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Preface

Welcome to Clearwater Beach! It is our pleasure to organize the 2012 International
Conference on Computing in Civil Engineering.

This year, we have received many high quality papers. The Workshop has accepted
81 papers from 12 countries in four subject areas, 1) novel engineering, construction
and management technologies, 2) design, engineering and analysis, 3) sustainable and
resilient infrastructure, and 4) cutting edge development. These papers are the result
of a rigorous peer review process starting from the over 140 abstracts we received.
Each abstract and each paper were assigned to at least two reviewers. Only the
outstanding papers are collected in the proceedings. These papers are also a genuine
representation of the very best research being conducted in this community.

We would like to thank the Rinker School of Building Construction and the
Conference Department at the University of Florida for their support. The ASCE
Technical Council on Computing and Information Technology and its subcommittees
have provided guidance and assistance in helping make the conference a success.

Enjoy your stay in Clearwater Beach! Don’t miss the beach and the sunshine!
R. Raymond Issa, Ph.D., P.E., J.D., F.ASCE

Ian Flood, Ph.D.
2012 ASCE International Conference on Computing in Civil Engineering
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Evaluation of Existing Sensor Ontologies to Support Capturing of Construction
Field Data with Data Acquisition Technologies

T. Gao', S. Erganl, B. Akinci], J. H. Garrett Jr.! and L. Soibelman?

'Department of Civil and Environmental Engineering, Carnegie Mellon University,
Pittsburgh, PA, USA

Sonny Astani Department of Civil and Environmental Engineering, University of
Southern California, Los Angeles, USA

ABSTRACT

Advanced data acquisition (DAQ) technologies, such as smart tags, laser
scanners and embedded sensors promise to collect accurate, complete, and timely
field data, which is essential to increase the control of construction projects. However,
since different DAQ technologies have different capabilities, which are meant to
collect different types of data that come with different data processing requirements,
construction professionals end up making ad-hoc decisions on which technologies to
use in order to capture the required field data. To enable the capture of construction
field data in a formal way via mapping required field data to applicable DAQ tools,
we identified an initial set of representation requirements for modeling DAQ tools.
Based on these requirements, we evaluated and compared relevant sensor ontologies.
The limitations and capabilities of relevant sensor ontologies are described in this
paper. This evaluation revealed that for the mapping process, there is no single
ontology that can be used in its original form to represent DAQ tools. Hence, a
representation schema, which builds on various aspects of existing ontologies, has
been developed.

INTRODUCTION

Project managers and engineers need to have an accurate and complete
understanding of what is happening on a construction site in order to identify and
remove information bottlenecks that might result in delay or postponement of
construction activities. In order to improve the situation awareness of project
managers and engineers, a variety of field data need to be captured. These include: (1)
data related to the building components that are being constructed, such as the actual
dimensions and material quality of a building component; (2) data related to the
construction processes being carried out at construction sites, such as the resource
availability and the work progress; and (3) data related to the context under which
construction processes are being carried out, such as weather conditions, site layout
and so on. In this paper, we refer to the field data that need to be captured as
information requirements.

Construction project managers are experiencing incomplete and inaccurate
field information due to the current manual data collection methods (Navon 2007).
This problem emphasizes the benefit of utilizing DAQ tools to capture field data on
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construction sites. Advanced DAQ tools, such as RFID, GPS, laser scanners, and
embedded sensors, have the capability to collect and store accurate, complete, and
timely field data, which is able to improve the situation awareness of project
managers and engineers. However, different DAQ tools have different capabilities
and come with different data processing tasks and operational requirements. For
example, in order to capture the dimensions of a building component, a variety of
DAQ tools, such as laser scanners, total stations and measuring tapes, might be
selected. These tools have different capabilities (e.g., accuracy, measuring range,
precision), data processing tasks (e.g., a laser scanner requires an additional data
processing task to extract the geometric information from the captured point cloud
data), and specific operation requirements (e.g., a laser scanner requires the working
temperature to be above 32 °F, whereas a measuring tape can work under 32 °F). In
addition, a laser scanner is able to scan multiple subjects within a certain detection
range at once, whereas a measuring tape and a total station can only perform one
measurement at a time. Due to the lack of a formal approach to assess the capabilities
of different DAQ tools, it is a challenge for project teams to select the applicable
DAQ tools to capture the required field data. As a result, there is a need to develop a
formal approach to assess the features and capabilities of a variety of DAQ tools, and
enable the selection of a set of applicable DAQ tools to capture the required field data
(i.e., information requirements).

In order to identify a set of applicable DAQ tools to capture information
requirements, one of the essential steps is to create a formal representation schema to
describe information about DAQ tools that can support the reasoning necessary to
select appropriate tools. There are several research studies actively working on
providing descriptive schemas and ontologies for sensors and their properties, such as
SensorML, OntoSensor, and so on. These sensor ontologies are different in terms of
their objectives, modeled concepts, and expressive powers. The objective of this
paper is to evaluate and compare these sensing ontologies, adopt and/or extend them
to develop a representation schema to support the mapping between DAQ tools and
information requirements.

INITIAL REQUIREMENTS FOR REPRESENTING DAQ TOOLS

In order to identify initial requirements for DAQ tool representation, we
reviewed the specifications and operation manuals of different types of DAQ tools
(e.g., 3D imaging sensors, automated identification sensors, and localization sensors)
to identify common characteristics of DAQ tools to be represented. We also analyzed
a large set of information requirements that we identified through interviews and case
studies in 3 construction projects to identify unique constraints they impose on the
selection of DAQ tools, such as the accuracy of the tools, or the environmental
conditions in which the tools are expected to operate. The first requirement of the
DAQ tool representation schema is to describe the physical properties (e.g.,
temperature, humidity, geometry, position) measured by the DAQ tools. Second,
since the field data is captured under different site conditions (e.g., temperature,
weather, indoor, outdoor), the context under which field data is captured generates
constraints on the performance of the DAQ tools that must also be represented. For
example, the two information requirements, “check the storage location of steel pipes”
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and “check the location of the delivery truck”, both require location data. Assuming
that the steel pipes are stored in an indoor storage yard, and the truck is operating in
an outdoor environment, the applicable DAQ tools to capture these two information
requirements could be completely different. For instance, a GPS is able to track the
location of the delivery truck in outdoor environments, but it cannot capture the
location of the steel pipes due to the satellite signal blockage that occurs in indoor
environments. Hence, information about the conditions under which DAQ tools are
expected to operate needs to be captured.

Third, specifications and construction methods might generate various
constraints on the measurement capabilities (e.g., accuracy, precision, resolution) of
DAQ tools. For example, the tolerance manual from PCI (2000) specifies that the
tolerance for the length of a precast component is 6mm. Therefore, in order to capture
the information requirement “check the length of a precast pier section”, the
applicable DAQ tools need to have millimeter-level accuracy. Failure to consider
these constraints might mislead the selection of appropriate DAQ tools to meet an
information requirement. The information related to the measurement capabilities of
DAQ tools needs to be represented in the representation schema.

Fourth, a DAQ tool might have specific data processing tasks (e.g.,
registration and feature extraction processes for a laser scanner) and deployment
processes (e.g., installing sensors). In order to help project managers and engineers
deploy DAQ tools at construction sites, the representation schema needs to contain
the information about the data processing tasks associated with DAQ tools, and how
to deploy those DAQ tools on site. Based on these four requirements, we evaluated
and compared the relevant sensor ontologies in terms of whether they are able to
represent the identified requirements or not. The details of this evaluation are
presented in the next section.

EVALUATION OF RELEVANT SENSOR ONTOLOGIES

Ontology is defined as “a specification of a conceptualization” (Gruber 1993),
which is composed of three components: (1) the concepts in a specific domain; (2)
the properties of and the relationships among these concepts; and (3) the restrictions
on the value of the properties and the relationships. Ontology provides a shared
vocabulary and a taxonomy to describe the concepts in a domain, and thus can be
used to analyze and manage the domain knowledge (Paolucci et al. 2002). A number
of descriptive schemas and ontologies have been developed for sensors and their
properties. Among these ontologies, we evaluated SensorML, OntoSensor, CSIRO
and SSN ontologies within the scope of this paper. The details of these evaluations
are provided in the next subsections.

SensorML Ontology. SensorML develops a generic model to describe sensor
systems and their measurements (OGC 2007). The basic concept for SensorML is the
Process, defined with inputs, outputs, parameters, and methods that transform inputs
to outputs. Process in SensorML is divided into two groups (OGC 2007): (1)
Physical processes, which refer to the sensor devices, such as detectors, actuators and
filters; and (2) Non-physical processes, which refer to the data processing tasks
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without involvement of physical components, such as feature extraction, data filtering,
and so on.

Key concepts represented in SensorML are shown in Table 1. SensorML
provides a generic data model to represent the information about sensors, data
processing tasks and measurements generated from sensors. In addition, it defines the
fundamental data types, such as Quantity (i.e., a data type to represent decimal
values), Count (i.e., a data type that represents an integer value), Boolean (i.e., a data
type to represent a Boolean value), Category (i.e., a data type that represents a value
that is a subset of an enumeration), and Time (i.e., a data type to represent time).
These fundamental data types are useful to specify the inputs and outputs of DAQ
tools, so as to support the reasoning with the output data of sensors and required field
data in order to find the matches between information requirements and DAQ tools.

Table 1. Major concepts in SensorML and their definitions (OGC 2007)

Concept Definition of Concept Example
Physical process Physical sensor devices Laser scanner
Non-physical Mat.hematical operations_ without .

the involvement of physical Feature extraction
process

components
Capability properties | Characteristics of the sensor output | Accuracy, resolution etc.
Characteristic Physical properties of sensor Weight and size of the
properties devices scanners, etc.
Phenomenon/ The observable properties that can | Geometric information
Observable Property | be measured by sensors of subjects’ surfaces

A system which is composed of Laser scanner + GPS
System multiple physical and non-physical | for topographical site

processes survey

OntoSensor Ontology. The objective of OntoSensor is to build a knowledge
repository of sensors in order to support sensor selection and discovery (Russomanno
et al. 2005). As compared to SensorML, which considers the Process as the basic
concept, OntoSensor aims to describe the technical specifications of sensors (see
Table 2).

Since OntoSensor mainly focuses on describing physical parts rather than
processes, it lacks the capability to represent complex data processing chains (i.e., a
sequence of data processing tasks). OntoSensor defines the Measurand class to model
the outputs of sensors, and represents the capabilities of sensors through the
CapabilityDescription and the GenericProperty class. These three classes allow users
to query the sensor knowledge repository, and find the sensors that are able to capture
the desired data type and have the required capabilities (e.g., day/night operation
capability, capability to operate when temperature is under 32 °F).



COMPUTING IN CIVIL ENGINEERING

Table 2. Major concepts in OntoSensor and their definitions (Russomanno et al.

2005)
Concept Definition of Concept Example

Sensor A sensor device Total station
Platform A physical device to which sensors are Tripod

attached
Measurand The physical properties and quantities that | The coordlnqtes of the

can be measured by a sensor measured points
Capability | The description of capabilities of sensors | Day/night operation,
Description | and platforms measurement time, etc.

. The properties of sensors, and has Supp Qrted Appl '€ ation:

Generic subclasses as: (1) SupportedApplication; day/night operation
Property ) pp pp ? PerformanceProperty:

and (2) PerformanceProperty.

measurement time = 2s

CSIRO Sensor Ontology. The objectives of CSIRO sensor ontology (henceforth
called CSIRO) are not only to describe sensors and their capabilities, but also to
support the process of searching for sensors and their observations in a sensor
network (Compton et al. 2009). CSIRO represents a sensor system using three
concepts: SensorGrounding (i.e., the physical sensing instruments with their
characteristics), OperationModel (i.e., the processes of how a sensor performs its
measurement), and PhysicalQuality (i.e., the physical properties being measured by
sensors). Table 3 lists the major concepts used in CSIRO.

Table 3. Major concepts in CSIRO and their definitions (Compton et al. 2009)

Concept Definition of Concept Example
Physical | The physical rties that
ysica e physical properties that can be Temperature
Quality | measured by sensors
Feature Entities in the real world that are the | The room where the
target of sensing temperature sensor is placed
A sensor system that contains oy
L . Temperature sensor with its
Sensor | physical instruments and their
. measurement process
associated measurement processes
A temperature sensor with its
Sensor | Physical sensing instruments with characteristics such as
Grounding | their characteristics dimension, weight, operation
conditions, etc.
Operation | The processes by which a sensor The process to measure the
Model | performs its measurement temperature
Model The properties of the results coming | Accuracy, latency, resolution,
Result | from the OperationModel class etc.

In terms of supporting the mapping between information requirements and
DAQ tools, CSIRO defines the ModelResult class to describe the types and properties
of the sensor output. However, CSIRO does not provide an extensible way to
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represent the measurement capabilities of sensors. It uses different attributes (i.e.,
withAccuracy, withLatency, withRange, and withResolution) in the ModelResult
class to specify the measurement capabilities of a sensor. Hence, if an additional
measurement capability (e.g., precision or frequency) needs to be added to CSIRO,
the structure of the ModelResult class needs to be changed internally, which limits the
extensibility of the representation schema. As a result, CSIRO has limited ability to
satisfy the third requirement of the DAQ tool representation schema to describe the
measrement capabilities of DAQ tools.

Semantic Sensor Network (SSN) ontology. Similar to SensorML, SSN considers
the term Sensor as a process by which an input phenomenon is measured and
transformed into an output value (W3C 2010). Therefore, either physical sensor
devices or data processing tasks can be represented by the Sensor class. The key
concepts of SSN are shown in Table 4. SSN gives a formal hierarchical structure and
a set of enumerations to describe the property of sensors (W3C 2010). The properties
of sensors are represented in three classes: (1) MeasurementCapability, which defines
the measurement capabilities of sensor devices (e.g., accuracy, resolution); (2)
OperationRange, which describes the environmental and power conditions within
which a sensor is designed to operate; and (3) SurvivalRange, which represents the
environmental conditions under which a sensor is able to operate without causing any
damage to the sensor (e.g., temperature limits of a sensor). SSN is a fairly rich model
with various classes to describe the physical devices and processes of sensors. It
satisfies the requirements of DAQ tool representation schema in terms of capturing
information about sensor capabilities, properties of output data, and the operational
conditions.

Table 1. Major concepts and their definitions in SSN (W3C 2010)

Concept Definition of Concept Example

Sensor The physical (e.g., sensor dev1ces)~ or virtual Accelerometer

instruments (e.g., signal transforming).
Feature of Entities in the real world that are the target of The delivery tmck'where
Interest sensin the accelerometer is

& attached
Observed The property of the feature of interest that is .
Acceleration

Property observed.

A description of how sensors transform the .
Process . Measure the acceleration

observed property into the output value.
Deployment The deployment process of sensors. Attach accelerometer
Platform A physical object to carry sensors for The delivery truck

measurement.
Operation The environmental and power conditions under | Transmission range, power
Range which a sensor is designed to operate storage capacity, etc.
Measurement | A set of measurement properties of a sensor in | Accuracy, resolution, shift,
Capability a specific condition. etc.
Survival The environmental conditions within which a Max temperature,
Range sensor works without causing damage. minimum temperature, etc.
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Comparison of sensor ontologies for supporting the mapping of daq tools to field
data. As stated in Section 2, the DAQ tool representation schema is required to
describe the information about physical properties measured by sensors, operation
conditions within which sensor can normally operate, sensor measurement
capabilities, data processing tasks and sensor deployment processes. After critically
reviewing the data structures of the four ontologies, we identified that the required
information is able to be represented by a combination of these four ontologies and
none of these ontologies is able to represent all the required information individually.
As seen in Table 5, OntoSensor fails to represent the concepts related to data
processing tasks, sensor deployment. CSIRO does not have a relevant class to model
sensor deployment. SensorML and OntoSensor are not able to describe the target of
sensing. SSN does not define the fundamental data types (e.g., Quantity, Count,
Boolean) to specify the input and output data of DAQ tools.

Table 5. An assessment for the four ontologies

Concepts SensorML OntoSensor CSIRO SSN
Sensor v Physical v Sensor v Sens.or v Sensor
Process Grounding
Entities that are the v Feature
. v Feature
targets of sensing of Interest
Fundamental data v Quantity, v Classes
types for inputs and | Count, Category, | adopted from
outputs Boolean, Time SensorML
Physical properties v Observable v Physical v Observed
measured by sensors Property v Measurand Quality Property
Sensor operation . v Capability v Operation v Operation
condition v Capability Description Model Range
Sensor survival v Capabilit v Capability v Operation v Survival
environment P Y Description Model Range
Sensor measurement v Capabilit v Capability v Model v Measuring
capability P Y Description Result Capability
Deployment v History v Deployment
Data processing v Non-Physical v Operation
tasks Process Model v Process

The evaluation results show that there is no single ontology can be used in its
original form to support the mapping between information requirements and DAQ
tools. With the goals of supporting the mapping process, we developed a
representation schema by building on the main concepts represented in the reviewed
ontologies, which will be discussed in details in another publication. The developed
representation schema covers the following concepts: (1) Sensor: the physical sensor
devices and their input and output data; (2) Process: the data processing tasks (e.g.,
data transformation); (3) Capability: the capabilities of sensors which can be grouped
as the measurement capabilities (e.g., frequency, accuracy), operational conditions
(e.g., indoor environment) and survival environment (e.g., maximum operation
temperature); (4) Deployment: the deployment process of sensors (e.g., installing
sensors); and (5) Platform: a mobile or stationary physical component to which
sensors are attached.
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CONCLUSION AND FUTURE WORK

In order to improve the value of using DAQ technologies to capture required
field data from construction sites, one of the essential steps is to develop a formal
representation schema to describe the knowledge related to DAQ tools and support
the mapping between information requirements and DAQ tools. In this paper, we
have identified an initial set of requirements for such a representation schema, and
discovered that the existing sensor ontologies cannot individually satisfy all of those
requirements. As a result, we built on the components from the existing sensor
ontologies, and developed a representation schema of DAQ tools to support the
mapping between information requirements and DAQ tools. This work has built the
foundation for further research. We are currently working on developing a set of
reasoning mechanisms to reason with the information described in the DAQ tool
representation schema and search for a feasible set of DAQ tools to capture a given
set of field information requirements over a given time period and space. Also, we
developed a library of DAQ tools based on the representation schema that can be
used as a testbed for the reasoning mechanisms.

ACKNOWLEDGEMENTS

This material is based upon work supported by the National Institute of
Standards and Technology (NIST) under Grant 60NANB9D9197. Any opinions,
findings, and conclusions or recommendations expressed in this material are those of
the authors and do not necessarily reflect the views of the NIST.

REFERENCES

Compton, M., Neuhaus, H., Taylor, K., and Tran, K. (2009) “Reasoning about
Sensors and Compositions.” In Proceedings of the 2nd International
Workshop on Semantic Sensor Networks (SSN09) at ISWC 2009, pp. 33-48.

Gruber, T. R., (1993). “A Translation Approach to Portable Ontology Specifications.”
Knowledge Creation Diffusion Utilization.

Kiziltas, S., Akinci, B. (2009) “Contextual Information Requirements of Cost
Estimators from Past Construction Projects.” Journal of Construction
Engineering and Management, Volume 135, Issue 9, pp. 841-852.

Navon, R. (2007). "Research in automated measurement of project performance
indicators." Automation in Construction, 16(2), 176-188.

Open Geospatial Consortium (OGC) Inc. (2007), “OpenGIS® Sensor Model
Language (SensorML) Implementation Specification”.

Paolucci, M., Kawamura, T., Payne, T., Sycara, K. (2002). “Semantic matching of
web services capabilities.” The Semantic Web—ISWC 2002, 333-347.

PCI Committee on Tolerance (2000). “Tolerance Manual for Precast and Prestressed
Concrete Construction.” Precast/Prestressed Concrete Institute.

Russomanno, D. J., Kothari, C., and Thomas, O. (2005) “Sensor ontologies: from
shallow to deep models.” Proceedings of the Thirty-Seventh Southeastern
Symposium on System Theory

W3C Incubator Group (2010). “Semantic Sensor Network XG Final Report”.



Framework for Production of Ontology-based Construction Claim Documents
J.Niu' and R. R. A. Tssa’

! Rinker School of Building Construction, University of Florida, PO Box 115703,
Gainesville, FL, USA 32611-5703; PH (352) 328-7483; email: jniu@ufl.edu

2 Rinker School of Building Construction, University of Florida, PO Box 115703,
Gainesville, FL, USA 32611-5703; PH (352) 273-1152; email: raymond-issa@ufl.edu

ABSTRACT

The traditional way of construction project claim document production suffers
from tediousness and inefficiency. The manual assembly of claim event history leads
to poor reliability of the claim report, due to the claim knowledge gap between experts
and clerks. Sharing the team’s comprehensive and formal claim knowledge with all of
the participants in the claim work flow would result in a more effective way of
producing claim documents. This study proposes a system for the ontology-based
automatic generation of construction claim documents. The system will extract claim
knowledge from all the potential sources into ontology. Software agents supported by
the ontology will then complete each part of the claim events history data collection
and generation process. The system will also support other functions such as
information retrieval, natural language processing and database management. Such a
system would efficiently facilitate the claim documents work and become an effective
assistant to claim experts.

INTRODUCTION

Currently, in practice, due to the claim knowledge gap between the
expert/lawyer and the clerk, the traditional way of claim document production work
flow suffers from several drawbacks: inconsistency and unreliability of the claim
event history and tedious and inefficient manual work. Those drawbacks tend to
undermine the robustness of the claim argument.

To solve this problem, besides the automation of the documents processing
work to improve the efficiency, this paper takes the strategy of sharing the
comprehensive and formal claim knowledge with all the participants within the claim
work flow. To be specific, equipped with the machine-interpretable representation of
the claim knowledge, a computer could much better do the clerk’s manual claim work.
In this paper, following that strategy, an ontology-based construction claim production
framework is proposed to address the problem. With a brief literature review on the
principle and application of ontology, as well as the research development on
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construction claim documents management, the feasibility and applicability of the
proposed framework are analyzed. Then, the structure and the methodology of the
framework are illustrated, and an example case is given. Finally, the significance of
the framework’s implementation and the needed future work are also discussed.

LITERATURE REVIEW

Ontology in construction. The most widely accepted definition of ontology is “An
ontology is a formal, explicit specification of a shared conceptualization.”(Studer et al.
1998). An ontology is represented as a set of concepts within a domain and the
description of the relationships between the concepts (Akinci et al. 2008). So, through
a well-defined structure, ontologies could serve as a formal representation about a
specific body of knowledge in a domain, and this kind of formal representation can be
interpreted by computers. That kind of formal representation works as a good
methodology for sharing knowledge among certain people and/or computers. Sharing
a common understanding of the structure of information among people or software
agents is one of the more common goals in developing ontologies(Gruber 1993;
Musen 1992).

To be specific, as a kind of knowledge representation, the languages for
describing ontologies varies, but with the development of Web technology, the
Web-based languages for ontologies which include RDF (Resource Description
Framework), and OWL(Ontology Web Language) developed by W3C become more
and more popular. Facilitated by the web, those languages fit better in describing
ontologies much better in terms of sharing.

In the construction area, research on ontologies application mainly focuses on
the following issues: laying a comprehensive foundation for knowledge management,
build the industry-wide ontologies for construction, like e-CKMI (e-COGNOS
Knowledge Management Infrastructure) (El-Diraby et al. 2005; Lima et al. 2003);
Knowledge extraction and representation, for example, domain knowledge extraction
from handbooks (Lin et al. 2009), and space representation in construction (Akinci et
al. 2002); Interoperability facilitated by ontologies, like the interoperability of
process-related application in the Architecture, Engineering and Construction (AEC)
sector (Tesfagaber et al. 2003)and the “ontology integrator (Onto-Integrator)” for
facilitating ontology interoperability (El-Gohary and El-Diraby 2009). All of these
studies indicate that ontologies have a great applicability in the construction realm.

Construction claim documents management. Due to the fact that claims do not
arise in every single project, there is no separate role for managing claims in the way
that there are estimators, planners and accountants. In practice, the personnel given
this role are in most cases decided in an ad-hoc manner (Vidogah and Ndekugri 1998).
Therefore, it is very common that the claim clerk always have deficient knowledge
and intuition for finding, collecting, and summarizing relevant documents necessary
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to make up a solid claim argument. Thus, the knowledge gap mentioned above
between clerks and claim experts is the main reason for the inconsistency and
unreliability of claim event histories. To solve this problem, a number of expert
systems were developed to undertake the legal analysis for certain scenarios:
analyzing changes claims (Diekmann and Kim 1992), and analyzing the impact of
delays on the contractor’s progress (Alkass et al. 1993). However, none of those
systems address the issue of accessing and collecting contemporary records of event in
order to establish the archive and generate the brief history for events.

To solve the problem of relevant documents omissions in the preparation of
claim arguments, some researchers adopted the strategy that it is essential for all
project groups to be part of the same document exchange framework, and to enlist or
register all their documents within a central web based repository. This framework
operates as a document-clearing house for all project groups (Hammad and Alkass
2000). This strategy only puts all the potential candidate documents together to
prevent physical loss, but it still does not take the claim body of knowledge into
consideration to process that bulk of documents and the sharing of records across the
different stakeholders may raise potential risk issue in term of proprietary information
considerations.

FRAMEWORK FOR ONTOLOGY-BASED CONSTRUCTION CLAIM
DOCUMENTS PRODUCTION

The proposed framework uses the knowledge in the ontology to support the

intelligent agents’ decision and processing. So, before discussing the structure of the
framework, it is necessary to understand how the ontology represents the desired
claim body of knowledge. The first step in building this framework is to obtain the
desired claim body of knowledge from certain sources, then structure it and make it an
ontology. Here we assume that the desired knowledge is already in hand. The
methodology of how to build the ontology is the concern discussed here.
To build an ontology, it has to go through the following procedure: defining classes in
the ontology; arranging the classes in a taxonomic (subclass-superclass) hierarchy;
defining slots and describing allowed values for these slots; filling in the values for
slots for instances (Noy and McGuinness 2002). In this case, one important function
of this framework is, based on the claim knowledge collected, to identify the facts
which could incur a potential claim event. As an illustration, that knowledge about
identify claim incurring facts could be structured as shown in Figure 1.
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Figure 1. Illustration of the Ontology for Claim Knowledge

Particularly, in Figure 1, the rectangular boxes represent classes, like the
classes of “Claim”, “Cost Claim”, “Time Claim” and so on; the boxes with name and
slots inside represent the instances originate from a certain class. For example, the
“Steel” instance of the class “Material” is represented by a box with compartments
inside. The name of the instance is on the top, and the slots with particular values are
listed under the name, like “size: 16mm”, “Maker: XX factory”, “Unit Price: $XX per
Ton” and so on. Thus, a particular construction material used in the project can be
presented in a systematic manner for further use; arrow lines represent the
relationships between classes or between classes and instances, and the names of the
relationships are marked on the either side of an arrow line. For instance, class “Claim”
is the super class of classes “Cost Claim” and “Time Claim”, and in reverse, “Cost
Claim” and “Time Claim” are the sub-classes of “Claim”. Further, “Cost Claim” could
be caused by the classes of “Price Escalation”, “Design Change” and so on, and in
reverse, those classes could cause “Cost Claim”. That is the initiative or passive
representations for a certain relationship in terms of the object we talked about. The
same thing happens on the relationship between classes and instances. So, by this
methodology, the desired knowledge body could be structured into a proper form as
ontology. With the structured body of knowledge, the next step is to describe it by an
ontology language. In this framework, Ontology Web Language will be used, i.e.
OWL serves to convert the knowledge structure into text material.

By using the above-mentioned methodology to structure the desired body of
knowledge into the ontology and describing it in OWL, the foundation for the
framework could be laid. Therefore, supported by the ontology representing the
desired claim knowledge, the framework would be as shown in Figure 2.
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Figure 2. Framework of the Claim Filing Automation

The framework starts from the beginning of the project toward the closing out
point. It should cover the period, in which the facts that could incur any claim events
are possibly happening, e.g., this is the development stage of all the claim history.
Under this framework, the incoming and outgoing documents on a project are read by
the “filter”, which is one of the intelligent agents in this framework, and then it filters
out the irrelevant files and only keeps the claim relevant files. Then those relevant files
are passed to the “Identifier” to parse the claim relevant documents into two classes.
One class will contain the files which are possibly incurring a claim event while the
other contains those which are part of the developing history of an already created
event. After that, the “Organizer” will do the corresponding filing work for each class
in a certain database: a new claim event will be created based on the first class files
and the files will be stored as the first record of that newly created event; meanwhile
the files in the second class will be put under the already created event to which the
files are associated. All of the decisions made by those agents in this work flow are
supported by the knowledge in the ontology. With this work flow running on a daily
basis, the project claim record-keeping work is automatically updated while the
project is progressing.

EXAMPLE CASE

To illustrate how the proposed system works, an Article “12.2 Not Foreseeable
Physical Obstructions or Conditions” of the (FIDIC) 1987 contract document is taken
as a piece of claim knowledge to illustrate the example. This article basically requires
that if in the construction process, the Contractor encounters a negative physical
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obstruction or condition, which is not reasonably foreseen by an experienced

contractor, then the part of incurred expense which exceeds the budget should be

reimbursed by the Owner. The knowledge of this condition involved in this system

could be briefly represented in claim knowledge ontology as shown in Figure 3.

To be specific, take the function of the agent “filter” for example. The essential
elements for the definition of this condition include: 1. Unforeseeable by an
experienced contractor; 2. Physical; 3. Incurred over-budget expense or over-schedule
time happened. If an event satisfies all of these three points, it could be identified as a
potential claim event related to this piece of condition. As far as this condition
concerned, the three points become the key words to be searched for by the “filter”
agent over all the documents’ content, in order to identify the relevant claim
documents. Any documents containing some or all of those key words or equivalents
will be recorded and those documents which are cited or mentioned in them should
also be involved.

This case example illustrates that the main challenges in the development of
this system consist of but are not limited to the following:

1. The quantitative representation of claim knowledge. It is common that some terms
or concepts in contract documents are not exactly specified. For example, like the
word “reasonable promptness” regarding the RFI response time limit in the AIA
201 Article 2.2.4. There is not a quantitative definition for this word, which does
not fit the proposed system which requires quantitative values. One approach to
solving this is to develop the ontology with a proper quantification process to the
undefined words or concepts.

Unforeseeable

B S
Extra Cost or Ti
Untrue Description in
Bidding Doc.
Unmentioned in
Bidding Doc.

F Types of Obstructions {

Obstructions or Conditions

Figure 3. Flowchart for FIDIC Article 12.2
“Not Foreseeable Physical Obstructions or Conditions”
2. Need the cooperation of structured document formatting convention. Since a
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Tlme
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significant part of the proposed system depends on the searching over the content
of documents, poorly structured contents of documents would definitely
undermine the validity and feasibility. Thus, a cooperation of the document
formatting is necessarily needed, including standard terminology use, file coding
system etc.

SIGNIFICANCE AND FUTURE WORK

By sharing claim knowledge using the claim work flow, this proposed

framework would effectively prevent the inconsistency and unreliability of the claim
document production that would occur in the traditional way of work. Furthermore,
the automation of the document processing activity would efficiently substitute for the
manual work, which would save considerable time and improve the accuracy of the
product. Thus, the drawbacks of the traditional work flow would be avoided.
Moreover, if this framework is implemented correctly, it will become a good assistant
to the claim experts/lawyers, as well as to the project managers.
However, in order to implement and validate this proposed framework, there are a lot
of other issues that should be worked out. For example, the implementation of some
important functions which should be done by some of those agents, like identifying
the content of the documents, generating the brief for each claim event history, still
need further research. The technologies involved would include, but are not limited to
information retrieval, natural language processing, database management, and
object-oriented programming.
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ABSTRACT

Construction concept details comprise their geometric features, components
or parts, additional or assembled items, and functional characteristics. The concept
conditions are the situational conditions or state of affairs, which embrace the concept
location, position, site, place, and settings; the status condition, which is the stage of
the concept (e.g., completed, installed, delayed), and its relations with other products
or context descriptions (e.g,. set by, part of). The details and conditions are minimal
ontological definitions of the concept that can be formalized by including logical
axioms that use the syntax and vocabulary of a language, and additional semantic
relations, which help describe several states of affairs. However, the representations
are semantically poor which leads to deficient and accurate interpretations.
Furthermore, intentionality is not semantically articulated with the representations.
To respond to this need, this research proposes intelligent geometric topologies for
construction (i-Con). i-Cons are images that have the virtue of being a symbolic
vocabulary. These images have an established use, defined according to qualitative
spatial relations, parenthood, and connectedness. Through the use of a mediating
technology platform (e.g., a computer graphic application), i-Cons are linked to the
virtual representations of the components to assist the user in semantically
interpreting them and in efficiently arriving at more accurate conclusions.

INTRODUCTION

Proposed by Peirce (1991), the triadic relationship representation-agent-
purpose is a fundamental semiotic categorization for the analysis of knowledge. This
investigation builds on this fundamental relation to introduce the intelligent geometric
topologies for semantic interpretation of building components (i-Con). This research
introduces granularity notion and the cognitive agent’s reasoning to begin the
analysis and understanding of the fundamentals of the semiotic framework, since
there is a strong relation between semantics and the ‘grain’ size for the interpretation
and the reasoning of the representations of building components (Mutis 2007, Mutis
and Issa 2008).

The observer’s awareness and ability to sensorially experience components of
building designs, including symmetries, geometries, patterns, and connections, cannot
be explicitly determined. The observer’s perception implies a reaction towards the
components but not necessarily an understanding of their conditions and context. The
challenge is to enhance the observer’s experiences as they are directed towards the

17
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building component, by virtue of meaning and sensory-enabling-conditions, to
improve reasoning efficiency and reduce ambiguity. Limitations of any perceptual
organs and mediation technologies reduce the observers’ ability to assert
interpretations or to arrive effectively at conclusion.

i-Cons are the result of knowledge engineering analysis aimed to enable
efficient reasoning for project stakeholders’ interpretations on geometric
visualizations (e.g., BIM components, virtual 3D representations). Although, i-con is
a vocabulary composed of a set of imagery abstractions for symbol manipulation,
they are built on logic to be computable. This logic is based on qualitative spatial
reasoning (Cohn and Renz 2008, Freksa 1991) and on formalizations with Region
Connection Calculus (Randell, et al. 1992). To secure consistency of the i-Con’s
images, their primitives (e.g., relationship boundary-interior) are built by borrowing
formalisms from mereotopology theory (

GRANULARITY

Granularity refers to what the observer notices. The successful identification
of the observed objects is linked to the ability of the observer to detect the smallest
units to bind them in a granular structure. The structures afford contrasts that enable
the observer to trigger their cognitive capabilities for object recognition. The
contrasts (i.e., different light wave and length stimulations) enable the identification
of a continuity or boundary of the object. The observer distinguishes entities in the
‘real world’ through ‘grain’ sizes, carry out mental operations to map the
visualizations to the focuses that serve the observer’s purpose, and further translates
other granularities and exploits them through cognitive operations as needs dictate
(Hobbs 2002).

The granularity notion illustrates the role of the observer’s intention to
interpret concepts by connecting the observer’s intention to represent with the
observed representation. The observer perceives distinct and noticeable grains that
are to define ideal shapes through senses. These shapes are the observer‘s “mental
schema” that corresponds to the embodied representation of the concept (George
Lakoff and Johnson 1999), as a result of cognitive processes. This simple cognitive
process allows the observer to infer relevant details and situational conditions. This
reasoning refers to the observers’ understanding of the representation through the
sensory experience, associations to conceptual structures and interpretation of the
concept.

The intentionality makes the observer ignore certain details in the
configuration of the representation,
which are not significant for the
interpretation of a concept. For example,
Figure 1 illustrates two instances of the
views of the storm drainage drawings for
a facility. The sketch on the left in
Figure 1 represents the view including
all the details of the view. The sketch on
the right through shapes and lines of
different thickness and length represents

Figure 1. Sketches representing a
concept at different granularity level.
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the view of a sanitary sewerage concept. This reasoning process and interpretation
can be framed with Pierce’ ontological categories -firstness, secondness, and
thirdness- (Peirce, et al. 2008, Peirce and Hoopes 1991) and the logical status (actual,
epistemic and intentional) that arise from granularity during the reasoning process
(Sowa 1999). Firstness defines the first pure sensory experience (e.g., the contrast of
black and white colors that define the grains and shapes in the drawing). Secondness,
it is set by the relationship between the observed, or perceived images, signs, shapes,
sounds, among others, and the observer. It involves two or more physical entities or
abstract forms (e.g., a proposition that black triangle and an arrow to characterize
valves in water pipe systems). Other types of reasoning such as deductions and
inductions involve additional steps other than direct analogy to arrive at a conclusion
from the sensory experience. Thirdness corresponds to the mediation or the instance
of connecting two or more actual entities or abstract forms with conventions. For
example, it makes the observer treat the lines in sketch of Figure 1 on the right as
sanitary sewerage, by discarding other irrelevant lines, geometries, and details. The
sketch has the required granularity for the observer’s reasons. If there exist a formal
rule that defines the relationship(s) or the signification process through conventions, a
process of mediation exists by the nature of this convention.

REASONING AND AFFORDANCES

Gibson (1977) stated that the observers’ perceptions are affordances, not
qualities of the object. Affordances are invariant combinations of variables of what
the cognitive agents notice. Therefore, if an observer experiences the sensory
appearance that affords the object and discerns this experience through a reasoning
process, plausible interpretations are made. The observer uses cognitive ideal models
in memory to associate them to the sensory experiences. These ideal models are
cognitive structures or mental symbols that represent particular concepts for the
agent. The reasoning process ranges from analogy, decomposition, systemic,
comparative reasoning to logical methods that are more constrained and stylized
methods (Sowa 2005a), including deduction, induction, and even abduction.

The agent’s selection or combination of the reasoning methods depends on the
individual agent’s needs and ability. Briefly, analogy consists of applying to the
present object-representation and conditions the agent’s seemingly similar previous
experiences (Minsky 1986). Decomposition refers to analyzing the object into its
component parts by identifying how -— -

. i | Symbolic parts [

they fit together. Systemic method ! |
refers to making interpretation about
the whole and the relationship of its | & :
parts. Deduction refers to applying a -
general principle to infer some fact.
Induction assumes a general principle | [T -

@ i

Sensory
Impressions

to subsume many facts, adduction
guesses a new hypothesis that explains
some fact (Sowa 2005b)
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@

£/

Figure 2. Reasoning on representations.
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Figure 2 shows an example of three phases that the agent would experience
during the reasoning process to arrive at a conclusion (i.e., make an interpretation of
the observed process). In the example, the observer’s reason is to focus on an opening
to verify their seamless face joints and verify the conditions of installation within a
masonry wall (i.e., situational or context conditions). For instance, the observer
should verify that at least three wall anchors per jamb will be the installed adjacent to
hinge location on the hinge jamb and at corresponding heights on the strike jamb. The
observer’s intention can be represented in logical proposition that relates the observer
to the opening object and to the reason for its installation. The intentionality makes
the observer view the object for one specific purpose. For instance, the geometry of
step one is an opening to be installed on masonry wall- as it is shown in step 2 in
Figure 2.

Intentionality is required to relate the material quality of the object and the
observer with the purpose of avoiding contradictory interpretations. For instance,
when object is represented by the same geometry with different logical status (e.g.,
ontology axioms). The representations themselves, a material quality status, do not
have intrinsic meaning. The semantics of the representations are motivated by the
agent’s purpose that makes the agent select relevant details and situational conditions
in order to perform the interpretations. This purpose or agent’s ‘relevance’ makes
reference to the representation’s granularity level or to its affordances, including the
details and situational conditions. Conspicuously, granularity states that the
sufficiency of details and situational conditions contributes to performing accurate
interpretations. In Figure 2 for instance, the intention is to verify that the frame
assembly and its parts will accurately be in position into the wall, plumbed aligned,
and braced securely until permanent )¢ (3)
anchors are set. The observers’ intention is
to identify its geometry of the opening by
contrasting lines (i.e., the dark, inked lines
on paper are descriptions of the opening),
associate the mental images or conceptual
structures to contextual conditions (Step 2),
and finally identify the opening parts that
secure the door frame’s position into the

[ oS

wall (Step 3). Therefore, the ability to ! symbol, wgmsvtl | icon indlexed
. . experience strudure, orideal o the building
associate representations from Step 1 (the | iiion  mentaimodel components

opening), Step 2 (the contextual
conditions), Step 3 (the opening details -
anchors) is linked to the effectiveness of
the individual agent’s cognition, and the affordances of the representations as they are
reconciled the agents’ purpose. The agent uses particular reasoning methods or
combinations of them as they are needed to arrive to a conclusion.

The assumption is that the agents have the ability to connect partial
information from multiple documents (e.g., individual representations — opening,
masonry wall, and details), find implicit and explicit relationships in the
representation through reasoning methods to arrive at conclusions (e.g., provide at
least three wall anchors per jamb for the contextual conditions of the observed

Figure 3. Reasoning on virtual
building component representation.
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opening), and further exploit the relationships in the representation (i.e., semantics) to
generate alternative conclusions (e.g., acceptable anchors include masonry wire and
masonry T-shaped anchors).

REASONING ON VIRTUAL BUILDING COMPONENTS

The agent’s ability is challenged by the quality of affordances and the cognitive
agent’s faculty to efficiently associate representations. This faculty is acquired
through informed symbol manipulation and learning experiences that enable the agent
to exercise perceptual knowledge in regard to resolution, details, certainty, context
definition, and neighborhood of objects (Bertel, et al. 2006, Freksa 1991). Internal
symbol manipulations capabilities and learned experiences are cognitive abilities
whose treatment belongs to psychology and cognitive science research. Research,
however, can be performed on computing the quality of affordances through the use
of mediating technologies in order to streamline the objects’ perception,
representation, and identification.

For example, the cognitive agent’s reasoning on the virtual components (e.g.,
intersection of steel and beam column of a building structure) can be streamlined
through the addition of semantics to the coarse or incomplete features of the
components’ representations. The significance on assisting the agent’s reasoning lies
on inferring relationships that are critical, where ambiguity leads to the disruptions in
communication meanings in the representation (e.g., functionality of the building
components). The value of rendering fine granularities for optimal visualization is not
essential to communicate intentionality. Figure 3 shows an example of the cognitive
agent’s reasoning on the conceptual neighborhood of the virtual building
components. The reasoning in the example consists of sensorially experience of the
incomplete object, persistently associating the object to the ideal mental schema, and
usefully finding the semantics of the objects’ situational conditions (e.g., details
functionality of the connection).

i-Cons. The intelligent geometric topologies for semantic interpretation of building
components (i-Con) are images that have the virtue of being a symbolic vocabulary.
These images have an established use defined according to qualitative spatial
relations, parenthood, and connectedness. The symbolic vocabulary is an artificial
language built on three levels of representation: (1) physical similarity, as it is the
first referent to one of the entities or to multiple, aggregate, or set of entities (e.g., one
or multiple building components); (2) ontological, as in the relationships between
entities, including their relationship with the r Tr ar -

physical space, and (3) semantics, as it defines  topological Ontological Semantic
the actual and possible associations and k= - 4 4 u 4
configurations, including the propositions that ’ )
K ¢ . N * Relational quality * Quality of material |+ Context
define the interpretation of the entities (iconic) * Bxistingthing or [ + Quality of
. . . . * Independent of the event: object, symbol
Interaction to situations. indexed object process, script (dominant for
i-COnS hOld independence Wthh make * No mediation other history, prehensile interpretation)
N . 2 than the cognitive entities (relative to | * Natural or
the symbolic vocabulary independent from a | strucure some other artificial
entities). conventions

specific situation as it is with syntax in

- P .
natural language. Figure 4 shows a Figure 4. i-Con’s representation levels.
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summary of the i-Cons’ three levels of representation. These levels are aimed to
categorize the imagery and to support the i-Con vocabulary associations to an
established use. The vocabulary has symbolic meanings. It uses conventions that have
the force of operating rules. I-Con’s imagery and symbolic meaning are
complementary to support the cognitive agent’s reasoning. Although symbolic
meaning is by nature arbitrary, the core of i-Con imagery resembles shapes that hold
qualitative spatial relations. For example, an image of i-Con is linked to an
established concept of neighborhood, which examines the primitive relations between
regions of one object to its physical space or to other objects where their boundaries
intersect. An example of the association of i-Con image to the physical object is
shown in Step 2 of Figure 3, which is aimed to illustrate the spatial relations of the
connectedness of two virtual physical components. The shown topology, an image of
the i-Con vocabulary, has a resemblance to the spatial relation of connectedness.

The i-Con symbolic vocabulary has extensions to basic operations that
indicate actions (e.g, process, read) and to meanings to support intentionality (e.g.,
definition of interactions of two objects). These features are aimed at directing the
attention to two cognitive agents that are the basic symbol manipulators, the
interpreter and source (i.e., a discourse producer and discourse consumer in the
natural language domain) on the state of affairs of i-Con’s associated physical
objects. Figure 5 shows examples of i-Con imagery. In Figure 5(a), each one of the
images is part of the i-Con vocabulary framed in the three layers of representation (as
shown in Figure 4). The shown topologies have basic emerging semantics and
geometric resemblance. For instance as shown in Figure 5(a), the image that
resembles a line represents the existence of a continuous, discrete object. The
ontological representation is the proposition of the existence of an independent,
physical object. In propositional logic, this existence is represented through the
existential quantifier (3), which reads as ‘there exist an object y such that’.

i-Cons’ imagery can be placed in any position in a three dimensional
Euclidean space, since the i-Cons purpose is to represent the vocabulary through any
computer graphics applications that supports three dimensional modeling. Therefore,
i-Con imagery represented through computer applications affords 3D image
generation and object simulation, including properties such as rotation, intersection,
reflection, and refraction. Figure 5(a) shows three positions of the existence,
containment, and connectedness i-Con vocabulary in three-dimensional Euclidian
spaces. Therefore, i-Con vocabulary has the ability of being identified in a three
dimensional space mediated by any computer application.

MEDIATION

Mediation brings an explanatory meaning to the intended physical referent of the i-
Con imagery. There is mediation process that gives meaning to the sensory
impressions, and subsequently to the image or vocabulary. i-Con imagery is aimed at
resembling cognitive valid geometric configurations that are primitive (i.e., have
basic semantics that emerge without further intervention of agents, associations to
sign systems, or mathematical models). However, i-Con imagery requires a minimum
mediation to communicate meanings of the intended physical referent. i-Con imagery
are mediated through indexation, by affecting and tying the i-Con vocabulary to an
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existing entity (e.g., tying an i-Con image to any structural piece of a building
information model). This indexation stipulates that the i-Con image exists by
acknowledging the association of the entity to the physical world. Figure 5(b) shows
the streamlined reasoning process of the connectedness concept of two building
components. The shown i-Con image of connectedness semantics is the two
orthogonal intersecting objects. The association to the virtual component and to the
physical entity simplifies the cognitive effort to distinguish features of the orthogonal
beam-column-beam steel connection.

— B S
EERORE-

Exntenae: Contmmunt: | Comurtuimss:

dsoeie, part of and  Two orthogonal,
CONTIMBOUS, oF | wimoke | MESEC g
Mppeny | revontp cbes
Figure S (a) i-Con imagery (b) i-Con’s reasoning on representations

The i-Con resemblance to the object should facilitate an emerging perception of
the intrinsic semantics of the i-Con’s image in order to reduce the cognitive agent’s
effort of further mediation. The more use of mediation apparatus or system, the more
cognitive efforts, including multiple or combinations of reasoning mechanisms are
required to arrive at conclusions. As shown in Figure 5(a), i-Con emerging meanings
of containment is primitive and requires minimum effort to respond to the visual
contrasts, including the use of further mediation actions through other mediating
systems (e.g., use of natural language to define containment). Through the use of
mediating technology, i-Con vocabulary is aimed at representing propositions of
intentionality by indexing data to the vocabulary.

CONCLUSIONS

This research proposes intelligent geometric topologies for semantic interpretation of
building components (i-Con) based on a semiotic framework to streamline the
communication of designs, by enabling the agent to observe aspects, details, and
geometries through the i-Con vocabulary. The i-Con vocabulary has the ability of
being identified in a three dimensional space mediated by any computer application.
With the use of i-Con imagery, a reduction of the cognitive agent’s effort to
efficiently arrive at less ambiguous design interpretation is expected. In addition, i-
Con use is aimed to represent propositions of intentionality by indexing data. This
feature will further bring an explanatory meaning to the intended physical referent of
the building components, since static visual representations (e.g. components of BIM,
and 3D images) are limited to the individual’s point of view of the design. The
successful implementation of i-Con vocabulary has the potential to transform
methods of communicating semantics within all range of practices in civil and
construction engineering and management projects.
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ABSTRACT

Heating, ventilation and air-conditioning (HVAC) systems account for about
40% of energy used in buildings in the United States in 2008. Analysis of the energy
efficiency of HVAC systems requires building-related information, such as building
design, HVAC configurations, indoor environment measurements and load
requirements. However, since building projects involve multiple disciplines, the
needed information is stored in heterogeneous sources, such as design drawings,
equipment manuals and sensor networks. It is hence difficult for system operators to
collect and integrate the information required for analyzing the performance of HVAC
systems. This paper explores the approaches to overcome this challenge of
integrating heterogeneous information sources to support the information required for
analyzing the performance of HVAC systems. The discussions include a synthesis of
the characteristics of integration approaches from various domains, and an analysis of
the relationships between the characteristics and the information sources required for
analyzing performance of HVAC systems.

INTRODUCTION

Residential and commercial buildings in the United States consumed 41% of the total
energy and 73% of electricity in 2008. Heating, ventilation and air-conditioning
(HVAC) systems account for more than 40% of the total energy consumption in
buildings (DoE 2008; EIA 2008). Improving the energy performance of HVAC
systems plays a critical role in saving energy resources and protecting environment
(Ellis and Mathews 2002; Castro 2004). Previous research studied performance
analysis approaches for HVAC systems. Examples of these approaches include
building energy simulation engines (e.g., Park et al. 1985; Crawley et al. 2001),
computerized fault detection and diagnosis (FDD) approaches (e.g., Katipamula and
Brambley 2005), and supervisory control approaches (e.g., Wang and Ma 2008).
These studies show that about 25% - 40% of energy consumed by the HVAC systems
can be saved by mitigating component faults and improving control strategies.

25
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However, deploying these approaches in real-world facilities has been inhibited by
the difficulties in acquiring information that is required to analyze the energy
efficiency of HVAC systems (Luskay et al. 2003; Jagpal 2006).

Analyzing performance of the HVAC systems requires building-related
information, such as building layout and materials, HVAC design and configurations,
indoor environment measurements and load requirements (Liu et al. 2011). However,
since building projects involve multiple disciplines, information is generated using
various applications and stored in heterogeneous sources, such as design drawings,
equipment manuals, spreadsheets and relational databases. It is hence difficult for
system operators to collect and integrate the information required for analyzing the
performance of HVAC systems.

In order to utilize the energy saving potentials of performance analysis
approaches for HVAC systems, an approach that is able to integrate the
heterogeneous sources of building-related information is needed. Previous studies
have developed several approaches to integrate heterogeneous information sources.
These approaches use different ways to automate the integration process and have
various strengths and weaknesses. The objective of this study is to explore and
compare the existing approaches for integrating heterogeneous information sources,
identify the characteristics of these approaches, and analyze the features of the
integration approach for supporting the performance analysis of HVAC systems.

BACKGROUND RESEARCH

With the advancement of information technology, an ever-increasing number of
information systems are being used for various business purposes. Information is
stored in multiple sources that have heterogeneous data structure, symbolic
representation and semantic schemas. Figure 1 shows the common processes of
answering an information query using multiple sources (Sheth and Larson 1990).

Decompose Map Extract Combine
' P ‘ Data
uery %
Query Spreadsheet
0 Query g Data : j
Query Database Hiseh
:
Query Document Data

Figure 1. Common processes of answering information queries using
heterogeneous sources

Figure 1 shows the four steps in the process of manually retrieving the queried
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information from heterogeneous sources. First, users need to decompose the query
according to the available data in each source. Second, the decomposed queries need
to be mapped to the corresponding data items in the sources. Then, users need to
access each source and extract the data values. Finally, the separated data values need
to be combined to answer the information query. As more information systems are
being used, it becomes more challenging for users to interpret, access, and integrate
information from the heterogeneous sources.

Approaches for integrating heterogeneous information sources have been
studied in several domains including database management (Sheth and Larson 1990;
Chen et al. 2009), information query and retrieval (Chang and Garcia-Molina 1999;
Liu et al. 2002), and internet information discovery (Abiteboul 1997; Buneman 1997).
Their common objective is to provide a uniform interface to a multitude of
information sources so that users are freed from having to manually integrate the
sources (Friedman et al. 1999; Bergamaschi et al. 2001). Since these studies have
differing objectives and use different types of information sources, they proposed
alternative integration approaches to automate the four steps in the common
integration process. For example, Figure 2 shows the architecture of two different
approaches, which use different ways to automate the information combination step.
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Figure 2. Architecture of TSIMMIS approach (a) and MOMIS approach (b)

The TSIMMIS (The Stanford-IBM Manager for Multiple Information Sources)
approach was developed by Li et al. (1998) and utilizes the mediators to extract and
combine information from various sources into views, which can be queried by users
without knowledge of the sources. This approach starts from identifying the
information required by the queries and focuses on developing a formal way to
represent the information items in different sources. The other approach, MOMIS
(Mediator envirOnment for Multiple Information Sources), was proposed by
Bergamaschi and Castano (2001) to integrate the relational databases and file systems.
This approach utilizes a global schema to represent the structure of integrated
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information. The global schema is developed based on the available data items from
the various information sources.

The main advantage of the TSIMMIS approach is its flexibility in developing
new mediators to handle new sources or queries. New mediators can be added without
affecting the existing ones. However, since the mediators process information
separately, ensuring the consistency amongst different information items is difficult,
especially when there are a large number of diverse information items. The MOMIS
approach has the advantage of managing the consistency of information items since
there is a single global schema and mediator. However, adapting new sources or new
queries in the MOMIS approach requires modification on the global schema.

The comparison of these two approaches shows that to determine the most
appropriate integration approach, features of the integration should be analyzed with
the characteristics of different approaches. The goal of this paper is to categorize the
characteristics of different integration approaches and compare them with the features
of the integration for performance analysis of the HVAC systems.

RESEARCH APPROACHES

In order to analyze the characteristics of the different integration approaches and
determine the integration approach for this study, this section synthesizes the
characteristics, identifies the features of integration for analyzing performance of the
HVAC systems, and discusses the strengths and weaknesses of the different
characteristics in relation to the features.

Categorizing characteristics of different integration approaches. According to the
different ways that the approaches use to automate the four steps in the integration
process, this paper categorized the following four characteristics:

Query-centric and Source-centric approach. Previous studies used two ways to
automate the query decomposition and mapping steps. One is the Query-centric
approach, which starts from identifying the queries required by users and classifying
information requirements. Then, sources are identified to support the information
requirements. One example of this approach is the INDUS (INtelligent Data
Understanding System) approach, which develops a global query schema based on the
required queries and then maps the schema to the heterogeneous sources
(Senthilvadivu and Duraiswamy 2010). The other way, source-centric approach, starts
from identifying the information sources that need to be integrated and does not have
predefined queries. For example, the Information Manifold approach describes the
information items in different sources and provide users a query schema that
combines all available information (Kirk et al. 1995).

Mediator architecture and global schema architecture. As discussed in the
previous section, the TSIMMIS approach uses a mediator architecture to automate the
process of information combination, while the MOMIS approach uses the global
schema architecture. The Mediator architecture utilizes multiple mediators to
combine information items into views that answer each query. Each mediator
generates one view and users need to search for the one to query for. In contrast, the
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Global schema architecture combines all information items from heterogeneous
sources together and provides one query interface to the users. Users need to follow
the global schema and the query mechanism to represent their queries.

Virtual view and Materialized view. The process of extracting and combining data
from heterogeneous information sources uses two types of views. The virtual view
approach extracts and combines data from sources on the fly when it receives query
requests. It does not store any intermediate data from the sources to the query results.
Both the INDUS and TSIMMIS are examples of this approach. Calvanese et al. (2000)
developed an integration approach that maintains the materialized views using a data
model. This approach extracts and combines information from various sources and
then stores the integrated information in its own data model or models. It answers the
queries directly using the integrated information, which is updated when the sources
change.

New schema and Mapped schema. A schema represents the structure of the
information items and is the foundation to develop information combination and
query decomposition mechanisms (Lenzerini 2002; Goasdoué and Rousset 2004). The
schema can be developed from scratch in the integration approach. For example, the
Garlic approach developed by Carey et al. (1995) creates a new schema to represent
all information items available from the sources. The TSIMMIS approach develops
multiple new schemas for the mediators to answer an individual query. A different
way of developing schemas is to map the original schemas of the heterogeneous
sources with each other. For example, The Fusionplex approach provides an method
to map information from various sources, such as relational database, object-oriented
database and webpages, together to form the integrated model (Motro and Anokhin
2006). Mitra et al. (2000) proposed the ONION (Ontology compositlON) approach to
map various sources using ontologies.

These four characteristics of the integration approaches have different
strengths and weaknesses that should be analyzed with the features of the integration
process to determine the most appropriate combination. The next section will discuss
the features for information integration in this study and compare them with the
strengths and weaknesses of the four characteristics.

Analyzing characteristics of the integration approaches and features for
information integration to support performance analysis of HVAC systems. The
authors previously discussed the features for a framework that integrates performance
analysis approaches for the HVAC systems. Here we present the four features
required for the integration framework along with discussions on their relationships to
the four identified characteristics of integration approaches:

1. Require high query coverage and extensibility. The primary objective of
the integration is to support information required by different approaches. Therefore,
the coverage and extensibility of the supported queries are the most important criteria
for the integration approach. A query-centric approach ensures that all required
queries have been analyzed when developing the integration approach. Therefore, it
fits the requirement of high query coverage, and would be preferred over a
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source-centric approach. Similarly, the mediator architecture enables plugging in new
mediators for extending queries without impacting the other mediators, while in the
global schema architecture the schema needs to be modified. Hence, the extensibility
requirement calls for the mediator architecture.

2. Heterogeneous original schemas. The expected information sources
include object-oriented data models, time-series data, relational database, and text
files. Their original schemas are very different from each other and it is very
challenging to map these schemas with each other. Therefore, this feature favors the
new schema approach over the mapped schema approach.

3. Complex original schemas. The original schemas of the information
sources are very complex. For example, the schema for building information contains
more than 600 classes (buildingSMART 2010). This feature also calls for developing
new schema instead of mapping the complex schemas. However, because the
individual mediators work independently, it is very challenging to use the mediator
architecture to consistently process information items from the complex original
schema. Therefore, the global schema architecture better fits this feature.

4. Integrate both dynamic and static information. The dynamic sensor
measurements and control signals may change every second, while the building
layout and HVAC configuration are updated infrequently. Therefore, a hybrid
approach, which includes both virtual views and materialized views, fits this feature.

To summarize the comparison of the features of the integration in this study
and the characteristics of the integration approaches, Table 1 shows the favorable
characteristics of each feature where applicable.

Table 1. Comparison of the characteristics of integration approaches and
features of the integration in this study

Feature Query or source Mediator or Materialized or New or mapped
centric global schema  virtual view schema

1 Query centric Mediator

2 New schema

3 Global schema New schema

4 Hybrid

Based on the four features of this study, query-centric integration with new
schema and hybrid virtual and materialized view approach is the most appropriate
combination. However, this comparison does not determine whether mediator or
global schema architecture should be used. In order to analyze the trade-off of these
two different ways and determine the most appropriate combination of these
characteristics, this study will implement a testbed to quantitatively evaluate the
performance of the integration approach in both ways.

CONCLUSION
This paper has analyzed the different approaches to integrate heterogeneous

information sources for supporting performance analysis of HVAC systems. By
comparing the previous approaches for integrating heterogeneous information sources,



COMPUTING IN CIVIL ENGINEERING 31

this study identified four characteristics of how different integration approaches
automate the query decomposition, query mapping, information extraction and
information combination processes. The features of the integration process required
by this study were analyzed with these characteristics to determine the most
appropriate combination. The initial results showed that the query-centric, new
schema and hybrid view based approaches fit the features. However, whether the
mediator architecture or the global schema architecture should be used was not clear
from the results. Next steps of this study include the development of a testbed to
quantitatively evaluate the alternatives and determine the most appropriate
combination of the characteristics.

ACKNOWLEDGMENT

The authors would like to acknowledge and thank the /BM (International
Business Machines) for the grant that supported the research presented in this paper.

REFERENCES

Abiteboul, S. (1997). "Querying semi-structured data." Database Theory—ICDT'97: 1-18.

Bergamaschi, S., S. Castano, M. Vincini and D. Beneventano (2001). "Semantic integration
of heterogeneous information sources." Data & Knowledge Engineering 36(3):
215-249.

buildingSMART. (2010). "The IFC Specification."  Retrieved 05/12, 2010, from
http://www.iai-tech.org/products/ifc_specification.

Buneman, P. (1997). Semistructured data. Proc. of PODS'97, ACM.

Calvanese, D., G. De Giacomo, M. Lenzerini and M. Y. Vardi (2000). Answering regular
path queries using views. 16th International Conference on Data Engineering
(ICDE'00), San Diego, California.

Carey, M. J., L. M. Haas, P. M. Schwarz, M. Arya, W. F. Cody, R. Fagin, M. Flickner, A. W.
Luniewski, W. Niblack and D. Petkovic (1995). Towards heterogeneous multimedia
information systems: The Garlic approach, IEEE.

Castro, N. (2004). Commissioning of building HVAC systems for improved energy
performance. Proceedings of the Fourth International Conference for Enhanced
Building Operations, Paris, France.

Chang, C. C. K. and H. Garcia-Molina (1999). "Mind your vocabulary: Query mapping
across heterogeneous information sources." ACM SIGMOD Record 28(2): 335-346.

Chen, D., L. Li and R. Wang (2009). An Ontology-Based System for Semantic Query over
Heterogeneous Databases, IEEE.

Crawley, D. B., L. K. Lawrie, F. C. Winkelmann, W. F. Buhl, Y. J. Huang, C. O. Pedersen, R.
K. Strand, R. J. Liesen, D. E. Fisher, M. J. Witte and J. Glazer (2001). "EnergyPlus:
creating a new-generation building energy simulation program." Energy and
Buildings 33(4): 319-331.

DoE, U. S. (2008). Building Energy Data Book. Washington, D.C., Energy Efficiency and
Renewable Energy, Buildings Technologies Program, U.S. DoE.

EIA (2008). The 2007 Commercial Building Energy Consumption Survey (CBECS).
Washington, D.C., U.S. Energy Information Administration.

Ellis, M. W. and E. H. Mathews (2002). "Needs and trends in building and HVAC system
design tools." Building and Environment 37(5): 461-470.

Friedman, M., A. Levy and T. Millstein (1999). Navigational plans for data integration,



http://www.iai-tech.org/products/ifc_specification

32 COMPUTING IN CIVIL ENGINEERING

JOHN WILEY & SONS LTD.

Goasdoué, F. and M. C. Rousset (2004). "Answering queries using views: a krdb perspective
for the semantic web." ACM Transactions on Internet Technology (TOIT) 4(3):
255-288.

Jagpal, R. (2006). Computer Aided Evaluation of HVAC System Performance: Technical
Synthesis Report.

Katipamula, S. and M. Brambley (2005). "Methods for fault detection, diagnostics, and
prognostics for building systems-A review, part I." HVAC&R Research 11(1): 3-25.

Kirk, T., A. Y. Levy, Y. Sagiv and D. Srivastava (1995). The information manifold. AAAI
Spring Symposium: Information Gathering from Heterogeneous Distributed
Environments.

Lenzerini, M. (2002). Data integration: A theoretical perspective. ACM PODS, Madison,
Wisconsin, USA, ACM.

Li, C,, R. Yerneni, V. Vassalos, H. Garcia-Molina, Y. Papakonstantinou, J. Ullman and M.
Valiveti (1998). "Capability based mediation in TSIMMIS." ACM SIGMOD Record
27(2): 564-566.

Liu, L., C. Puand Y. Lee (2002). An adaptive approach to query mediation across
heterogeneous information sources, Proc. of 1st IFCIS International Conference on
Cooperative Information Systems, IEEE.

Liu, X., B. Akinci, J. H. Garrett and M. Bergés (2011). Requirements for an Integrated
Framework of Self-Managing HVAC Systems. 2011 ASCE International Workshop
on Computing in Civil Engineering, Miami Beach, FL, USA, ASCE.

Luskay, L., M. Brambley and S. Katipamula (2003). Methods for Automated and Continuous
Commissioning of Building Systems, Air-Conditioning and Refrigeration
Technology Institute (US).

Mitra, P., G. Wiederhold and M. Kersten (2000). "A graph-oriented model for articulation of
ontology interdependencies." Advances in Database Technology—EDBT 2000:
86-100.

Motro, A. and P. Anokhin (2006). "Fusionplex: resolution of data inconsistencies in the
integration of heterogeneous information sources." Information Fusion 7(2): 176-196.

Park, C., D. Clark and G. Kelly (1985). An Overview of HVACSIM, a Dynamic
Building/HVAC/Control Systems Simulation Program. Building Energy Simulation
Conference, Seattle, Washington.

Senthilvadivu, L. and K. Duraiswamy (2010). "A Review on Ontology-Driven Query-Centric
Approach for INDUS Framework." International Journal of Computer Science 8(5):
46-53.

Sheth, A. and J. Larson (1990). "Federated database systems for managing distributed,
heterogeneous, and autonomous databases." ACM Computing Surveys (CSUR) 22(3):
187-236.

Wang, S. and Z. Ma (2008). "Supervisory and optimal control of building HVAC systems: a
review." International J. of HVAC&R Research 14(1): 3-32.




Hierarchical Sampling for Efficient and Comprehensive Community
Connectivity Analysis: A Michigan Case

P. Tang' and M. Alnajjar’

! Civil and Construction Engineering Department, Western Michigan University, 4601
Campus Drive, Kalamazoo, MI 49008-5316; PH (269) 276-3203; FAX (269)
276-3211; email: pingbo.tang@wmich.edu, mohanad.m.alnajjar@wmich.edu

ABSTRACT

Analyzing community connectivity is necessary for identifying construction
sites that have various services (e.g., restaurants, supermarkets) within walking
distances, so that occupants of the new facilities would not need to use vehicles for
accessing those services and thus reduce the carbon footprints of facility operations.
Currently, civil engineers need to manually conduct community connectivity analyses
on multiple candidate construction sites and recommend the one with the largest
number of nearby services. Manual community connectivity analyses are tedious,
especially when the engineers need to consider hundreds of locations across an urban
area. While experienced engineers may quickly identify some locations with higher
community connectivity, such a process is subjective and may compromise the
completeness of the solution. To enhance the efficiency of community connectivity
analysis while keeping the completeness level of the analysis, this paper explores a
hierarchical sampling approach for quickly identifying all locations with high
community connectivity across a medium-size city in Michigan. This approach first
sparsely sample the urban area (e.g., two miles apart between evaluated locations),
and then increase the sampling densities at locations with higher community
connectivity based on sparse sampling results. Sensitivity analysis of sampling step
sizes are presented and analyzed.

INTRODUCTION

Community connectivity analysis is a critical component of sustainability
analysis of candidate sites for envisioned residential and building construction
projects (USGBC, 2009). As defined by USGBC, “community connectivity”
emphasizes that new buildings are preferably to be constructed in developed site with
multiple types of services (e.g., banks, schools, and restaurants) ready in walking
distances (0.5 mile), so that occupants of new buildings can have better access to
various existing services (USGBC, 2009). Generally, construction sites having more
types of different service within 0.5 miles are considered as having better community
connectivity. Major types of services having significant impacts on people’s daily life
include banks, schools, churches, restaurants, and shopping centers. Easy accessing of
these services reduces the uses of vehicles for accessing daily needed services,
improves the reuses of established services, and eliminates the needs of setting up
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new services. These effects reduce the direct and indirect carbon footprints of new
constructions, and improve the sustainability of urban systems (York County, 2009).
In most new constructions, connectivity analyses occur during the feasibility
analysis. Engineers search across an area to identify locations with high levels of
community connectivity. They manually count the number of types of nearby services
for all candidate locations. For large urban areas, the number of candidate locations
can be large, and manually analyzing them can take significant amounts of time. For
instance, the urban area shown in Figure 1 is of 28.97 square miles, and a
comprehensive community connectivity analysis of this city needs engineers to
evaluate 0.5 mile grids on this map. Specifically, our experiment shows that an
engineer needs to manually evaluate 89 grid locations across this city; assuming that
each location requires about 5 minutes, the total amount of time needed for this
analysis is around 445 minutes assuming engineers would like to ensure the
comprehensiveness of such analysis through an exhaustive approach.
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Figure 1. Services across Portage City, Michigan

Analyzing the distribution of services across the city shown in Figure 1, we
found that the non-uniform distribution of these services provides some potential of
reducing the number of locations that need to be evaluated while keeping a certain
level of comprehensiveness of the analysis. We chose to show five types of services in
this map (banks, schools, churches, restaurants, and shopping centers) according to
our investigations about which types of services among all those listed by USGBC are
considered as more significant in LEED (USGBC, 2009). In this city, most services
are along two major avenues which are perpendicular to each other and locating in the
middle of this city. Such non-uniform densities of service distributions result in
non-uniform distributions of community connectivity performances shown in Figure
2. This figure shows 89 locations mentioned above, and labels each location with a
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number indicating the number of types of services within 0.5 mile from it. Again, in
this map, we considered five types of services identified by us as relatively more
significant for LEED evaluations, so the numbers of types of services has a maximum
value of 5, and a minimum value of 0. Based on that, we define locations having more
than three types of services within 0.5 mile as “well-connected.” Figure 2 shows that
well-connected locations are mostly along two major avenues of this city, and efforts
on evaluating the Northeast and Southwest regions are less effective.
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Figure 2. All evaluated locations across Portage City (89 locations in total), and
the number of types of services within 0.5 miles from each location

The example discussed above show that 0.5 grid sampling is tedious, even
though it provides a comprehensive community connectivity analysis. On the other
hand, it is intuitive for engineers to focus on regions with higher densities of services
for reducing non-effective evaluation efforts. However, it is difficult to quantify the
risks of missing well-connected locations based on the intuitions of engineers,
because such intuitions vary person by person, or even time by time. This fact
motivates explorations into a hierarchical sampling approach for more efficient and
effective community connectivity analysis: first sparsely sample the studied area for
identifying regions possibly having more well-connected locations; then increase
sampling densities around locations identified as well-connected locations in the first
step. This approach can ignore locations having less well-connected locations and
thus better utilize the time for community connectivity analysis. A critical issue of
better utilizing this approach in practice is to understand how sparse the initial
samples should be, and how to increase the sampling densities for minimizing the
possibilities of missing well-connected locations while saving time. The following
sections discuss relevant studies, research methodology, and evaluation results.

RELATED STUDIES

A number of previous studies explored several aspects on developing walkable
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communities, which is related to the community connectivity analysis. Some
organizations and researchers developed design guidelines for walkable communities
(Bicycle Federation of America, 1998; McNally, 2010). These studies tried to guide
urban planners to avoid using low-density development and making the neighborhood
not accessible by pedestrians. It addressed the benefits of having walkable community
in three aspects: community, environment, and economic. The results of these studies
show that well-designed walkable communities promote healthy lifestyle for residents
when they are encouraged to walk, and also reduce the needs for using vehicles, gas
expenses, and CO? emission.

Some researchers focus on analyzing the interactions among the human
behaviors and the built environments for improving the community connectivity
while reducing various risks, such as traffic congestions and accidents. Shay et al.
focused on walking travel, pedestrian safety, and found that services need to be
located close to each other and to residential areas. Half mile between trip origins and
destinations turn out to be a threshold discouraging walking (Shay, Spoon, Khattak, &
Center, 2003). A similar study conducted in Singapore reveal the relationships among
traffic congestions, pedestrian safety, and walking decisions of people (Wibowo &
Olszewski, 2005).

Urban planning researchers explored the implications of community
connectivity from the perspective of land use planning. While exploring multimodal
approaches to land use planning, Shinbein found that walking are not an encouraged
option for traveling due to disconnections between the origins and the destinations; to
address such issues, he clustered the proposed new developments and the mixed-use
land for facilitating walkable and biking environments (Shinbein, 1997).

Above-mentioned studies highlight the importance of community connectivity
analysis to the design of communities and urban development, while limited work has
been done on understanding how to efficiently and effectively sample well-connected
locations. Only a few studies are on evaluating network or graph based approaches for
urban planning applications (Urban & Keitt, 2001). So far, the authors have not found
any previous studies focusing on quantifying the performance of different sampling
approaches in terms of comprehensiveness, efficiency, and effectiveness of
community connectivity analysis. This study will use real-world data of a city in
Michigan to evaluate a hierarchical sampling approach as one step forward.

RESEARCH APPROACH

We design a hierarchical sampling approach to reducing ineffective
evaluations, and use data collected for a city in Michigan to evaluate the performance
of this approach in terms of three metrics. The three metrics used are: 1) time, which
is measured by the total number of locations evaluated; 2) recall, which is the
percentage of all well-connected locations that are indentified (equation 1); 3)
precision, which is the percentage of evaluated locations that turn out to be
well-connected (equation 2). High recall rates indicate the comprehensiveness of a
community connectivity analysis, while high precision rates indicate that fewer efforts
are invested in evaluating less-connected locations.
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Number of well—connected locations identified by the sampling method

Recall =

M
@)

Total number of well—connected locations
Number of well—connected locations identified by the sampling method

Precision = -
Total number of locations evaluated

Table 1 lists two location sampling approaches evaluated in this research: grid
and hierarchical sampling. For each approach, we vary the parameters of it and obtain
several sampling settings for testing the sensitivity of the sampling performance to the
sampling parameter values. For grid sampling, we tested 0.5 mile, 1 mile, and 2 miles
grids and observe how the values of three metrics vary with these grid sizes.

Table 1. Evaluated location sampling approaches and parameter settings

Approach Sampling Setting | Definition

Name

Grid 0.5 mile grid size Evaluate grid points that are 0.5 mile apart

Sampling 1 mile grid size Evaluate grid points that are 1 mile apart

2 mile grid size Evaluate grid points that are 2 miles apart

Hierarchical Hierarchical 1 (H1) | Step I: 2 mile grid evaluation > Step 2:

Sampling Iterative search within 0.5 mile, starting from
well connected locations identified among 2
mile grids

Hierarchical 2 (H2) | Step I: 2 mile grid evaluation = Step 2:
Search 1 mile from 2 mile grids identified as
well connected locations = Step 3: Tterative
0.5 mile search starting from well connected
locations identified in step 2

Hierarchical 3 (H3) | Step I: 2 mile grid evaluation = Step 2:
Iterative search within 1 mile, starting from
well connected locations identified among 2
mile grids

We tested three hierarchical sampling settings. The first step of all three
settings is to conduct a 2 mile grid sampling based community connectivity analysis.
After completing this step, hierarchical 1 (H1) will select well-connected locations
identified in the first step, and search 0.5 mile neighborhood of those locations to
identify more well-connected locations nearby, and then keep on such 0.5 mile
neighborhood searching on newly identified locations until no more well-connected
locations can be found (iterative growing of the search). H3 also uses this iterative
neighborhood search method, but adopts a 1 mile neighborhood instead of a 0.5 mile
neighborhood. H2 is slightly more complicated compared with Hl and H3: after
completing the 2 mile grid sampling based analysis, it will search the 1 mile
neighborhood of all well-connected locations identified in step 1 and identify more
well-connected locations. Then, it keep on iteratively searching the 0.5 mile
neighborhood of the well-connected locations identified in step 1 and 2 until no more
well-connected locations can be found to grow the search. Overall, these three
methods generally use 2 mile grid sampling based analysis results as “seeds” to grow
a search tree until no more well-connected locations can be found nearby; “Iterative
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search” means once new well-connected locations are found, the algorithm will use
them as “new seeds” to grow the search.

EVALUATION RESULTS

The evaluation results include the sensitivity analysis results of the grid size
on the performance of grid sampling based analysis, and comparisons of the grid
sampling based analysis and the hierarchical sampling based analysis in terms of time,
recall, and precision. Figure 3 shows the relationship between the grid size and the
recall rate of community connectivity analysis results. This figure shows the results of
locations with 5, 4, and 3 types of services within 0.5 mile separately, and also
combines the results of these three categories of locations to observe how the
percentage of well-connected locations (i.e., locations with three or more types of
services within 0.5 mile) that are recovered varies with the grid size.
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Figure 3. Sensitivity analysis of recall rates to sampling grid size

Figure 3 confirms that the recall rate will decrease when the grids become
sparser. An important observation helped us to determine 2 mile as the grid size for
the first step of the hierarchical sampling: the recall rate substantially decreases from
0.5 mile grids to 1.0 mile grids, while the decrease from 1 mile grid to 2 mile grid is
relatively less. Using 2 miles grid sampling will reduce the number of evaluated
locations without substantially compromising the recall performance.

Figure 4 compares the performances of hierarchical and grid sampling based
community connectivity analyses. Figure 4a shows that H1, H2 and H3 can identify
more well-connected locations than 1 mile and 2 mile grid sampling settings, while
consuming more time than them. Compared with 0.5 mile grid sampling, hierarchical
sampling results reduce the number of evaluated locations while losing some
comprehensiveness. Particularly, HI can identify 45 well-connected locations while
evaluating fewer locations compared with the 0.5 mile grid sampling (68 vs. 89
locations). Hence, H1 misses four well-connected locations among the total of 49
well-connected locations, but saves 13 ineffective evaluations (evaluations wasted on
“less-connected” locations).
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Figure 4. Comparing the performances of hierarchical and grid sampling based
community connectivity analysis: (a) time; (b) recall and precision

Figure 4b further confirms that compared with 1 mile and 2 mile grid
sampling settings, H1, H2 and H3 can achieve better recall and precision rates.
Comparing H1, H2 and H3, we found that H1 (2 mile > 0.5 mile iterative search)
seems to have the best overall performance, as it can achieve a recall rate of 91.84%
and a precision rate of 66%, which means that it can detect 91.84% of well-connected
locations with much better precision than grid sampling settings (58% based on 0.5
mile grid sampling, the best case of three tested grid sampling based analyses). H2 (2
mile = one mile = 0.5 mile) has slightly better precision rate (69%) than H1, but its
recall rate is only 75.51%, which is a significant loss of the comprehensiveness. H3
can achieve good recall (85.71%) but waste too much time in evaluating
less-connected locations (precision 55%). These observations indicate the overall
advantages of the hierarchical sampling approach over the grid sampling approach,
while revealing the necessity of conducting more detailed sensitivity analysis to
understand why H1 performs the best for the studied city.

SUMMARY, DISCUSSIONS, AND FUTURE RESEARCH

To improve the efficiency and effectiveness of the community connectivity
analysis for identifying sustainable construction sites according to LEED, this
research explored a hierarchical sampling approach to reduce the total number of
locations that need to be evaluated for a given urban area, while striving to keep the
level of comprehensiveness of the analysis. Using a mid-size city in Michigan as a
case study, we showed that the hierarchical sampling approach can generally achieve
recall rates comparable to dense grid (0.5 mile) sampling that samples all possible
locations across this city, while achieving higher precision rates. At the same time, we
found that different parameter settings of the hierarchical sampling can significantly
influence the recall and precision rates of the community connectivity analysis.

In the future, we plan to explore along the following directions: 1) explore
methods for automatically determine the optimal hierarchical sampling setting (grid
sizes for multiple sampling steps) based on the service distribution information
derived from a GIS database; 2) explore how transportation networks corrupt
connected communities, and incorporate such considerations into the hierarchical
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sampling based community connectivity analysis; 3) evaluate the hierarchical
sampling approach on data sets from multiple cities with difference distributions of
services, and understand how optimal hierarchical sampling setting varies with
different spatial distributions of services; 4) further analyze the needs of different
types of buildings, and explore how to incorporate considerations about matching the
needs of particular types of new buildings (office building, schools) against the
service types into this framework of hierarchical sampling based community
connectivity analysis.
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ABSTRACT

This paper is part of a larger research project, initiated to leverage the
existing NoSQL database storage solutions for creating a platform-independent,
fast, scalable and reliable database, capable of efficiently storing and retrieving
information for oil & gas/civil engineering projects. This information is usually
stored in SQL-based data warehouses to facilitate planning, maintenance or
shutdown business processes. The proposed semi-structured database system
stores information in JSON format, thus requiring a different approach in
structuring, querying and aggregating data. The prototype storage model
implemented in MongoDB looks very promising. JSON structure is a convenient
way for storing project data, test scenarios show it being faster than a SQL
alternative, and flexible schema definition means it is properly aligned with the
agile development strategy. This storage approach fulfils the requirements of the
project and is expected to be expanded to support ontology-driven storage,
knowledge sharing and 3D model integration for a web application.

INTRODUCTION

Traditionally relational database systems have been applied to all data
storage problems due to their popularity, wide acceptance of the standard SQL
language, strict data management rules and the availability of various open source
and commercial products. Current generation of the booming web applications,
however, saw the need for new approaches in the data storage area to align with
the application flexibility, performance and scalability requirements.

Experience shows that many systems begin their lifecycle small, but once
the dataset size increases, they start to suffer from inappropriate design or poor
choice of technology. Relational database theory encourages the database to be
highly normalized. Using additional database features, such as stored procedures
and triggers, helps contain the logic at the database layer thus easing the system
management. This in turn comes with a performance hit. A common solution is to
provide de-normalized tables/views with pre-joined conditions to speed up the
queries that require fast response from the application. But in essence, this defeats
the purpose of having a relational database; as such views have to be maintained
separately and may introduce data inconsistency (if they fall behind with the data
updates).
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Relational databases have a history of being difficult to scale when the
system performance needs to be increased. Often scaling vertically (by adding
more resources to the server) is the only option, but that is bound by the limits of
technology and is progressively expensive. When a system needs to be scaled
horizontally (adding more servers), the use of joins and transactions actually
becomes a burden as it is difficult to implement them in the distributed relational
databases (Leavitt, 2010).

Fixed schema in the relational databases and a table format for the data is
more suitable for the scenarios where objects have a fixed number of attributes
(therefore columns) and data can be easily represented in a table or a set of tables.
It is quite difficult to store an object inside one of the table cells, so that the
properties of the object are accessible. Such scenario is usually addressed by
further de-normalizing the data structure and joining additional tables.

The goal of this project is to create an efficient engineering information
integration platform that could be deployed in the cloud and scaled horizontally
and vertically as the dataset size increases over time. In this paper, the
requirements for the data model and platform will be reviewed. Fitting data
storage will be chosen and a few tests will show how it compares to a relational
data store.

BACKGROUND

Data model. The data model used in this paper is derived from the field of oil &
gas engineering applications, but this approach can be easily applied to other
applications, which are using similar data modelling concepts.

Equipment Objects in an oil & gas facility usually have a hierarchical
structure. One complex component can consist of several sub-components, which
in turn can contain items that can be broken into equipment, which may be
procured and installed as an assembly or separately. Objects can have associations
to other Objects or Documents. They can have virtually an unlimited number of
attributes, the presence of which is defined by a simplified form of ontology in
this field called the Class Library.

A Class Library defines the expected attributes for an Object; therefore, if
a class named Pump has three attributes, an Object, classified as Pump will also
be required to have three attributes. If some of the attributes are missing, the data
is considered to be incomplete. One human-readable record representation could
look as it is depicted in Table 1, which, in fact, is very similar to the JavaScript
Object Notation (JSON) format.

Object — Document and Object — Attribute links are different in nature.
Objects can exist without associations to Documents, while attributes only make
sense when attached to Objects; these relationship types can be described as
many-to-many and one-to-many respectively.
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Table 1. Object data format

Presentation format JavaScript Object Notation (JSON)
Pump P-10115 {"ID": " P-10115",
ID : P-10115 "Name" : " Pump P-10115",
Description : Cold water pump, floor ~ "Description" : "Cold water pump, floor 2",
2 "Class" : "Pump",
Class : Pump "Attributes" : [
Attributes {"Pressure" : "80 psi"},
Pressure : 80 psi {"Type" : "electric"},
Type : electric {"Voltage" : "380 V"},

Voltage : 380V ]
"Document associations" : [
Document associations {"Object name" : " Final P&ID DH-10.pdf "

Final P&ID DH-10.pdf LoD

Platform. The engineering information integration database is not intended for
the public and will not have thousands of simultaneous users accessing the
system. It is required that the system has strong consistency implementation, is
able to support large datasets efficiently and works effectively on a single node
with the capability to scale the system to multiple nodes. It must perform
adequately with read operations and must be able to handle peak moments of
intensive read/write operations when a data import job is being executed.

Further discussion will explore the choice of a suitable database system for
the task.

NOSQL DATABASE OVERVIEW

The term NoSQL refers to a range of data storage systems, which do not
implement the relational data model and do not support SQL query language.
With the increasing popularity of online services, companies like Google,
Amazon and Facebook have to deal with huge amounts of data. Usually in such
cases data consistency is not the primary goal. For an online shopping service it
does not really matter much whether the inventory contains 3 or 4 items. What
matters is that the service is available and the buyer can put the item into the
shopping cart and proceed to checkout. The remaining inventory can be
synchronized in the background as long as the correct amount can be retrieved or
calculated in a predictable manner.

System availability and scalability is usually of the utmost importance as
the number of users and the amount of data associated with them can increase
very rapidly in a successful project, so the system has to be designed to scale
horizontally in a predictable manner, and perform appropriately on a large number
of nodes.

CAP theorem. Brewer’s theorem states that it is impossible for a web service to
provide Consistency, Availability and Partition Tolerance at the same time
(Brewer, 2000). As Merimman (2010) has noted, network partitioning is almost
certain in distributed systems, so for most of the time it means that a compromise
between Consistency and Availability (Gilbert and Lynch, 2002) needs to be
made. As the aim of the project is to provide an engineering information
integration database, consistency takes precedence over availability. It is not
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desirable to provide obsolete information to the users, as this may impede
decision making processes. With so many commercial and open source data
storage systems available, it is important to choose the one that is both aligned
with the particular data storage problem and addresses key requirements.
Key-Value pair storage

Systems that implement key-value store provide an indexed data structure,
where an object (value) can be accessed by a key. While some of these systems
are in-memory databases, i.e. Memcached, usually they can be thought as
distributed and persistent hash tables (Amazon SimpleDB, Riak, Membase, etc.).
Such systems are aimed at providing extremely fast and scalable data stores.
While most, if not all, storage requirements can be simplified to fit the key-value
paradigm, it is not always optimal to do so. If, for example, objects need to be
accessible by several keys, or only a few of the object properties need to be
retrieved and updated, it may be more efficient and convenient to use a different
data store.

Column based storage. Column based storage systems have been gaining
popularity and they have been recognized for their application in data warehouse
solutions (Stonebreaker, et al., 2007). Rather than storing object information in
rows and retrieving the whole row from a disk (often this means that unneeded
attributes are also read from disk), such systems store and retrieve information
grouped into attribute columns. Cassandra is a good example of a NoSQL column
based storage, which provides a multidimensional column store, while HBase was
created as an open source alternative to the Google’s BigTable. These systems
have been acknowledged to work on a large scale in several big companies
(Lakshman and Malik, 2010). Such data storage model does not fit this project
however, as it would impose additional difficulties in storing and retrieving the
data.

Document based storage. Rather than storing data in rows or columns, systems
implementing this kind of storage, organize data by storing it in documents. Such
approach has the benefit of being able to store objects with varying number of
attributes while attributes with the same name do not have to be of the same type
for two different objects. Document storage systems can use additional indexes
for fast data retrieval. Such stores can be implemented on top of a relational or
object database or directly support semi-structured file formats like JSON or
XML. MongoDB and CouchDB are two main NoSQL document based storage
systems.

As it was already noted, JSON represents the data model of the project
efficiently. Such document (also called semi-structured) storage eases the
planning and development of the database schema. Variable number of attributes
allows the system development to be aligned with the agile project management.
The system can be started small and provide basic functionality initially; over
time additional functions can be added as the database layer can be easily
extended without taking the existing application offline.

MongoDB was chosen for the particular storage engine because it stores
data in BSON (Binary JSON) format. It also provides a SQL-like query language,
which makes it easier for developers to interact with the data stored in it.
Possibility to have additional indexes on multiple attributes of an object means
that several keys can be used to access the information quickly. Map-reduce
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functionality provides the capability to run complex queries that require
aggregation in the background processes, while GridFS allows storing large files
in the database itself.

JSON BASED ARCHITECTURE

JSON format is widely used in web systems as it recognized to be a self-
describing, concise (more compact than XML) format for transferring data. With
client JavaScript code already present on majority interactive web applications,
usage of client side JavaScript libraries like Backbone.js or Knockout.js simplifies
the development of rich client interfaces. Having this format at the storage layer,
combined with a JavaScript based web server such as Node.js, means that JSON
format could be the only form of information needed in the whole path from the
database to the client browser.

Modelling data in JSON format in MongoDB has its own advantages and
disadvantages. Since the database lacks the functionality of joins, it means that
linking data together needs to be done at the application layer. This is partially
offset by the rich data model capabilities. As JSON supports hierarchical data
structure with deep nesting, some relationships can be embedded inside objects. In
a normalized SQL database an equipment Object with attributes would be
represented by at least two tables (one for the Object, another one for attribute
values), linked by an Object identifier. There would be one issue, as the column
data type restrictions do not allow general objects to be stored; they have to be
numbers, strings or dates. Thus attributes would be stored as strings, or separate
tables for different types of attributes would be needed. In MongoDB this is not
an issue as any type of object can be stored as an attribute. Attribute names and
values can be stored inside a JSON array, thus eliminating the need for joins and
transaction locking (see Figure 1).

As Object — Document association is a many—to—many type of
relationship; data would have to be split into at least three tables in a SQL system.
In MongoDB the general practice is to choose one collection, which is smaller,
and embed object keys from that collection into objects in another collection (see
Figure 1). Such approach suggests that this model is best suited for data that does
not change frequently. As Abadi (2009) noted, OLTP databases are still better
served by proper RDBMS systems, but for data warehousing/analytical storage
problems distributed database solutions, which can be deployed in a cloud, may
be a good choice.

Since JSON data model contains attribute names in every object, it may be
worth noting the size of the record being stored. In general, it is a good practice to
make attribute names as short as possible, as this saves space and increases the
probability that objects and/or indexes fit into the memory, which is many times
faster than the relatively slow disks. If attribute values are very large compared to
the attribute names, the performance benefit may not be noticeable, so a proper
balance between readability and size is recommended.
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Figure 1. JSON model (left) and relational schema (right) compared
TESTING

Testing was done on Amazon’s EC2 large machine instances, each with 2
cores and 7.5GB of memory. As the performance of Elastic Block Storage (EBS)
is not consistent, tests were executed three times (on three different virtual
machines) and the results were averaged.

MySQL was chosen as a relational database for comparison, as it is also an
open source database; it is very widely used and can run on multiple operating
systems. The operating system used was Ubuntu 11.10 64bit, MongoDB version
was 2.0.2 and MySQL version was 5.1.58. Every MongoDB collection and
MySQL table had two indexes — one for the primary key and one secondary
index.

Test scenarios were created to emulate a large data process job for
importing equipment Objects, Documents and their attributes into the system with
a huge number of write and/or read operations taking place sequentially. As it was
a prototype test data store model, the numbers should not be treated as absolute
values, but rather as relative performance indicators.

The first test was to compare the performance when inserting records into
the database. This means that only a single insert operation was executed for both
MongoDB and MySQL. The horizontal axis represents the number of equipment
Object records in the database. The graph (see Figure 2) shows the consistent
performance of both databases with MongoDB being 3-4 times faster than
MySQL.

Equipment object record insertion
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Figure 2. Object Insert Operations
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The second test was executed to simulate adding different Document
records with attributes and Object relationships to the database. Since the number
of Documents is usually a lot lower than the number of Objects, this was
represented by having ten times less Document records. Each Document had five
attributes inserted and each ten objects were retrieved and had an association to
the same document added. While MySQL was faster at querying data from a
single table, this scenario still shows it consistently being about 3 times slower
than the MongoDB.

Document insertion
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Figure 3. Finding and Inserting Data Combined

The last test was done to get the full object data alongside the associated
documents. Since there are no joins in MongoDB, it meant two find operations
were executed. For MySQL three select operations were used, two of which
contained joins with the attribute table. The graph is different here as MySQL
showed very good performance until there were about 5 million object records (50
million attributes). From that point the performance decreased very fast.
MongoDB showed a nearly linear performance decrease and outperformed
MySQL by a considerable margin on a larger scale.

Object and document data retrieval
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CONCLUSIONS AND FUTURE WORK

Despite MongoDB being a relatively new database storage system, tests,
involving the data model discussed, show it being faster than MySQL most of the
time. The outcome of the tests shows that database write operation performance is
nearly consistent in the defined scenarios, even when the data store contains 100
million equipment records. MongoDB was faster than MySQL using queries with
joins on a large scale for read operations and had a predictable, nearly linear
performance decrease as the number of records increased. This suggests that
tuning and/or scaling the database for a more consistent read operation
performance may be desirable.

Working with JSON object storage appears to be an efficient and
convenient way to structure and retrieve data. The prototype test harness aimed to
simulate high intensity read/write data import/export operations shows MongoDB
a suitable data store. More research will be done to link and store equipment
Object relationships to 3D model data. The prototype data model will be de-
normalized to fully support the ontology-based Class Library. The platform will
be enhanced with additional features to store the information captured by
engineers and project managers sharing their knowledge through a web
application.
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ABSTRACT

The project resource leveling problem was proposed to smooth resource usage
and reduce resource fluctuation, while the resource-constrained project scheduling
problem focuses on minimizing the project duration with limited resources. Solving
the two interrelated problems separately is unlikely to result in a globally optimum
schedule. The few integrated optimization methods that have been developed favor a
predetermined resource profile that may be difficult to achieve. This paper proposes
an integrated scheduling method to minimize the project duration and resource
fluctuation by using the strength Pareto evolutionary approach II (SPEA II) which
outperformed several other multi-objective optimization techniques in solving the
resource-constrained project scheduling problem. An innovative chromosome
representation scheme for SPEA II was proposed. A set of case studies were tested to
compare the optimization performance of the proposed method with the best of the
existing techniques. The results showed that the method yields better results than
popular methods presented in the literature.

INTRODUCTION

Project scheduling is the basis of decision-making in project planning and
management. Resource-constrained project scheduling problems (RCPSPs) were
proposed to optimize scheduling under resource constraints. The objective functions
of many PCPSPs are to minimize the project duration or to minimize resource cost
within a predetermined project duration.

The RCPSPs can be categorized into single-mode and multi-mode approaches
in terms of the number of modes in which resources are used or consumed. When
activity durations are variable in different modes, the combination of different modes
of activities generates varied costs. In this case, the RCPSP may be evolved into a
discrete time-cost tradeoff problem (Brucker et al. 1999).

Metaheuristic algorithms, especially genetic algorithms (GAs), have been used
widely to solve RCPSPs and its sub-problems. The objective functions of the GAs
were usually set to minimize the project duration (Chen and Shahandashti 2009;
Goncalves et al. 2008; Hartmann 1998). The chromosomes of GAs have been
represented as permutation based, priority rule based and priority value based. Serial
and parallel scheduling techniques have been adopted to convert chromosomes into
the actual schedule (Kolisch 1996).

49
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Resource fluctuation has been studied mainly within the scope of the resource
leveling problem which describes the process of reducing the fluctuations in resource
usage over the project duration. Undesired resource fluctuations may cause inefficient
and costly implementation of construction, for example, frequently rehiring and
releasing workers, lowering production levels and interruption of learning curve
effects (El-Rayes and Jun 2009). These implicit costs incurred by undesired resource
fluctuations can account for a large portion of resource costs. Heuristic algorithms,
such as particle swarm optimization (PSO) and GAs have been adopted to solve
resource leveling problems (Chan et al. 1996; El-Rayes and Jun 2009; Senouci and
Eldin 2004).

Resource leveling and resource-constrained project scheduling problems are
inherently interrelated. A certain schedule having a higher resource cost may have a
lower resource fluctuation. However, the two problems have usually been studied
independently. Only a few integrated models have been developed to solve the two
problems simultaneously (Liao et al. 2011). Resource leveling has usually been
addressed in these models by adding a constraint (Senouci and Eldin 2004). These
methods favored a predetermined resource profile that may be difficult to achieve
(Leu and Yang 1999). In addition, PCPSPs were not fully explored in the integrated
models. These studies mainly used a single objective function to minimize project
duration, cost, or deviation between resource usage and the defined value (Chan et al.
1996). Only the single-mode RCPSP has been integrated with the resource leveling
problem. Therefore, this research aimed to develop a model solving the resource
leveling and multi-mode resource-constrained discrete time-cost tradeoff problems
simultaneously by using a multi-objective optimization.

PROBLEM DESCRIPTION

The mathematical description of the problem is shown in Eqs.(1)-(4). The
problem can be solved by using a multi-objective optimization technique whose
objective functions are to minimize the resource cost (i.e., Eq. (1)) and the total
project duration (i.e., Eq. (2)). The cost is split into two parts: resource usage cost
(RUC) and resource fluctuation cost (RFC). The constraints include the resource
feasibility constraint (Eq.(3)) and the precedence constraint (Eq.(4)).

Min C=RUC+RFC )
Min T =max(LF1,LF,....LF») )
st. RUn:<Ru: 3)
FT,<ST; 4)

Where R,,; = the capacity of a resource type &, at a time period t; RUn,: = the
calculated amount of resource m used at a particular time ¢. FT; = finish time of
activity i whose successor is activity j. S7; = start time of activity j.

The resource usage cost (RUC) is defined as the total cost of the resources
used by all the activities in the given activity modes. Resource fluctuation costs (RFC)
denotes additional costs incurred when resources are newly added or dismissed. Such
costs may include training, transportation and bidding costs. El-Rayes and Jun (2009)
proposed two metrics: release and re-hire (RRH) and resource idle days (RID), to
measure the level of the resource fluctuation. The RRH was calculated from Eq. (5)
(El-Rayes and Jun 2009).
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LS )
RRH:H—MRD:EX r,+z‘rl—r“, +1 | =Max(r,15,....,73)
=1

Where H=total increases in the daily resource demand; 7=total project
duration; 7, = resource demand on day t; MRD=maximum resource demand during the
entire project duration.

In this research, the metric of measuring the resource leveling cost RFC was
calculated based on the metric RRH. RFC is calculated by Eq. (6). UHC,, denotes the
unit cost of hiring and releasing a resource type m and RRH,, denotes the amount of a
hired or increased resource m calculated by Eq. (5). The cost of MRD is also added to
RFC to minimize the resource demand.

RFC =UHC,[RRH,, +C, « MRD (6)

MODEL DEVELOPMENT

The model consists of three modules: the evolutionary multi-objective
optimization (EMO), the project scheduling, and the resource leveling (see Figure 1).
The fitness values of the EMO are calculated based on time and cost fed by the
project scheduling and resource leveling modules.

The EMO module. The EMO module uses the strength Pareto evolutionary approach
II (SPEA 1I) to find a Pareto optimal solution. SPEA II was developed based on the
natural evolutionary principle (Zitzler et al. 2001). The previous study showed that
SPEA II performed well in RCPSPs (Ballestin and Blanc 2011). SPEA 1II conducts
crossover and mutation as shown in Figure 1. SPEA II uses an external archive
containing non-dominated solutions previously found. Non-dominated individuals are
copied to the external non-dominated set (see Steps 4-6 of the EMO module in Figure
1). SPEA 1II uses an enhanced archive truncation method that preserves the boundary
solutions. The fitness assignment strategy (see Step 2 in Figure 1) and GA operations
(see Step 7 in Figure 1) considers both closeness to the true Pareto front and even
distribution of solutions. The non-dominated points are also preserved based on the
fitness values.

The encoding approach is illustrated in Figure 1. The first section of the
chromosome denotes the priority values which are unique integers in the range from 1
to n (i.e., the total number of activities). The second section denotes the mode of
activities. When the two sections are specified, chromosome gene values would be
fed into the resource leveling module to generate a genotype (i.e., schedule).

SPEA 11 calculated fitness using R(i)+ D(i) (Zitzler et al. 2001) where R(i) is
the function of “strength” which can be derived from cost and project duration and
D(i) is density estimator calculated as the inverse of the distance to the k-th nearest
neighbor. D(i) is calculated to ensure that the points are evenly distributed along the
known Pareto front and to avoid cluster. The fitness values of the non-dominated
individuals are less than 1.

The crossover method developed by Hartmann (1998) was adopted to
implement the crossover operation in the first section of the chromosome. For
instance, the left part of the gene values in child 1 comes from parent 1 and the right
part in child 1 is from the parent 2 by the left-to-right scan. The scan makes the right
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part of child 1 take the gene values in parent 2 which are different from the gene
values in the left part of child 1.

The mutation of the first section of genes is achieved by swapping two
randomly selected genes in a chromosome. For the second section of the chromosome,
the mutation operator modifies modes at each position with an equal probability. If a
position is selected, a random value within the range of the total number of modes is

selected.

EMO module Project Scheduling module
1. Generate an initial population 1. Define three sets: scheduled, eligible,
P and an empty set E Rt and decision sets

v

2.1 Move the eligible activities from
decision set to eligible set

v
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2. Are Corand T
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'

v
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Optimum schedule
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Mode of Activities |, | 4, . Mo | M,

n:The number of activity

Figure 1. Flow chart of the model

The project scheduling module. The activity and mode lists stored in the
chromosome are fed into the project scheduling module to formulate the schedule.
Activities are scheduled according to the serial scheme scheduling approach (Kolisch
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1996). Three activity sets are established, namely the scheduled set, eligible set, and
decision set (see step 1 in Figure 1). At first, all the activities are placed in the
decision set. The decision set contains all the activities to be scheduled. The
scheduled activity set contains activities that have been scheduled (i.e., starting and
finishing time is determined). The activities in the decision set whose precedent
activities are scheduled and included in the scheduled set are then moved to the
eligible set. Several activities may be moved to the eligible set simultaneously. Only
the activity in the eligible set having the largest priority value is selected to be moved
to the scheduled set. This activity is added to the project schedule chart and the
starting time is adjusted to meet the resource constraint. This process is repeated until
all the activities in the decision set are moved to the schedule set. This method is
called the backward pass.

The last task in this module is to calculate the total float (TF) for each activity.
The following method is used: the backward pass is used to determine the late activity
finish times. Then, by deducting the latest finish time by the earliest finish time, the
TF of each activity can be calculated.

The resource leveling module. The resource leveling module calculates the project
duration and cost as measured by the fitness calculation of the EMO module. The first
task is to adjust the noncritical activities (i.e., activities whose TF is larger than zero)
to reduce the RFC. Where to locate these noncritical activities in the schedule is
critical to reducing the RFC.

Reducing RFC can be achieved by reducing the sum RRH + MDR (see Eq.
(6)). First of all, the noncritical activities are removed from the schedule and form a
noncritical activity list (see Step 1 of the resource leveling module in Figure 1). In the
subsequent steps, in terms of the priority values of the noncritical activities, each
activity will be added into a location where the maximum reduction of RRH + MRD is
achieved (see step 2 in Figure 1). After a noncritical activity is added to the schedule,
the start and finish time of other noncritical activities are updated. Following this
process, all the noncritical activities are added to the schedule (see step 4 in Figure 1).

In step 3, the noncritical activities are placed by aligning a newly added
noncritical activity to existing activities in the schedule. An example is shown in
Figure 2. The grey highlighted bar denotes the resource usage of the existing activities
in the schedule. Two new activities with oblique lines are added to the schedule. To
achieve the maximum reduction of RFC, the two activities should be aligned with the
edge of existing activities. Thus, according to Eq. (5), if the first activity may be
located at Py, the reduction of RRH is R; and if the second activity is added at the
position P,, the reduction is R, + R.

After an activity has been added to the existing schedule, it will be merged
into the existing schedule. The next noncritical activity is added based on the newly
generated schedule where the maximum reduction of RFC can be achieved. This
approach uses a greedy algorithm which makes the locally optimal choice at each
stage with the intent of finding the global optimum. The sequence of adding
noncritical activities depends on the priority values of these noncritical activities. An
activity with a highest priority value will be chosen first to add the existing schedule
to achieve the maximum reduction of RRH + MDR.
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COMPUTATIONAL EXPERIMENT

The developed model was implemented in MATLAB Version 7.9 using a
laptop with a 2.0 GHz CPU and 2G RAM. A similar dataset of test cases originally
created for the multi-mode RCPSP were selected from the well-known PSPLIB
(Kolisch and Sprecher 1997). Ten cases from the dataset “j10.mm” (available in
PSPLIB: http://129.187.106.231/psplib/) were selected (selected case numbers: 1, 50,
100, 150,...450). A baseline model was proposed for comparison with the developed
model.

Baseline model. The baseline model has two phases each of which uses the GA
algorithm. (a) In Phase I, a number of the minimum project durations were generated.
The objective was to minimize the project duration only. This was regarded as a
standard multi-mode RCPSP that could be solved by a number of algorithms
(Hartmann 2001; Wuliang and Chengen 2009). An archive was included to store the
30 best individuals in the GA simulation. (b) In Phase II, the method developed by El-
Rayes and Jun (2009) was used to calculate the minimum cost of RRH (corresponding
to RFC) for each schedule (or individual) preserved in Phase 1. Then the minimal total
cost (i.e., RUC + RFC) is calculated.

Referring to Figure 3, assume the black solid point Py denotes (T, C) (T= time,
C = cost) calculated by the baseline model and was located in the Pareto front line.
The point (T,C) can be compared with the white points P; calculated by the tested
model (i.e., the model developed in this research). Four cases may occur after the
comparison (see Figure 3): “dominated”, “non-dominated”, “dominate” and “equal”.
P, dominates the point (T, C) and P, is dominated by (T, C). Py may dominate many
points P;, thus, the average point is calculated. The percentage error £ in regard to Py
is calculated as (Z E/ann) /P, where the point P; is calculated as the tested model

and dominated by Py; n is the number of points dominated by Py. The grey point in
Figure 3 denotes the average position of the two points dominated by Py.

Experimental results. Two groups of resource unit cost were tested. The resource
unit cost was set to 10 for both groups and the unit hiring/releasing cost (UHC) was
set to 10 for one group and 20 for another. Preliminary tests were conducted to
determine the simulation parameters. The test results showed that the mutation rate
was set to be 0.05, which was the same as that recommended by Hartmann (1998), the
population and archive sizes were set to 30. The percentage errors £ were calculated
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for each case. It was found that only cases #1 and #2 had errors (see Table 1). Further
analysis showed that the reason why most of the errors were zero was that for all the
ten cases, more than 80% of the points generated by the tested model dominated the
points generated by the baseline model, that is to say, most of the calculated points by
the test model were located in the lower left corner of the coordinator system in
Figure 3. The reason was that the baseline model did not find the true global optimum
individuals or only found the individuals that were inferior to those calculated by the
test model. Though the experiment could not guarantee the points generated by the
tested model were located on the Pareto front line, the experiment still showed that
the tested model had the potential to generate relatively satisfactory results and also
had better performance than the baseline model.

Table 1. Errors for cases #1 and #2

Group 1(UHC =10) Group 2(UHC = 20)

Cases with errors

ime Cost Time Cost
#1 0.0% 1.1% 0.0% 4.1%
#2 0.0% 0.0% 0.0% 1.1%

The time and cost of case #2 are shown in Figure 4. When UHC = 10, the
resource usage cost had a larger effect on the total cost and the increase of duration
led to a larger decrease in the total cost. The results indicated that the RFC accounted
for about 20% of the total cost (UHC = 10) and 25% (UHC = 20). When the duration
increased by about 12%, the total cost decreased by 12% (UHC = 10) and 15% (UHC
=20).

1650 1850
(a) UHC =10 . (b) UHC =20

Figure 4. Time and cost for case #2

CONCLUSIONS

This research proposed a time-cost tradeoff model based on SPEAII to optimize
the project duration and resource costs by integrated consideration of the resource-
constrained project scheduling and resource leveling problems. Ten test cases were
selected to evaluate the accuracy of the model by comparison with the baseline model
that used the popular methods presented in the literature. The test showed that in two
out of the ten cases the errors of the model were less than 5%, and in the other test
cases the model generated better solutions than the baseline model. Future work may
focus on improvement of the model (e.g., using dynamic unit costs of resources to
evaluate the fluctuation cost) and developing models to solve the resource-constraint
and resource leveling problems for multiple projects using shared resources.
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ABSTRACT

Construction workspace is regarded as one of the main constraints on
construction sites. Construction workspaces are generally difficult to proactively
plan and manage due to the dynamic nature of a site where workspace
requirements keep changing as time evolves. However, project managers are
looking for ways to develop proactive site plan for the workspaces required for
construction activities as this can impact not only on the cost and project duration,
but can also contribute to provide a safer site. This research paper presents an
approach for integrating workspace management within the planning process
using a serious game engine technology. This paper first illustrates a review of the
workspace management practices and advanced visualization techniques in the
construction industry. Then, it presents a process framework for an interactive
decision support system that integrates workspace planning into 5D planning in
order to enable safer, efficient and more productive construction sites. The
decision support system will identify schedule conflicts, workspace conflicts and
the severity of their conflicts, and workspace congestions on a construction site
and allow construction planners to resolve spatial conflicts prior to construction.
Finally, the paper shows the current progress in the development of an initial
prototype and outlines the future work and research.

INTRODUCTION

Construction projects are complex and dynamic in their nature. One of the
main resources and constraints that affect the delivery of construction projects is
the space available on site (Dawood et al., 2005). Construction projects are
currently characterized by a high degree of fragmentation and specialization,
which shape both the work on construction site and the upstream supply chains
(Kassem and Dawood., 2012). Construction activities on site are being performed
by multiple trades that may require, at any point in time, different workspaces as
working areas for labor or working space areas for material storage, people,
equipment and support infrastructures. Given the complexity and dynamicity of
this problem, project managers cannot often predict solutions by relying on
experience only. Current space-time planning techniques involve mainly textual
description, hand sketches with site layout templates, bar charts, network
diagrams, and 2D/3D scaled visualization models. Current construction planning
techniques like Gantt chart, network diagrams, and CPM are proven to be
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inadequate for construction execution space planning. Therefore, project
managers require a structured approach and new project management tools that
allow them to analyze, detect, control and monitor workspace conflicts (Dawood
and Mallasi, 2006). A serious game engine is a game designed for a primary
purpose other than pure entertainment (Sawyer and smith, 2008). This paper
presents a framework that enables the management of construction workspaces
within a serious game engine by integrating the traditional planning (CPM), BIM
data of construction models and providing real time visual rehearsal of
construction workspace.

LITERATURE REVIEW

This section presents an extensive and critical literature review of previous
works related to both the workspace management and the advanced visualization
technologies used in construction workspace planning. In the context of this
research, construction workspace management refers to the workspace generation,
the workspace assignment or allocation, the workspace conflict detection and
resolution at any time during a construction project. The works reviewed were
assessed against a number of features grouped under six main categories which
are: physical constraints, workspace planning, construction planning, algorithms,
knowledge databases and visualization. The results of this review were plotted
into a matrix grid illustrated in table 1. The main findings are discussed in the
following two sub sections. For the scope of this paper, only a few works are
discussed. For all the other works, readers can refer to the matrix grid and
referenced papers.

Construction workspace management. Moon et al. (2009) proposed an
integrated approach where workspace are assigned individually for model’s
objects and linked to schedule activities. They classified the workspaces and
allocated workspaces using a semi-automatic generation method based on
resource requirements. This approach has significant drawbacks related to the fact
that the workspace is assigned using the bounding volume of a selected object and
is performed for each object individually. Planners in practice tend also to identify
the required workspaces not only based on model objects but also on schedule
activities. Finally, their approach is based on AutoCAD rather than BIM and lack
strategies for conflict resolution. Dawood and Mallasi (2006) presented a critical
space-time analysis (CSA) approach which was developed to model and quantify
space congestion and was embedded into a computerized tool called PECASO
(patterns execution and critical analysis of site space organization). This was
developed to assist project managers in the assignment and identification of
workspace conflicts. This methodology uses a structured query language (SQL) to
organize the product’s coordinates to the required execution sequence, assigns
workspaces using layering within the AutoCAD model, and then links workspaces
to activities to provide a 4D construction simulation of processes. While this
approach is theoretically capable to deal with the dynamicity of construction
workspace, it might be difficult to implement in practice as the project planner is
required to assign construction workspaces in the design authoring tool (i.e.
AutoCAD).
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Table 1. Matrix of key research in construction workspace management and
advanced visualization system
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Advancement visualization technologies. Kuan-Chen and Shih-Chung (2009)
argued that the construction processes are getting more complicated due to the
high number of objects including structural elements and equipments. They
proposed an algorithm called “VC-COLLIDE” which identifies conflicts on static
or dynamic construction sites and determines the distance between large dynamic
3D objects in virtual construction sites using different scenarios. This algorithm
rehearses the operation sequence to detect the collision status in real-time virtual
construction processes. However, this method neither accounts for any risk
assessment method nor refer to H&S issues such as critical space analysis.
Dawood et. al. (2005) proposed an innovative advanced planning tool called
“VIRCON” (VIRtual CONstruction) which investigates sequential, spatial,
process conflicts and temporal aspects of construction schedules before
commencing the work on the site. It allows planners to rectify and trade off the
temporal sequencing of tasks with their spatial distribution to rehearse the project
schedule. However, this does not visualize the conflicts in the 3D environment
and does not refer to safety issues in the space analysis.

The literature review illustrated in this paper clearly showed the
importance of proactively managing site workspaces. However, most of the
existing research have significant limitations as to their approaches for assigning
workspaces; the environment in which workspace management is performed; the
lack of a resolution strategy as part of their methodology. In fact, some of the
existing researches have attempted to generate and assign workspaces in the
design authoring tool to which project planners do not often have access to or do
not use. Also, in existing research, the workspace is assigned for each object
individually (object by object) which is not often the case and can be impractical
for models with a high number of components.

In addition, there are workspaces that cannot be represented using this
method such as storage workspaces as they are not associated with any model’s
object. Another important limitation of most existing works is that workspace
management is separated from the traditional scheduling/planning process and
geometric information is imported from non BIM platforms. The framework
presented this paper aims at enabling construction workspace management by
integrating the traditional planning process (CPM) and BIM data of construction
models in a serious game engine and providing real time rehearsal of construction
workspaces.

A BIM FRAMEWORK FOR WORKSPACE MANAGEMENT AND
VISUALIZATION

Figure 1 presents the process framework to explain 4D/5D modelling,
workspace generation/allocation, spatial-temporal conflicts, workspace congestion
and resolution strategies. The model data is imported from BIM tools using a
number of different file formats including the IFC format (Industrial Foundation
Class - rules and protocols that describe the different building objects) and the
schedule information from the planning applications using the XML format. Then,
the model data and schedule information are linked together to create a 4D model.
A 4D model is a visual simulation of the construction schedule that can be
enabled once 3D objects from the 3D model are linked to construction activities
from the project schedule. The 4D environment considered for the development of
workspace management allows for multiplicity linking between objects and
activities — more than one 3D element linked to a single activity and vice versa
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(Benghi and Dawood, 2008). Once the 4D model has been built in the 4D
environment, the processes of construction workspace management can then start.
The workspace management will be enabled through a number of processes and
sub processes including workspace generation process, workspace and schedule
conflict detection process, workspace congestion detection process, and resolution
strategies process. Each of these processes will be discussed briefly in the
following sub- sections.

Workspace generation. This process starts with the allocation of resources
(workers, equipments and materials) and the identification of the required support
infrastructures to each activity that affect the dimension, position and type of
workspace. The framework assumes that project planners are capable or have
access to such information once the construction method has been defined. This
metadata information is then used to assign the workspaces through a 3D mark up
within the 4D environment. A bounding box will then be created as a result of the
3D mark-up process. All the different types of workspaces defined earlier can be
assigned with a number of options that allow to editing the workspace attributes
such as its volume, shape and position. The positioning of the workspace within
the 4D environment can be obtained using a transformation matrix. Once the
workspace has been generated and positioned, it can then be linked to one or more
than one activity in the schedule. In order to enable the subsequent processes for
workspaces management, the attributes of each workspace, the model element(s)
and activity(ies) to which the workspace was allocated, are stored in a relational
database. Once this process has been completed, the workspace conflict detection
process can be started.

Workspace-Schedule conflict and workspace congestion algorithms. A
schedule conflict is referred to a situation where a schedule presents a number of
overlapping tasks. A workspace conflict may occur only for overlapping tasks
sharing the same space. Therefore, the schedule conflict is a preliminary condition
that requires to be checked prior to the workspace conflict. Therefore, the first
step in the workspace conflict detection process (figure 1) is to check the schedule
conflicts. An intersection test aims basically at detecting the physical clash or
geometric conflict among the workspaces associated with the conflicting
activities. This conflict can be detected by carrying an intersection test in each of
the Cartesian direction (X, Y, Z). The intersection test utilizes a direct comparison
of the individual coordinate values of the Axis aligned Bounding Boxes
(AABBs). In particular, it compares the minimum and maximum coordinates
values along each axis. Workspace congestion is a situation that occurs when the
resources allocated to an activity such as labours, materials and equipment
requires larger workspace than the available workspace while there are no
physical conflicts between the workspaces. Workspace congestion is checked in
all cases independently from the occurrence of schedule conflicts and/or
workspace conflicts as it may occur also for a single activity which individually
occupies a workspace. The process for checking workspace congestion is
illustrated in figure 1.
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Figure 1. Overview of Process Framework

Resolution of workspace conflicts and workspace congestion. The resolution
of workspace conflicts and workspace congestion represents the last process of
construction workspace management where data from previous processes are
utilized to resolve conflicts. Although this stage is one of the main aims of
construction workspace management, much of the previous research was limited
to identify workspace conflicts without tackling resolutions strategies. Bansal
(2011) and Guo (2001) included in their methodologies conflict resolution
processes that utilize the conflicting activities and the sizes of overlapping
construction workspaces. The system will help the decision making process for
the following resolution strategies:

e Adjust/Control schedule: this resolution strategy can be used to resolve
schedule and workspace conflicts. The SC value provided for all activities not
only help the project planner to focus his resolution strategy on the affected
activities but also gives quantitative information about the amount of overlap.
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e Adjust/Control physical location: this resolution strategy is used for
workspace conflicts/congestion and consists in redesigning, controlling or
adjusting the positioning/orientation of workspaces within the model.

e Changing the direction of work progress: many activities and works on
construction site can be started from different directions (e.g. south — north
rather north — south). Therefore, project planners can resolve workspace
conflict by simply changing the direction of work progress.

e Hybrid approach: it is a trade off of the three above strategies.

The outcome from this development is an interactive multidimensional
planning tool which allows users to rehearse different real time scenarios of the
construction processes before the construction starts. By adopting the proposed
methodology and integrating workspace management issues with the traditional
planning process, it is hoped that workspace management can be significantly
improved on construction site. Once all sub-process of framework developed,
industrial pilot case studies will be conducted, in collaboration with practitioners,
to test the effectiveness of the system and assess the best ways for its
implementation.

CONCLUSION

One of the main resources and constraints that affect the delivery of
construction projects is the space available on site. This paper presented a
framework that allows a comprehensive management of construction workspaces
by integrating workspace management with the traditional planning process
(CPM) and the BIM model in a serious game engine in which construction
workspace management is being conducted and rehearsed in visual real-time
mode. The result of the review showed that existing research have significant
limitations as to their approaches for assigning workspaces; the environment in
which workspace management is performed; the lack of resolution strategies as
part of their methodology. One of the most important limitations is that workspace
management is separated from the traditional scheduling process, the geometric
information is imported from non BIM platform, and the workspace management
is performed within the design authoring tools. The paper showed the framework
organized into a number of processes that explains the workspace generation and
allocation process, the workspace conflict detection process, the workspace
congestion identification process, and conflict resolution process. This is in line
with the principles of nD project management where the ultimate scope is to give
project planners the capability of rehearsing the different construction options
before the construction starts in order to enhance the efficiency and productivity
of construction processes.
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ABSTRACT

About 80-90% of accidents are strongly associated with workers’ unsafe
behavior. Despite the importance of worker behavior measurement, it has not been
applied actively in practice due to its time-consuming and painstaking associated
tasks. For measuring and analyzing worker behavior, vision-based motion capture has
recently been proposed as an emerging technique that requires no additional time or
cost. In line with motion tracking that extracts 3D skeleton motion models from
videos, this paper proposes motion classification techniques for automatic detection
of workers’ actions. The high-dimensional motion models (e.g., 78 variables in this
study) that result from tracking are transformed into a 3D latent space to reduce the
dimensions for recognition. To recognize motions in the 3D space, this paper applies
supervised classification techniques for training the learning algorithms with training
datasets where unsafe motions are labeled, and then classifying testing datasets based
on the learning. As a case study, motions during ladder-climbing are tested. The
results indicate that the proposed approach performs well at automatically
recognizing particular motions in datasets. Thus the measured information has great
potential to be used for enhancing safety by providing feedback and improving
workers’ behavior.

INTRODUCTION

Computer vision-based sensing and tracking for site data acquisition are
active research areas in construction. Due to the increasing prevalence of surveillance
cameras on a jobsite, as well as the cost-efficient and easy-to-obtain nature of data
collection with these cameras, vision-based monitoring has been applied for progress
measurement (Brilakis et al. 2011; Golparvar-Fard et al. 2009), productivity analysis
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(Gong and Caldas 2010; Bai et al. 2008), quality management (Zhu and Brilakis
2010), and safety (Yang et al. 2010). For safety, in particular, a vision-based
approach to motion tracking has recently been investigated for the behavior analysis
of construction workers (Li and Lee 2011; Han et al. 2011). For example, Li and Lee
(2011) extract 3D human skeleton motion models from site videos for ergonomic
analysis of workers’ movements, and Han et al. (2011) apply a dimension reduction
technique to high-dimensional motion data for recognizing particular motions (i.e.,
unsafe actions). These techniques allow automated behavior data collection for health
and safety, and also provide a way to understand workers’ safety behavior by
analyzing their actions. Thus, observed behavior data have the potential to be used
not only to detect workers’ unsafe actions and provide feedback on their safety
behavior (McSween 2003), but also to evaluate safety performances as a positive
indicator (Hinze and Godfrey 2003). The previous studies—which state that about
80-90% of accidents are strongly associated with worker’s unsafe behavior (Helen
and Rowlinson 2005; Salminen and Tallberg 1996; Heinrich et al. 1980) and that
behavior measurement is statistically correlated to accident records (Krause 1990)—
indicate the significant importance of behavior monitoring for safety management.

Despite its potential benefits for safety enhancement, the detection of unsafe
actions in motion data still remains challenging for three reasons. First, motion data
are high-dimensional. Motion data contain angular information between body joints.
To represent motions, many body joints need to be tracked; for example, 25 body
joints (e.g., head, neck, hip, arm, leg) are selected in this study, and each body joint
has 3 degrees of freedom (i.e., x-y-z rotations). The high-dimensionality of motion
data thus causes difficulties for data analysis. The second reason is that every time a
particular motion happens while performing, it widely ranges in variation and speed.
The irregularity of motions can produce inconsistent results when one recognizes
particular motions. Accordingly, robust methods that can systemically compare the
similarity of motions are necessary to improve the accuracy of motion analysis. The
third reason is that motions change over time. Unlike a pose at a moment (i.c., a data
point), an action is represented by a sequence of data points. Motion recognition
hence involves time series data analysis, and these characteristics of motion data
make it difficult to recognize particular actions in a large amount of data.

To address these issues, this paper investigates machine-learning techniques
to classify motion datasets for identifying specific actions. We collect motion data
including actions during ladder-climbing, and recognize specific actions (e.g.,
stepping up the ladder, working on a ladder, and stepping down the ladder) by
comparing the similarity between motion datasets.

BACKGROUND

Motion capture is a process to track and record body movements (Moeslund
and Granum 2001). During the last decades, motion capture technologies have been
actively developed and widely applied for various fields including entertainment,
sports, military, and medical research. In construction, motion capture has also been
proposed as an emerging means for measuring workers’ behaviors, which has not
been carried out actively in practice due to the limitations of field observation (Han et
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al. 2011). For example, our industry partners stated that they no longer observe
worker behavior because of its time-consuming and painstaking tasks involved in the
measurement and the large amount of data required for avoiding biases. In our recent
study (Han et al. 2012), we thus investigated how vision-based motion tracking can
be used for safety; specifically, critical unsafe actions are first defined based on
accident records, motion data for the unsafe actions and site videos are collected from
a lab and a jobsite respectively, 3D skeleton motion models are extracted from site
videos, and then both motion models—from a lab and a jobsite—are mapped onto the
same space to identify the unsafe actions.

In addition to the mapping of motion data, this paper explores motion
classification to automatically and systemically identify unsafe actions. For time
series classification, the Hidden Markov Model (HMM) and the Dynamic Time
Warping (DTW) are the most popular and widely used methods (Kotsifakos et al.
2011). The HMM is a generative model that represents the relationships and structure
of sequential data, and has been used for various applications such as speech
recognition (Kotsifakos et al. 2011). Nevertheless, it is generally required to
determine the size of the model (i.e., the number of image frames for each action)
beforehand, though the size of a motion model varies with each action (Okada and
Hasegawa 2008). In this respect, the DTW that measures similarity between
sequential datasets (Jeong et al. 2011) is applied in this paper. The DTW is used to
measure the distance and identify an optimal match between two sequences, even the
lengths of which are different, and thus two motion datasets that may vary in time and
speed can be classified. Thus by using the DTW, the distances between a pre-defined
training template (e.g., ascending, working, and descending) and testing datasets are
computed, and the one with the smaller distance is classified into the same class as
the template.

DATA COLLECTION

As a test case for motion classification, both training (i.e., template) and
testing motion models were collected through a lab experiment in this study. Motion
datasets were gathered using a motion capture system (e.g., Vicon motion capture
system) at the University of Michigan 3D Lab. A performer wearing a special black
suit attached reflective markers on his/her body joints (Figure 1.a); thus, the system
easily tracks the movement of markers with multiple cameras and produces accurate
motion data. A 3D skeleton model is then obtained, as shown in Figure 1.b. This
model contains the information on angles between joints changing over time. In this
study, 25 body joints in Figure 1.c are tracked using the system, and hence the motion
data has 78 dimensions in total (i.e., 75 angles for joints and 3 global pose angles).
The datasets are comprised of motions during a ladder-climbing; in construction in
2005, falls from a ladder accounted for 16.0% of fatalities and 24.2% of injuries
involving days away from work (CPWP 2008). The datasets contain 25 cycles of
ladder-climbing, and each cycle consists of 3 action classes: stepping up, working on
a ladder, and stepping down. As a result, the motion datasets are classified into the
three classes using the DTW.
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Figure 1. (a) Motion captufe sysfem,. (b)v body skeleton model, and (c) body
joints (Note: the number represents the degree of freedom)

FEATURE EXTRACTION

To analyze the high-dimensional data and improve the accuracy of
classification, a dimension reduction technique is first applied to extract primary
features from the collected data. In our experiment, the classification results were
inaccurate when applying to raw data. The dimensions, initially numbered at 78, were
hence reduced to 3 using kernel principal component analysis (kernel PCA)
(Scholkopf et al. 1998). The kernel PCA is a powerful method that computes the
kernel matrix (e.g., polynomial kernel in this study) for non-linear mapping, and uses
the eigen-decomposition to reproduce data (Cunningham 2008). This method is thus
useful for extracting primary features that have large eigenvalues in the decomposed
eigenvector space, as well as for reproducing non-linear data such as motion data.
This means motion data, including various sub-actions, could be efficiently
transformed onto a low-dimensional coordinate in our previous study (Han et al.
2011).

To determine the target number of dimensions that can represent most of the
data without loss of information, eigenvectors and eigenvalues were computed and
compared. As shown in Figure 2.a, the first 3 eigenvectors have large eigenvalues.
This means that in the eigenvector space where raw data are mapped, most data can
be represented with these 3 axes (i.e., 3 eigenvectors); thus 3 dimensions were
selected for dimension reduction. Then, a training dataset (i.e., one cycle of ladder-
climbing) was mapped onto a three-dimensional space (Figure 2.b), and mapping
parameters were learned in this process. The parameters were tested with subsets of
training data (i.e., three classes: step up, work, step down, as shown in Figure 2.b),
and the data points in the subsets were mapped onto the exact same points. In
addition, the colored points in Figure 2.b reveal where the three classes of motions
are located in the space. Based on the mapping parameters learned and tested, testing
datasets (i.e., the other 24 cycles of ladder-climbing) could successfully be
transformed to the same space, as well (Figure 2.c). Each cycle of motions is
distributed, but is located mostly within a narrow range.

MOTION CLASSIFICATION

Using the transformed datasets that have only three dimensions, motion
datasets are classified into three actions (i.e., stepping up, working, and stepping
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Figure 2: (a) Eigen-decomposition, (b) mapping with training data, and (c) mapping
with testing data

down). Among 25 cycles, one was used as a template, and the other 24 were used as
testing data and thus were classified with the templates. In other words, one cycle of
motion datasets was first divided into three data subsets corresponding with the three
actions, and each subset was used as a template to measure the similarity with
training datasets. The DTW was used to calculate the distance between each template
and the three subsets of training data; it was regarded as similar when the distance
between two sets of sequential data was short. Eventually, actions are recognized by
identifying the template with the smallest distance to the dataset; for example, when
the distance between a dataset and a stepping-up template is the shortest among three
templates, the dataset is classified as stepping-up.

To measure the performance, classification errors—which are percents of
incorrectly classified datasets—were calculated through 25-fold cross-validation (i.e.,
among 25 cycles, each is iteratively selected as a template in turn, and validation is
performed for the other 24 cycles in each iteration). Table 1 presents the mean errors
for the three templates when using each cycle as a template. The cross-validation
results reveal that the classification algorithm provides 76% of the average accuracy.

The results also indicate that the accuracy can be improved up to 93% when
using suitable motion data (e.g., the 13t cycle dataset in the table) as a template. In
this regard, selecting a template is critical for recognizing specific actions in motion
data. Thus for accuracy improvement, actual motions of construction workers on a
jobsite can be sampled and utilized to find an optimal template for target motion
detection. This strategy may also help resolve an issue on motion variances that differ
from individual to individual by using specific workers’ motion samples to detect the
one’s motions. The fact that the number of workers on a particular jobsite is limited
and that the scope of motion detection in this study is limited to pre-defined motions
(e.g., critical unsafe actions such as carrying a tool and material up the ladder) may
facilitate the motion template selection. In addition, an optimal template can
efficiently be determined among the samples through cross-validation to reduce
classification errors, as identified in Table 1. Consequently, the proposed
classification approach has great potential to robustly and systemically detect specific
actions.

DISCUSSION

The proposed motion analysis can be used for two aspects of safety
management. Straightforwardly, feedback on behavior can be provided for employees
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Table 1. Errors Through Cross-Validation
Cycle 1 2 3 4 5 6 7 8 9 10 11 12 13

'?;‘;r 0.25 | 027 | 027 | 0.29 | 0.24 | 0.32 | 0.32 | 0.23 | 0.09 | 0.27 | 0.24 | 0.19 | 0.07

Cycle | 14 | 15 | 16 | 17 | 18 | 19 | 20 | 21 | 22 | 23 | 24 | 25 | Mean
E(‘;‘;r 020029023 [025]029] 016 |021]023]029]033|023]|031] 024
0

based on the measurement. Feedback is very efficient for improving safety behavior
(Komaki et al. 1978), thus leading to a reduction in the number of unsafe actions, and
eventually to a reduction in the number of incidents and injuries. The previous study
that found that near-miss incidents such as unsafe actions are precursors of accidents
(Phimister et al. 2000) also indicates the importance of behavior in safety. Further, at-
risk conditions that cause workers to take unsafe actions can be identified and
removed in advance through active feedback and communication.

Second, behavior measurement can be used to assess ongoing safety
performances (Hinze and Godfrey 2003). Motion recognition techniques are available
to count the number of unsafe actions for periods of time, and the measured
frequency and types of unsafe behavior may help determine what corrective
managerial actions (e.g., training, education, or the use of scaffolding rather than a
ladder) need to be taken. Motion recognition techniques also suggest the extent to
which efforts and time for safety are needed to improve performance. For this
purpose, the constant monitoring of workers would be highly effective, but a random
sampling of motion data can be adopted in the case of activities being out of range of
fixed cameras.

CONCLUSION

The objective of this paper is to assess a motion classification approach to
detecting specific actions in motion data that can be obtained from site videos. For
motion classification, high-dimensional motion data are first transformed to a low-
dimensional coordinate to improve the accuracy of classification. Then, we label
particular actions in training datasets, and measure the distance between the labeled
actions and testing datasets in the low-dimensional space. The dataset with the
smallest distance is classified into the same action. The results indicate that the
proposed approach performs well at automatically recognizing particular motions in
datasets. In this way, workers’ behaviors can be measured without significant human
effort and cost. The measured information thus has great potential to enhance safety
by providing feedback on workers’ behaviors, and by determining proper
management strategies for behavior modification.

In our future studies, we will investigate motion sampling to extract
representative templates from site videos. Motions of multiple performers in various
position (e.g., using a right or left hand first when ascending, or grasping a rung or
side rail) will be collected and tested for template selection. Furthermore, motion
detection in streaming data will be studied beyond classification with sets of motion
data. An approach using a threshold of the distance may be taken to determine the
similarity between a template and streaming data points (i.e., classifying as the same



COMPUTING IN CIVIL ENGINEERING 71

actions when the distance is less than the threshold). Eventually, our ongoing project
will include the extraction of motion data from site videos, the verification of the
proposed method for the motion data, and the detection of unsafe actions in the video
streams. In this case, the proposed approach will rely on the accuracy of the extracted
motion models; however, advanced motion modeling techniques such as a Gaussian
Process Dynamical Model (GPDM) (Wang et al. 2005) may facilitate smooth
embedding of high-dimensional motion data in a dimension reduction process and
reduce the variation of motions caused by inaccurate 3D motion model extraction.
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ABSTRACT

Decision-making in fields such as politics, engineering and healthcare, shapes
the world and how it evolves. Both public and private organizations face challenges
when making decisions. Two examples occurred with the Minnesota Department of
Transportation in 2007 and the U.S. Department of Energy in 2008. Losing bidders
for a bridge-rebuilding contract and a liquid-waste cleanup project, respectively,
protested the agencies’ awards on the basis of evaluation methods and selection
criteria. Multi-evaluator multi-criterion (MEMC) decision making can be
controversial if bias or uncertainty find their way into the final decision.

In a previous study, the authors of this paper developed a model that reduces
the effect of uncertainty resulting from an evaluator’s insufficient expertise in a
particular criterion. This paper builds on the previous study by also correcting for
potential favoritism or bias. It presents a more comprehensive mathematical model
that supports MEMC decisions and protects decision-makers from criticism. The
methodology includes: (1) proposing a probabilistic model and its assumptions; (2)
developing an iterative algorithm; (3) testing the algorithm and analyzing its
convergence; and (4) revising the model based on the results. Tests of the model
show it performs better than the simple average method on 100% of the simulations.

INTRODUCTION

When making a decision, one often considers more than one criterion.
Additionally, more than one evaluator is often needed to reduce potential biases
and/or uncertainty. Such decisions are called multi-evaluator multi-criterion (MEMC)
decisions. Decisions need to be unbiased when comparing alternatives, in order to
make the right conclusion and maximize benefits from the process. The decision
making process must also be transparent, particularly in public settings where
taxpayers’ money is involved. Even with transparency, decision making can still be
controversial and can lead to loss of public trust and added legal costs. In a previous
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study, we developed a multi-evaluator decision making model that reduces the effect
of uncertainty resulting from an evaluator’s insufficient expertise (El Asmar et al.
2011). The current paper builds on it by presenting a comprehensive mathematical
model for MEMC decision making that also corrects for bias in the evaluators’
scores. The model is intended to support selection decisions and protect decision
makers and their agencies from potential criticism.

Management science literature on MEMC decision making can be classified
into two categories: multi-criterion (MC) decision making and multi-evaluator (ME)
decision-making. While there are many studies on MC decision making, especially in
the construction literature, few address the problem in the context of MEMC. Other
studies focused on weighting the criteria, as opposed to maximizing the benefits from
having more than one evaluator. Evaluators’ possible bias and lack of experience
have not been adequately addressed.

OBJECTIVES AND SCOPE

The MEMC model’s main purpose is to assist in the decision making process
when selecting among many alternatives by using a mathematical method to perform
fairer evaluations. This purpose stems from the fact that current MEMC decision
making methods can be controversial and can lead to project delay, loss of trust, and
increased legal fees, as was recently demonstrated in the examples mentioned in the
Abstract. ME decision making can yield different levels of uncertainty in the scores
due to varying degrees of the evaluators’ expertise. Another problem is the potential
for biases of the evaluators either for or against certain alternatives. These two issues
make it necessary to reconsider the traditional averaging method of aggregating the
evaluators’ scores. A mathematical model is essential for detecting and reducing the
effects of both bias and uncertainty in the evaluators’ scores. A previous study (El
Asmar et al. 2011) introduced a mathematical model of ME decision making that can
measure the evaluators’ expertise by detecting the uncertainty from their scores, and
reduce the effect of uncertainty on the decision. It considered two dimensions: (1)
multiple alternatives, and (2) multiple evaluators. A third dimension, (3) multiple
criteria, should be added to allow for consideration of potential evaluator bias.
Therefore, the proposed new and more comprehensive model has two objectives:

A. To detect and reduce any possible evaluator favoritism or bias, and
B. To detect and reduce the effect of possible uncertainty, or lack of expertise.

The model can be used in decision making problems that deal with multiple
evaluators who review multiple alternatives based on multiple criteria. However, the
scope of this study is limited to the areas of bias and uncertainty in the scores given
by the evaluators. The proposed model is only concerned with estimating the “ideal”
scores from the actual raw scores of the multiple evaluators; it does not consider how
these scores are used to make the final decision. Therefore, it can be applied in
situations where different decision models (other than the linear weighted model
introduced in the following section) are used. Similar to the traditional linear
weighted model, we assume that all assessed criteria are independent, i.e., they
measure distinct aspects of the requirements. Because consensus scoring is not within
the scope of this study, we assume that each evaluator scores the alternatives
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independently. Another assumption is that the combined knowledge of the evaluators
is greater than the individual knowledge of any single evaluator.

A MATHEMATICAL MODEL FOR BIAS AND UNCERTAINTY

A decision maker needs to select one of several alternatives i =1, 2, ..., I. The
decision should be made according to certain criteria j = 1, 2, ..., J. Each alternative
is assumed to possess a certain utility value Vj;, taking values between 0 and 1, and
giving the score of criterion j for alternative i. To evaluate the utilities Vj;, the decision
maker takes the opinion of a number of independent evaluators £ = 1, 2,..., K. Each

evaluator assigns a utility score U: (also between 0 and 1) reflecting his or her

perception of V.. A common procedure is to give an estimate V),

of Vj; by the average

of all Ulf over the £, i.e. 7 :%ZU;' Using the above estimates 17,.1, there are
k
different methods for selecting the “best” alternative. The most commonly used is the
linear weighted model, where Criterion j is given a weight w;, and the alternative i
with the highest score S(i):iw/ﬁ is selected. In this section, we introduce the
j=1
mathematical model for MEM]C decision making to reduce bias and minimize the
effect of uncertainty in the traditional method. We first assume that all scores Uf are

j

between 0 and 1.

Transforming the Scores. Bias or uncertainty can lower a score of 0.9 to 0.7 or 0.5,
but it can raise it to at most 1. Therefore, to deal with the scores U, f in a symmetric

way, we need to transform them to the real line (—oo, ), where large deviations on
both sides are possible. We let 7 be a continuous increasing function that maps the
real line (—o0, ) to the open unit interval (0, 1), so that its inverse 7" exists, and we
let le =T71(Uy'.‘). For definiteness, we choose T to be the cumulative standard
normal distribution function given by:

1.2

1 X 1 7 e

The function T has the advantage of transforming the standard normal random
variable Z into a random variable U = T'(Z), which is uniformly distributed on (0,1).

Similarly, if U is uniformly distributed on (0, 1), then Z=7"(U) follows a standard
normal distribution. The model assumes all of the evaluators’ scores take values in
the open interval (0, 1). The intuition behind this is that evaluators can never really
believe an alternative deserves 0 or 1 (nobody is perfect and nobody is worthless).
However, since some evaluators actually do give extreme scores, one can explain this
by round-off error due to the fact that evaluators do not give exact real numbers like
0.9857... and are likely to round-off that score to 0.99 or to 1.0.

Defining Bias and Uncertainty. The first step in the model development is
to give precise mathematical meanings to the concepts of bias and uncertainty. The
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key assumptions are listed.
e For each alternative i and criterion j, a true “ideal” score Vj; exists. These are the
scores we want to recover. Similar to the evaluators’ scores, we assume 0 <F;< 1.

The transformed values of the ideal scores are denoted by ¥, =T (V ).

e For each i, j and k, the transformation X,f T" (U; )is a random variable which

deviates from Y, according to the formula:
X, =Y, +68
The evaluators’ scores are given by:
k —1 k
vy =1(r (Vm@)

e For each i, j and &, 5;‘ is a “noise” random variable representing both the
evaluator’s uncertainty and bias. The expected value E(é‘,.’;) = u, does not depend
on j. We define u, as the bias coefficient of evaluator k toward alternative i. The
reason for this assumption is that a bias in the scores of evaluator £ toward or
against alternative / is modeled by an average positive or negative shift of the
transformed ideal scores Y, for all values of j. The existence of the criterion
dimension j allows for detection of evaluator £’s potential bias toward or against
alternative i. Therefore, the bias coefficient of evaluator k toward alternative i is
independent of the individual criterion being evaluated.

Var{s}]=c, does not depend on i. We define : o7, as the uncertainty coefficient

of evaluator k regarding criterion j. Since an evaluator might have a certain amount
of experience in a particular criterion, this assumption implies that he or she can
score all alternatives with an uncertainty that only depends on that criterion. In
other words, the uncertainty coefficient of evaluator k regarding criterion j is
independent of the individual alternative being evaluated. This assumption is vital
for our ability to estimate uncertainty.

For different triples (i, j, k), the random variables 5; are independent. This is

explained by the fact that even for a fixed evaluator and fixed alternative, the
“random” deviations of the scores of various criteria from the ideal scores are

independent of one another. One possibility is to assume 5‘;‘ is normally distributed,

reflecting the fact that the uncertainty is the result of many independent factors.
However, the model does not need this assumption.
The challenge is to estimate the true scores ¥; from the different scores Uj ¥ given by
the evaluators, or equivalently estimate ¥; from X .
Minimizing Bias and Uncertainty. To estimate v, from X} ;i » we will try to minimize
the effect of the different “noise” random variables & . Let us first assume that we
are given the values of the mean 4, and standard deviation &, of &;. Each X lj isa

random variable with mean y, +y,and standard deviation o, . Guided by the

K
commonly used estimate [7y - iZU;’ , we employ the more general linear weighted
K=
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K
estimate: V=D o, (X; +cy) &
=

i

where @, called the knowledge weight, represents the weight of evaluator k&

attributable to his or her experience on criterion j. Since we also know that the
evaluators might have biases, we add the correction term c;, to their scores. The

addition of the correction terms and the weighted averages are performed in the space
(—o0, o0) rather than in the unit interval (0, 1).

For the above general estimate (1), the correction terms and the knowledge
weights that give the best estimate of the true scores Ul, are given by the formulas:

THio Op= Z (@)
ol ik
Using these formulas guarantees the followmg,

a) The expected value of the estimate equals the true score E[E.] =Y.

b) The variance Var{)?,] is the smallest possible among all choices of knowledge

K
weights. Moreover, the smallest value of Var{fy] is given by: 1 Z(l/ ofk).

k=1
Sincel/ Gfk may represent the experience of evaluator k£ with criterion j, the
above statement guarantees that the maximum value of the experience in the estimate
Var{)z»] equals the sum of the individual experiences of the evaluators.
Estimating Bias and Uncertainty. If the values of Yj; were known, and
sinceé‘; = X; — Y, , we can find statistical estimates of 7, ,5, using the formulas:

By = Zék Z(Xk Y,)

- 1 = LS xt i
i :\/1_1;(6‘; ~Hy) :\/HZI(X; -¥, —Hy) 3)

By fixing i and £, the set {é}j‘. | j=12,.., J}can be thought of as a sample of
size J taken from distributions with the same mean z, . On the other hand, fixing j and

k, the set {5} — 4, |i=1,2,.., 1} can be thought of as a sample of size I taken from
distributions with the same standard deviationo, . The factor(/—1), or any other
correcting factor for unbiased statistical estimates, will not affect the calculations of
the experience weights @, of Equations (2). Now, since we only have the estimates

Y., we can use Y to get rough estimates of x,,0, by Equations (3), while

L

replacing Y by their estimates Y. Thus, we have a recursive problem:

ij*
a) To find estimates )7” of X using Equation (1) we need the correction
termsc,, and the knowledge weights @, . These can be found using

Equations (2) with the means 4, and the standard deviations o, .
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b) The estimates of the means and standard deviations f,,5, could be
evaluated from Equations (3) using the estimates 17;]. we get in step (a).
The Iterative Method. This problem can be solved by iteration. The basic idea is to

start with the simple averages of the evaluators’ equally-weighted scores as Y, which

we use to estimate 77,5, , from which we can get better estimates 17,.1., which are
then used to improve our estimates 7,5, etc., until all the values stabilize. The
algorithm is best explained by the flowchart in Figure 1, where we drop the tilde (~)
signs to simplify our notation. Other than the evaluators’ scores U ;‘ and their
transformations X}, all the variables are estimates that change in each iteration.
Convergence Discussions. The objective of the algorithm is to estimate the

scores Y, from which the true scores ¥, are calculated. After experimentation, the
following problems are encountered. First, the biases u, sometimes diverge together
to +oo or —oo, causing the scores Y to diverge to —oo or +oo. A solution to this problem
is to require that after each iteration the biases sum to zero. Second, we almost always
get nonzero biases 4, for a fixed alternative i. Thus, it is reasonable to ignore biases
My that are small relative to others. Third, it is possible that one of the @, converges

to 1, which results in a domination of evaluator & in finding an estimate of Uij. This

i ]| Obtain the scores U5 II

2
— Initialize the variables

Uy 0 g = ;g = O

; T
V=0 Xt =Twh

13 i
3 . ? I Estimate the uncertainty coefficients
1jag
— Caloulate oy, = ——2 S
kT | —— :
"ok Sy '\'J—JZI-“’ =¥, = piy)
v
m || Bound the weights oy, |I
l G_I Adjust the bias coefficients jr, |I
4

Get ¥y =% any (X - tta
[

Estimate the blas coefficlents

L, o
A =7)_|.r; -¥)

|| Output the "ideal” scores VJS =T i'!,_\ !l

Figure 1. Flowchart of the Iterative Method
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problem is solved by imposing an upper bound on the knowledge weights, while still

K

making sure thatZa}jk =1. A suitable value is 2/K, giving the informed evaluator
k=1

twice as much power to influence the final scores.

MODEL TESTING AND VALIDATION

We evaluate the model with two kinds of data. The first is an example where
we generate input scores, add random variation and bias to them, and then input the
imperfect scores to the model to try to recover the real scores. The second is an
application to some real-life data.

Recovering Real Scores. In this example, four evaluators score five alternatives
based on three different design criteria: quality of the design, safety, and schedule.
The ideal scores that each alternative deserves on each of the three criteria are preset
to specific values: alternative A will be set to the lowest score, alternative B will
score a little higher, and so on up to alternative E scoring the highest out of all five.
The scores are obtained by adding a random number to each ideal score. The random
numbers are uniformly distributed with means equal to the biases to reflect that
evaluator 1 is biased toward alternative A and against alternative E. The standard
deviations are set to represent the situation where evaluators 1 and 2 are the most
knowledgeable in all three criteria; evaluator 4 is less knowledgeable in the area of
safety; and evaluator 3 is less knowledgeable in the area of schedule (see Table 1).

Table 1. Recovering Real Scores - Input Values and Assumptions

Alternatives Ideal Scores Evaluators’ Uncertainty
Criteria A B C D E E, E, E; E,
C 0.10 | 030 | 0.50 | 0.70 | 0.90 0.05 0.05 0.1 0.1
G 0.20 | 040 | 0.60 | 080 | 0.95 0.05 0.05 0.05 0.4
Cs 0.10 | 020 | 030 | 0.40 | 0.50 0.05 0.05 0.4 0.05

After the scores are generated, we (1) calculate the plain averages of these
scores, and (2) use the generated scores as inputs to the model to obtain the output.
Then we compare the final scores — both from the model and from the plain average —
to the preset ideal scores, to compare the traditional average with our model. The
results demonstrate that our model gives final scores that are closer to the real scores
than the simple averages in 100% of the simulation trials. The improvement in the
quality of the results of our proposed method, as compared to the traditional
averaging method, is between 36% and 79% with average improvement equal to
61%. This is also an improvement over our previous model (El Asmar et al. 2011),
which realized better final scores in 89% of the simulations.

Application to a Real Dataset. A potential application of the model is the
design-build team selection of the bridge replacement project for the collapsed
Mississippi River bridge of Interstate 35W in Minneapolis, Minnesota. Table 2 shows
(1) the averages of the six evaluators’ original scores given to the four alternatives
based on nine evaluation criteria, and (2) the modeled scores. The technical criteria
are scored out of 100 points. When comparing the methods, the similarity of the
technical scores adds support to the correctness of the selection decision made by



80 COMPUTING IN CIVIL ENGINEERING

MNDOT, and dismisses the claims made by protesters. This example was featured in
a previous paper (El Asmar 2010) that motivated this paper. The authors refer the
interested reader to that paper for more information about the specific problem and
the importance of the decision context.

Table 2. MNDOT Case Study

Criterion Average Scores Modeled Scores
Number | Alt. 1 Alt.2 | Alt.3 Alt. 4 Alt. 1 Alt.2 | Alt.3 Alt. 4
1 57.17 60.33 94.17 71.67 57.42 60.46 95.36 71.04
2 57.00 71.17 88.00 70.50 54.40 72.58 86.67 68.62
3 85.67 76.33 86.00 74.33 85.56 77.45 83.82 75.36
4 57.83 77.83 79.00 66.33 59.17 80.66 83.86 70.65
5 68.33 63.67 97.83 63.83 68.17 67.80 98.30 66.94
6 49.00 61.33 97.17 56.33 52.06 64.47 98.49 61.04
7 5.83 43.00 92.50 67.00 0.36 48.55 93.30 71.03
8 27.67 63.17 93.00 59.33 25.12 60.09 95.04 59.08
9 72.00 75.67 92.33 71.67 73.81 78.16 95.77 73.87
Total 55.98 65.91 91.38 67.88 55.78 67.97 92.63 69.61

CONCLUSION

The decision making model presented here can detect and minimize bias as
well as extract the maximum knowledge from the scores given by evaluators with
various degrees of experience. It is applicable to many real-life situations and gives
the decision maker a basis upon which to proceed with a selection decision. The
decision-maker can use the model results in different ways, from total reliance on the
outputs to a combination of the outputs with other quantitative variables, such as cost,
in making a final decision.

Tests of the model show that it performs better than the simple average
method in 100% of the simulations. It reduces the errors by an average of 61%,
compared to the simple average method. A limitation of the model is that it can only
handle scores that are between 0 and 100%.
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ABSTRACT

Industrial construction projects are typically very complex in nature both
technically and from a construction management perspective. These projects typically
involve a large number of very specialized, highly skilled, and diverse role players.
The skill set requirements for the resources (both manpower and equipment) make it
very costly, and in many cases impossible, to accelerate or delay key tasks. The
scheduling in this context focuses on achieving a near continuous work flow for key
trades. This paper presents the study, from an owner’s perspective, of schedule
analysis for a highly repetitive industrial project. Due to highly specialized equipment
needs, delays or unnecessary accelerations on this project results in huge added costs
per day for the owner. The study uses a location based scheduling approach, the
Flowline methodology, as a visualization tool to identify scheduling inefficiencies
which cannot be identified using the existing CPM based schedule for the project.
Although productivity data is considered an essential input for linear scheduling in
general, this study demonstrates that the Flowline methodology can be used by an
owner even without access to trade productivity data. The results can be used to
strategically release work packages to avoid unnecessary added costs.

INTRODUCTION

Industrial construction projects are technically complex and typically involve
a large number of skilled crews performing complex subtasks. These crews usually
represent various conflicting trades and their management requires sufficient
understanding of the posed time-space conflicts. Coordination of these crews and
scheduling of work to attain the desired productivity rates, especially for skilled
crafts, is not a trivial exercise. The scheduling and coordination tasks are further
complicated for projects that are highly repetitive in nature. Traditional scheduling
techniques, like the Critical Path Method (CPM), are mainly activity driven and do
not provide the necessary constructs to model spatial constraints and functional
workflow requirements for projects. Such emphasis on activities alone can lead to
problems in management of resources, both labor and material, during the
construction phase (Arditi et al. 2002). Graphical and linear scheduling techniques,
like the Line of Balance (LOB), provide some additional functionality that can enable
decision makers to model the repetitive nature of work. Application of these methods
to scheduling for construction projects is widely published in literature with earliest

81



82 COMPUTING IN CIVIL ENGINEERING

works reported on the use for scheduling of linear construction projects such as
highway construction (Johnston 1981; Chrzanowski and Johnston 1986) and for
repetitive building construction projects (Carr and Mayer 1974). However, the
adoption of the technique for scheduling of linear repetitive construction projects has
not been widespread in part due to the lack of availability of commercial tools and
access to reliable productivity data (Dufty, Oberlender et al. 2011).

Linear scheduling is convenient way to portray repetitive activities and offers
additional feature of identifying activities that might result in a conflict (Hinze 2008).
A relatively newer variant of the method, Flowline scheduling (Kenley and Seppanen
2010), is a location based scheduling method that is gaining traction in the building
construction industry. The Flowline scheduling relies on mathematical models based
on quantities, locations, crew sizes, and various productivity rates to enable detailed
modeling of repetitive tasks. The Flowline technique works best in a collaborative
environment where knowledge is shared throughout the construction supply chain
and is incorporated during the planning stages of the project (Seppanen 2009).
However, this productivity information is often not readily available to the end
consumer of the schedule, e.g. an owner. The availability of reliable data, and access
to such data, is especially challenging for projects where an owner has engaged a
design/construction entity on a Lump Sum Turnkey (LSTK) contract basis. The
contractor in such a contracting model is mainly concerned with finishing the job
under budget and useful suggestions to improve overall productivity can be ignored
(Dozzi et al. 1996).

In the absence of reliable data, the use of the technique for an analysis of
production related inefficiencies would be rather fruitless. This paper presents a
different use of the Flowline based techniques as a schedule visualization tool:
specifically to identify scheduling inefficiencies (as opposed to production
inefficiencies). A case study is presented that highlights the use of the technique to
identify areas of concern for the owner where any delays or even unnecessary,
unintended accelerations can cost large sums of money on a daily basis. The key
contribution of the work presented in paper is that such analyses can be performed,
without any resource or productivity related information, using the basic CPM
schedule activity data alone (durations/dates).

The next section provides a brief overview of the Flowline methodology and
how it can be used for identifying scheduling inefficiencies. The methodology
followed for the research and the scope of the study is presented next. The paper
proceeds with a detailed discussion of the case study for a large industrial project that
is composed of many repetitive sub-units. A results and conclus