh Designer System (EDS) [Popplestone 84,87] provides a high level of
integration of knowledge about function and form for mechanical engineering design.
PRIDE, an expert system for the design of paper handling subsystems in copiers was
developed by [Mittal et al 86]. PRIDE uses data-directed dependency backtracking to do
hierarchical refinement. [Araya and Mittal 87] show how design plans can be generated
using an artifact’s description and problem solving heuristics. [Frayman and Mittal 87]
describe a constraint-based expert system, COSSACK, for configuration tasks to be used
as a tool to understand the configuration task as a generic problem solving activity.
[Ramchandran & Shah, 88] proposed a model for mechanical design based on refinement,
constraint propagation and parameter selection. The main type of constraints they have
dealt with is the constraint knowledge that decides what are the legal moves in a search
space depending on the state of the problem. This knowledge is stored in the form of
dependency graphs. [Smith 88] described a framework for reactive factory management
based on scheduling constraints. [Meunier & Dixon, 88] presented a hierarchical
computational model for parametric mechanical system design. In this model, system
managers solve their assigned problems by specifying subproblems to, and by coordinating
communication between, subordinates. When the subsystem solutions are returned, the
manager integrates them into a whole, evaluates the resulting system, and prepares new
specifications for subordinates iteratively as needed until an acceptable result is obtained.
This model of cooperation assumes that the design problem has been decomposed into
systems and subsystems a priori. A model for cooperation between different project
parties, as proposed here, cannot practically be built on this assumption. [Dixon &
Simmons, 85, Dixon, 86] have also proposed a model of the design process based on
iterative respecification. The respecification model does not allow for information to be
passed between subproblems. Constraints are only propagated up and down the hierarchy.
[Stefik et al 82] have developed a knowledge-based system for circuit design that takes a
user through several distinct levels of abstraction. Each level of abstraction considers only
certain details.
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D. Overview of the Research Approach and the ConCoorp
Framework

As mentioned above, our overall objectives were to define a framework and design the
corresponding standard architecture for integrated AEC software. The framework
considers the nature of the AEC industry, its market and organizational requirements.
Section E shows that this will achieve coordination through knowledge integration as well
as define methodologies to increase the software’s intelligence potential, and greatly
improve the level of integration among applications.

This section will describe the proposed approach in greater detail, discuss the role of
constraint-management and outline the framework for the integrated software.

Factors behind the Choice of Constraint-Management as Basis for
Coordination

The design of information systems in general should reflect the needs of the
organization operating in its specific industry. Specific AEC industry organizational factors
call for special needs in the design and management of collaborative information systems.
In the first phase of the research [El-Bibany et al, 91], we have identified these needs,
studied various collaborative information systems models developed for other industries, as
well as designed a more generic model (Figure 1) that fits these needs.

@
DataBase Knowledge-Based
System
® ®

Simulation
System

Figure 1 - Coordination System Concept

In this model a generic and flexible coordination mechanism is the core of the system,
facilitating interaction between all types of agents — human, machine, databases,
knowledge-based systems, simulation systems, etc. A central project database is no
longer considered the focus of the system. Databases are merely agents that contribute to
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the constraints imposed on the overall problem. The coordination system will ultimately be
much more flexible, but will require a very low level representation of knowledge. To
achieve this flexibility in a standard representation, the main reasoning technique should
handle various types of AEC problems in the same manner. Constraint-based reasoning
will achieve this goal [Chan and Paulson 87, 88, Serrano 88, Lansky 88].

Constraint-management was also chosen based on the following:
o the flexibility to accommodate the various design and management tasks

o the existence of mathematical models for various tasks
» domain-independent flexible methodology

e The ability to model the overall problem in the form of real life objects and
constraints representing their behavior and relationships

A Constraint-based View of Project Life-Cycle Integration

We can look at a constructed facility as a set of related objects. For example, in a multi-
story steel residential building, beams and columns are objects. Each party involved in the
creation of the building imposes different relationships among these objects. In the final
facility, all of these relationships are satisfied. The architect forms the spatial relationships,
which may be viewed as constraints, among the beams and columns and imposes more
constraints on the final shape of these objects. The structural engineer forms a different set
of constraints on the attributes of the same objects (analysis and specification constraints).
The construction planner might have another constraint on the weight of these objects due
the capacity limitations of the cranes that can be available on site. Figure 2 illustrates other
examples of project objects and project constraints.

Examples of project objects:
beams, pipes, formwork, scaffolding, cranes, compressors, pumps, locations, activities

Examples of sources of project constraints:
Architectural Design - distance from floor to bottom of next floor beam must be
at least door height

Structural Design - maximum shear stress, maximum bending moment
Construct on Architect - use other materials as concrete is very expensive
Design on Construct - maximum concentrated construction load on floor

Construct on Design - maximum reachable height for concrete pump
- maximum weight liftable by crane

Examples of formulation of project constraints:

height of door + height of beam « distance between floors
weight of object to be moved < maximum weight liftable by crane
weight of equipment on floor + weight of load < maximum concentrated load on floor

Figure 2- Examples of Project Objects and Constraints

In real life, these different sets of constraints imposed on the same object are known by
different parties. They can only be communicated through organizational channels which
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are not very reliable and thus risk the delays that can occur either because one of these
constraints is missed (e.g., crane-capacity limit which may require the redesign and
manufacturing of another object), or because the set of constraints has no common solution
(e.g., the depth of a beam cannot satisfy the architecturally required limit due to the high
load intensity that it carries). In any case, the problem has to be communicated back to the
parties involved and a redesign must then be initiated.

Constraint-Management Methodology

Once the problem is formulated in terms of mathematical constraints, a constraint
analysis and solution needs a plan of the sequence of the constraints to be solved. In a
cooperative system, where different users interact and enter constraints, we cannot assume
that there is a certain sequence of constraint utilization beforehand (any predefined model
would constrain the capabilities of the system to the extent that general coordination would
not be feasible). The constraint-management system will, hence, have to find this sequence
as well as identify conflicting and redundant constraints, which we call planning the use of
constraints. In the proposed research, we use standard graph algorithms for solving this
problem. The major advantages of such representation are: 1) it is a very general task and
domain independent representation, 2) it can analyze arbitrary sets of constraints, and 3) it
allows both qualitative and quantitative reasoning,

The graph-based representation for constraints and the problem-solving strategy using
constraint networks that we are using in this research is based on the work described in
[Serrano 88]. We enhance Serrano’s work by integrating interval-based mathematical
capabilities. In Section E, we illustrate the methodology as applied to design and
construction planning and scheduling.

The power of the proposed constraint-based integration engine is that the machinery for
updating and adapting to the changes is built-in. An important change will propagate
through the system and different parties would then be notified of any problem and be
queried for solutions (e.g., relaxing one of their constraints, if possible).

In our constraint-based framework, we make the distinction between the constraints
(which are the desired relationships) and the means of enforcing these constraints. The
mechanism of enforcing constraints is invariant across different problems; only the
constraints differ from one problem to the next. This dichotomy proves useful because, in
theory and as proved by the current status of this research, we can concentrate on the
correct formulation of a problem in terms of constraints, assuming that the computational
mechanism has been correctly implemented [Chan 86]. We use this property to create
standards for constraint-based representation.

Core of the Framework: Objects and Constraints in a Standard
Representation

The framework is based on the fact that coordination can only be achieved through
integration of knowledge about, and various requirements imposed on, project objects.
Project participants look at the project in terms of individual objects (spaces, doors, beams,
pipes, formwork, cranes, compressors, pumps, locations, activities, etc.). There are two
things that we want to capture: the knowledge that is encapsulated within the objects, and
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the relationships among the objects. Both may be expressed in the form of object internal
constraints (representing the internal structure and behavior of an object) and object-to-
object constraints (representing the relationships among objects).

Based on this view of the world, the structure of a system that uses knowledge about
objects in the form of constraints is envisioned as shown in Figure 3. Knowledge about
project objects forms the basic core. The constraints layer describes the relationships that
we wish to maintain concerning the properties of the various objects. The connectivity
layer ties all parties working on the project together.

Connectivity Framework

Project Constraints

Project
Objects

Conceptualize

Figure 3 - Framework for Coordination

For the framework to reflect the AEC organizational needs, it should allow the creation
of new types of objects in a standard format. The representational standards and the
CONCOORD architecture are documented in [El-Bibany 92].

Once the system is set with specific object classes, project participants interact through
the instantiation of project specific objects and imposing the object-to-object constraints
(through domain and project specific logic) to represent the required relationships. The
framework translates their actions into the underlying constraint-based representation for
analysis and solution.

As participants propose changes, new information requirements, constraints are
automatically propagated to other participants who need to know about them, while
maintaining the constraints that were previously specified and remain unchanged. Design
parameters are automatically adjusted to satisfy the new requirements if possible; if not, all
parties concerned are notified immediately so that negotiations can proceed to find a
mutually agreeable solution. The system flags conflicts and assists in determining the
cause of problems, allowing participants to focus their attention on solving the right
problem in a better way. Users can query the integrated object knowledge base for the
existence of certain relationships between the attributes of different objects and evaluate the
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global impact of proposed design changes. Advanced qualitative reasoning capabilities
may also be supported by the constraint-management system.

The Framework

The main contributions of the framework to be presented in Section F are based on the
following capabilities:

Unified Representation and Reasoning. The framework is based on one uniform
constraint-management methodology for various tasks based on the argument that
computers can look at various tasks in the same way using mathematics and logic.

External Knowledge Access Capabilities. Every object in the framework has the ability
to access external information (external databases, knowledge-based systems, etc.) under a
flexible graded-reachability architecture.

User-Controlled, Flexible Representation. To fit the AEC industry needs for dynamic
project organization and flexible, free-to-define task and task integration methodologies, the
framework provides system managers (first level of users) with the ability to define
prototypes of their own objects with their behavior. Day-to-day users (second level of
users, e.g., designers, planners, etc.) would interact with the system instantiating project-
specific objects and their logical constraints. The constraint-management system would
handle interaction and information management.

Context-Based Reasoning. Context-based reasoning and change-management to
support life-cycle integration will be based on extensive truth-maintenance capabilities [de
Kleer 86 a, b, c, Shoham 87]. Internal truth maintenance will control dependency-directed
propagation. An external truth maintenance system will control context-based reasoning.

Customized User Interfaces. The framework is a decision support tool based on the
assumption that unconstrained user interaction is the basis for coordination. Customized
user interfaces are therefore supported.

Formalization of Representation. For a general representation, we differentiate between
domain and non-domain knowledge. Furthermore, to apply the framework in different
organizations with different requirements, specification, categorization and formalization of
domain control knowledge representation become the basis for initialization of the system.
In the proposed architecture, we represent domain objects and their behavior in a non-
domain specific mathematical and parametric representation. Object relationships and their
implications are categorized and formalized with respect to this representation.

Metaknowledge Control. The formalization of representation is envisioned as the basis
for future metaknowledge modules (in the form of a knowledge-based system) with the
main task of helping system managers define the objects and their required interaction in
various organizations.

Prototype’s Implementation Environment

Object-Oriented Logic Programming is the primary tool for prototype implementation.
Prolog** on a Macll provides us with the object-oriented programming environment based
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on advanced logic programming techniques. It proved its power in most of the utilities that
we need for this research [Lansky 88].

Prolog as a logic programming language has a sound theoretical basis, being modelled
on first-order predicate calculus. As a declarative type-free language with built-in
unification and inference engine, Prolog results in an increase in both productivity and
creativity of the programmer. Its type-free capabilities increase its capability for meta-
programming with ease of updating and editing the programs. Ongoing theoretical research
[Cohen 90, Colmerauer 90] will render Prolog the most capable language for handling
constraint-management.

Prolog imposes few restrictions on the structure and organization of a program. This
can lead to problems when constructing large applications. The use of Prolog*t as an
object-oriented programming environment (class hierarchies, abstraction, encapsulation,
message passing, polymorphism, and inheritance) helps programmers impose discipline
for organizing and managing their code as well as increase their productivity. Analysis of
advantages of object-oriented programming may be found in [Cox 86], [Booch 91].

Figure 4 shows sample screens from the current tests of the prototype in various fields.
The upper block illustrates architectural design dialogues creating levels, axes and spaces.
The created space in this case is a living room with a specific usage and luminance
requirements (a parametric or database model relating luminance to volume of the space and
sources and sinks of light is needed in this case). The middle block illustrates sample
interaction by the structural engineer creating a beam in a certain location. Other structural
elements may be created in the same manner. Notice that the user has the option to set the
direction of information flow at any time based on the constraint-management methodology
previously described. In this case, the user chooses to perform normal design by entering
values for the concrete flexural strength and the thickness of the beam (actually in this case
the system searches default values, e.g., the default value for beam thickness is the wall
thickness under the beam defined by the architect). The lower block illustrates sample
construction planning and scheduling interaction with the system. The user is still in
control of information flow by defining the known parameters of the activity
construct_beamlI?2.

E. Examples

The constraint-management methodology used as the basis for the CONCOORD
framework is based on the graph theory [Serrano 88]. Constraint networks are presented
as directed graphs, where the nodes represent parameters and arcs represent constraint
relationships. Parameter dependencies are generated automatically. Constraints can be
continually added, deleted and modified throughout the evolving design of a new artifact.

This section illustrates the constraint-management methodology as applied to two types
of examples suitable for CONCOORD. The first concentrates on decisions made mainly at
the design stage, with some input from construction. The second focuses on construction
planning and scheduling.
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Figure 4: Sample Screens from Prototype Testing
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Example 1

In a two-story commercial building, the structural elements (e.g., footings, columns,
beams and slab panels) are the main objects to be designed and constructed. We assume
that, in the computer system, an object-based representation will be used to represent the
attributes and relationships between these objects (e.g., column C21 supports slab panel
521, column C11 supports column C21 and slab panel S11, and footing F1 supports
column C11). From this representation, we can form the equations (constraints) that
constrain the values of column C21's attributes. The different parties in the project would
form different constraints on C21. Figure 5 illustrates column C21 and its attributes as a
part of the overall structure.

S21 (area Sa) P
ar ./

2

Column C21:
Buckling length of He21 (assumed equal to column height)
Responsible for slab area Sa (for load approximation)
Cross sectional area A
Material Type M

Figure 5 - Column Design in an Example Structure

We look at three different parties involved in the design and construction of this project:
the architect, the structural designer and the construction manager. The scenario is as
follows:

In current practice, as design starts, the architect forms some constraints on column
C21, such as the type and the surface area of the slab it supports, the height of C21 and
some restrictions on its cross sectional area. Taking the architectural constraints into
account, the structural designer tries to define the appropriate cross section for C21. The
height of C21, the type and surface area of the slab it supports (as defined by the architect)
would respectively affect the buckling length, the load intensity and the total load on ‘C21.
In the construction phase, the construction manager would have constraints on the capacity
of the cranes required to put C21 in place. The decisions are made sequentially, which
most frequently leads to the violation of some of the constraints pertaining to one or more
of the involved parties. Figure 6 illustrates sample constraints imposed by the project
participants.
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The erected C21 must satisfy all of these constraints. CONCOORD considers all the
constraints in parallel. In this way, we can look at any party as taking the other parties'
requirements into consideration in making its decision. For example, construction
constraints (constructibility) are taken into account simultaneously with structural
constraints as the architect is defining his requirements.

Architectural C_Qnstraints;

H = Floor Height (e.g., 3 meters) (AD
A £0.02 square meters (architectural requirement) (A2)
Sa is fixed = slab area supported by C21 (depends on chosen spacing of columns) (A3)
Slab-Type = Type of Area Supported (e.g..internal shop area for special use of owners) (A4

Structural Cons_traints:

F<wAS '3))

F =8Sa x (LI + DI) (52)

DI = St xp (83)

LI = f(Slab-Type) (54)

w = f(Hc2l, A) (S5)

Hc2l = f(H) (S6)
where = total force on column

A = cross sectional area of column C21

S = allowable compression stress of the material of column C21

w = factor to reduce the allowable compressive stress according 1o
buckling length and cross sectional dimensions

LI = Live load intensity on the supported area

DI = the dead load intensity

St = the thickness of the slab supported by column C21

p = the material density of the slab

For our purpose, we will not go into complicated details of structural design; instead we
assume that a direct factor w takes buckling into account. (w is actually a function of the
height and radius of gyration of the column)

Construction _Constraints:

Through the construction planning for the erection operations, the available crane stationed
at the planned location would have a maximum allowable load capacity of "CraneCap" for
putting column C21 in place. This constraint can be formulated as follows:

A H Q < CraneCap C1)
where = unit weight of column material

Figure 6 - Sample Constraints Imposed on a Column (C21)

If, after erection of C21, the architect changed the type of the area supported by C21 to
a storage area, a higher load intensity would be generated for the structural designer. A
recheck (by the structural designer) would find out if the capacity of the actual erected C21
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is adequate for the change in the architectural requirements. In case of inadequate capacity,
a decision must be made either by the architect to withdraw his new requirement or by the
structural designer to reinforce C21.

In solving the constraints of Figure 6, a graph network is constructed (Figure 7).
Nodes represent constraint objects (i.e., variables or exogenous variables appearing in the
constraint set). Each arc represent a relationship between two objects through a certain
constraint. Exogenous variables (enclosed by rectangles) can be defined either using
domain knowledge or by the user.
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Figure 7 - Constraint Network as Non-directed Graph
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A bipartite graph (Figure 8) is then
constructed, the two sets of nodes being the
variables and the constraints in which they
appear. A maximum matching algorithm will
be applied to the bipartite graph. The basic
bipartite matching graph will be a good tool to
decide if the constraint system is under or
over constraint. The under-constraint
variables and the redundant constraints can
also be discovered (the figure does not show
these cases).
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Figure 8 - A Bipartite Graph

The outcome of the bipartite matching is used to transform the original undirected graph

network to a directed graph (Figure 9). This directed graph can be cyclic due to mutual
dependence of some variables.
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Figure 9 - Directed Cyclic Constraint Network
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The bipartite matching also discovers the mutually dependent variables and their
constraints. The set of mutually dependent variables will be reduced to one node
(supernode) in the directed graph transforming it to a directed acyclic graph (DAG) (Figure
10). This graph is the basis for value propagation. The encountered supernodes can be
solved independently either numerically or using more powerful symbolic manipulation
techniques. All the graphs will represent nodes on one level of the overall truth

maintenance hierarchy.
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Figure 10 - Directed Acyclic Constraint Network

R

After collapsing the strong components, the solution plan is determined by a topological
sort on the resulting directed acyclic network (Figure 10). The solution plan is used to
solve the constraints for their matched variables, to obtain the causal relationships among
the parameters, to explain the solution procedure to the users, to identify conflicting
constraints, and as a basis for advanced sensitivity analysis and qualitative reasoning.
Value propagation is handled through interval-based mathematics.

Example 2

The purpose of this example is to illustrate how the constraint-management
methodology, as currently implemented, can handle a non-design problem in a similar way
as a design problem once the knowledge is represented in the form of constraints.

The treatment of construction planning/scheduling as a constraint-management problem
allowed us to create a strong methodology for planning/scheduling under resource
constraints. We are currently extending the methodology to incorporate more construction
management tasks.

Suppose we represent a construction activity in an object-oriented hierarchy with the
attribute, parameters and behavioral constraints as shown in Figure 11.
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Construction

Activity

Errect
F1

Attributes:

Planned_Duration (PD)
Planned_EStart (PES)

Planned_EFinish (PEF)
Planned_LStart (PLS)
Planned_LFinish (PLF)
Actual Duration (AD)
Actual_Start (AS)
Actual_Finish (AF)

Recources (RR)

Behavioral_Const
PEF - PES=PD
PLF -PLS =PD

Figure 11 - Representation of a Construction Activity

Once the user creates project objects and their relationships, as the ones shown in
Figure 12, The system will create a constraint set consisting of three types of constraints

(Figure 13).

Figure 12 - Example Structure for Planning and Scheduling

CONCOORD: A Framework for Design, Management and Coordination




C11 GravitySupportedBy FI ———# PES(C11) - PER(F1) > 0 [1]

C21 GravitySupportedBy C11 ———= PES(C21) - PEF(C11) >0

S21 GravitySupportedBy C21 ——& PES(S21) - PEF(C21) >0

S11 GravitySupportedBy C11 —— PES(S11) - PEF(C11) 20

it PEF(F1) - PES(F1) = PD (F1)
Objects' PEF(C11) - PES(C11) =PD (C11) [6]

Behavioral Constraints PEF(C21) - PES(C21) = PD (C21)

\ PEF(S11) - PES(S11) = PD (S11)

PEF(S21) - PES(S21)=PD (S21)  [9]

Project Start ——&  PES(F1)=0

Figure 13 - Planning/Scheduling Constraint Set

Notice that constraints 1 to 4 represent internal behavior of the created activities and will
be created whenever a construction activity is created. Constraints 5 to 9 represent
precedence according to certain relationships between the corresponding objects. For
example the user may choose to create these constraints based on the relationship
“supported_by” between these structural objects. The system creates these constraints
automatically. Notice also that constraint number 10 in the set represent a boundary
constraint (in which PES(F1) is considered an exogenous variable for the constraint set) for
the whole set and scheduling may not proceeded unless constraint 10 is present.

[

PES(F1)

PEF(F1)

PES(C11)

PEF(C11)

PES(C21) , Solve Toget PES(S11)
PEF(C21) . Solve Toget PEF(S11)
PES(S21)

PEF(S21)

10
[6]
]

D

Figure 14 - Plan of Solution as Construction Plan
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Application of the constraint-management methodology as described in Example 1 will
result in a plan for solving the constraints as shown in the upper part of Figure 14. The
corresponding constraint network represents the construction plan as shown in the lower
part of the figure.

The construction schedule is then computed by delivering the plan in Figure 14 to the
interval-based manager to propagate interval values.

F. Significance of the Research

Advantages of the CONCOORD Framework

The CONCOORD framework for integrated AEC software offers the following
advantages:

1.

Horizontal Integration. The framework is flexible enough to accommodate
various tasks during the creation and maintenance of the facility in a unified
methodology for facilitating their coordination (flagging source of conflicts,
suggesting and tracking changes, what-if analyses) across various disciplines.

Vertical Integration. The framework incorporates mechanisms for change-
management and context reasoning for the purpose of integration and
coordination over the life-cycle of the project..

Process and Product Coordination. Process coordination is the
management of the concurrent activities during the creation of the facility. Sound
process coordination (e.g., identifying decision conflicts) requires product
coordination to ensure that the final product satisfies the requirements of various
project participants.

Knowledge Integration and Information Processing. The framework
creates a robust model for knowledge integration (rather than data integration) and
information processing based on an architecture that reduces knowledge items to
their fundamental representation (mathematical and parametric models).

Optimization through User Interaction. The framework facilitates global
optimization by enabling individual participants to evaluate the impact of their
decisions on overall project goals. In this framework, the constraint-management
methodology provides powerful and transparent what-if capabilities for both
quantitative as well as qualitative reasoning.

Multi-disciplinary Education. With the previous capabilities, the
framework may be used in education and learning (e.g., by project team members
or in educational institutions).

The results of this research also provide computer systems with methodologies to
handle the automatic update of changes and hence affect the evolution of design as well as
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project management systems. Some of the practical applications of the methodologies
defined under this research would be:

1. New generation of design and project management systems. In this
category we expect to see a first generation of integrated design and project
management systems with the main themes of coordination and flexible
standards’ processing. In the AEC industry, for example, an international
company would manage their projects much more effectively; design can be done
locally and automatic accounting for different international standards as well as
local requirements would be handled by the system. This will decrease the cost
of managing these projects and hence increase the competitive advantage of the
user companies.

2. Intelligent CAD systems. Applying the results of this research to the current
CAD/CAM systems, through the use of the domain knowledge, would increase
their capabilities and flexibility to handle intelligent design (functional
requirements) and update. For example, as the user defines new objects for the
system, the system will be able to design the beam automatically and ask the user
to approve the design. Connections between these objects (e.g., beam column
connection) would be automatically designed if the requirements for these
connection were defined as objects.

3. Intelligent Database systems. Database systems may use the underlying
methodology to automatically propagate any change to update all related
information efficiently and answer more intelligent queries with a powerful
explanation facility.
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