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FOREWORD

By Staff
Transportation Research
Board

This report documents the findings of a project to develop alocation referencing
system (LRS) model that can be adopted by transportation agencies, geodata standards
groups, and Geographic Information Systems for Transportation (GIS-T) software
vendors. The contents of thisreport are, therefore, of immediate interest to transporta-
tion planners and to people in transportation agencies who are concerned with infor-
mation systems management.

Transportation organizations constantly need to maintain, access, and share infor-
mation related to multimodal transportation systems. GIS-T isincreasingly used to cap-
ture, assemble, and disseminate much of thisinformation. The results of the work per-
formed under NCHRP Project 20-27(2), “Development of System and Application
Architectures for Geographic Information Systems in Transportation,” confirmed the
assertion that the vast mgjority of transportation data are referenced to location. More-
over, thelevel to which transportation business data can be integrated directly depends
on arobust model for location referencing. The timeliness and significance of the LRS
data model developed in NCHRP Project 20-27(2) is evidenced by the application of
the model in several state departments of transportation (DOTYS).

Numerous efforts have shown that L RS data model s vary significantly acrosstrans-
portation organizations and often within organizations aswell (e.g., legacy datawithin
a DOT may be based upon different LRSs). This variation has resulted in ineffective
systems and even abandoned efforts as organizations attempt to implement improved
transportation information systems and advanced GIS-T technology. NCHRP Projects
20-27, 20-27(2), and 20-27(3) wereinitiated in response to the need to provide detailed
insights, functional requirements, models, and guidelines for transportation organiza-
tions. A comprehensive model for location referencing that can accommodate and inte-
grate data expressed in one to four dimensionsis necessary for awide range of agency
applications from facilities management to real-time monitoring.

The objectives of NCHRP Project 20-27(3) wereto (1) establish consensus-based
functional requirements for amultidimensional LRS data model for multimodal trans-
portation systems, (2) develop an improved LRS data model, and (3) develop guide-
lines to implement an improved LRS data model in transportation organizations. The
LRS data model should handle the functional requirements of multimodal transporta-
tion systems and should be stable and manageable over time, cost-effective to imple-
ment and maintain, and extensible to future technological innovations, including data
access and visualization advancements.

A research team from the University of Wisconsin—-Madison was selected to under-
take this research, which began in early 1998. The research team’s report presents the
“next step” in the development of LRS data models in transportation by documenting
and presenting a comprehensive datamodel that accommodates the elements necessary
to use, store, operate, and share transportati on-based multidimensional spatiotemporal
data. The transportation multimodal, multidimensiona location referencing system



(MDLRS) datamodel presented in this report was developed from a set of stakeholder-
driven functional requirements, each based on existing research. Additionally, to facil-
itate interoperability of data sets, the MDL RS data model was formulated in the context
of existing geospatial standards. To enable agencies to adopt the MDL RS datamodel or
parts of it, implementation guidelines are provided. These implementation guidelines
provide agencieswith the basicsfor creating procurement documents or requestsfor pro-
posals. The MDL RS datamodel and implementation guidelines provide thetoolsto sup-
port consistent location referencing across the transportation community.
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SUMMARY

SUMMARY

Thisresearch produced adata model that can be adopted by transportation agencies,
by transportation geodata standards groups, and by Geographic Information Systemin
Transportation (GIS-T) software vendors. The research (a) established consensus-
based functional requirements for atransportation multimodal, multidimensional loca-
tion referencing system (MDLRS) data model; (b) developed an MDLRS data model
that meets these functional requirements; and (c) developed guidelines for implement-
ing the MDL RS data model in transportation organizations.

Through a workshop of stakeholders, this research identified ten core functional
reguirements that form the essence of the MDLRS data model: spatiotemporal refer-
encing methods, temporal referencing system/temporal datum, transformation of data
sets, multiple cartographic/spatial topological representations, resolution, dynamics,
historical databases, accuracy and error propagation, object-level metadata, and tem-
poral topology/latency. A number of existing data models and standards were consid-
ered in the formulation of the MDL RS data model. None of these existing models and
standards supported all of the functional requirements. However, as agroup, they pro-
vided many of the building blocks for the MDLRS model.

Conceptual and logical schematics of the MDLRS were established. The conceptual
model illustrates the semantics of the model asthey relate to the central concepts of the
transportation feature and event being referenced to systems that are based on linear
and nonlinear data. To support interoperability, the logical model is expressed in uni-
fied modeling language (UML) notation. The UML local datamodel isin anormalized
form in which object classes can be created directly from the model.

The MDLRS model uses Coordinated Universal Time (UTC) and the Gregorian cal-
endar as the temporal datum and operates on the assumption that there is one temporal
reality of a phenomenon along a timeline. Temporal relationships are used to derive
temporal topology. The MDLRS model distinguishes between the spatial and tempo-
ral elements of objects. It uses scale applicability as the central notion for maintaining
consistency of multiple geometric and topological representations.




CHAPTER 1

INTRODUCTION AND RESEARCH APPROACH

1.1 REPORT ORGANIZATION

This report presents and describes the transportation
multimodal, multidimensional location referencing system
(MDLRS) data model developed through NCHRP Project
20-27(3). Thereport contains four chapters, aglossary, aref-
erence section, and an appendix.

This chapter contains a statement of the problem being
addressed, in addition to the purpose, audience, objectives,
and scope of thisresearch. Theremainder of this chapter pro-
vides an overview of the research approach, including the
functional regquirements synthesized from a transportation
stakeholder’ sworkshop, the approach used in devel oping the
datamodel, and guidelinesfor theimplementation of the data
model. Additionally, the chapter includes an overview of the
existing data models that were considered in formulating the
MDLRS data mode!.

Chapter 2 presents the MDLRS data model and discusses
the tools needed to understand and interpret the data model.
This chapter beginswith adiscussion of object-oriented data-
bases and modeling and uses abject-oriented terminology
and notation throughout the discussion. A high-level (i.e.,
conceptual) view of the datamodel is presented, followed by
alow-level (i.e, logical) view. Thelogical model isdescribed
in detail through a discussion of primary classes and rela
tionships essential for the data model. Next, the secondary
classes and relationships that build on the primary classes
and relationships are described. The descriptions of the com-
ponents of the logical data model explain what each object
class represents and how it functions.

Chapter 3 presents guidelines for interpreting and imple-
menting the MDLRS data model. This chapter begins by
explaining how the data model used existing geospatial data
models to meet the functional requirements identified in
Chapter 1 by transportation stakeholders. Next, each of the
functional requirementsisreviewed in detail. The discussion
of the requirements explains how the MDLRS data model
meets the functional requirements. Next, the assumptions
that underlie the datamodel and the associated potential ben-
efits and limitations are discussed. A structure for imple-
menting parts of the data model, using user-specific require-
ments and examples, is provided. The chapter concludeswith
adiscussion on how the data model supports the purpose of
this research.

Chapter 4 describes how the MDLRS data model, as pre-
sented in Chapter 2, solvesthe problem identified in Chapter 1.
Areas of future research and potential improvementsare pre-
sented. The chapter concludes by demonstrating that this
research exhibits continuity with past efforts.

Finally, the glossary defines terms and acronyms used in
this report; the reference section cites sources; and the appen-
dix lists the participants and agenda of the workshop on
MDLRS functional specifications.

1.2 PROBLEM STATEMENT

The NCHRP 20-27(2) linear referencing system data
model was developed in response to a growing awareness of
the need to integrate increasing amounts of linearly refer-
enced data used by the transportation community (1). The
20-27(2) data model includes multiple linear referencing
methods, multiple cartographic representations, and multiple
network representations. Dataintegration is supported through
transformati ons among methods, networks, and cartographic
representations by associating with a central object referred
toasa“linear datum.” The20-27(2) linear referencing system
data model was incorporated in the Geographic Information
System in Transportation (GIS-T) Pooled Fund Study (PFS)
Phase B architecture (2) and is being applied by severa state
departments of transportation (DOTSs).

Thefocusof state DOTsischanging from planning, design-
ing, building, and then rebuilding facilities to managing the
entire lifecycle of facilities. This new focus meansthat DOTs
aretaking on therole of operating facilities. Consequently, the
emerging data needs of DOTSs not only include facility inven-
tory and condition assessment, but also real-time data to sup-
port intelligent transportation systems (ITS), incident man-
agement, and driver information systems. Moreover, mandates
for statewide planning and sharing of data across levels of
government are broadening the scope of data requirements to
include multi-organizational considerations.

Existing location referencing systems (LRSs) at the state
and local levelsare amost exclusively linear and highway or
street oriented. The changing role and focus of DOTS, met-
ropolitan planning organizations, and transit agencies—as
well as the emergence of global positioning systems (GPS)
and other spatial technologies—are driving the need for an



LRS that can accommodate and integrate data expressed in
oneto four dimensions. Infact, transportation agenciesal ready
manage data that are referenced in one, two, three, and four
dimensions. However, these data are usually managed in
incompatible ways and with technologies and databases that
cannot be integrated because there is no comprehensive
model for location referencing aspects of the data. For exam-
ple, most GIS-T spatial databases consist of two-dimensional
chainswhose vertices have x,y-coordinatesin some map pro-
jection referenced to North American Datum (NAD)27 or
NADBS83. Transportation improvement project designs are
typically developed in map projection or project coordinates
(for horizontal location) and in elevation (for vertical loca
tion). These horizontal and vertical location references are
then integrated with engineering stationing (i.e., linear refer-
encing) in the final designs.

Additional research is needed. LRS data models continue
to vary across transportation agencies and often within orga-
nizations, as well. This variation has resulted in ineffective
systems and even abandoned efforts as organi zations attempt
to implement improved transportation information systems
and advanced GIS-T technology. Detailed functional require-
ments, a more comprehensive data model, and guidelines
for implementation are necessary so that transportation agen-
cies can effectively incorporate results into their operational
systems.

The 20-27(2) LRS data model focused on the linearly ref-
erenced data that constitute the majority of data managed by
transportation agencies. Associations between the linear
datum and cartographic representations support linkages to
higher dimensions. However, no further detail on data in
higher dimensions was provided beyond the lines that make
up a cartographic representation.

LRSs support transformations between methods. This
functional requirement (i.e., “transform”) was one of four
identified by the 20-27(2) workshop participants (the others
were “locate,” “position,” and “place”). These requirements
wereidentified quickly and wererestricted to linear datacon-
siderations. Much more detail is needed on functional
requirements for data in higher dimensions and for integra-
tion across dimensions.

Spatiotemporal representation (as in geographical infor-
mation systems [GIS]) has been the subject of considerable
research (3, 4, 5, 6). Approaches range from time stamping
and versioning to incorporation of time as a metric in the
specification of location. Spatiotemporal representation in
GIS-T isjust beginning to be addressed (7, 8, 9, 10, 11). An
improved LRS data model must account for temporal repre-
sentation.

Finally, although the 20-27(2) LRS datamodel meets mul-
timodal needs for linearly referenced data, more representa-
tion of modes—such asrail, transit, and waterways—should
be included in consensus-forming groups for an improved
model. All transportation modes manage data referenced in
multiple dimensions.

1.3 MODEL PURPOSE AND
INTENDED AUDIENCE

The purpose of this research effort was to develop a data
model that could be adopted by transportation agencies, by
transportation geodata standards groups, and by GIS-T soft-
ware vendors. The strategic objective of the research was to
achieve interoperability. An interoperability approach is an
alternative to current stand-alone systems, which are expen-
sive to build and maintain, and to fully integrated systems,
which are too impractical to design and build (12).

Interoperability is “the ability for a system or components
of asystem to provide information portability and interappli-
cation, cooperative processcontrol” (13). Threetypesof inter-
operability are possible: procedural interoperability through
data and procedures that exchange information, technical
interoperability through heterogeneous software and hard-
ware component communications, and institutional inter-
operability through formal relationships between transporta-
tion agencies (12).

The project work plan focused on obtaining information to
make the multimodal, multidimensional LRS data model
support procedural transportation system interoperability.
The model resultsreflect input from the GIS-T software ven-
dor community, although technical interoperability was not
adirect focus. The model includes input from other institu-
tional location data modeling efforts, such as the ITS loca
tion referencing standards (14, 15) and the National Spatial
Data Infrastructure (NSDI) Framework Transportation | den-
tification Standard (16).

The benefits of interoperable geoprocessing include better
integration of geodatainto analyses and reports, better advan-
tage from others' investments in data development, lesstime
spent manipulating data prior to use, and highly leveraged
metadata efforts.

The intended audience for this report includes database
developers and information systems managersin transporta-
tion agencies, GI S software vendorsinterested in transporta-
tion and network applications, geospatial network database
developers, and researchers involved in the application of
geospatial technology in transportation. Thisreport involves
the discussion of object-oriented databases and models and
uses object-oriented terminology and notations throughout
the discussion. It is strongly recommended that readers who
are unfamiliar with object-oriented modeling carefully study
Section 2.1 to get a basic understanding of the methodology
and terminology used throughout this report.

1.4 RESEARCH OBJECTIVES AND SCOPE

The objectives of this research are to (a) establish con-
sensus-based functional requirements for a multidimen-
sional LRS data model for multimodal transportation sys-
tems, (b) develop an improved LRS data model that meets
these functional requirements, and (c) develop guidelinesto
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implement an improved LRS data model in transportation
organizations.

The scope of this research is surface transportation (all
modes) and four dimensions (three spatial, one temporal).

1.5 NCHRP 20-27(3) WORKSHOP

The primary objectives of the NCHRP 20-27(3) Work-
shop on Functional Specifications for Multimodal, Multi-
dimensional Transportation L ocation Referencing Systems
(held in Washington, D.C., on December 3-5, 1998) were
to identify and define functional requirements of concern
to the stakeholders that must be supported by a multi-
modal, multidimensional LRS data model. The appendix
contains the list of participants and the agenda for this
workshop.

Workshop participants were organized into four stake-
holder groups for breakout discussions:

+ Group 1—Transportation Planning, Highway Construc-
tion, and Asset Management;

+ Group 2—Highway Safety and Incident Management;

» Group 3—Traffic Management and Highway Opera-
tion; and

+ Group 4—Transit Facilities and Operation, Commercial
Vehicles and Fleet Management.

The breakout groups were asked to identify data and func-
tional requirements for a multimodal, multidimensional LRS
datamodel asthe dataand functional requirementsrelateto the
stakeholders. Figure 1-1 showsthe four-phase activity plan for
each breakout group. First, each group was asked to identify
the broad needs for spatiotemporal transportation data from
the perspective of the stakeholder group’s business functions.
Second, the groups were asked to analyze the functiona needs
to identify the spatiotemporal characteristics of the dataneeds.

IdleDntify functiggal needs || Break down functional
. . ¥ needs to lower level:
%B +time %B : ::mg/ Data flow diagrams?
h TS
How do they relate? Functional specifications?
Prepare functional /
- specification statements:
Implement: Details of the data?
What is the best ny to Shall statements?
make it operational? \ 1D 2D
What are the best 1D +time 2D +time
dissemination strategies? 3D 3D +time
How do they relate?

Note:

1D = one-dimensional.
2D = two-dimensional.
3D = three-dimensional.

Figure1-1. Four-phase activity plan for the workshop
breakout groups.

Third, the groups were asked to formally articul ate the spatio-
temporal data needs and functions. Finally, the groups were
asked to discuss proactive strategiesfor implementation by the
stakeholder group.

1.6 STATEMENT OF FUNCTIONAL
REQUIREMENTS

Ten corefunctional requirementswere synthesized from the
results of the NCHRP 20-27(3) workshop. These core func-
tional reguirements form the essence of the MDLRS data
model. The functional regquirements deal with processes,
attributes, or both. Section 3.2 reviews each of the functional
requirements in detail. The ten functional requirements are as
follows:

» Functional Requirement |: Spatiotemporal Refer-
encing Methods—A comprehensive, multidimensional
LRS data model must support the locate, place, and
position processesfor objectsand eventsin three dimen-
sions and time relative to the roadway.

» Functional Requirement II: Temporal Referencing
System/Temporal Datum—A comprehensive, multi-
dimensional LRS datamodel must accommodate atem-
poral datum that relates the database representation to
the real world and must provide the domain for trans-
formations among temporal referencing methods.

* Functional Requirement I11: Transformation of Data
Sets—A comprehensive, multidimensional LRS data
model must support transformation among linear, non-
linear, and temporal referencing methods without loss of
spatiotemporal accuracy, precision, and resolution.

» Functional Requirement I V: Multiple Cartographic/
Spatial Topological Representations—A comprehen-
sive, multidimensional LRS data model must support
multiple cartographic and topological representations at
both the same level and varying levels of generalization
of transportation objects.

» Functional Requirement V: Resolution—A compre-
hensive, multidimensional LRS data model must sup-
port the display and analysis of objects and events at
multiple spatial and temporal resolutions.

+ Functional Requirement VI: Dynamics—A compre-
hensive, multidimensiona L RS datamodel must support
the navigation of objects, in near real time and contin-
gent on various criteria, along atraversal in atransporta-
tion network.

+ Functional Requirement VII: Historical Databases—
A comprehensive, multidimensional LRS data model
must support regeneration of object and network states
over time and maintain the network event history.

« Functional Requirement VII1: Accuracy and Error
Propagation—A comprehensive, multidimensional LRS
datamodel must support association of error measures
with spatiotemporal data at the object level and sup-



port propagation of those errors through analytical
processes.

* Functional Requirement IX: Object-Level Meta-
data—A comprehensive, multidimensional LRS data
model must store and express object-level metadata to
guide general data use.

« Functional Requirement X: Temporal Topology/
Latency—A comprehensive, multidimensional LRS
data model must support temporal relationships among
objectsand events and support the latency of events(i.e.,
the difference in time between scheduled events and
actual events occurring at a particular location).

1.7 MODEL DEVELOPMENT APPROACH

Alternative strategies for developing the MDLRS data
model were considered. This section describes the strategy
used for formulating the MDLRS data model.

Initially, development of the MDLRS data model was to
be based on the identification of deficiencies and necessary
modifications to existing data models. The initial strategies
for development included

+ Extension of the NCHRP 20-27(2) data model,

+ Synthesisof the 20-27(2) datamodel with selected com-
ponents of existing data models, and

+ Derivation of the MDLRS datamodel directly from the
functional requirements.

The approach that was adopted combined the three strate-
gies. Theten functional requirements and their specifications
are so extensive (especially in the accommodation of space-
time rel ationships and dependencies) that the formulation of
the MDLRS model must be open, rather than strictly pat-
terned after existing models.

The stagesin formulating the MDL RS data model and the
associated output of these stagesare showninFigure 1-2. The
first goal was to develop fundamental concepts of space and
time (e.g., tempora referencing method/system/temporal
datum) using ahigh-level object modeling approach. Thefirst
stage's modeling sessions focused on spatiotemporal refer-
encing methods and systems. The second stage of data mod-
eling used these fundamental concepts to build basic compo-
nents (e.g., object and event). The second-stage modeling
sessions focused on cartographic and topological representa-
tion, resolution, accuracy, error propagation, and metadata.
The third stage of the data model development built relation-
ships between the basic components and extended the com-
ponents’ definitions to meet specific functional requirements
(e.g., a conveyance object). This third stage of modeling
focused on transformation of data sets, dynamics, historical
databases, and temporal topology. After the conceptual model
was complete, the fourth stage of data modeling devel oped
individual objects and associations (i.e., logica model) and
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formulated an implementation guidelines document. At each
stage, a data dictionary was compiled. The entries from this
data dictionary are incorporated into the glossary of this
report.

The research team is aware of the complexities of mod-
eling space, time, and interdependencies between the two.
For the MDL RS data model to be able to meet the needs of
users, its foundation and construction cannot be limited to
current conventions dictated by one model. The MDLRS
datamodel builds on the strengths of existing modelswhile
avoiding the existing models’ deficiencies. Concepts from
existing models were adapted when there was a clear cor-
relation between the functional requirement and the model
concept.

1.8 RELATED MODELS, SPECIFICATIONS,
AND STANDARDS

This section provides an overview of the existing data
models considered in the formulation of the MDLRS data
model.

1.8.1 ISO-GDF

The International Standards Organization—Geographic
DataFiles (1SO-GDF) isaEuropean standard that was devel-
oped to meet the needs of professionals and organizations
involved in the creation, update, supply, and application of
referenced and structured road network data (17). 1SO-GDF
is primarily used for vehicle navigation systems, but can be
used for other transport and traffic applications, such as fleet
management, dispatch management, highway maintenance
systems, traffic analysis, traffic management, and automatic
vehicle locations.

The major purpose of 1ISO-GDF isto improve efficiency in
the capture and handling of databy providing abasic template
on which applications and value-added services can be built.
In addition, 1SO-GDF facilitates the exchange of information
by providing an exchange format. The basi ¢ foundation of the
standard isageneral, non—application-specific datamodel. In
addition to this data model, a road network—specific applica
tion model has been built. Together, these models make up
I|SO-GDF-.

1.8.2 DIGEST

The Digita Geographic Information Working Group
(DGIWG) developed the Digital Geographic Information
Exchange Standard (DIGEST) to support the exchange of
geospatial data among producers and users (18). A primary
objectivefor DIGEST isto harmonize with other international
and national standards, such as the North Atlantic Treaty
Organization (NATO) Secondary Imagery Format (NSIF), the
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Figure1-2. Sagesfor the development of the MDLRS data model.

International Standards Organization—Technica Committee
211 (1ISO TC211), the Spatial Data Transfer Standard (SDTYS),
and the Canadian Geomatics Interchange Standard—Spatial
Archive and Interchange Format (CGIS-SAIF). DIGEST isa
NATO standardization agreement (STANAG 7074). DIGEST
defines data structures, format, feature coding scheme, ex-
change media, and administrative proceduresfor the exchange
of digital geographic or geospatia information.

1.8.3 CGIS-SAIF

CGIS-SAIF formal definition standards were generated to
share spatial and spatiotemporal geographic data. CGIS-
SAIF is designed to facilitate interoperability in the context
of data exchange by providing a vendor-neutral format.
Some of the primary objectives of the CGIS-SAIF model
(19) wereto deal with both spatial and temporal information,



to handle any kind of geographic data, to address time that
temporal events and relationships can be represented, and to
harmonize with other geographic standards.

1.8.4 SDTS

SDTS is a specification that serves as a national spatial
data transfer mechanism for the United States (20). It is
designed to transfer awide variety of data structures that are
used in the spatial sciences (such as cartography, geography,
and geographic information systems).

SDTS specifies a structure and content for spatially refer-
enced data in order to facilitate data transfer between dis-
similar spatial database systems. SDTS specifies the data
transfers from the conceptual level to the details of physical
file encoding, including data quality for both vector and
raster data structures. SDTS is appropriate for archive pur-
poses because of its emphasis on self-documenting data
transfers. It is also suited to blind transfers where the pro-
ducer of the datais unaware of al potential data consumers.

1.8.5 ISO 15046

1SO 15046 is being prepared by the Technical Committee
I SO/TC211 Geographic Information/Geomatics. | SO 15046
is a structured set of standards for information concerning
objects or phenomena that are directly or indirectly associ-
ated with alocation relative to the Earth (21). Its purpose is
to provide a basis for standardization in the field of digital
geographic information.

1SO 15046 specifies methods, tools, and services for data
management (including definition and description), process-
ing, analyzing, accessing, presenting, and transferring such
datain el ectronic form between users, systems, and locations
(21). SO 15046 links to complementary standards for infor-
mation technology and data when possible and provides a
framework for developing applications using geographic
data (21).

1.8.6 ITS Datum

The ITS Datum was developed by Oak Ridge National
Laboratory and othersto address the problem of location ref-
erence message exchange. The ITS Datum is “a network of
reference control pointsthat will be used to support . . . loca
tion referencing between databases of different kinds’ (22).
Some of the objectives of the ITS Datum are to support com-
munication of location references by many location refer-
encing methods, to provide acommon spatial framework for
transportation location referencing, and to support the inter-
operation of various spatial databases from different vendors
and sources (22).

1.8.7 NSDI

The Draft NSDI Framework Transportation | dentification
Standard was prepared by the Federal Geographic Data
Committee Ground Transportation Subcommittee as a com-
ponent of the National Spatial Data Infrastructure Initiative
(16). Additionally, the NSDI Framework Transportation
I dentification Standard was based, in large part, on the con-
ceptual road data model developed under NCHRP Project
20-27(2) (1). NSDI framework data represent the best avail-
able geospatial data collected or compiled to a known level
of spatial accuracy and currency, documented in accordance
with established metadata standards, and made available for
dissemination at little or no cost and free of restrictions on
use (16).

NSDI was created to deal with the enforcement of topol og-
ical integrity from current GI S software products; to provide a
standard for the devel opment of unique, sharableidentifiersfor
roadway segments and segment endpoints; and to provide a
national standard for the exchange of spatially based trans-
portation data.

1.8.8 The NCHRP 20-27(2) LRS Data Model

The NCHRP 20-27(2) LRS data model was created to
facilitate sharing of linearly referenced data across modes
and agencies, across units and business areas internal to
transportation organizations, and across applications within
those units and business areas. The scope of the NCHRP 20-
27(2) LRS data model is linear (although there are links to
higher dimensions). The model is not intended to be com-
prehensivefor al GIS-T location referencing; it servesasan
articulation of requirements, not asaspecification. Itisacon-
ceptual model requiring refinement and devel opment of attri-
bution prior to implementation.

1.8.9 GIS-T/ISTEA PFS

The Geographic Information Systems-Transportation/
ISTEA Management Systems Server Net Prototype Pooled
Fund Study was sponsored by FHWA, FTA, SandiaNational
Laboratories, several state DOTS, and several companiesin
the private sector to address management and monitoring sys-
tems, as well as statewide and metropolitan transportation
planning reguirements of the Intermodal Surface Transporta-
tion Efficiency Act of 1991 (ISTEA).

One of the purposes of the study was to develop a system
architecture for GIS-T. A component of the architectureisa
set of data system models of transportation planning and
project selection functions. These models are defined in
Phase B of the GIS-T/ISTEA PFS (23). This system archi-
tecture can be used in support of the multijurisdictional,
intermodal transportation facilities planning and manage-
ment systems requirements.
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1.8.10 GIS-T Enterprise

The GIST Enterprise data model was developed to
address sharing of digital road map databases within and
among transportation organizations by supporting all spatial
and spatially referenced data, which include both linearly ref-
erenced data and nor-inearly referenced data (24). This
model encompasses a comprehensive, enterprise view of
spatial and spatially referenced data. The GIS-T Enterprise
model applies to all modes of transportation (e.g., aviation,
highways, public transit, and railways), all map scales, all
software products, and al methods of data collection (24).

1.8.11 National ITS Architecture

The purpose of the National I TS Architectureisto provide
a common structure for ITS design to ensure system, prod-
uct, and service interoperability without limiting the design
options of the stakeholder (14). The National ITS Architec-
ture is not a system design or a design concept. Rather, the
architecture defines the framework around which multiple
design approaches can be developed, each one specifically
tailored to meet the individual needs of the user, while the
benefits of a common architecture are maintained. For a
given user service, the architecture identifies the functions
(e.g., gather traffic information or request aroute) that must
be performed to implement the service, the physical entities
or subsystemsin which these functionsreside (e.g., the road-
side or thevehicle), theinterfaces/information flows between

the physical subsystems, and the communication require-
ments for the information flows (e.g., wireline or wireless).
The National ITS Architecture provides guidelines for pub-
lic agencies to prepare the request for proposals (RFP) and
for the private sector to serve as the framework for respond-
ing to RFPs.

1.9 IMPLEMENTATION GUIDELINES
APPROACH OVERVIEW

The implementation guidelines provided in this report
enable agenciesto adopt the MDLRS data model or parts of
it. The implementation approach is to provide agencies with
the basics for creating procurement documents or RFPs so
that those agencies can obtain the necessary expertise for
implementing the model. An RFP describes the services that
are needed at ahigh level and the format to use. In the trans-
portation community, the National ITS Architecture (14) is
an excellent example of turning agency requirements into
contract documents. In the National ITS Architecture, user
services bundles and user services are identified. Then, for
each user service, user service requirements are identified.
On the basis of requirements, the logical architecture and
data flows are identified. Therefore, preparing an RFP using
the National I1TS Architecture is a matter of pulling out ele-
ments and assembling them. The research team’s approach
for implementation guidelines follows this concept. The
guidelinesfor theimplementation of the MDL RS datamodel
are presented in Chapter 3.




CHAPTER 2
FINDINGS

2.1 MODELING LANGUAGE

This section provides a background for the reader on the
modeling notation used inthe MDL RS datamodel. It explains
why the selected notation was used and briefly discusses key
concepts behind the modeling notation. Finaly, this section
presents specific notation needed to understand the MDLRS
data mode!.

2.1.1 Motivation for
Object-Oriented Methodology

Data models are a simplification of reality and are a cen-
tral part of all the activitiesthat lead up to the deployment of
good software. Data models hel p to visualize a system, spec-
ify the behavior of the system, provide a template for con-
structing the system, and document decisions made. Alter-
native data modeling choices include an object-oriented
approach, using an object model or the traditional relational
approach, which usesavariant of the entity-relationship (ER)
model (25). Some of the benefits of using an object model
approach are the following (adapted from Fletcher, Hender-
son, and Espinoza[2]):

* Natural description: The components representing
complex phenomenaare easily described as objectswith
associated operations and functionality.

+ Flexibility: An object data model is adaptable to organi-
zations in aparticular field and is adaptable across many
technologies. This flexibility is provided by the richer
modeling constructs and concepts, such as inheritance
and aggregation, found in object-oriented technology.

* Reuse of other work: Elements of other research can
be incorporated more easily when using object models.

Advantages of using an object model in a spatiotemporal
database are the following (26):

* The complete history of an entity can be encapsulated
into one single object.

+ Because the complete history of an entity can be repre-
sented asasingle object, queriesdo not consider thedis-
persion of the entity over many tuples. Thus, queries
have become less complicated.

+ Because complex object queries are executed effi-
ciently, the corresponding temporal data will probably
be handled efficiently, aswell.

« Handling of temporal and nontemporal data can be
accomplished in auniform way.

Severd geospatial object datamodelsexist in the transporta-
tion arena and internationally. Two prominent transportation-
based data model s use an object model approach: the NCHRP
20-27(2) linear referencemodel (1) and the GIS-T/ISTEA PFS
model (2). International geospatial object data modelsinclude
the CGIS-SAIF model (19) and the ISO 15046 modd (21),
both of which incorporate atemporal element.

Given the availability of existing geospatial object models
on which to build a new model and the benefits of an object
model, object modeling was selected for the MDLRS data
model. Thisobject model can be used with an object-oriented
methodology for software design and devel opment.

2.1.2 Key Concepts in
Object-Oriented Modeling

Martin and Odell describe the object-oriented approach as
follows: “[It models] the world in terms of objects that have
properties and behaviors, and eventsthat trigger the operations
that change the state of the objects. Objects interact formally
with other objects’ (27). The foundation of object-oriented
technology isformed by severa key ideas, such asabstraction,
encapsulation, and inheritance.

2.1.2.1 Abstraction

The goal of abstraction isto isolate aspects that areimpor-
tant for some purpose and suppress or ignore aspectsthat are
unimportant (28). The level of abstraction indicates what
level of detail is needed to accomplish a purpose. For exam-
ple, on asmall scale, aroadway network may be presented
asaseries of line segments, but on alarge scale, the roadway
network may be presented showing medians, edges of road-
ways, and roadway fixtures.

In object-oriented methodology, an object class defines an
instance of an object. An object class can be thought of asthe
blueprint of an object or asacategory of objects, with common
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attributes, operations, and relationships (28). Objects are spe-
cific examples or instances of a category classthat can be tan-
gible (e.g., the Brooklyn Bridge) or intangible (e.g., the North
American Vertical Datum [NAVD] 88 Geoid) and are distinct
from one another.

2.1.2.2 Encapsulation

Encapsulation consists of separating the external aspects of
an object, which are accessible to other objects, from theinter-
nal implementation details of the object, which are hidden
from other objects (28). The object, in effect, becomes ablack
box. Encapsulation allows the implementation of an object to
be changed without affecting the applications that use it (28).

2.1.2.3 Generalization and Inheritance

Generalization is the relationship between a class and one
or more refined versions of it (28). The class being refined is
called the superclass and each refined version is called a sub-
class. For example, “motor vehicle” is the superclass, and
“automobile” and “tractor trailer” are the subclasses. Attri-
butes and operations common to a group of subclasses are
attached to the superclass and shared by each subclass. Each
subclass is said to inherit the features of its superclass. For
example, the automobil e classinherits attributes such as man-
ufacturer, model, color, and transmission type from the motor
vehicle class. Generalization is called an “is-a’ relationship
because each instance of a subclass “is gn]” instance of the
superclass, aswell. Inheritance is analogousto creating anew
house blueprint from an existing blueprint that has similar
characteristics. The primary purpose for inheritance is soft-
ware reuse and consistency (29).

2.1.3 Object-Oriented Notation

The object model used for the MDL RS data model is built
using the unified modeling language (UML) specification (30),
an accepted industry object-oriented modeling notation. UML
is a successor of the object-modeling technique described by
Rumbaugh et a. (28) and employed by existing transportation
models (NCHRP 20-27[2] and the GIS-T/ISTEA PFS model).
This section discusses the object-modeling concepts that are
needed to understand the MDL RS data model. Booch, Rum-
baugh, and Jacobson provide a more complete description of
the UML specification (30).

2.1.3.1 Objects and Classes

An object classrepresentsagroup of objectswith common
operations, attributes, and relationships (2). An object is a

specific instance of aclass. Objectsaretypically nounsin the
problem statement document. Each object can have attributes
and operations. An attribute isadatavalue held by abjectsin
aclass (28). An operation is a function that may be applied
to or by objectsin aclass.

Using UML notation, a class is represented by a box that
may have four sections. The sections contain, from top to bot-
tom, the following: class name, list of attributes, list of oper-
ations, and list of responsibilities (i.e., a text note on the
behavior of the class). Figure 2-1 shows an example of aclass
diagram with attributes and operations.

2.1.3.2 Associations

An association is a structural relationship specifying that
object classes or instances are connected to other objects.
Associations areindicated by singlelines connecting object/
class boxes (30). Figure 2-2 shows an example of a binary
association taken from the NCHRP 20-27(2) generic data
model. Figure 2-2 shows that a point event references one
and only one traversal reference point. “ References’ is the
name of the association (i.e., relationship) connecting the
point event object and the traversal reference point object.

An association that has classlike properties—such as
attributes, operations, and other associations—is designated
as an “association class’ (30). An association classis shown
as aclass symbol attached by a dashed line to an association
(30). Figure 2-3 shows an example of an association class
taken from the NCHRP 20-27(2) generic data model. Figure
2-3 shows that aline can represent zero or more anchor sec-
tions and an anchor section can be represented by zero or
more lines. The association class “represents’ between the
line and anchor section objects has “from position” and “to
position” attributes (1).

Multiplicity specifies how many instances of one class
may relate to asingle instance of an associated class (28). A
multiplicity specification is shown as atext string of integer
intervals in the format lower-bound . . upper-bound (30).
Figure 2-4 illustrates the UML notation for multiplicity.

Motor Vehicle

make: String
model: String
door number: Integer

drive()

Note: Diagram modeled after D. Fletcher, T. Henderson, and J. Espinoza,
“Geographic Information Systems-Transportation ISTEA Management
Systems Server—Net Prototype Pooled Fund Study Phase B Summary”
(Albuquergque, New Mexico: Sandia National Laboratory, 1995).

Figure2-1. Example of class diagram with attributes and
operations.
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Note: Relationship modeled after A.P. Vonderohe, C.L. Chou, F. Sun, and
T.M. Adams, “A Generic Data Model for Linear Referencing Systems,”
NCHRP Research Results Digest 218 (Washington, D.C.: Transportation
Research Board, National Research Council, 1997).

Figure2-2. Example of a relationship.

Anchor_Section

distance: Real
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Note: Relationship modeled after A.P. VVonderohe, C.L. Chou, F. Sun, and
T.M. Adams, “A Generic DataModel for Linear Referencing Systems,”
NCHRP Research Results Digest 218 (Washington, D.C.: Transportation
Research Board, National Research Council, 1997).

Figure2-3. Example of an association.

1 Class

Exactly one

0..* Class
Many (zero or more)

0.1 Class .
Optional (zero or one)

1..* Class
One or more

1..24 Class Numerically specified (one to two,

inclusive or four)

Note: Multiplicity modeled after G. Booch, J. Rumbaugh, and |. Jacobson,
The Unified Modeling Language Users Guide (Reading, Massachusetts:
Addison-Wesley, 1999).

Figure2-4. Multiplicity of relationships.
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2.1.3.3 Aggregation

Aggregation is a specia type of relationship, in which
objects representing the components of something are associ-
ated with an object representing the entire assembly (28).
Aggregation is an “a-part-of” or “has-a’ relationship, drawn
likearelationship, except asmall diamond indicatesthe assem-
bly end of the relationship. Figure 2-5 shows an example of
aggregation. A company ismade up of many divisions, each of
which is composed of many departments (28).

2.1.3.4 Generalization

Generdization is the relationship between a more general
class, called a superclass, and one or more specific versions of
that class, called subclasses (2). Generalization has been called
an“is-a’ relationship because each instance of asubclassisan
instance of the superclass, as well (28). Graphically, general-
izationisshown asasolid directed linewith alarge open arrow-
head pointing toward the parent (30). Figure 2-6 shows the
motor vehicle hierarchy, in which an electric powered automo-
bile (subclass) “is-g[n]” automobile (superclass), and in which
an automobile (subclass) “is-a’ motor vehicle (superclass).

2.2 THE CONCEPTUAL MODEL

2.2.1 Introduction

This section presents the conceptual data model for
MDLRSs and describes the meaning of objects and relation-
shipsin the model.

2.2.2 Purpose of the Conceptual Model

To communicate about phenomenain the real world, itis
necessary to describe phenomena at the conceptual level
(31). At the conceptual level, the real world isrepresented as
an abstraction. A conceptual datamodel, then, isindependent
of implementation details and expresses the structure of the
information, such as the types of dataand their interrelation-
ships (32). The main objective in conceptual data modeling
is to represent an application domain—in a manner that is
understandabl e to the user, is complete, and does not require

K>—— Division K>——- Department
1 0.4 10..*

Note: Aggregation modeled after J. Rumbaugh, M. Blaha, W. Premerlani,
F. Eddy, and W. Lorensen, Object-Oriented Modeling and Design
(Englewood Cliffs, New Jersey: Prentice Hall, 1991).

Company

Figure2-5. Example of aggregation.
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Motor Vehicle

A

L‘A

Tractor Trailer

Automobile

AN

Gas Powered Auto

Diesel Powered Auto

Electric Powered Auto

Figure2-6. Example of generalization.

any computer metaphors—so that this representation can be
trandlated into a corresponding logical schema without any
further user input (33).

The result of conceptual data modeling is a semantic (or
conceptual) schema—that is, a diagram that uses the nota-
tion or grammar of the chosen conceptual datamodel to cap-
ture the desired aspects of thereality modeled at ahigh level
of abstraction (33). The notation used for conceptual mod-
eling is performed using one of several variants of the ER
model (25) or semantic models as semantic data modeling
(34) or using object-oriented software design tools like
object-modeling technique (28) and UML (30). The object-
oriented approach uses elementsfrom the ER model, aswell
as from the data flow diagram model (31). The most widely
used object-oriented notation currently for datamodeling is
UML (30).

2.2.3 Conceptual Data Model for MDLRSs

The MDLRS conceptual data model is presented in Fig-
ures 2-7 and 2-8 and uses a variant of the ER model (25).
Each ellipse represents aconcept. Lines between ellipsesrep-
resent rel ationships between concepts.

In Figure 2-7, the central concept is “transportation fea-
ture.” A transportation feature is an object representing a
real-world or virtual phenomenon that exists in a spatial or
spatiotemporal transportation domain. Thisfeature has asso-
ciated metadata that describe its source. The transportation
feature has aspatial objects (i.e., attributes) that may be asso-
ciated with atemporal object (e.g., the operating period of a
high-occupancy vehicle [HOV] lane). The temporal object
has metadata that describe its source and lineage and is ref-
erenced by atemporal referencing system (TRS).

The transportation feature comprises one or more spatio-
temporal objects. These spatiotemporal objectsare represented
astopological or geometric objectsthat arevalid for aperiod
and acertain scale. Associated with topological or geometric
objects are metadata that describe their source, history, and
quality. Topologica objects can be anode (zero-dimensional),
an edge (one-dimensional), a face (two-dimensional), a vol-
ume (three-dimensional), or a complex. Geometric objects
can be apoint (zero-dimensional), a curve (one-dimensional),
a surface (two-dimensional), a solid (three-dimensional),
or a complex and are referenced to a nonlinear spatial refer-
encing system (SRS).

A topologica object can be associated with one or more
geometric objects and constrained by the attribute “scale
applicability” and, optionally, by business rules that govern
dimensionality. Likewise, a geometric object can be associ-
ated with one or more topological objects with similar con-
straints.

Associated with apoint is a coordinate consistent with the
SRS. If the coordinate is derived from measurements, which
contain uncertainty, the coordinate has an associated error
meatrix that assistsin error propagation.

Events are concepts external to transportation features that
alter features. An event occurs during a defined period (tem-
poral object) at a defined location (geometric object). These
temporal and geometric objects are referenced to TRSs and
SRSs, respectively. An event that causes changes—spatially,
aspatially, or temporally—to a specific transportation feature
is called an experience. The experience concept is the historic
registry inthe transportation feature and indicateswhich events
cause changes to the feature. An example of an event is a
“crash,” while “damage” is the vehicle's experience of that
“crash” (35). Over time, the transportation feature participates
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Figure2-7. Conceptual data model of a transportation feature.

in severa events, producing additional experiences. The col-
lection of experiences represents the history of the transporta
tion feature (2).

Through the temporal objects associated with trans-
portation features and their associated spatiotemporal
objects, temporal relationships can be examined. Examples
of temporal relationshipsinclude follows, simultaneous, dur-
ing, and overlaps and can operate on conceptswithin atrans-
portation feature (e.g., to find the most recent spatiotemporal
object) and between transportation features (e.g., to deter-
mineif one transportation feature was created before another
feature).

Collections of transportation features are called trans-
portation complexes, and collections of transportation fea-
tures and transportation complexes are called transportation
systems. Transportation systems have a derived topology
(network or areal), produced from aggregations of topologi-
cal representations of transportation features at a certain

applicable scale. Additionally, the history of the transporta-
tion system is the result of the aggregated histories or expe-
riences of the transportation features that make up the trans-
portation system.

Figure 2-8 shows the conceptual model of the datain the
MDLRS data model. In linear referencing systems, business
data (i.e., transportation features) are referenced to a linear
referencing method. Each linear referencing method is refer-
enced to a network that istied to alinear datum composed of
anchor pointsand anchor sections. In alinear referencing sys-
tem, a cartographic representation can be mapped to alinear
datum. In nonlinear referencing systems (e.g., geocentric,
horizontal, or cadastral), business data (i.e., transportation
features) have one or more geometric representations (i.e.,
geometric objects) that reference aspatial referencing method
composed of reference objects (e.g., GPS satellites, control
stations, and corner points). These reference objects are tied
to the datum through datum objects (e.g., three-dimensional
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Cartesian axes, ellipsoids, and corners). In the MDLRS data
model, a cartographic representation comprises one or more
geometric objects referenced to a nonlinear datum. To trans-
form data between linear and nonlinear systems, the linear
datum (i.e., anchor section object) has to know which geo-
metric object it represents. Two coordinate pairs(i.e., from/to
position linear and nonlinear) are needed to alow thistype of
transformation to occur.

The concepts shown in Figures 2-7 and 2-8 satisfy the ten
functional requirements identified in Section 1.4. The
requirements and their supporting MDLRS concepts are as
follows:

* Functional Requirement I, “Spatiotemporal Referenc-
ing Methods,” is satisfied by the coordinate concept.

* Functional Requirement |1, “ Temporal Referencing Sys-
tem/Temporal Datum,” is satisfied by the TRS concept.

* Functional Requirement I11, “Transformation of Data
Sets,” issatisfied by the relationship between linear and
nonlinear datum concepts.

* Functional Requirement 1V, “Multiple Cartographic/
Spatial Topological Representations,” is satisfied by the
relationship between topological and geometric object
concepts.

+ Functional Requirement V, “Resolution,” is satisfied by
the multiplicity of spatiotemporal objects.

+ Functional Requirement VI, “Dynamics,” is satisfied by
conveyance objects.

 Functional Requirement V11, “Historical Databases,” is
satisfied by the event and experience concepts.

* Functional Requirement VIII, “Accuracy and Error
Propagation,” is satisfied by the coordinate concept and
the associated error matrix.

* Functional Requirement 1X, “Object-Level Metadata,”
is satisfied by the metadata concept.

* Functional Requirement X, “Temporal Topology/
Latency,” is satisfied by the temporal relationship and
temporal object concepts.

2.3 THE LOGICAL MODEL

2.3.1 Introduction

This section presentsthe logical datamodel for MDLRSs
and describes the meaning of objects and relationships in
the model. The intent in describing the meaning of the log-
ical data model objects and relationships is to describe the
role of each object and relationship in the overall data
model (i.e., what each object does and how it interacts with
other abjects). In certain situations when a notable con-
struct or relation that demands an explanation has been
employed, one is given. Chapter 3 explains why certain
objects and relationships were used, provides the source of
the objects, and describes how the objects fit within the
functional requirements.
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2.3.2 Purpose of the Logical Model

A conceptual data model is independent of implementa-
tion details; instead, it expresses the structure of the infor-
mation, such as the types of data and their interrel ationships
(32). The purpose of logical data modeling is to carefully
define, standardize, and normalize the data elementsinto the
entities established in the conceptual data model (36). These
data elements are the logical facts based on stakeholders
information requirements. The logical datamodel tailorsthe
conceptual datamodel to the particular kind of database man-
agement system on which the system will be implemented
(37). Inthe case of arelational database management system,
relation schemes are created from an ER diagram (25). The
MDLRS data model is object oriented. In an object-oriented
database management system, the UML object model (30)
can be used instead of an ER diagram for conceptual and log-
ical data modeling. The UML object model used for logical
datamodeling isin anormalized form in which object classes
can be created directly from the model.

2.3.3 Logical Data Model for MDLRSs

The MDLRS logical datamodel is presented in Figures 2-9
through 2-14. Thesefiguresusethe UML notation as described
by Booch, Rumbaugh, and Jacobson (30) and explained in
Section 2.1.3.

Figure 2-9 provides ahigh-level view of the MDLRS data
model. The central object is the transportation feature. The
transportation feature contains attributes that describe aspa-
tial data and is associated with one or more spatiotemporal
objects. Spatial and time (i.e., temporal) objects are refer-
enced to SRSs and a TRS. Events alter transportation fea-
tures through experiences. Temporal relationship objects
allow for various types of tempora queries to occur. A type
of moving transportation feature is a conveyance, which
moves along a collection of transport links for a duration.
That collection represents the time-dependent route, or tra-
versal, that the conveyance takes to go from an origin to a
destination. A collection of conveyancesis called afleet.

Figure 2-10 providesalow-level hierarchy of transportation
features and the objects resulting from aggregations of trans-
portation features. A transportation feature can be “point”
based (e.g., transport node), “linearly” based (e.g., transport
link), “areally” based (e.g., parking lot), or moving (e.g., con-
veyance). The transportation feature hierarchy shows the sub-
classes of the transportation feature superclass. Each trans-
portation feature subclass“isa’ transportation feature, but has
additional functionality. Collections of transportation features
are cdled transportation complexes, and collections of trans-
portation features and transportation complexes are called
transportation systems. Because transportation systems are
aggregationsof transportation features, they derivetheir topol-
ogy and history through the topological objects and experi-
ences of the aggregated features, respectively.
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Figure 2-11 provides alow-level view of the objects that
make up the SRSs and shows how the objects are tied to the
transportation feature. The following SRSs are represented:
vertical, geocentric, horizontal, cadastral, and linear. Datum
objects for each SRS, as well as reference objects, are pre-
sented. The linear referencing system model relies on the
work of Fletcher, Henderson, and Espinoza (2) and Von-
derohe et al. (1). The SRS model represented in Figure 2-11
provides the basis for the transformation of data.

Figure 2-12 provides alow-level view of the spatiotemporal
object. In this model, geometric (i.e., cartographic) constructs
are separated from topological constructsto alow for multi-
ple cartographic and topological representations. Constraints
on the relationship between topological and geometric
objectsfrom the scal e applicability and from optional dimen-
sional business rules allow changes in a topologica repre-
sentation to lead to appropriate cartographic references, and
the converse. The geometric and topological primitives rely
on the |SO 15046 geostandard (21).

Figure 2-13 provides a low-level view of the coordinate
object. Thismodel hasfive classes of coordinate objects cor-
responding to the SRSs. Because coordinates are artifacts or
derived from measurements to a reference object, this model
supports a framework for a measurement management sys-
tem. A measurement management system stores measure-
ments and their associated uncertainty and derives coordi-
nates with variances and covariances from measurements.
Covariances from derived coordinates are necessary for the
modeling of error propagation.

Figure 2-14 provides a low-level view of the time object,
which represents the bi-temporal metrics of transportation
features and events. In representing the temporal metrics
(i.e., position and length along a time scale) in a database,
two aspects of time have been used: “valid” (or “world")
timeand “transaction” (or “system”) time. A database model
that uses both “valid” and “transaction” time is called a bi-
temporal model (38) or a temporal database and has been
identified by others (39) as the best method of temporal data
organization for spatiotemporal models. Most attempts at a
spatiotempora data model use only “world” time. The time
object can be represented as tempora primitives (e.g., date
time, duration, and interval objects) or as time aggregates
(e.g., cycleor sequence). Temporal primitivesand timeaggre-
gates describe “valid” time, or the time when the activity
occurred. The “transaction” time, or the time when the activ-
ity was recorded in the database, is stored in the source meta-
data object.

2.3.4 Discussion of Primary Classes
and Relationships

This section presentsthe primary classes and relationships
needed for an MDLRSIogical datamodel. Theclassesinthis
section are essential and lay the foundation for the MDLRS

data model (i.e., the MDLRS data model could not be con-
structed without these classes and relationships).

2.3.4.1 Transportation Feature

Inthe MDLRS datamodel, the transportation featureisthe
central object. The basis for the transportation feature relies
on current geospatial standards and research. These stan-
dards and research use an object-oriented approach to model
the interaction of phenomenain space and time.

In modeling phenomena (tangible or intangible) and their
interactionswith each other using an obj ect-oriented approach,
the basic building blocks are objects and events. Objects rep-
resent the phenomena that users want to keep information
about. An event is something that happens either in a point or
period of timethat changesthe state of an object (28). The state
of an object is defined by the object’s attributes (spatia or
aspatial) and its values, which are valid for a period.

In some geospatial standards (e.g., CGIS-SAIF and ISO
15046) the generic term “object” is specified as a “geo-
graphic object.” A geographic object is defined as an object
representing a real or artificialy defined phenomenon that
has or potentially has some kind of spatial or spatiotemporal
position (2). In the GIS-T/ISTEA PFS (2), a special type of
geographic object is used, representing the transportation
domain. That object is called atransportation component and
generally represents anon-decomposable phenomenonin the
transportation domain. Examples of transportation compo-
nents are anchor points, anchor sections, highways, trails,
airports, interchanges, roadways, bridge elements, and busi-
ness data (e.g., pavements and signs).

The MDLRS data model adopted the GIS-T/ISTEA PFS
concept of a “transportation component,” calling the con-
cept a“transportation feature.” Thistransportation featureis
the central object of the MDLRS data model. The model is
extended with a dynamic transportation feature called a“con-
veyance.” Figure 2-9 shows the transportation feature object,
its subclasses, and its relationships.

The transportation feature contains attributes that describe
its aspatial characteristics. These attributes can be quantita-
tive (e.g., pavement index and vehicular volume), qualitative
(e.g., color of asign), or temporal (e.g., operating conditions
of an HOV lane and asignal-timing sequence). Theattributes
of a transportation feature can also have a validity period
(e.g., January’s signal-timing sequence or the period when a
volume was counted). Old values of a single attribute are
stored in the transportation feature as a linked list, allowing
for rollback of attributes. The administrative aspects of where
the transportation feature came from and when it wasinstan-
tiated are stored in the source metadata object.

The region of space and time occupied by a transportation
feature is represented by a spatiotemporal object (see Figure
2-12). The spatiotemporal object consists of a spatial object
with an associated time object. The time object describes



when the spatial object is valid. In this model, to allow for
multiple spatial representations resulting from historical or
cartographic/topol ogical changes, atransportation feature can
have one or more spatiotemporal objects. Inthe MDLRS data
model, temporal relationships between transportation features
and temporal relationships between spatiotemporal objects
are through the use of explicit temporal relationship objects:
temporal topology and temporal proximity (see Figure 2-9).

2.3.4.2 Event and Experience Objects

An event is something that happens in an instant or over a
period of time and changesthe state of atransportation feature
(2). Figure 2-9 shows the event object and its interaction with
thetransportation feature. All eventshaveaspatial component,
which allows the events to be graphically displayed and ana
lyzed and which allows usersto identify the transportation fea-
tures affected by the events. An event is essentially temporal
(i.e, an event isvaid for a period or instant) with alocation.
Therefore, an event has an associated time object. In many sit-
uations, events are planned beforehand, which results in a
scheduled time. When the planned event occurs, however, the
actual time at which the event began may differ from the
scheduled time because of delays. The delay in time between
when an event was scheduled to occur and when it actually
occurred iscalled “latency.” In transit systems, asynonym for
latency is “on-time performance.” The MDLRS data model
represents the latency of events by using two temporal attri-
butes called “scheduled time” and “actua time.” To compute
latency, both scheduled time and actual time must be recorded.
Associated with each event is a source metadata object, which
describes the administrative aspects of the event.

An event, by its definition, produces changes in a trans-
portation feature. Therefore, an event contains several meth-
ods that act on transportation features. An event can add or
modify attributes of a transportation feature (e.g., updated
traffic volume), can add or modify a spatiotemporal object of
a transportation feature, can add or modify attributes of a
spatiotemporal object (e.g., widening of aroadway), and can
retire or instantiate transportation features (e.g., installation
of guard rail). In the case of a conveyance, events can initi-
ate and stop the movement of the conveyance (e.g., the use
of daily public transport vehicle assignments or “blocking”).
Collections of related events are called complex events and
allow for modeling of multiple activities (e.g., aconstruction
schedule for a certain year, the logistics of the Olympic
Games, the parade schedule for a mgjor city, or the transit
schedule for aweekday).

Although an event can change the state of atransportation
feature spatially, aspatially, or temporally, there must be a
registry in the feature that indicates which events caused
which changes. An event may change all or a subset of the
transportation featuresin atransportation system. Each event
that the transportation feature participates in is called an
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experience (see Figure 2-9). An experience does not exist
without a participatory event, so experiences know their par-
ent event. One event can cause many experiences, but each
experience is related to one event.

Although the experience aobject is an event object, the
experience object does not contain any data. The experience
object contains references to the activating event, as well as
references to the new or modified transportation feature.
Users can perform historical queries because the experience
object contains references between event and transportation
feature objects. To perform the historical queries, userstrace
an event to the affected objects of afeature. Having the expe-
rience object contain references also works in reverse (i.e.,
tracing the affected objects of a feature to an event through
an experience). Rollback of an entire transportation system
is possible through the experience objects of its transporta-
tion features.

Over time, a transportation feature participates in several
events, producing additional experience objects. These expe-
rience objects form atime-ordered, linked list and represent
the event registry, or the “container of memories,” for the
transportation feature. The life span of a transportation fea-
ture (i.e., the entire time that the feature isknown to the data-
base) is the time-ordered sequence of all its experiences (2).
The collection of experience objects allows for historical
rollback of the transportation feature. For the transportation
feature, the experience and its participatory event form the
end or beginning of anew state. The collection of experience
objects represents the transportation feature's function of
location with respect to time.

2.34.3 SRSsand TRSs

2.3.4.3.1 SRSs. To handle geographic information, it is
important to consider the measurement concepts required for
time and space. Spatial measurement requires a set of geo-
metric assumptions to create an SRS. An SRS provides a
mechanism to situate measurements on a geometric body,
such asthe earth; establishesapoint of origin and orientation
of reference axes; and provides geometric meaning for mea-
surements, as well as units of measure (40).

A spatial referencing method can be thought of as amethod
for finding and stating the | ocation of an unknown point by ref-
erencing it to aknown point (adapted from the Transportation
Research Board [41]). An example of a spatial referencing
method can be a state plane grid system based on a Universal
Transverse Mercator (UTM) projection. A schematic of a
generic spatia referencing system is provided in Figure 2-15.
Reference objects are objects (a) whose locations are known
and (b) from which measurements are made in the real world
to determine the unknown locations of other objects and to
provide the relationships needed to link a spatial referencing
method to an SRS datum. The datum, plus reference objects,
plus methods comprise an SRS.
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Figure 2-15. Schematic of a generic spatial referencing
system.

The MDLRS datamodel hasfive categories of SRSs: ver-
tical, geocentric, horizontal, cadastral, and linear (see Fig-
ure 2-11). Each SRS has one or more datum objects and an
associated reference object. Reference objects are trans-
portation features, can lie on other features, and are spatially
represented as reference points (see Figure 2-12). Table 2-1
presents the datum objects and reference objects for each of
the five SRSs.

In the MDLRS data model, to determine the location of a
transportation feature in a nonlinear SRS, the transportation
feature' s geometric object must reference a reference object
(seeFigure 2-11). Inalinear SRS, to determine atransporta
tion feature’ slinear location, the transportation feature refers

to the linear reference method object. A linear reference
method consists of a collection of traversal reference points
and traversals. Traversals consist of transport links defined
by transport nodes, which are located on anchor sections
defined by anchor points. In this model, transport nodes,
transport links, anchor points, anchor sections, and traversal
reference points are al types of transportation features (see
Figure 2-10).

To transform data between linear and nonlinear systems,
a relationship between the anchor section object and geo-
metric object is present (see Figure 2-11), requiring that an
anchor section object knows which geometric object it rep-
resents. This relationship has an association that provides
the missing coordinates (linear or nonlinear) to alow the
transformation to occur. A method, anchor section snap, is
included in the association to generalize a two- or three-
dimensional geographic object to a one-dimensional geo-
metric object compatible with the associated anchor section
object. The anchor-section-snap method can also map an
anchor section object to the centerline or centroidal axes of
asurface or solid to obtain atwo- or three-dimensional loca-
tion, respectively.

2.3.4.3.2 TRSs. The measurement and storage of time
invokes the concept of a referencing system, or an agreed
measurement scheme. The concept of a TRSisimplied be-
cause most measurements use the same units of measure and
are calibrated to some external reference (e.g., an official
clock). However, when using temporal data based on other
clocks, zones, and calendar systems, there needs to be an
explicit TRS.

There exists a clear analogy between an SRS with many
spatial referencing methods (e.g., projections and grids) and
a TRS with many temporal referencing methods. A point in
time occupies a position that can beidentified inrelation to a
known reference timein a TRS. By adopting a common ref-
erencing system, time measurements can be compared and
mathematical operations like subtraction become valid (40).
A temporal datum and temporal referencing method objects
can be modeled as a spoke and hub, in which all methods
relate to one designated method, or as anetwork, in which all
methods understand all other methods. The network approach

TABLE 2-1 Characteristics of spatial referencing systems

Name Dimension Datum Object Refer ence Object
Geocentric 3D 3D Cartesian Axes GPS Satellite
Horizontal 2D Ellipsoid Control Station
Cadastral 2D Corner Corner Point
Vertica 1D Geoid/Local Datum Benchmark
Linear 1D Anchor Point/Anchor Section Traversal Reference Point

Note: Table modeled after A. Vonderohe and T. Hepworth, "A Methodology for Design of a Linear
Referencing System for Surface Transportation,” SAND97-0637 (Albuquerque, New Mexico: Sandia National

Laboratories, 1997).

1D = one-dimensional.
2D = two-dimensional.
3D = three-dimensional.



would need (N-1)2 functions, where N equals the number of
temporal referencing methods.

The most common TRSis Greenwich time, which isbased
on a temporal referencing datum—Coordinated Universal
Time (UTC). Tempora referencing methods, such as zona
time, can be tied to UTC by calibration and consistency of
measurement, making aminute the same measurement across
all methods (40).

As shown in Figure 2-16, a TRS consists of a temporal
datum and tempora referencing methods containing tempo-
ral reference equations. The MDL RS data model uses atem-
pora datum object and one or more tempora referencing
method objectsto represent the TRS (see Figures 2-9 and 2-14).

In the MDLRS data model, the temporal referencing
method object containsatemporal reference equation method,
which isaderivable equation that relates the temporal datum
to the temporal referencing method. The equation consists of
two parts: areference offset (e.g., —3 hfor zonal time), and a
metric scaling function that relates the metric of the method
to the metric of the datum (e.g., to convert between Julian
dates and Gregorian calendar time). Although the MDLRS
data model can accommodate various metrics and various
temporal representations, the data model concentrates on
temporal referencing methods whose metrics are the same
as the datum and assumes UTC and the Gregorian calendar
as the temporal datum.

4 ~\
TRM1 TRM2
(PARAMETERS) (PARAMETERS)
RF_EON RF_EON
DATUM
(PARAMETERS)
TRS
. J
Note:

RF_EQN = temporal reference equation.
TIME OBJ = time object.

TRM = temporal referencing method.
TRS = temporal referencing system.

Figure2-16. Schematic of a generic temporal referencing
system.
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2.3.5 Discussion of Secondary Classes
and Relationships

This section presents and describes classes and relation-
ships needed for an MDLRS logical data model using the
classes and concepts of transportation features, events, and
experiences, and spatiotemporal referencing systemsasfoun-
dational elements.

2.3.5.1 Typesof Transportation Features

This section describes some of the subclasses of the trans-
portation feature superclass and some of the classes resulting
from aggregation of transportation features (see Figure 2-10).

2.35.1.1 Transportation Complexes and Systems.
Transportation festures are considered non-decomposable
objects and are based on some business rule. Examples of
transportation featuresare signs, guard rail, pavement sections,
intersections, anchor points, and abutments. Although some of
these trangportation features can be decomposed physicaly
(e.g., guard rail, signs, or intersections), the user may be con-
cerned with a certain level of detail needed to represent the
phenomena. For certain purposes, the user may want to aggre-
gate transportation features to form a transportation complex.
Transportation complexes are collections of interconnected
transportation features and other transportation complexes
(adapted from Fletcher, Henderson, and Espinoza [2]). An
example of atransportation complex is a section of aroadway
represented as a collection of the following transportation fea-
tures: signs, guard rail, lanes, HOV lane, pavement, shoulder,
bridge deck, and bridge abutment. When a user refers to the
section of roadway, the collection of transportation features
is often implied. Another example of a transportation com-
plex is an interchange consisting of bridge and ramp trans-
portation features.

Transportation systems are a collection of transportation
features, transportation complexes, and other transportation
systems that serve a transportation function in support of
transportation objectives (adapted from Fletcher, Henderson,
and Espinoza[2]). A transportation system can be function-
aly based (e.g., a highway system, a public transportation
system, or atrail system) or physically based (e.g., a pave-
ment system or a bridge system). Transportation complexes
and systems are shown in Figure 2-10.

Transportation complexes and transportation systems are
not transportation features, but are collections of them. The
collection of the topological objects of transportation fea-
tures at acertain level of detail forms atopology of the com-
plex or system. Thistopology of the transportation system or
transportation complex (e.g., network or areal), as shown in
Figure 2-10, isabstract, or not “hard coded,” but isthe result
of the topological connections of the aggregation of trans-
portation features.
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2.3.5.1.2 Conveyance. Inthe MDLRS data model, a con-
veyance is atype of moving transportation feature (see Fig-
ure 2-10). A conveyance object is anything that movesin a
spatiotemporal reference frame (42). A conveyance can bea
vehicle, aperson, or agroup of people and executes naviga
tion. A collection of conveyancesis called afleet and repre-
sentsagroup of vehicleswith fleet management capabilities.
There are two focal issues for conveyances. The first issue
regards the modeling of conveyance movement and the his-
tory of its movement. The second issue regards how the con-
veyance interacts with its environment (i.e., transportation
system).

Associated with a conveyance are methodsthat allow nav-
igation. In navigation, the conveyance moves in space and
time; it essentially associates a route with avehicle and says
“go.” Therearetwo primary navigational activitiesfor acon-
veyance: tracking and routing (i.e., prescribing movement).

Tracking is atwo-phase process. First, a conveyance or an
outside entity executes a “locate,” which indicates the loca
tionin space and time of the conveyanceinthereal world. The
result of the locate operation may be a series of coordinates
from avariety of sensors that collect real-time locations and
times (e.g., GPS, radar, laser, microwave, loop detectors,
gyroscopes, and accelerometers). The locates are transmitted
to the outside entity or dispatcher (or any facility that has the
network topology and is able to do transformations and route
guidance). Thedispatcher, or traveler information center, rep-
resents an authority that is responsible for managing afleet of
transit vehiclesin atransit transportation system or for direct-
ing automobiles on aroadway transportation system, respec-

tively. The dispatcher executes a position operation on the
data—that is, trandates the radio frequency coordinates into
a database location. This database location indicates which
link the conveyanceison, and thelocation may bealinear ref-
erence. From the track operation, the dispatcher can generate
apath (i.e., route operation) indicating which links and turn-
ing movements the conveyance should take. The path is then
transmitted to the conveyance, and the conveyance executes
the path. Following the route operation, atrack operation may
be performed indicating the conveyance's updated position.
From the updated position of the conveyance and any new
information provided to the dispatcher (e.g., road closures or
gridlock delays), the dispatcher may perform a new route
operation and transmit that path to the conveyance. Therefore,
the track and route operations depend on each other and form
arepeating cycle until the end of atrip.

The routing method of a conveyance in a transportation
system can rely on historical predictive algorithms, dynamic
vehicle assignment algorithms, or time-space diagramsinthe
case of fixed-route transit. The mathematical model for loca-
tion prediction or route guidance is located at the dispatcher.
The MDLRS data model does not provide the mathematical
models for location prediction or route guidance and leaves
the choice of models up to the user. The MDL RS data model
provides data to support the algorithms.

Figure 2-17 presentsthe object model to support theimple-
mentation of navigation and shows how the conveyanceinter-
acts with its environment. A conveyance will move along a
transport link for acertain duration. During that time, one or
more track operations will be performed. From the track
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Traversal T Conveyance
0.* 0.*
time s
1 navigate()
1
add_link() kS Duration
remove_link() | B
open_link() §
close_link() €
Qo
O
9.7 Duration
Link
i 1 Moves along
time

Figure 2-17. Unified modeling language object model to support

implementation of “ navigate.”



operation, the transport link on which the conveyance is
moving isidentified. That transport link is then added to the
traversal or routethat isbeing created for the conveyance. As
the conveyance moves along other transport links, those
links are being registered in the traversal of the conveyance
(i.e., thetraversal isbeing built). The result of acompletetrip
is atraversal made up of a collection of transport links that
the conveyance has navigated for acertain duration. Both the
traversal and transport links are valid for a certain time. In
this context, the semantics of the term “traversal” are those
of a generated path. In other contexts (e.g., linear referenc-
ing), the term “traversal” can mean a named route. The defi-
nition of “traversal” is broad to cover both meanings, and in
the GIS-T/ISTEA PFS, atraversal ismeant to be asuperclass
of named routes or generated paths (2).

As a conveyance is navigating along a traversal, the con-
veyance is transmitting locational coordinates through its
tracking method. The dispatcher may discard these coordi-
natesor use them to retrace the movement of the conveyance.
The movement of a conveyance can be replayed with a tra-
versal and a space-time function generated by the dispatcher.
The space-time function represents the location as afunction
of time for the conveyance and can be derived through con-
necting the dots of locational coordinates. When alink istra-
versed, tracked locational pointsdo not need to be stored and
can be replaced efficiently by a smoothed space-time func-
tion or atraversa step function. An example of asimplified
space-time function for a public transit vehicle is shown in
Figure 2-18. In thisfigure, time is on the horizontal axisand
spaceis on the vertical axis. Each segment of the diagram is
represented by the function

X = VAL + X, @

where

x = distance,
v = velocity, and
t =time.

The slope of each segment represents the velocity of the
length. Wherethe d opeiszero, thevehicleisstopped (because
of delays or passengerswho are boarding and alighting). This
space-time diagram assumes no acceleration during each
segment.

2.3.5.2 Spatial Objects

A transportation feature can be associated with multiple
spatiotemporal objects, consisting of a spatial object and an
associated time object. The time object indicates the period
of time (i.e., from time of creation to time of retirement) in
which the spatial object isvalid. In the MDLRS data model,
the spatial object provides the spatial characteristics of a
transportation feature and is described by one or more geo-
metric or topological objects. Each instance of a spatial
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Note: Each segment of the diagram is represented by the function
X = VAt + X,, where x = distance, v = velocity, and t = time. The slope of
each segment represents the velocity of the length.

Figure2-18. Example of a space-time diagramfor a
public transit vehicle.

object has one coordinate representation or storage format
that is consistent with its referenced SRS. Figure 2-12 pre-
sents the data constructs associated with the spatial object.
The representation of separate geometric and topological
constructs allows multiple spatial cartographic (i.e., geomet-
ric) and topological representations to occur. Geometry pro-
vides the means for the quantitative description, through
coordinates and mathematical functions, of the spatial char-
acteristics of features, including dimension, position, size,
shape, and orientation (21). Spatial topology involves prop-
erties of spatial configurations that remain invariant if space
is deformed elastically and continuously (21).

2.3.5.2.1 Topological and Geometric Association. The
MDLRS data model shows a many-to-many relationship
between geometric and topological objects (see Figure 2-12),
so that each geometric (i.e., cartographic) representation may
have zero or more associated topological representations, and
each topologica representation may have zero or more asso-
ciated geometric representations of the same transportation
feature. This relationship allows transportation features such
as roadways to be represented topologically as centerlines
while being cartographicaly displayed as two-dimensional
lines. However, the associations are constrained by scale
applicability and, optiondly, dimensionality.

A transportation feature (e.g., a road) may have one topo-
logical representation (e.g., edge) with several geometric or
cartographic representations (e.g., curves, surfaces, and solids),
each with varying degrees of detail. For display purposes, the
geometric representation that is most appropriate for the map
scale being shown needs to be retrieved. In the MDLRS data
model, the capability to handle spatial objects with multiple
scalesisprovided through the scale applicability attributein the
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spatial object abstract class (see Figure 2-12). The scale applic-
ability attribute is user defined and indicates which map scale
the spatial object is best suited for.

The scale applicability constraint between topological
and geometric objects allows an association among spatial
objects with scales compatible with the scale of the focal
spatial object. The geometric objects associated with atopo-
logical object would need to have a scale applicability
greater than or equal to the scale applicability of the topo-
logical object. For example, if an edge had a scale applica
bility of 1:5000 and available geometric objectswere asolid
with a scale applicability of 1:1200, a surface at a scale
applicability of 1:3600, a curve (C1) at a scale applicability
of 1:4800, and another curve (C2) at a scale applicability of
1:7200, then the edge woul d be associated with the solid, the
surface and curve C1. Conversely, the topological objects
associated with a geometric object would need to have a
scale applicability less than or equal to the scale applicabil-
ity of the geometric object. The topological representation
would be associated with a cartographic representation of
the same detail or greater. This constraint is due to carto-
graphic generalization (e.g., in displaying a complete street
network at ascale of 1:1,000,000, streetswould be displayed
on top of each other).

Another constraint in the association between geometric
and topological objects deals with dimensionality. The op-
tional dimensionality constraint isaset of user-defined busi-
ness rules that helps maintain dimensional compatibility
between geometric and topological objects on the basis of
user expectations. For example, if the user isgiven or shown
a bridge (i.e., a transportation feature) with a geometric
object representation as a point, the user should expect to be
able to perform topological analysis consistent with the
dimension of the point. If the map scale changes such that
the bridge is represented as a three-dimensional solid, the
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Note:

0D = zero-dimensional.
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TOPO. = topological.

user should know that the underlying topological represen-
tations are dimensionally consistent and support analysisfor
that scale. Conversely, if the user uses a topological repre-
sentation at a given level of generalization (i.e., a complex
interchange with all nodes and edges shown), a dimension-
ally consistent geometric representation (for display) should
be referenced to the topological representation. Changesin
the topological representation due to the level of general-
ization (i.e., reducing an interchange to a single node)
should be referenced to consistent geometric representa-
tions. Figure 2-19 is one example of dimensionality con-
straints derived from user-defined business rules and is
meant to be a guide. Figure 2-19 indicates that if given a
geometric representation as a curve, one can reasonably
associate (defined by a set of business rules) with that curve
atopological edge or atopological node.

Inthe MDLRS datamodel, the dimensionality constraintis
meant to guide the user in potential representational choices
and is optional. Using the prior example, under the scale
applicability constraint, an edge was associated with a solid,
a surface, and a curve. The dimensionaity constraint would
guide the user to that geometric object best suited for use.

The scale applicability constraint and the optional dimen-
sionality constraint provide the capability to handle multiple
spatial cartographic and topological representations, their
changes, and their references.

2.3.5.2.2 Geometric Object. Inthe MDLRS datamodel,
the geometric object is the region in space occupied by a
transportation feature (adapted from the BC Ministry of
Environment, Lands, and Parks[19]). Geometric objects (see
Figure 2-12) have known positions and can either be geo-
metric primitives or geometric complexes. Geometric prim-
itives are non-decomposabl e objects representing a single,
homogeneous element of geometry (21) and include points
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Figure2-19. Example of dimensionality constraints.



(zero-dimensional), which bound curves (one-dimensional),
which bound surfaces (two-dimensional), which bound solids
(three-dimensional). Reference points are a subclass of the
object point and represent the position of areference object.
Geometric complexes are collections of geometric primi-
tives, other geometric complexes, or both.

2.3.5.2.3 Coordinate Object. In all geostandards, points
are associated with coordinates either as attributes or as sep-
arate objects. In actuality, coordinates are artifacts or derived
values based on measurements to reference objects. Some
coordinates are not generated by ground measurements (e.g.,
digitizing and coordinate geometry), but can contain error. A
distinct advantage in storing measurements in addition to
coordinates is the ability to recompute coordinates when
thereisachange in the datum (i.e., if the datum changes and
the user only has coordinates, errors areintroduced by trans-
forming coordinates). The MDL RS data model provides the
framework for a measurement management system in which
spatial measurements are stored and coordinates are derived
from those measurements.

In the MDLRS data model, associated with each point is a
coordinate object (see Figure 2-13). The abstract data type
“coordinate object” containsattributesthat indicate (a) whether
the coordinate was derived or specified, (b) the unit system
of the coordinate, (c) the time interval (i.e., time object) in
which the coordinate object isvalid, and (d) the method asso-
ciated with the coordinate type (e.g., the projection method
or thelinear referencing method). Storing atime object along
with the coordinate allows for more efficient temporal
searches. For example, if apolygon changes shape, users can
use the time object to run asearch on the vertices and get the
history of the polygon. So, if a polygon’s boundary changes
because of a changed vertex, the user does not need to store
anew polygon. The aternative to timestamping coordinates
isto have atimestamp for every version of apolygon and to
historically search through each polygon.

There are five types of coordinate objects, each with dif-
ferent attributes indicating the coordinate's position value:
one-dimensional coordinate, two-dimensional coordinate,
three-dimensional coordinate, linear coordinate, and GPS
coordinate. Associated with each coordinateisan optional set
of measurements consistent with the type of the coordinate
(e.g., athree-dimensiona ground measurement with a three-
dimensional coordinate). The measurements are optiona
when coordinates are not generated by ground measurements
(e.g., digitizing and coordinate geometry). Each measurement
can be associated with several coordinate objects of the same
type. Each dimensiona measurement abstract class (i.e., one-
dimensional ground measurement, two-dimensional ground
measurement, three-dimensional ground measurement, and
linear measurement) can be represented as an instance of a
measurement object subclass. For example, a three-dimen-
sional ground measurement can be a slope distance, a hori-
zontal angle, azenith angle, or adirection.
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2.3.5.2.4 Measurement Objects. Distance, Angle, Radio
Frequency, and Direction. The measurement abstract
object class (see Figure 2-13) contains attributesthat indicate
itsunit system, identifiers, itsvalue, and the uncertainty asso-
ciated with the observed value. The subclasses of the mea
surement object are the distance measurement object, the
angle measurement object, the direction object, and theradio
frequency measurement object. The distance measurement
subclassesinclude different types of distance measurements,
such as vertical distances, horizontal distances, slope dis-
tances, linear distances, and offset distances. The two types
of angular measurements include horizontal angles and
zenith angles. The direction measurement indicates the bear-
ing or azimuth between two points, whilethe radio frequency
measurement object represents the observed radio frequency
signal and time recorded using areceiver at a point.

Each coordinate object contains a method called location
derivation (see Figure 2-13). The location derivation method
derives a set of optimal coordinates out of the collection of
measurements for that coordinate type. For example, given a
set of two-dimensional ground measurements from atraverse,
the location derivation method under the two-dimensiona
coordinate would reduce the traverse, make adjustmentsto the
traverse, and compute coordinates from the traverse and asso-
ciated surveyed points. If additional measurements are added
(e.g., from or to anew survey), the location derivation method
would introduce the new measurements with their associated
tolerances to existing measurements and derive a new set
of coordinates with improved precision (e.g., a weighted
mean and an uncertainty in the weighted mean). Additional
measurements with large uncertainties would be given low
weights, while measurements that contained blunders would
be excluded. The location derivation method is polymorphic
in that it does not need to be defined for each coordinate type
and can distinguish between different coordinate types.

2.3.5.2.5 Variance/Covariance Matrix. All measure-
ments have associated uncertainties and variation. When a
user positions (i.e., puts a measure into a database), the user
introduces uncertainty in the database. That uncertainty is
passed along to applications that use the data, but no addi-
tional error isintroduced. When alocation is placed from the
database to the field, the position error is present along with
an introduced place error. Errors accumulate in transforma-
tions of data. These uncertainties or errors propagate from
use of measurements.

When coordinates are the result of measurements, errorsare
introduced. These errors and their interdependencies are repre-
sented by variances and covariances. In error propagation, the
variances and covariances are carried through each spatia
object derivation as a matrix. After several spatial operations,
thisvariance/covariance matrix could be very large and unman-
ageable. A 2x2 variance/covariance matrix is needed for indi-
vidual two-dimensional points, and a 3x3 variance/covariance
matrix would be needed for individua three-dimensiona
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points. A 2x2 variance/covariance matrix for two-dimen-
sional points would grow to a 4x4 matrix for points, result-
ing intheintersection of two linear layers. If these new points
were used to derive another set of points, the resultant points
would have an 8x8 variance/covariance matriX. Imagine how
large the matrix would be after several more operations and
after the matricesfor each pointin alayer are stored. The 2x2
variance/covariance matrix for two-dimensional data objects
is made up of the variance in the x-coordinate of Location A,
the variance in the y-coordinate of Location A, and the
covariances between the two coordinates.

An alternative to maintaining an NxN variance/covariance
matrix (where N equals the dimension times the number of
operations) for each spatial object carrying al variablesfrom
prior operations is to maintain the functiona lineage (full
ancestry) of the spatial object from its ultimate source and to
maintain a final 2x2 variance/covariance matrix (for two-
dimensional points). A functiona lineage provides opera-
tions on how aspatial object was computed and includes ref-
erencesto the objects from which the new object was created.
A disadvantage with this approach is that the full functional
lineage back to the ultimate source needs to be stored with
the spatia object. This approach could produce unmanage-
able lineage objects.

Another dternativeto maintaining an NxN variance/covari-
ance matrix isto store theimmediate or familiar functional lin-
eage of the spatial object and a final 2x2 variance/covariance
matrix (for two-dimensiona points). Inthisalternative, the spa
tial object would point to its parent spatial object only. The par-
ent spatial object would refer to its parent spatial object, asina
family tree structure. The user could find the sources of data or
go back ashisor her needsrequire. The user would haveto find
the physical source of parent data to re-compute the child's
variance/covariance matrix. Tofind if aspatia object isrelated
(i.e., asibling), the user would need to go up the spatial object
family tree to reach a common ancestor and then down to the
appropriate level. The MDLRS data model uses this option to
model error propagation by creating DxD variance/covariance
matrix objects (where D equals the dimension of the spatial
object) for each derived coordinate object.

In addition to the variance/covariance matrix object (see
Figure 2-13), the lineage metadata object is used to model
error propagation. The lineage metadata object (see Figure
2-12) indicates the history or parentage of the data, includ-
ing their compilation and processing history. The lineage
metadata object contains pointers or references to its parent
objects. The user determines the propagation of error by
using the spatial object’s variance/covariance matrix and
tracing the parentage of the spatial object through the lin-
eage metadata object backward as the user’ s needs require.
Using this approach to error propagation eliminatesthe need
to carry a potentially immense variance/covariance matrix
with all variables from prior operations and eliminates the
need to carry afull ancestry of the spatial object fromitsulti-
mate source.

2.3.5.2.6 Topological Object. Topological objects are
objects that remain invariant if the space is deformed elasti-
cally and continuously—for example, when geographic data
are transformed from one coordinate system to another (21).
Topological objects can be derived by removing the location
or metrics from geometric objects. Topological objects can
be either topological primitives or topological complexes
(see Figure 2-12). Topological primitives include nodes
(zero-dimensional), connected to edges (one-dimensional),
which bound faces (two-dimensional ), which bound volumes
(three-dimensional). Topological complexes are aggrega
tions of topological primitives.

2.3.5.3 Time Objects

The storage of the temporal element of phenomenaand its
behavior is represented in the MDLRS data model asatime
object. Thetime object isthe temporal equivalent of aspatial
geometric object, where the time object provides the quanti-
tative description, by means of temporal primitive and aggre-
gate objects, of thetemporal characteristics of transportation
features and events. Time objects represent a specific or rel-
ative portion of atimeline, and the portion’ sassociated TRS
for which the object is valid (adapted from the BC Ministry
of Environment, Lands, and Parks [21]).

Time objectsrepresent thetemporal metrics of phenomena
(see Figure 2-14). The time object is more complex than a
pure timestamp. It can be represented as atimestamp or asa
point on atime line (date time object). The time object can
also be represented as a duration object, which gives only
temporal length and not position (e.g., 5 h, Monday, or Jan-
uary); as an interval object, in which two date time objects
(e.g., date of creation and date of retirement) or one datetime
object and a duration define a segment of time; or asatime
aggregate object, thetemporal equivalent of ageometric com-
plex object. The time aggregate object can represent tempo-
ral structures, such as cycles, breaks, stages, and sequences.
Each type of time aggregate object can be decomposed into
date time, interval, and duration objects.

The date time object represents a timestamp in which the
date, time of day, or both are given. The timestamp object is
the temporal equivalent of the coordinate object. While co-
ordinates can be reproducible by measurements to a fixed,
known reference object, a timestamp for an activity is not
repeatable. However, there are situations in which, for a
given activity, several tempora observations can be made
(e.g., the observed finish time for arace). From these tempo-
ral observations, a derived timestamp at one resolution can
be generated. Time objectsat |ower resol utions can be derived.
Multiple temporal observations can reduce precision error.
However, errors can be associated with tempora measuring
devices. A clock may run slow or fast, producing atemporal
bias. Inthe MDLRS datamodel, temporal biasis assumed to
be removed by calibration. In performing temporal measure-



ments, there is also an uncertainty associated with the mea-
surement. This uncertainty can be due to the resolution of
the temporal measuring device or due to user-perceivable
time, when ameasuring device is unavailable. For example,
in recording the time a sunset occurred, if the user does not
know exactly when the sunset occurred he or she may state
that “sunset was at 7:00 p.m. +/-10 min.” This uncertainty
(+/-10 min) is modeled as a temporal tolerance in the error
measures object.

Associated with each time object are source and lineage
metadata objects (see Figure 2-14). The lineage metadata
object provides the parentage of the time object (i.e., how the
time object was derived) and the source metadata object. The
lineage metadata object allows for temporal correlation with
other objects, similar to spatial correlation. In addition to pro-
viding the administrative aspects of the time object, the
source metadata object records when the time object was
recorded in the database. The time object primitives and
aggregatesrecord when an activity actually occurred. Intem-
poral GIS research, recording of the time when an activity
occurred is called “valid,” or “world,” time (39). However,
the time when the activity was recorded in the database may
differ from when the activity actually occurred. The time
when the activity was recorded in the database is called
“transaction,” or “system,” time (39). Most tempora GIS
models assume that the difference between world and transac-
tion time is negligible and, therefore, use world time. In the
MDLRSdatamodel, transaction timeisrecorded in the source
metadata object. The time object represents a bi-temporal
model because both valid and transaction times are main-
tained. A bi-temporal model is key for the development of a
temporal database, identified as the best method of temporal
data organization (39).

2.3.5.4 Temporal Relationships

To use temporal metric objects (i.e., time objects) to per-
form spatiotemporal queries, temporal relationships need to
be established. These relationships operate on objects within
a transportation feature (e.g., to find the most recent spa-
tiotemporal object) and between transportation features (e.g.,
to determine if one transportation feature was created before
another feature was). There are two types of temporal rela-
tionship objects used in the MDLRS data model (see Figure
2-9): temporal topology and temporal proximity. Only these
two temporal relationship objects are adopted from the
CGIS-SAIF model (19).

In the MDLRS data model, temporal relationships are to
be computed when needed (i.e., acting as operators). The
results of the temporal relationships are Boolean answers.
The alternative to creating temporal functions is to create
hard-coded temporal relationships, where every transporta-
tion feature would need to pre-compute its temporal rela-
tionships to all other features. The use of pseudocode from
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thetemporal relationship section of CGIS-SAIF allows users
to specify temporal relationship functions.

2.3.5.4.1 Temporal Topology. Temporal topology is a
temporal relationship object involving nonmetric temporal
relationships involving two transportation features. Trans-
portation Features A and B may betemporally disjoint, when
no part of A issimultaneouswith any part of B, or temporally
intersect. The casesin which two temporal objects may inter-
sect temporally are as follows (19):

+ At start—A occursat apoint in time simultaneous with
the start of the interval of B.

« At end—A occurs at a point in time simultaneous with
the end of theinterval of B.

* Follows—A beginswhen B ends.

* Overlapsat start—The start of A does not intersect B,
and theend of A intersects B, but not at B’ s start or end,
and the start of B intersects A, but not at A’ sstart or end.

* Overlaps at end—The end of A does not intersect B,
and the start of A intersects B, but not at B’ sstart or end,
and theend of B intersects A, but not at A’ s start or end.

* During—All of A issimultaneous with some part of B,
excluding the start and end of B.

* During from start—All of A is simultaneous with
some part of B, excluding the end of B, and the start of
A is simultaneous with the start of B.

* During to end—All of A is simultaneous with some
part of B, excluding the start of B, and the end of A is
simultaneous with the end of B.

« Simultaneous—A in its entirety and B in its entirety
occur at exactly the sametime (i.e., they occupy exactly
the same portion of the time line).

These terms are defined using set theory constructs based
on boundary (i.e., start and end) and interior (i.e., interval)
comparisons. The start (i.e., birth) and end (i.e., death) of
Transportation Feature A are indicated as A and A, respec-
tively. Theinterval between the start and end is designated as
A;. The temporal topological relationships between Trans-
portation Features A and B and their conditions are shownin
Table 2-2. These relationships provide the pseudocode to
allow the generation of temporal topology operators (19). The
relationships of Transportation Feature B in relation to Trans-
portation Feature A aretheinverse of the listed relationships.

2.3.5.4.2 Temporal Proximity. The temporal proximity
object is atemporal relationship that operates like a tempo-
ral buffer. It uses two transportation features and answers the
guestion of whether Transportation Feature A occurred within
agiventime (i.e., duration) of Transportation Feature B (19).
In this example, Transportation Feature B is given a tempo-
ral buffer (i.e., an added duration), and the temporal charac-
teristics of Transportation Feature A are checked to see if
they lie within Transportation Feature B’ s temporal buffer.
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TABLE 2-2 Temporal topological relationships between Transportation Features

A and B and their conditions

Temporal Topologica Relationships

Condition

A and B are temporally digoint B
(A occurs before B or B occurs before A)

{Asn Be=0} istrueand {A. n Bs=0} istrue

{Ai n B;=0) istrueand

Alisat start of B

{Ain Bi=0} istrueand {A;n Bs=0} isfdse

Aisatendof B

{Ain Bi=0} istrueand {A; n Be=0} isfdse

A follows B

{Ain B;=0} istrueand {As n Be=0} isfase

A overlaps B at start of B

{A n Bi=0} isfaseand {A; n B,= 0} isfdse

AandB A overlaps B at end of B {Ain B;=0} isfdseand {A; n Be=0} isfdse
temporally ] {Ain B;=0} isfaseand
intersect A ocaurs during B {A.n B, =0} isfaseand {A. n B, =0} isfalse
A occurs during B from {Ain B;=0} isfaseand
start of B {A;n Bs=0} isfaseand {A. n B =0} isfase
A occurs during B to end of {Ai n B;=0} isfadseand
B {Aen Be=0} isfaseand {As n Bi=0} isfase
. {Ain B;=0} isfaseand
AeandBaresimultaneous | g = [0 isfaseand {Aq n Be= 1} isfase
Note:

A, = the end of Transportation Feature A.

A, = theinterval between the start and end of Transportation Feature A.

A, = the start of Transportation Feature A.
B, = the end of Transportation Feature B.

B, = the interval between the start and end of Transportation Feature B.

B, = the start of Transportation Feature B.

2.3.5.5 Metadata

A notable feature of the MDLRS data mode! is the use of
metadata objects for individual transportation features, as
well as the parts that make up the transportation feature.
Metadata objects are used to describe the characteristics of
datain transportation features, events, spatiotemporal objects,
and time objects (see Figures 2-9 and 2-14). There are two
types of metadata objects: source metadata objects and lin-
eage metadata objects. The source metadata object identifies
the administrative aspects of where the data come from, pos-

sible restrictions on the use of the data, and when the data
were entered into the database. The lineage metadata object
indicates the history or parentage of the data, including the
data’ scompilation and processing history. Thelineage meta-
data object contains pointers or references to the data’ s par-
ent objects. Additionally, for spatia objects, the lineage
metadata object contains the positional accuracy of spatial
objects derived from the variance/covariance matrix or pro-
vided elsewhere. In the case of spatial objects, the lineage
metadata object becomes critical in modeling the propaga
tion of spatial error.
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INTERPRETATION, APPRAISAL, AND APPLICATIONS

3.1 INFLUENCE OF OTHER MODELS,
STANDARDS, AND SPECIFICATIONS

3.1.1 Introduction

This section explains how the MDLRS data model uses
existing geospatial data models to meet the functional require-
ments identified by transportation stakeholders. Table 3-1 pro-
videsamatrix of the relationship between MDLRS data model
objects and the geospatial standards used. Each row identifies
the objects in each standard that corresponds to the MDLRS
data model objects. Some MDLRS data model objects were
derived from research literature or communication with experts
in that field. For example, the spatial datum hierarchy (e.g.,
geocentric and horizontal) with datum objects (e.g., three-
dimensional Cartesian axesand dllipsoid) and reference objects
(e.g., GPS satelliteand control station) werederived fromVon-
derohe and Hepworth (43). Additionally, the measurement
objectsin the MDLRS datamodel were derived from thework
of Hintz and Onsrud (44) and Jeffress, Hintz, and Onsrud (45).

3.1.2 CGIS-SAIF

CGIS-SAIFformal definition standards (19) were generated
as ameans of sharing spatial and spatiotemporal geographic
data.

In CGIS-SAIF, objects representing real-world phenom-
enaare called geographic objects. The region in space occu-
pied by a geographic object is called a spatial object and
consists of geometric and spatial referencing elements (19).
The CGIS-SAIF spatial referencing objects can accommo-
date many nonlinear referencing systems(e.g., geodetic, UTM,
State Plane Coordinate System [SPCS], Universal Polar
Stereographic [UPS], planar projection, rectangular, and
polar), but they do not provide the constructs to accommodate
linear referencing systems.

CGIS-SAIF hasno primitivetopol ogica constructs, but only
primitive geometric constructs, such as a point, vector line,
vector area, and vector volume. Associated with a point object
isacoordinate object. In this standard, the coordinate object is
represented as a superclass, with subclasses representing coor-
dinates of different dimensions (e.g., one-dimensional coordi-
nates, two-dimensional coordinates, and three-dimensional
coordinates). CGIS-SAIF is unique among standards. These

coordinate subclasses have attributes c1, c2, and ¢3, depend-
ing on the coordinate dimension. The meaning of c1, c2, and
c3 is defined through the coordinate system specified by the
spatia referencing object. This process thereby alowsfor the
storage of avariety of spatial expressions. Additionally, in
CGIS-SAIF, each of the coordinate subclasses can have a
time coordinate associated with each object, indicating
whether the coordinate has a time relevance (e.g., one-
dimensional time coordinate, two-dimensional time coor-
dinate, and three-dimensional time coordinate).

In CGIS-SAIF, the region of space and time occupied by
a geographic object is called a spatiotempora object. The
spatiotemporal object isaspatial object with timevaluesand
temporal referencing.

CGIS-SAIF includes the temporal element in the model-
ing of phenomena and the tempora relationships between
phenomena. Thisinclusion of thetemporal element and tem-
poral relationships is a major strength of this standard. The
storage of the temporal element is in atime object. A time
object can carry avaluefor atime, adate, aninterval, adura
tion, or a collection of such values. A unique feature of this
standard is the inclusion of an object for temporal referenc-
ing. In CGIS-SAIF, atemporal referencing object provides
information on (a) whether UTC isbeing used or whether GPS
timing applies and (b) the offset from UTC in hours and min-
utes (i.e., UTC offset object). In this standard, all time objects
are associated with a tempora referencing object, which
accommodates atemporal datum that is either UTC- or GPS-
based (19). The UTC offset object isprovided to allow for off-
sets to different temporal referencing methods and allows for
transformation between temporal referencing methods.

Through the use of time coordinates as represented by the
time object, temporal topological relationships can be derived.
The CGIS-SAIF model provides for explicit temporal topol-
ogy through the temporal relationship object. The temporal
rel ati onship object definesthe temporal relationships between
geographic objects. The CGIS-SAIF model is unique from
other geospatial standardsinthat it providesarich set of tem-
poral relationship objects and also provides the pseudocode
to implement several of these objects. Examples of temporal
relationship conceptsin this standard include temporal topol-
ogy (e.g., overlap, during, and simultaneous), precedence,
temporal proximity, temporal neighborhood, and temporal
offsat.



TABLE 3-1 Shared objects between MDL RS data model objects and the geospatial standar ds used

MDL RS data model object CGIS-SAIF

1SO 15046 | NCHRP 20-27(2) | GIS-T/ISTEA PES

Transportation Feature Geographic Object

feature transportation
component

Conveyance

Transportation Complex

transportation complex

Transportation System

transportation system

Experience
Event

experience
event

Complex Event

Spatial Referencing System Spatial Referencing

Spatial Datum

Spatial
Referencing
System

Vertical Datum

Geoid

Local Datum

Benchmark
Geocentric Datum

3D Cartesian Axes

GPS Satellite

Horizontal Datum

Ellipsoid
Projection

Control Station
Cadastral Datum

Corner

Corner Point

Linear Datum

Linear Datum reference network

Linear Reference Method

Linear Referencing]  linear references
Method

Anchor Point

Anchor Point anchor point

Anchor Section

Anchor Section anchor section

Transport Node

transport node

Transport Link

transport link

Transport System Link
Traversa

transport system link
Traversa traversal

Traversal Link

traversal link

Traversal Reference
Point
Temporal Referencing System

Traversa traversal reference
Reference Point point

Temporal Datum Temporal
Referencing

Temporal
Referencing
System

Temporal Referencing Method UTC Offset

Temporal
Coordinate

Spatial Object Spatial Object

Spatial Object

Scale Applicability Constraint

Dimensionality Constraint
Geometric Object Geometric Object

GM_Object

Geometric Primitive

GM_Primitive

Point

GM_Point

Reference Point

Curve

GM_Curve

Surface

GM_ Surface

Solid
Geometric Complex

GM_Solid
GM_Complex

Another strength of CGIS-SAIF is the extensive set of
provided metadata objects. Virtually all of the metadata
objectsrefer to the geometric object. Of special note arethe
source and lineage metadata objects. The source metadata
object identifies the administrative aspects of where the
data come from and possible restrictions on the use of the
data. The lineage metadata object indicates the history or

parentage of the data, including their compilation and pro-
cessing history.

3.1.3 ISO 15046

1SO 15046 is being prepared by the Technical Committee
ISO/TC211 Geographic Information/Geomatics. SO 15046



TABLE 3-1 (Continued)

MDL RS data model object

CGIS-SAIF

1SO 15046

NCHRP 20-27(2)

GIS-T/ISTEA PES

Coordinate

Coordinate

1D Coordinate

Coord1DT

2D Coordinate

Coord2DT

3D Coordinate

Coord3DT

GPS Coordinate

Linear Coordinate
M easurement

1D Gnd Measurement

2D Gnd Measurement

3D Gnd Measurement

Radio Frequency
M easurement

Linear Measurement

Distance M easurement

Angle Measurement

Direction

Variance/Covarience Matrix
Topological Object

TP Object

Topologica Primitive

TP_Primitive

Node

TP_Node

Edge

TP_Edge

Face
Volume

TP _Face
TP_Solid

Topological Complex
Network

TP_Complex

Network

Time Object

Time Object

Date Time

Date Time

Instant

Date

Date

Time
Timestamp

Time
Timestamp

Temporal Measure

Temporal Error Measures

Duration

Interval

Duration

Y ear Month Duration
Day Time Duration

Y ear Month Interval
Day Time Interval

Interval
Time Aggregate

Duration
Time Aggregate

Period

Cycle

Break

Stage

Sequence
Temporal Relationship

Temporal
Relationship

Temporal Topology

Temporal Topology

Temporal Proximity

Temporal Proximity

Metadata
Source Metadata Source
Lineage Metadata Lineage

Note:

1D = one-dimensional.
2D = two-dimensional.
3D = three-dimensional.

Coord1DT = one-dimensional time coordinate.
Coord2DT = two-dimensional time coordinate.
Coord3DT = three-dimensional time coordinate.

Gnd = ground.
GM__ = geometric.

GPS = global positioning systems.

TP_=topological.

UTC = Coordinated Universal Time.
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is a structured set of standards for information concerning
objectsor phenomenathat are directly or indirectly associated
with alocation relative to the Earth (21).

In this standard, features are the representations of real-
world phenomena associated with a location relative to the
Earth, about which data are collected, maintained, and dis-
seminated (21). A feature may have associated with it one or
more spatial attributes. The value of a spatia attribute is a
spatial object that describes one or more characteristics, such
aslocation, size, shape, and spatial relationshipsto other spa-
tial objectsin the same “world,” or SRS (21). In 1SO 15046,
spatial objects are classified into separate geometric objects
and topological objects. These geometric and topological
objects are both subclassified into primitives and complexes.
A spatial object can consist of asingle geometric or topolog-
ical primitive of zero, one, two, or three dimensions, or a set
of these.

Geometry provides the means for the quantitative descrip-
tion, by means of coordinates and mathematical functions, of
the spatial characteristics of features, including dimension,
position, size, shape, and orientation (21). A geometric object
isthe combination of acoordinate geometry and an SRS. The
geometric object istheroot class of the geometric object tax-
onomy. The geometric object can be subdivided into geomet-
ric primitive and geometric complex objects. A geometric
primitiveisageometric object that isnot decomposed further
into other primitivesin the system. Types of geometric prim-
itives are geometric point (zero-dimensional), geometric
curve (one-dimensional seriesof one or more geometric curve
segments), geometric surface (two-dimensional), and geo-
metric solid (three-dimensional).

Topology deals with the characteristics of geometric fig-
uresthat remain invariant if the space is deformed elastically
and continuously—for example, when geographic data are
transformed from one coordinate system to another (21). The
root class for the topological system isthe topological object.
The topological object can be subdivided into topological
primitive and topol ogical complex objects. Topological prim-
itives are the non-decomposed elements of a topological
complex. Thetopological primitive object can be subdivided
into topological node (zero-dimensional), topological edge
(one-dimensional), topological face (two-dimensional), and
topological solid (three-dimensional).

The temporal schema in 1SO 15046 is provided in great
depth. Temporal schema defines standard concepts needed to
describe the temporal characteristics of geographic informa-
tion (21). Time, like space, has geometry. A point in time
occupiesaposition that can beidentifiedinrelationto a TRS.
Timein 1SO 15046 is measured on two types of scales: ordi-
nal and interval. An ordinal time scale provides information
only about relative position in time, whereas an interval time
scale provides abasisfor measuring duration (21). 1SO 15046
is unique among geospatial standards in that it separates the
temporal dimension, like the spatial dimension, into separate
geometric and topological constructs.

The two geometric primitivesin the temporal dimension
are the instant and the period (21). The instant is the zero-
dimensional temporal geometric primitive, equivalent to a
point in space. Aninstant is associated with a single temporal
position in a given TRS. The period is the one-dimensional
temporal geometric primitive, equivalent to a curve in space.
Likeacurve, it hasbeginning and end points (each aninstant),
and a length (its duration). Because time is one-dimensional,
there are two tempora topological primitives: the zero-
dimensional temporal node and the one-dimensional temporal
edge (21).

A value in the time domain is a temporal position mea-
suredrelativetoaTRS (21). In SO 15046, the primary TRS
uses the Gregorian calendar and 24-h local time or UTC.
Two unique features of 1SO 15046 are that it uses a TRS
model and that the model includes three types of TRSs: cal-
endars (used with clocks for greater precision), temporal
coordinate systems, and ordinal TRSs.

3.1.4 The NCHRP 20-27(2) LRS Data Model

The NCHRP 20-27(2) LRS datamodel (1) was created to
facilitate sharing of linearly referenced data across modes
and agencies. This data model is a conceptual model, not a
specification, and its scopeislinear (although there arelinks
to higher dimensions).

The NCHRP 20-27(2) LRS datamodel providesthe frame-
work to manage and transform linearly referenced data. Inthis
framework, the central notion is that of a linear datum that
supports multiple cartographic representations (at any scale)
and multiple network models (for various application areas).
Thelinear datumis composed of anchor pointsand anchor sec-
tions connecting these points. The datum provides the funda-
mental referencing space for transformations among various
linear referencing methods, network models, and cartographic
representations (1).

Cartographic representations provide coordinate references
and the basis for to-scale visualization of themodel. They are
collections of geometric objects that have shape and position.
The NCHRP 20-27(2) LRS data model provides an associa-
tion between linear references and two- and three-dimensional
references by associating the linear datum with the geometric
objects that compose the cartographic representation. This
association to two- and three-dimensional GIS databases pro-
vides the framework for transformations between linear and
nonlinear data.

In the NCHRP 20-27(2) LRS data model, collections of
businessdataaretied to the model by linear referencing meth-
ods. These methods might be those associated with infra-
structure management, such as reference post, milepoint, or
engineering stationing. They might also be those associated
with navigation (requiring recognizable landmarks or naviga-
tion aids), with transit (timing points), or with a host of other
application areas. Theselinear referencing methods consist of



traversals and associated traversal reference points that to-
gether provide a set of known points, a metric, and a direc-
tion for referencing the locations of unknown points. A tra-
versal is an ordered and directed, but not necessarily
connected, set of whole topological links, whereas a tra-
versal reference point is a zero-dimensional location along
atraversal that is used to reference business data along the
traversal (1).

A number of linear referencing methods might be associ-
ated with anetwork model, which references alinear datum.
A network model provides the topological framework for
pathfinding, routing, location/allocation, transshipment, and
flow operations. Within the context of the linear referencing
system data model, a network is an aggregate of nodes and
links and is, thus, a purely topological object.

3.1.5 GIS-T/ISTEA PFS

The GIS-T/ISTEA Management Systems Server Net Pro-
totype PFS (2) was initiated to support ISTEA requirements
for multijurisdictional, intermodal transportation facilities
planning and management systems.

The PFS model provides a transportation-based model of
geospatia dataand relationships. In the PFS model, one of the
key objects is the transportation component. The transporta-
tion component represents a transportation-based phenome-
non that can be considered by the transportation stakehol der
as non-decomposable. Examples of transportation components
aresigns, guard rail, pavement, and HOV lanes. Businessdata
or point/linear events can be considered synonymsfor trans-
portation components. Transportation complexes are collec-
tions of transportation components, and transportation systems
are collections of transportation components, complexes, and
other transportation systems.

The PFS model represents the history of transportation-
based phenomena. In the PFS model, events change the state
or attributes of objects (i.e., transportation components).
Events represent action while transportation componentsare
acted on (2). Associated with a transportation component is
aregistry of individual eventsthat acted on the transportation
component. Theseindividual eventsthat change an attribute
of atransportation component aspatially, spatialy, or tempo-
rally are called experiences. For example, a“ crash” isan exter-
nal event, while “damage’ is the vehicle' s experience of that
crash (35). Over time, the experiences of atransportation com-
ponent accumulate, and each experience marks the beginning
of anew component state. Thelife cycle of acomponent (i.e.,
the entire time that the component is known to the database) is
thetime-ordered sequence of all itsexperiences(2). Thisevent
registry, or “container of memories,” for the transportation
component allows for the regeneration of object and network
states over time.

The PFS adopted the NCHRP 20-27(2) LRS datamodel. In
the PFSmodel, atraversal reference point and atraversal (e.g.,
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route) describe a transportation component location. The tra-
versal consists of a collection of transport links defined by
transport nodes. Thetransport nodes arelocated on anchor sec-
tions defined by anchor points. The collection of anchor points
and anchor sections make up the linear datum.

In the PFS data model, the set of transport links and trans-
port nodesis equival ent to the topol ogical network consisting
of links and nodes in the NCHRP 20-27(2) model. However,
transport links and transport nodes are transportation compo-
nents with topological representations. Additionally, anchor
points and anchor sections are transportation components in
the PFS data model.

3.2 DISCUSSION OF THE MDLRS MODEL
AS RELATED TO FUNCTIONAL
REQUIREMENTS

3.2.1 Introduction to Functional Requirements
and Specifications

This section shows how the MDLRS data model satisfies
thefunctional reguirements recommended by the participants
of the stakeholder’s workshop held in Washington, D.C., on
December 3-5, 1998.

One of the first steps in developing a comprehensive,
multidimensional transportation LRS isto identify the sys-
tem’ sfunctional requirements (i.e., what it isintended to do).
Webster (46) defines arequirement as “ something needed,;
necessity; need.” Functional requirements are model inde-
pendent and lead to data requirements—that is, the informa-
tion needed to perform the desired functions (47). According
to Martin (48), some functional reguirements are indirect
statements of businessrules, Businessrules characterizerela-
tionships between data (e.g., adivided highway must have a
median type and width, and a bus stop must be assigned to
abusroute). Additionally, functional requirements may be
driven by technology. These requirements can betraced back
to arecognized potential use of technology that islimited by
the current representation of data.

Details of functional requirements are provided through
functional specifications. Webster (46) defines a specifica-
tion as “a detailed description of the parts of a whole; state-
ment or enumeration of particulars, as to actual or required
size, quality, performance, terms, etc.”

Functional requirements and specifications are the basis
for the devel opment of adetailed datamodel. A datamodel,
asdefined by Date (49), is“astandard way of describing data
requirementsasaset of entities—thingswewant to know about
and include in the information system—and the relationships
between them.”

Ten core functional requirements were synthesized from
the results of the NCHRP 20-27(3) workshop. These core
functional requirements form the essence of the MDLRS
data model. Supporting each functional requirement is a set
of functional specifications. The specifications represent the
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details of each functional requirement and are the basis for
examining existing data models.

The following sections review each of the ten functional
requirements. Each section contains a discussion of the
reguirement, the functional requirement statement, the func-
tional specifications, and an explanation of how the MDLRS
data model meets the functional requirement.

3.2.2 Functional Requirement |: Spatiotemporal
Referencing Methods

A comprehensive, multidimensional LRS supportsmultiple
alternative spatiotemporal referencing methods. The locations
of objectsand eventsin amultidimensional transportation sys-
tem can be expressed in a variety of spatiotemporal methods,
some of which are

+ Coordinates (e.g., latitude-longitude and UTM)),

+ Cross streets or intersections (e.g., Birch between Ash
and Cedar plus offset),

+ Civic addresses (e.g., 1725 Birch),

+ Linear referencing (identifier plus offset),

+ Landmark referencing,

+ Custom grid references (e.g., Thomas Brothers),

* ldentifications for nodes and links,

+ Busroute and offset, and

+ Busroute and time.

Timeisdefined as*asystem for measuring duration” (46).
Time can be represented or sampled as static (in which a
snapshot is taken of conditions at a measurable interval) or
as dynamic or real time (in which the interval of measure-
ment is so small that one snapshot flows into another and the
change becomes undetectable, like amovie).

For planning and analysi s applications, thetemporal dimen-
sion can be thought as being linear and branching. Movement
is bi-directional (i.e., goes both forward and backward), and
the rate is variable. Events such as crashes can be viewed as
breaks in the continuum. The days of the week and months or
seasons of the year can be thought of as cyclical.

In actuality, location in space does not exist without time.
Both location and time are necessary to provideacomplete ref-
erence. Thisreferencefor an object can be formulated if given
aspatial or atemporal location only. Because space and time
depend on each other, if given onedimension of an object (e.g.,
space or location), then the other dimension can be derived
(e.g., thetime of existence). Thus, if the location of an abject
isknown, then thetime(s) of its occurrence can befound. Con-
versdly, if thetime of the occurrence of an event isknown, then
the unambiguous location of the event can be found.

There are several manifestations of time in GIS-T appli-
cations, including

* Event,
+ Life-cycle (e.g., of aproject),

Arrival/departure,

* Movement through time,
+ Latency, and
 Duration.

Some tempora referencing methods are zonal standard
time, zonal daylight time, and military time. For GIS-T appli-
cations, temporal referencing methods must support the artic-
ulation of “start,” “end,” and, optionaly, “schedule.” “ Start”
isatimeexpressionfor apointintime. “End” isatime expres-
sion for an offset from the start point in time. “Schedule” isa
sequence of activities and breaks. Schedules may follow nat-
ural cyclesaccording to season, day of week, time of day (e.g.,
day/night or am./p.m. peak/off-peak). Objects can change
character or attributes (e.g., bus routes or reversible lanes) on
the basis of time of day.

Multidimensional spatiotemporal expressions must also
be ableto expressavariety of locational representationswith
dimensional requirements and uncertainty estimates. The
dimensional requirement can be satisfied by ameasurement
and offset. The measurement locates objects and eventsrel-
ative to aroadway longitudinally in the proper relative order
with respect to other objects and events. The offset specifies
laterally the appropriate lane of the highway. The vertical
location should be sufficient to place an event or object on
the proper feature and to perform functions such as separat-
ing planar-coincident facilities (e.g., road-on-bridge versus
road-under-bridge).

Participants of the NCHRP 20-27(2) workshop identified
four functiona requirements of an LRS in the linear data
domain: “locate,” “position,” “place,” and “transform” (1).
“Locate’” meansto establish thelocation of apoint inthefield
inrelationto another object. “ Position” meansto defineareal-
world location in a database. “Place” means to convert the
database description into a rea-world location. “ Transform”
means to convert location references made in one method to
another. The NCHRP 20-27(2) requirements dealt with loca
tionsin space. The participants of the NCHRP 20-27(3) work-
shop expanded the four NCHRP 20-27(2) requirements to
include locations in both space and time.

Functional Requirement | isasfollows: A comprehen-
sive, multidimensional L RS data model must support the
locate, place, and position processesfor objectsand events
in three dimensions and time relative to ther oadway.

The functional specifications for this requirement are as
follows:

” ow

* l.a A model must store spatiotemporal expressions that
specify location and time, in asmany asfour dimensions,
for objects and events. This requirement is more than
storage of x-, y-, z-, and t-coordinates. For example, spa-
tial expressions may include linear locations, elevations
(as opposed to z), and three-dimensional rectangular
coordinates.

* I.b: A model must store the known spatiotemporal
expressions for location and time of reference objects.



* |.c: A location of spatial reference objects must be re-
coverablein thefield. A field crew is assumed to carry
the temporal reference objects (e.g., clocks, watches,
and calendars).

* |.d: A model must distinguish between referenceable
and nonreferenceable objects. Referenceable aobjects
are physical objects that can be used as references for
measurements, whereas nonreferenceable objects are
logical objects. For example, atree or asignpost could
be considered “referenceable,” but the centerline of a
roadway would not.

The MDLRS data model satisfies Functional Specification
|.a through the use of coordinate and time objects. The coor-
dinate object (see Figure 2-13) specifies the location in space
of transportation features and events through a geometric
object. The abstract data type, coordinate object, contains
both the time interval of the object and the method associ-
ated with the coordinate type (e.g., the projection method
or the linear referencing method). The coordinate object
subclasses correspond to five SRSs: one-dimensional co-
ordinate (vertical), two-dimensional coordinate (map pro-
jection), three-dimensional coordinate (local), linear coor-
dinate, and GPS coordinate (geocentric). The coordinate
object hierarchy allows for storage of locationsin as many
asfour dimensions and provides the flexibility to accommo-
dateavariety of spatial expressionsfrom different SRSsand
different spatia referencing methods instead of providing
storage of x-, y-, z-, and, optionally, t-coordinates.

The temporal location of transportation features and events
isthrough thetime object. Thetime object (see Figure 2-14) is
used in the MDLRS data model whenever the temporal ele-
ment needs to be stored. For a transportation feature, the time
object is used to store the validity period (i.e., the time of cre-
ation through time of retirement) of an attribute and a spatia
object. For an event, the time object is used to store when
an event is expected to occur and when the event actually
occurred. The time object is referenced to a temporal refer-
encing method object, which allows for different calendars,
metrics, and offsets to be used. The time object hierarchy
supports a variety of temporal expressions, in addition to a
timestamp. In the MDL RS datamodel, the time object can be
expressed as atemporal point (i.e., date time object or time-
stamp), asatemporal curve (i.e., interval object), asatempo-
ral measure (i.e., duration object), or as a temporal complex
(i.e., time aggregate object).

The MDLRS data model satisfies Functiona Specification
I.b through the use of reference objects and reference points.
Reference objects (see Figure 2-12) are objects whose loca
tionsare known and from which measurementsare made in the
real world to determinethe unknown locations of other objects.
In the MDLRS data model, a reference object is a transporta-
tion feature and inheritsthe temporal characteristics of atrans-
portation feature. The spatial location of thereference abject is
represented by a reference point, which is a point object, and
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inheritsal the characteristics of the reference point. Therefore,
areference point can store the location of reference objectsin
asmany asfour dimensions. Inthereal world, reference objects
can be represented by more than one coordinate, each in a dif-
ferent SRS or spatia referencing method. A reference object
can be associated with one or more reference points, each hav-
ing only one coordinate representation.

The MDLRS datamodel satisfies Functional Specification
|.c through the use of reference objects, reference points, and
measurement objects (see Figures 2-12 and 2-13). Therefer-
ence object contains a description so that it can be recovered
in thefield.

In certain situations, the location of a reference object is
derived from measurementsto specified reference objects. If a
reference object isun-recoverablefrom adescription, theloca
tion of the reference object can be recovered from measure-
ments. Inthe MDLRS datamodel, the spatial location of aref-
erence object is redlized through its associated reference
points. Each reference point has an associated coordinate
object. If the coordinate is derived, measurement objects asso-
ciated with the coordinate object can be retrieved from the
database. The location of the reference object can then be
“placed” by the provided measurements.

The MDLRS data model satisfies Functional Specifica-
tion 1.d by distinguishing between “referenceable” and “ non-
referenceable” objects through the use of an attribute, “ref-
erenceable,” in the transportation feature superclass.

3.2.3 Functional Requirement Il
TRS/Temporal Datum

The most common TRSis Greenwich time, which is based
on atemporal datum (i.e., UTC). All temporal referencing
methods can relateto UTC. Local temporal referencing meth-
ods, such as zonal time, are tied to UTC through calibration
and consistency of measurement (i.e., a minute is the same
duration across all methods).

In a way, a linear LRS of multiple linear referencing
methods (e.g., milepost-offset) is similar to a TRS of mul-
tiple temporal referencing methods. Because movement in
timeisrestricted to onedimension (i.e., becausetimeisuni- or
bi-directional), many of alinear LRS' s components apply to a
TRS. Tempord references can be relative to an origin (e.g.,
A.D. 0), analogousto route-mile-point spatial references (e.g.,
Rt 12 MP 2.1). Alternatively, temporal references can berela-
tive to local reference points (e.g., 3 p.m., January 12, 2001),
analogous to route-reference-point spatial references (e.g.,
[-93 RP 200 + 100'). Local temporal references can be trans-
formed into universal tempora references if we know the
universa reference of the loca reference point (e.g., today’s
date). Eventsin time can be instantaneous, analogous to spa-
tial point events. In addition, eventsin time can have durations
with beginnings and ends, analogous to linear spatial events.

Functional Requirement |1 isasfollows: A comprehen-
sive, multidimensional L RS data model must accommo-
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dateatemporal datum that relatesthe database r epresen-
tation to thereal world and must provide the domain for
transfor mations among temporal refer encing methods.

The functional specifications for this requirement are as
follows:

* Il.ae A model must provide for transformation among
temporal referencing methods.

* [1.b: A model must provide for multiple temporal refer-
encing methods (e.g., zonal times, solar time, and mili-
tary time). A model must provide storage for an explicit
temporal datum (e.g., UTC) that is used as the basis for
transformation among temporal referencing methods.
Alternatively, amodel must providefor the explicit def-
inition of one temporal referencing method to be the
temporal datum.

The MDLRS datamodel satisfies Functional Specification
I1.a through the use of atemporal reference eguation in the
temporal referencing method object (see Figure 2-9). A tem-
poral reference equation relates the temporal datum to the
temporal referencing method. The temporal reference equa
tion is derivable and consists of two parts: areference offset
(e.g., =3 hfor zonal time) and a metric scaling function that
relates the metric of the method to the metric of the datum
(e.g., to convert between Julian dates and Gregorian calendar
time). The temporal reference equation can accommodate
various metricsand varioustemporal representations. Through
the reference offset and metric scaling function, the temporal
reference equation method allows for transformation among
temporal referencing methods.

The MDLRS datamodel satisfies Functional Specification
I1.b through the use of temporal referencing method objects
(see Figure 2-9). The temporal referencing method object
provides the means (i.e., the temporal reference equation) to
relate the metrics of the temporal datum to the metrics of
time objects. Each temporal referencing method object can
represent different temporal referencing methods.

The MDLRS data model uses a“ spoke-and-hub” approach
to modd the relationship between the temporal datum and
temporal referencing method objects: all methodsrelateto one
designated method, which becomes the defined temporal
datum. The MDLRS datamodel concentrates on temporal ref-
erencing methodswhose metrics arethe same asthe datum and
assumes UTC and the Gregorian calendar as the temporal
datum.

3.2.4 Functional Requirement IlI:
Transformation of Data Sets

Transformation of the spatiotemporal locations from one
method to another is fundamental to the utility of a compre-
hensive, multidimensional LRS data model. The transforma-
tion of data provides the necessary key for the interoperabil-

ity of data sets in and among stakeholders. Transformation
among linear location referencing method, location referenc-
ing method, and tempora referencing method should be
accomplished without loss of information and with an error
not greater than that inherent in the source methods. Issues
such as the accuracy, resolution, and source of data sets and
individual objects become critical in that they provide limits
on the results of the transformation process.

There are several categories of the transformation of data
sets. Thefirst category isapurely spatial transformation, with
time being a constant. This category includes the transforma-
tion from one linear location referencing method to another
(addressed by the NCHRP 20-27[2] datamodel), the transfor-
mation of a linear location referencing method to or from a
two- or three-dimensiona location referencing method, and
transformation among two- or three-dimensional location ref-
erencing methods. The transformation of alinear location ref-
erencing method to and from atwo- or three-dimensional loca-
tion referencing method requires additional data, such asoffset
measurements, and the use of a “snapping” function, respec-
tively. Transformation among two- or three-dimensional loca-
tion referencing methodsis performed through traditional car-
tographic transformation methods, such as* rubber-sheeting,”
or from one map projection to another.

The second category of transformation involves convert-
ing alocation referencing method address at a specific time
to the equivalent location referencing method address at a
different time (e.g., finding the route-post-offset in 1990 of
the location that is now Route 30 Post 15 Offset 10). This
spatiotemporal transformation supports historical analysis
and data integration.

The third category of transformation involves converting
a location referencing method to a temporal referencing
method. Figure 3-1 illustrates some of the methods that the
transformation function must use to operate. These transfor-
mations may be achieved through piecewise linear (possibly
stochastic) functions.

An alternative approach to defining the transformations
among representations is to use a mathematical 1anguage and

(-111.888, 40.6993, 4,197.821)

AVL/GPS
3330 So. State St.

Address

A0089 372.753
3300 S& State (S) +2101t

Street Route/Milepost

Intersection/Offset

Rt 120 +4.992 mi (08:50 trip)
Bus Route/Offset
Bus Route/Time v 9:14 (Rt 120 08:50 trip)

Note:
AVL = automatic vehicle locations.
GPS = global positioning systems.

Figure3-1. Multiple spatiotemporal referencing methods.



notation in conjunction with a data model. If the transforma-
tions are directly mapped to each other (i.e., without approxi-
mation), the mathematical model can guarantee the datamodel
relationships.

Functional Requirement Il is as follows: A compre-
hensive, multidimensional L RS data model must support
transformation among linear, nonlinear, and temporal
referencing methods without loss of spatiotemporal accu-
racy, precision, and resolution.

The functional specifications for this requirement are as
follows:

* Ill.a A model must provide for transformation among
purely spatia |ocation referencing methods (withtimeas
aconstant), including
= [ll.ai: Transformation from one linear location refer-
encing method to another (addressed by the NCHRP
20-27[2] datamodel).

= |ll.aii: Transformation to or from a linear location
referencing method to a two- or three-dimensional
location referencing method, and

= [ll.aiii: Transformation among two- or three-dimen-
sional location referencing methods.

* |Il.b: A model must provide for transformation from a
linear location referencing method address at a specific
timeto the equivalent linear location referencing method
address at adifferent time.

* |Il.c: A model must provide for transformation from a
linear location referencing method with a linear datum
to a pure temporal referencing method with atemporal
datum (e.g., converting a spatial location of a bus stop
into atemporal location).

* [I1.d: A model must provide a spatiotemporal referenc-
ing system that was designed to provide a certain level
of accuracy and precision. If amodel supports a datum
to be used for transformation, then it is assumed that
there is no loss of precision, accuracy, and resolution
during transformation among methods.

The MDLRS datamodel satisfies Functional Specification
[1l.ai through the linear location referencing data model
shown in Figure 2-11. The linear location referencing data
model isadopted fromthe GIS-T/ISTEA PFSfor location ref-
erencing (2), which is derived from the NCHRP 20-27(2)
generic datamodel for location referencing (1). Inthe PFSlin-
ear referencing model, the linear datum is made up of anchor
point and anchor section objects. Traversalsare collections of
transport linksthat are bounded by transport nodes, which are
located on anchor sections. A linear reference method is an
aggregation of traversals and traversal reference points.

The MDLRS data model satisfies Functional Specification
[11.aii through therelationship “represents’ and itsassociation
between the geometric object and the anchor section object
(see Figure 2-11). To transform between linear and nonlinear
systems, an anchor section object hasto know what geometric
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object it represents. The relationship “represents’ has an asso-
ciation that provides the missing coordinates (linear or non-
linear) to alow the transformation to occur. The association
requires an anchor section snap method to generalize atwo- or
three-dimensional geographic object to a one-dimensiona
geometric object compatible with the associated anchor sec-
tion object.

An anchor section can be associated with more than one
geometric object with different applicable scales. For each
geometric object at a different scale, a separate “represents’
association is needed. A problem may arise when transform-
ing the geometric object into anonlinear datum (e.g., NAD 83)
other than the nonlinear datum indicated in the “represents’
association (e.g., NAD 27). Thetransformed geometric object
may not fit with other existing geometric objects in terms of
shape, size, and position because of the characteristics of the
nonlinear datum. Therefore, one cannot assume that dually
registered data, when transformed, will line up with other
dimensionally compatible data. Thislimitation isafunction of
geodesy, not of the data model.

The MDLRS datamodel satisfies Functional Specification
[11.aiii through the use of reference objects and geometric
objects (see Figure 2-11). In the MDLRS data model, two-
and three-dimensional reference objects reference geometric
objects. Transformation between two- and three-dimensional
location referencing methods for the same geometric object
occurs when the reference from one location referencing
method is changed to another through the use of traditional
mathematical cartographic functions. These cartographic
transformation equations do not introduce error when the
origin of the Earth’s center is the same for the two location
referencing methods. Users accept as fact the error in trans-
forming between two- and three-dimensional location refer-
encing methods when the origins differ. The MDLRS data
model does not add error to the transformation.

The MDLRS data model satisfies Functional Specification
[11.b through the linear referencing model and the experience
objectsof thetransportation feature (see Figures2-9 and 2-11).
This specification takes a transportation feature with a linear
location defined by alinear referencing method and moves it
forward or backward in time and lays the same linear refer-
encing method on the feature. Going forward or backward in
time is a matter of adding or rolling back experiences of the
transportation feature. For example, to find the route-post-
offset in 1990 of thelocation that isnow Route 30 Post 15 Off-
set 10, one would have to (1) find the transportation feature
presently with that linear location, (2) rollback the transporta-
tion feature to 1990, (3) tiethe route-post-offset linear location
referencing method to the transportation feature, and (4) find
the route-post-offset of the transportation feature.

The MDLRS datamodel satisfies Functional Specification
[11.c through the conveyance, linear reference method, and
radio frequency measurement objects (see Figures 2-9, 2-11,
and 2-13). Functional Specification I11.c pertains to moving
objects or conveyances and covers two situations. The first
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situation involves a given location and a requirement to find
the time the conveyance will arrive at that location. To find
thetimewhen the conveyance will arrive at alocation requires
either knowing the conveyance's current location and a
prediction algorithm or knowing its predefined schedule (for
transit vehicles) and linear interpolation. Using a prediction
algorithm or predefined schedule, the resultant time value is
an approximation with a confidenceinterval. If one wants to
find historically when avehicle arrived at alocation, one can
go to a time-space diagram derived for that route from the
conveyance' s tracking and routing routines. The second sit-
uation involves a given time value and a requirement to find
wherethe conveyanceis. Again, one can consult a predefined
schedule of avehicle and perform linear interpolation, or one
can use an historical time-space diagram for a route to find
whereavehiclewill arriveat acertain time. Theresultswould
also be an approximation.

The transformation from a linear location referencing
method to atemporal referencing method isvalid primarily
for transit vehicles on afixed route. The transit routeis ref-
erenced to a network using a linear referencing method. A
location along a transit route can be tied relatively to a set
of time periods through a schedule. In many situations, GPS
or aradio freguency measurement is used to denote the loca-
tion of atransit vehicle along a route. The location trans-
mitted by radio frequency measurements al so contains some
error, which can affect prediction algorithms. Additionally,
radio frequency measurements, including GPS, aso trans-
mit atime stamp with location. When using radio frequency
measurements, the transformation needed is between a
three-dimensional location referencing method and a linear
location referencing method, not between a linear location
referencing method and a tempora referencing method,
because thetime valueisgiven. Finding alocation (or time)
given atime (or location) for a conveyance is and has his-
torically been a matter of going through past radio fre-
guency measurements of the conveyance. However, in the
near future, finding a location (or time) given a time (or
location) for that conveyance will be a matter of using cur-
rent radio frequency measurementsto find the conveyance's
current location and time (i.e., tracking) and using a predic-
tion algorithm.

The MDLRS datamodel satisfies Functional Specification
[11.d because the model supports a spatial datum through the
datum object hierarchy (see Figure 2-11). The datum object
hierarchy supportsfivetypesof spatial data(linear, cadastral,
horizontal, geocentric, and vertical), their datum objects, and
their associated reference objects.

3.2.5 Functional Requirement IV:
Multiple Cartographic/Spatial
Topological Representations

An object or event can be represented cartographically asa
point, line, or area. The choice of cartographic representation

is usually made to be consistent with the degree of general-
ization or scale of the map. For example, a bridge can be a
point, aline, or an area, depending on the displayed scale. Or,
when introduced into a one-dimensional system, that bridge
can be alineregardless of scale.

Within current GISmodels, an abject or event hasonetopo-
logical representation: a node, alink, or a polygon. General-
ization a gorithms can change the object’ s cartographic repre-
sentation, but the topological representation remains constant.
To facilitate multidimensional spatial operations in trans-
portation applications, the data model needs to support topo-
logical aliases of an object. Topologica aliases for a bridge
object may be anode, edge, or face, depending on the nature
of the application accessing the bridge object.

A robust data model alows for multiple cartographic and
topological representations of an object and provides linkages
between representations so that changesin representationsdue
to map scale or level of generalization lead to referencesto the
appropriate cartographic or topological representation.

Functional Requirement 1V is as follows: A compre-
hensive, multidimensional L RS data model must support
multiple cartographic and topological representations at
both the samelevel and varying levels of generalization of
transportation objects.

The functional specifications for this requirement are as
follows:

« IV.a: A model must support multiple alternative spatial
topological representations for individual objects.

« |V.b: Each topological representation may have one or
more associated cartographic representations of the same
geometric object.

« |V.c: Each cartographic representation may have one or
more associated topological representations.

« |V.d: Changes in cartographic representation (due to
changein map scale) must lead to referencesto the appro-
priate topological representation to support analysis at
that scale.

+ |V.e: Changes in the topological representation (due to
level of abstraction) must lead to referencesto the appro-
priate cartographic representation.

« [V.f: At interchanges and intersections, a model must
support consistent turning movements and restrictions
that apply for all topological representations.

The MDLRS data model satisfies Functional Specifica-
tion 1V.a through the one-to-many relationship between a
transportation feature and a spatial object (see Figure 2-12).
A transportation feature can have one or more spatial objects
that can be topological objects.

The MDLRS data model satisfies Functional Specifica-
tions 1V.b and 1V .c through the many-to-many relationship
between topological objects and geometric objects (see Fig-
ure 2-12). This many-to-many relationship alows trans-
portation features, such as roadways, to be represented topo-



logically as centerlines while cartographically displayed as
two-dimensional lines.

The MDLRS data model satisfies Functional Specifica-
tions IV.d and 1V .e through the scale applicability constraint
and the dimensionality association on the relationship
between topologica objects and geometric objects (see Fig-
ure 2-12). In the MDLRS data model, each spatial object is
assigned an attribute of scale applicability. Scale applicabil-
ity indicates the scale range for which the object isvalid. The
scale applicability constraint allows scal e-appropriate objects
to be associated with each other. For example, apoint (which
is a geometric object) may have a scale applicability of
1:100,000 (i.e., the representation is valid for a scale of
1:100,000 and greater). Associated with that point can be sev-
eral topological representations (from the many-to-many rela-
tionship). The scale applicability constraint allows only topo-
logical representationswith a scale applicability of 1:100,000
or smaler (e.g., 1:1,000,000) to be associated with that point
object. The scale applicability constraint works similarly for
atopological object and its associated cartographic represen-
tations. The scale applicability constraint also provides for
consistency in connections between objects. For example, a
transportation system represented by anetwork would consist
of transportation features with the same scale applicability.

An additional constraint on the relationship between topo-
logical and geometric objects is the dimensionality associa
tion. The dimensionality association is a set of business rules
that further restrictsthe association of scale-related objectsby
dimensionality constraints. One example of these dimension-
ality constraintsis shown in Figure 2-19. The dimensionality
constraints are meant to provide dimensional consistency
between geometric and topol ogical representationsto the user.
For example, if auser is supplied a surface (i.e., area) repre-
senting the extent of a city, that user should be able to expect
that a topological representation that is dimensionally consis-
tent with the surface (i.e., aface) would be available to use for
analysis. The dimensionality association and the scale applic-
ability attributes and constraints are user defined. While the
dimensionality association may be optional, the scale applica-
bility constraint is not.

The MDLRS data model satisfies Functional Specifica-
tion 1V.f through the transportation complex object model of
an interchange. In the MDL RS data model, the expression of
an interchange, when given afull topology, isthat of atrans-
portation complex. Theinterchangetransportation complex is
made up of ramp and bridge transportation features (see Fig-
ure 3-2, Inset A). These ramp and bridge transportation fea-
tures contain scale-appropriate topological representations.
Viewing an interchange at different levels of abstraction
requires that certain topological objects are used and others
drop out because of a change in scale applicability. For
example, if given thefull topology of aninterchange (see Fig-
ure3-2, Inset A) and its associated datamodel (see Figure 3-3),
to produce aninterchange at agreater level of abstraction (see
Figure 3-2, Inset B), certain topologica objects drop out of
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the data model because of scale applicability and the result is
a new aggregation of topological objects (see Figure 3-3).
Reducing the level of detail in the interchange by further
decreasing the scale applicability results in a bi-directional
link representation (see Figure 3-2, Inset C) or a node repre-
sentation with attributes indicating prohibited turns (see Fig-
ure 3-2, Inset D). Given a complete topology of an inter-
change, turning movements or restrictions are not necessary
because the topology defines which movements are possible.
With limited topologies (e.g., bi-directional links and node),
prohibited turns may need to be recorded.

If the interchange model is initialy given alimited topol-
ogy, then each time a refined topology is given, the inter-
change needsto be remodel ed. However, oncetheinterchange
is represented as a transportation complex, additions or alter-
ations to the interchange are simply a matter of adding or
altering transportation features. For example, if anode repre-
sents an interchange that has some turning restrictions (see
Figure 3-2, Inset C), a transportation feature can be used to
represent the interchange (see Figure 3-3). Later, when given
a full topology of the interchange (see Figure 3-2, Inset A),
theinterchange model would need to be reassembled (see Fig-
ure 3-3) into a collection of transportation features. Adding a
future ramp to the interchange entails adding a ramp trans-
portation feature with suitable representations and altering
bridge transportation features connected to the ramp.

Previoudly, it was noted that the topological objects that
make up an interchange are intended for a certain level of
abstraction or scale. Each topological representation of an
interchange is meant to fit into a network consistent with the
scale of the interchange so that an interchange represented as
a node would fit into one roadway network at a certain scale
and that same interchange represented as a topological com-
plex would fit into another roadway network at a different
scale. The modularity of topological representations of inter-
changes(i.e., adifferent topological representation of aninter-
change) would require a substantial amount of effort and
would have to be weighed by the user against storing multiple
versions of aroadway network.

3.2.6 Functional Requirement V: Resolution

Resolution defines the granularity, or detail, of the data
obtained and analyzed. Resolution can be expressed in terms
of the number of significant digits for the source, display,
and analysis of data. For example, mileposts can be recorded
and displayed in 0.1, 0.01, 0.001 of a mile. The number of
significant digits can decrease (but not increase unless
warned) on the basis of the stakeholder’ s needs. The resolu-
tion of data displayed often depends on scale.

Level-of-detail requirements|ead to threshol ds not only of
scale, but also of representation in higher dimensions. For
exampl e, representing crashes as spatial point eventsaong a
centerlineisadequatefor general analysis. In other cases, the
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locations of crashes must be resolved to the lane level. For
example, an incident may be recorded to alane level (x 1 m)
by GPS, which may be sufficient for incident management,
but for safety management, the incident can be analyzed at a
resolution of 0.01 km (+ 10 m) or greater. Even further detail,
in the form of two-dimensiona representations of crash
scenes, is sometimes needed. Finally, information on the
third spatial dimension (e.g., bridge clearance or ditch depth)
might be critical for analysis.

The considerations for spatial resolution also apply to tem-
poral aspects of transportation data (50). For example, thetime
of occurrence of a crash measured to the nearest month might
be adequate for seasonal analysis and to the nearest 12 h might
be adequate for diurnal analyss, but to the nearest 15 min
might be required for analysis of lighting conditions at dusk or
dawn. Each of thesethree resolutionsis associated with aneed
for determining temporal concurrency with other events.

Functional Requirement V is as follows: A compre-
hensive, multidimensional L RS data model must support
the display and analysis of objects and eventsat multiple
spatial and temporal resolutions.

The functional specification for this requirement is as
follows:

* V.a: A model must not limit the user to arestricted res-
olution and dimensional specification for datacollection
and storage. Rather, amodel must support the recording
of objects and events at alternative spatial and temporal
resolutions and alternative dimensional representations
(e.g., point along centerline, lane level, areas, and verti-
cal dimension).

Functional Specification V.a can be decomposed into two
parts: (a) the recording of objects and events at alternative
resolutions and (b) the recording of objects and events at
alternative dimensional representations.

The MDLRS data model supports the recording of objects
and events at alternative spatial and temporal resolutions
through the use of measurement and time objects. As shown
in Figure 2-13, measurement objects record the spatial mea-
surements used to derive coordinates at unrestricted resolu-
tions. Through the attribute * unit system” in the measurement
object superclass, the user can specify which unit system
(e.g., meters, feet, miles, or degrees) the measurement isin,
but the resol ution of the value entered for the measurement is
unrestricted. Asshown in Figure 2-14, the temporal measure-
ment and duration objects record the temporal measurements
of the time object. The temporal measurement and duration
objects do not restrict the resolution of data values and allow
varioustemporal constructs (e.g., interval and time aggregate
objects) to be created.

The MDLRS data model also supports the recording of
objects and events at alternative dimensional representa-
tions through the relationship between the transportation
feature and the spatiotemporal object (see Figure 2-9). The

transportation feature can have one or more spatiotempo-
ral objects, each with adifferent dimensional geometric or
topological representation.

3.2.7 Functional Requirement VI: Dynamics

Inherent to the design of the MDL RS datamodel isthefunc-
tionality of movement within a system. The incorporation of
time within the model provides for this functionality. Traver-
sa guidance (e.g., being able to provide directions or naviga-
tion from an origin to one or more destinations as afunction of
select criteria) isakey function for many stakeholders.

Rather than merely providing the shortest path under ided
conditions, true traversal guidance incorporates infrastruc-
ture elements (e.g., clearances, crossings, and road closures),
traffic-related elements (e.g., congestion during peak hours),
demographic elements (e.g., schools and hospitals), and path
restrictions (e.g., speed limits and HOV lanes), as well as
pedestrian barriers (e.g., handicap access) based onthe dynam-
icsof time. Traversals should have the ability to be stored and
modified in response to conditions that change during transit
(i.e., they should be able to find the next best route en-route).
The model aso needs the ability to provide multiple alterna-
tive traversals to reach a location using various criteria
(e.g., highest travel speed, shortest distance, lowest adjacent
population, and fewest railroad grade crossings).

Therefore, thereis aneed for interoperability of datafrom
different sources and the need for a robust set of guidance
functions. Guidance must be demand responsive and pro-
vided either in real time (as for in-vehicle navigation) or
within an accepted tolerance representing conditions at the
time of the query. Inclusion of navigation requires an object
to executeit. Thisobject isreferred to asa” conveyance” and
is anything (usually a vehicle or a person) that movesin a
spatiotemporal reference frame.

Functional Requirement VI is as follows: A compre-
hensive, multidimensional L RS data model must support
thenavigation of objects, in near real timeand contingent
on variouscriteria, along atraversal in a transportation
network.

The functional specifications for this requirement are as
follows:

* Vl.a A model must support conveyance objects with
locations that are time dependent, atemporal referencing
method for temporal reasoning, a path-finding algorithm
for multimodal networks, time-dependent intersection
movements and restrictions, time-dependent link attri-
butes, and event objects having time-dependent attributes.

* VI.b: With regard to pathfinding in multimodal network
topol ogies, amodel must support proximity analysisfor
spatiotemporal disconnects among events and objects.

» VI.cWithregardto link attributesthat are time depen-
dent, a model must support temporally based lane
configurations, such asHOV lanesand reversiblelanes.



The MDLRS data model satisfies Functional Specifica-
tion Vl.a through conveyance objects (see Figures 2-9 and
2-10). A conveyance is a moving object that contains the
navigational functions*“track” and “route.” In thetrack func-
tion, the conveyance transmits to a dispatcher a sequence of
time-dependent locations of the conveyance. The dispatcher
then transforms the conveyance locations into a chain of
positions (i.e., the dispatcher attaches the conveyance loca
tionsto the linear roadway network and obtains the traversal
link the conveyance is on). From the track operator, the dis-
patcher creates aroute by generating apath with linear tracks
and a sequence of maneuvers, and transmits the routing
instructionsto the conveyance. The conveyancethen follows
the routing instructions and performs a tracking operation.
The interaction between the conveyance and the dispatcher
through the tracking and routing operations becomes cyclic.
As the conveyance is navigating toward its destination, it is
building a traversal, or path, consisting of links over which
the conveyance hastraveled. From thetrack operator, atime-
space diagram can be generated, and along with the com-
pleted traversal, the locational history of the conveyance can
be regenerated.

The MDLRS datamodel provides for temporal referencing
methods through the temporal referencing method object.
Time-dependent intersection movementsand restrictions, gen-
eral restrictions, and time-dependent link attributes are accom-
modated in the MDLRS data model through the attributes of
transportation features. Attributes of transportation features
and event objects can have atime dependency associated with
them.

Becausethe MDL RS datamodel supportstopological rep-
resentations of transportation system networks (e.g., auto-
motive, pedestrian, and public transit), support of varioustypes
of pathfinding algorithmsis possible.

The MDLRS data model satisfies Functional Specifica-
tion V1.b through the connectivity of transportation systems.
Transportation systems (see Figure 2-10) are a collection
of transportation features, transportation complexes, and
other transportation systems that serve a transportation
function in support of transportation objectives (adapted
from Fletcher, Henderson, and Espinoza[2]). The MDLRS
data model allows for the connectivity of modal transporta-
tion systems (e.g., abustransportation system connected to
a subway transportation system by a pedestrian walkway
transportation system, with each system having its own
operating characteristics). This connection supports spatio-
temporal disconnects.

The MDLRS data model does not provide methods for
pathfinding or proximity analysis, but does provide the data
constructs to support the methods. In pathfinding, the user
representsa“conveyance” and takes on the characteristics of
the transportation system that the user interacts with. For
example, when auser makesatrip using public transit, auser
conveyance travels awalkway on a pedestrian transportation
system with a defined method of movement to the bus stop.
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The user conveyance gets onto the bus transportation system
and rides a bus conveyance, taking on the bus's movement
characteristics. The user conveyancethen gets onto the pedes-
trian transportation system walkway to the subway, getsonto
the subway transportation system, and rides a subway con-
veyance. Finally, the user conveyance gets onto the pedes-
trian transportation system walkway to a destination.

The MDLRS data model satisfies Functional Specifica-
tion VI.c through the attributes of transportation features (see
Figure 2-9). In the MDLRS data model, special lane config-
urations are separate transportation features. Therefore, an
HOV lane or a reversible lane would be a separate trans-
portation feature. Transportation features have attributes that
describe the aspatial characteristics of the transportation fea-
ture. An attribute can be quantitative, qualitative, or tempo-
ral. An essential attribute of alane-based configuration such
as an HOV lane is the time of operation, or operational
period. Thevalidity period for the HOV’ s operational sched-
ule may also be important (e.g., winter schedule). In the
MDLRS data model, the operational period can be modeled
asatemporal attribute (i.e., an attribute represented asatime
object). Additionally, the operational and validity periods
can be modeled together as a temporal attribute and repre-
sented as a time aggregate object.

3.2.8 Functional Requirement VII:
Historical Databases

Typicaly, within a GIS database, the element of time is
categorized as an attribute of thetopol ogical feature being rep-
resented. Often because of the lack of temporal operators
within a GIS and the lack of adequate and accurate temporal
data, the time attributeis not fully used or included. The pres-
ence of thisattribute may be questioned in very large databases
(e.g., “I know the time element isimportant, but why should it
take up valuable resourceswhen | cannot perform time-rel ated
analysis, even though in the future maybe the operatorswill be
there?’). In addition, many stakeholders duplicate the non-
spatial data(e.g., accident reports) inrelational databases (e.g.,
Oracle) that can perform temporal anayses (e.g., Oracle has
more than thirty temporal operators).

All objects are defined by their state in time, and events
change the states of objects. For example, an event might
cause the creation of new objects or the retirement of exist-
ing objects. With theincorporation of timeinto adatamodel,
various historical analyses can be performed, such as com-
paring the states of an object over time or displaying the sys-
tem state (i.e., the map plus the attributes) that most closely
matches the controlling record time. Rollback functions can
be used to link old and new objects.

The ability for the MDLRS data model to create a history
trail can be viewed in several ways. Under the existing rela-
tional GIS models (which are object- and event-driven),
time, status, and state are modeled as attributes of the object
and event. Users need a model that allows time attributes to
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be markers (or “bread crumbs’) so that conducting an histori-
cal query is analogous to following atrail of crumbs. Having
a data moddl that supports historical queries (e.g., providing
certain accidents from 1993 to 1995, given changes in the
LRS) leads to the need for adequate maintenance of data-
bases in an archival format, as well as the need for revised
data collection guidelines.

Functional Requirement VII is as follows: A compre-
hensive, multidimensional L RS data model must support
regeneration of object and network states over time and
maintain the network event history.

The functional specification for this requirement is as
follows:

* Vll.a A model must maintain state histories of objects
and events.

The MDLRS datamodel satisfies Functional Specification
VIl.athrough event objects and through the experience objects
of transportation features (see Figure 2-9). An event is some-
thing that happens in an instant or over a period of time that
changes the state of a transportation feature (2). Figure 2-9
shows the event object and its interaction with the trans-
portation feature. The state of an object is “a condition of
being defined by constant attributes and associations over
someduration of time” (2). Eventshave no states. TheMDLRS
data model maintains the histories of events through atrans-
action log of event objects.

The registry in the transportation feature that indicates
which event objects caused spatial, aspatial, or temporal
changesin that feature is called an experience—that is, each
event that the transportation feature participatesiniscalled an
experience (see Figure 2-9). Events are phenomena external
to objects, whereas experiences are phenomena tightly cou-
pled with objects. For example, a crash is an external event,
and damageisthe vehicle s experience of that crash (35). For
the transportation feature, the experience and its participatory
event form the end or beginning of a new state, while states
with no ending event are considered current. The analogy is
that of links and nodes. Links are defined by their end nodes,
whereas states are defined by their “end” participatory events.

Over time, the transportation feature participatesin several
events, producing additional experience objects. These expe-
rience objects form atime-ordered, or sorted linked, list and
represent the event registry, or the “container of memories,”
for the transportation feature. The life span of a transporta-
tion feature (i.e., the entire time that the feature is known to
the database) is the time-ordered sequence of all its experi-
ences (2). An example of the experiences that define the life
span of afeature is the following: A highway is designed,
constructed, maintained, and destroyed. Four experiences
lead to at least four states: in design, under construction,
in service, and abandoned. The transition from one state to
another ismarked by some event occurring at sometime. For
example, the event “authorize construction” marks the tran-

sition from in design to under construction, and the event
“opentotraffic” marksthetransition from under construction
to in service (35).

An analogy of the experience object collection isthat of a
stack whose experiences are piled on or taken off, depending
on the time being considered. This collection of experience
objectsallowsfor the historical rollback of the transportation
feature.

3.2.9 Functional Requirement VIII: Accuracy
and Error Propagation

The locations of transportation features are typically col-
lected, analyzed, operated on, transformed, and compared rel-
ative to other transportation feature locations without regard
for positional accuracy and other quality aspects of the data.
Positional and temporal errors, arising from imperfect mea-
surements, areinherent in the data. Furthermore, certain oper-
ations on data, such as projection between dimensions, can
introduce additional persistent spatial distortions. For exam-
ple, to associate data collected by GPS with linearly refer-
enced data, it is often first necessary to project two- or three-
dimensional coordinates onto two-dimensional coordinate
strings that form the primary cartographic representation in a
GIS database that is, in turn, associated with the linearly ref-
erenced data. These projectionsintroduce distortionsthat vary
with the density and accuracy of the verticesin the coordinate
string. Moreover, the coordinates collected by GPS are, them-
selves, uncertain in two- and three-dimensional space.

Such errors propagate through spatiotemporal analytical
processes that are imbedded in applications and that manip-
ulate datain variouswaysto produce results used in decision
making. The applicationsoverlay, combine, and compare col-
lections of data having various precisions, accuracies, and
resolutions. Currently, characterization, propagation, and
effective means of management and visualization of errorsin
transportation data are not well formulated, leaving deci-
sionmakers to face unknown risks arising from uncertainty
and lack of quality measures.

Moreover, without effective means for determining the
impact of spatiotemporal error on anaysis, no defensible
statements can be made concerning the required accuracy of
data to support applications. Thus, it isalmost certainly true
that thereisunder-investment in collection of somedata(i.e.,
the dataare not accurate enough to support their applications)
and over-investment in collection of other data(i.e., the data
are more accurate than needed). Furthermore, without reli-
able estimates of the uncertainty in data and without knowl-
edge of the uncertainty’s effects on decision making, users
risk reaching flawed conclusions and making costly erroneous
decisions. As Goodchild (51) states, “If we know there is
uncertainty in the input to GIS analysis, but fail to identify
theimpact of that uncertainty on the outputs and instead pre-
sent them as correct, then surely we can and should be held
liable for the consequences.”



Functional Requirement VIII isasfollows: A compre-
hensive, multidimensional L RS data model must support
association of error measures with spatiotemporal data
at the object level and support propagation of those
errorsthrough analytical processes.

The functional specifications for this requirement are as
follows:

* Vlll.a A model must support measures of spatiotemporal
error (i.e., biasand precision) within objectsand events. A
model must support spatiotempora correlation of error
among objects and events.

* VIIl.b: A model may satisfy this requirement with a
measure of spatiotemporal error that merely indicates
error with a confidence level (i.e., positional accuracy).
To satisfy therequirement inthisway, it isassumed that
there is no bias in the spatiotemporal (i.e., position)
measure, that the error is random, and that the confi-
dence level is the probability that the true value of
objects spatiotemporal attributes fall within the stated
error bound. Also, it is assumed that, in such a model,
there is no spatiotemporal correlation of error (i.e., that
the errorsin objects and events are independent).

The MDLRS datamodel satisfies Functional Specification
VIll.athrough the variance/covariance matrix object, thelin-
eage metadata object, the uncertainty attribute in the mea-
surement object superclass, and the temporal error mea-
sures object. The spatial correlation of error among objects
is presented through a variance/covariance matrix. For a
two-dimensional data object (e.g., apoint with x,y), asimple
variance/covariance matrix is made up of four elements: the
variance in the x-coordinate of Location A, the variance in
the y-coordinate of Location A, and the two covariances
between x and y. If this point was used to derive other geo-
metric objects, the resulting variance/covariance matrix for
the new object could becomeimmense. A three-dimensional
data object (x,y,z) would require a 3x3 variance/covariance
matrix containing nine elements. The MDLRS data model
uses afinal variance/covariance matrix (see Figure 2-13) for
spatial objects, along with afamiliar functional lineage (see
Figure 2-12), instead of carrying a full variance/covariance
matrix of each spatial object to model error propagation.

Thetemporal correlation of error among objectsisthrough
the temporal error measures object and the lineage metadata
object (see Figure 2-14). Because time is one-dimensional,
thereisno need for covariance measures. The temporal error
measures object records the tolerance of a temporal mea-
surement, while the lineage metadata object shows how the
time object was derived, or its parentage.

Spatiotemporal correlation of error among objects and
events primarily concerns moving vehicles or conveyances.
Because the vehicle is moving, the spatial positional error of
the vehicle depends on the error associated with the posi-
tioning device, the error in the timing device, and the error
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associated in transmitting instructions and data. An example
of spatiotemporal error is the positional error resulting from
tracking snowplows using a GPS receiver. In such a case,
there was a positiona error resulting from the GPS receiver
and a positional error resulting from the difference between
the GPS clock and an atomic clock. The spatiotemporal error
could be divided into a spatial positional error due to the
measurement instrument and a temporal bias due to clocks
not being synchronized.

Usually, the uncertainty associated with a measurement is
at least equal to the uncertainty or resolution of the measure-
ment device. In the snowplow example, the uncertainty of a
GPS signal is stored as an “uncertainty” attributein theradio
frequency measurement object (see Figure 2-13); the uncer-
tainty associated with thetime of aGPS signal isstored in the
error measures object in thetime object in theradio frequency
measurement object.

The MDLRS datamodel satisfies Functional Specification
V1I1.b through the lineage metadata object. The lineage meta-
data object (see Figure 2-12) contains the positional accuracy
of spatial objectsderived from the variance/covariance matrix
or provided el sewhere. Additionally, the MDLRS data model
assumes that measurements are corrected for biases such as
calibration errors.

3.2.10 Functional Requirement IX:
Object-Level Metadata

In GIS models, metadata (i.e., “data about data’) func-
tionality provides information on the origin of the data
within aclassification level (e.g., coverages, themes, layers,
and tables). The accuracy or error of the data can be indi-
rectly derived from the origin of the data source (e.g., if the
data source is TIGER DLG, then errorsin the data could be
+100 m). Problems often arise when there are multiple
sources for the datain alevel, each with an error at a confi-
dencelevel. Therefore, users need metadata regarding a spe-
cific feature or object, including an error measurement. The
incorporation of feature-level metadata into the LRS data
model is beneficial in that it provides guidance on the gen-
eral use and representation of features and objects.

Functional Requirement I X isasfollows. A comprehen-
sive, multidimensional LRS data model must store and
expr ess obj ect-level metadata to guide general data use.

The functional specification for this requirement is as
follows:

« IX.a A model must support data lineage and other
metadata (e.g., attribute and feature quality) at the
object level.

The MDLRS data model satisfies Functional Specifica-
tion IX.a through the metadata object hierarchy. Metadata
objects are used to describe the characteristics of data at the
object level in transportation features, events, spatiotemporal
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objects, and time abjects (see Figures 2-9 and 2-14). There
are two types of metadata objects: source metadata objects
and lineage metadata objects. The source metadata object
identifies the administrative aspects of where the data come
from, possible restrictions on the use of the data, and when
the datawere entered into the database. The lineage metadata
object indicates the history, or parentage, of the data, includ-
ing the data’ s compilation and processing history. For spatial
objects, the lineage metadata object and the variance/covari-
ance matrix object describe the quality of the data and are
used to model the propagation of spatial error.

3.2.11 Functional Requirement X:
Temporal Topology/Latency

Because all objects are defined by their state in time,
because events are actions that happen instantaneously in a
point of time, and because change is the state of objects (28),
temporal relationships exist among objects and events, pro-
ducing a temporal topology. Topological relationships can
includedigoint, overlap, during, and simultaneous. Thetem-
poral topological relationships may be explicit or derivable
fromtemporal coordinates. Temporal topology allowsfor the
following operations:

+ Spatiotemporal proximity (e.g., prevent road striping
before paving),

« Temporal within (e.g., identify all projects being letin
the third quarter of the year),

+ Spatiotempora within (e.g., find all accidents during a
construction project within aconstruction boundary), and

« Temporal after (e.g., find al accidents that occurred
after a project completion).

The concept of latency is associated with theinteraction of
at least two dependent components of asystem, one of which
isdelaying its next activity until the other completesits own
current activity. In transportation applications, latency isoften
associated with the differencein time between scheduled and
actual eventsoccurring at aparticular location in space. Such
latencies can be thought of as spatiotemporal disconnects
arising from unfulfilled expectancies.

Figure 3-4 shows an example of latency. If abusarrives at
astop beforeitsscheduled time (i.e,, if it arrivesat Actual 1),
the bus must wait for riders who might be arriving at the
scheduled time. If the bus arrives at the stop after its sched-
uled time (i.e., if it arrives at Actual 2), riders must wait
during the delay. The bus being somewhere other than its
expected placein space at aparticular moment in time causes
these effects. Latency of this sort is often referred to as “ on-
time performance” and involves comparing schedules with
arrivals (i.e., comparing actual time of arrival with estimated
time of arrival).

The concept of latency can also be applied to the problem
of database updates. Figure 3-4 illustrates that a database
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Figure3-4. Latency between scheduled and actual arrivals
at a bus stop.

update, or knowledge of an event, always occurs after the
event has taken place. Latency can cause things to happen at
the wrong time in a particular place and causes database
usersto havethewrong (i.e., delayed) view of thereal world.

Functional Requirement X is as follows: A compre-
hensive, multidimensional L RS data model must support
temporal relationships among objects and events and
must support the latency of events.

The functional specifications for this requirement are as
follows:

« X.a A model must support a tempora referencing
method for temporal reasoning among objectsand events.

+ X.b: A model must support basic tempora topological
relationshipsamong objectsand events. Topological rela-
tionships include digoint, overlap, during, and simulta-
neous. The relationships may be explicit or derivable
from temporal attributes.

« X.c: To evaluate on-time performance, a model must
provide for recording and distinguishing between the
actual and expected occurrence of an event and between
the actual and expected duration of the event.

+ X.d: To manage database concurrency and delayed
knowledge of the event occurrences and object exis-
tence, a model must maintain a record of when object
and event data were entered.

The MDLRS data model satisfies Functional Specifica-
tion X.athrough the use of the temporal referencing method
object (see Figure 2-9). The temporal referencing method
object allows users to transform disparate temporal data into
a unified temporal data set. This unified temporal data set
becomes the prerequisite for tempora reasoning. In other
words, beforetemporal rel ationships can be modeled, thetem-
pora data set of interest must be in the same temporal refer-
encing method. Inthe MDLRS datamodel, thisconsistency is
accomplished through temporal referencing method objects.

The MDLRS data model satisfies Functional Specifica-
tion X.b through the use of the temporal relationship hierarchy
(see Figure 2-9). The temporal relationship objects alow for
basic temporal topological relationships among transportation



features and events. There are two types of temporal rela-
tionship objects used in the MDLRS data model (see Figure
2-9): temporal topology and temporal proximity. The tem-
poral topology relationship object models temporal topolog-
ical relationships, such asfollows, during, and simultaneous.
The temporal proximity relationship object isanalogousto a
temporal buffer operation. Section 2.3.5.4 describes the
details of the temporal relationship hierarchy.

The MDLRS datamodel satisfies Functional Specification
X.cthrough the attributes of the event object. The event object
(see Figure 2-9) has the attributes “scheduled time” and
“actual time,” each of which is associated with one time
object. The attribute “ scheduled time” indicates the expected
occurrence or duration of an event, while the attribute “ actual
time” indicates the actual occurrence or duration of an event.
Because the time object can be expressed asapoint intime, a
duration of time, or an aggregate of time, thetime object alone
can be used to represent occurrences as well as durations.

The MDLRS datamodel satisfies Functional Specification
X.d through the time object and its associated source meta-
data object (see Figure 2-14). The time object primitives and
aggregates record when an activity actually occurred. Asso-
ciated with a time object is, at most, one source metadata
object. The source metadata object records when the time
object, or data, was recorded or entered into the database.

In tempora GIS research, the time at which an activity
occurred is called “valid,” or “world,” time (39). The time
at which the activity was recorded in the database is called
“transaction,” or “system,” time (39). Most temporal GIS
model s assume that the difference between world and transac-
tion time is negligible and, therefore, use “world” time. In the
MDLRSdatamodel, transaction timeisrecorded in the source
metadata object. The time object represents a bi-temporal
model because both world and transaction times are main-
tained. A bi-temporal modd is key for the development of a
tempora database, identified as the best method of temporal
data organization (39).

3.3 MDLRS MODEL TRADE-OFFS

This section discusses some of the basic assumptions that
underlie the MDLRS model. Associated with each assump-
tion isadiscussion regarding the trade-off between potential
benefits and limitations of the assumption.

Some of the trade-offsin the MDLRS data model are the
following:

+ TheMDLRSdatamodel assumesUTC and theGre-
gorian calendar asthetemporal datum. Although the
MDLRSdatamodel supportsordinal andinterval TRSs,
as well as various calendars and temporal metrics, the
datamodel assumes UTC and the Gregorian calendar as
the temporal datum. The MDLRS data model assumes
that most data in this model use these temporal metrics
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and calendar. Additionally, the datamodel concentrates
on temporal referencing methods that have the same
metrics as the datum.
The MDLRS data model distinguishes between the
gpatial and temporal elements of objects. The MDLRS
datamodel represents phenomenaas spatial objectsthat are
valid for a certain period. In the MDLRS data model, the
Spatiotemporal object isan abstract data class consisting of
agpatial object associated with zero or onetimeobject. The
separation of the spatial and temporal elementsis primar-
ily dueto concerns about integrating data setsthat have no
temporal information. Therefore, the MDLRS data model
allows integration of data sets without tempord data.
TheMDL RSdatamodel assumesonetemporal real-
ity of phenomena along atimeline. The MDLRS data
model stores the phenomenon’s past histories through
experience objects that can be rolled back along one
timeline. Although the MDLRS data model does not
providethe methodsto create alternative spatial realities
on different timelines (resulting from simulations), the
data model does not prevent the use of such methods.
Transportation features, complexes, and systems can be
used to model alternative futures and pasts through
extension of the data model.
In the MDLRS data model, geometric objects carry
a parental lineage. Three ways of dealing with the
propagation of error identified in Section 3.2.11 were
the following:
= Carry an NxN variance/covariance matrix that carries
all variablesfrom prior operations (i.e., accuracy trace).
= Carry afunctional lineage (full ancestry) of the ob-
ject from its initial source and a final 2x2 variance/
covariance matrix for two-dimensional data objects.
In this case, a functional lineage could tell that a
point was created by the intersection of objects. Car-
rying a functional lineage is analogous to carrying
the source code and allows for generation of the error
matrix identified in the previous case.
= Store the immediate or familiar functional lineage of
the object and a final 2x2 variance/covariance matrix
for two-dimensional data objects, require all data
sourcesto do the same, and | et the user find the sources
of data or go back as the user’s needs require. In this
case, objectsrefer to their parents and the parentsrefer
to their parents, asin afamily tree.

The MDLRS data model uses this third case to
model the propagation of error. The use of a familiar
functional lineage would require the user to find the
physical source of parental datato recompute accura-
cieswhen parents of a child object become more accu-
rate. However, for most users, having a reference to
parental datais sufficient and outweighsthe drawbacks
of managing potentially immense variance/covariance
matrices or managing functional lineages for each
spatial object merely to recompute accuracies.



Figure 3-5 illustrates this third case. Each two-
dimensional data object (x,y) has a 2x2 variance/
covariance matrix. A three-dimensional data object
(x,y,2) would have a 3x3 matrix. Each object stores
its immediate parents and two functions: one that cal-

and can represent activities, such as the projects in a
yearly construction program. Inthe MDLRS data mode,
the collection of temporal objectsof theindividual events
indicates the temporal characteristics of the complex
event. A complex event does not have atime coordinate
culatesaccuracy (i.e., variance/covariance) and another or time stamp because having such could cause inconsis-

that alowsthe object to computeitself (or amethod that tencies between the complex event and individual events.
knows how to operate on itself—e.g., intersection). To + The MDLRS data model usestemporal relationships
determinewhether two pointsarecorrelated (or sblings), toderivetemporal topology. Temporal topological con-

one would have to check for acommon parent. structs primarily deal with the relative temporal position

* In the MDLRS data model, complex events do not of events (e.g., whether Event A occurred before Event
havetheir own time stamp. Inthe MDLRS datamodel, B). Tempora geometric constructs indicate the absolute
each event has two temporal attributes: actual time and temporal position of features and events on a timeline
scheduled time. Complex events are aggregates of events (e.g., Event A occurred at 9:15 p.m., January 1, 2000). An

2D data (x,y)
OID: P5
parent(s)
2x2 VCV

accuracy function

functional operation

2D data (x,y)
OID: P4
parent(s)
2x2 VCV

accuracy function

functional operation

2D data (x,y)

OID: C1
parent(s)
2x2 VCV

accuracy function
functional operation

_
=

Note:

2D data (x.y)
oID: C2 2D data (xy)
parent(s) OID: P6
2x2 VCV ‘ parent(s)
accuracy function 2x2 VCV
functional operation accuracy function
functional operation

2D data (x,y)

OID: P1
parent(s)
2x2 VCV

accuracy function
functional operation

2D data (x,y)

OID: P3
parent(s)
2x2 VCV

accuracy function
functional operation

2D = two-dimensional.

OID = object ID.

2D data (x,y)

o

OID: P2
parent(s)
2x2 VCV

accuracy function
functional operation

VCV = variance/covariance matrix.
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Figure 3-5. Illustration of a familiar functional lineage.




example of when temporal topologica constructs would
be used is in the creation of a construction schedule,
when the critical path method would be used to find the
time of completion (analogous to pathfinding on atopo-
logical network). Whereas one of the reviewed geospa-
tial standards (1SO 15046) divides temporal constructs
into topological and geometric, the MDLRS data model
uses temporal geometric constructs (e.g., time object)
and uses temporal relationship objects to derive a tem-
poral topology. Additionally, temporal topology can be
derived from temporal metrics. For example, if Event A
occurred at 6:15 am., January 1, 2000, and Event B
occurred at 10:15 a.m., January 1, 2000, it can be shown
that Event A occurred before Event B. Also, temporal
topological constructs are not needed for events or spa-
tial objects, though they can be used with attributes.
Therefore, although dividing temporal constructs into
separate geometric and topological constructs seems
novel, it is not necessary.

The MDLRS data model storesthe current version
of events. The datamodel assumesthat the event of rel-
evanceisawaysthe current event, so that only the cur-
rent event version isstored. However, the MDL RS data
model can be extended to accommodate versions of
events as they evolve (e.g., refining a schedule as time
passes).

The MDLRS data model does not manage measure-
ment biases that are due to instrument calibration
errors. These biases affect the computation of coordi-
nates from measurements. Management of these biases
would require an association between each measure-
ment and an object that indicates the instrument used to
make the measurement. The MDLRS data model does
not account for these biases and assumes that the mea-
surements are corrected before being entered into the
data model.

TheMDLRSdatamodel doesnot represent an author -
ity that isresponsible for managing a transportation
system. This absence of an authority object is evident in
modeling a conveyance and its interaction with its asso-
ciated transportation system. In Section 2.3.5.1.2, the
term “ dispatcher” was used to denote an outside source
that doesthe routing and tracking operations. These oper-
ations are too broad to be performed in a conveyance
alone. The MDLRS data model can be extended to rep-
resent authorities by incorporating the concept of an
“agency,” as described by Fletcher, Henderson, and
Espinoza (2).

In the MDLRS data model, a method is required to
maintain multiple geometric and topological repre-
sentations of a single transportation feature. In the
datamodel, atransportation feature can have one or more
geometric or topological object representations, each at
the same or different scale applicability. Each geometric
and topological representation is considered independent
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of the others associated with the transportation feature.
Having multiple spatial objects can present duplication
concerns (i.e., one spatial instance of a surface represen-
tation decomposed into pointsand another spatial instance
of a point exists for a transportation feature, both at the
same scale applicahility).

A limitation in having independent geometric and

topological objectsis that potential inconsistenciesin
spatial representations can be produced. If achangeis
made in one representation, it is not automatically
reflected by other representations. The management of
consistency in spatial objects of a transportation fea-
ture, especially in the context of transportation com-
plexes and transportation systems, is challenging but
possible through the use of a user-supplied method.
Theissue of consistency in spatial objectsisimportant
in topological objects, changes to which can affect
connectivity with other topological objects, affecting
operations such as pathfinding. Although independent
geometric and topological objects can produce incon-
sistencies that can be overcome, these objects provide
the MDLRS data model with flexibility in associations
because of change in scale or change in level of detail.
Thisflexibility isnot possiblewith combined geometry/
topology data models.
The MDLRS data model requires maintenance of
multiple topological networks. In the MDLRS data
model, spatial objects have an attribute called “scale
applicability,” which indicates at which scale the object
is valid. Section 3.2.6 mentioned that interchanges are
transportation complexes consisting of transportation
featureswith topological objectsat different scale applic-
abilities. Viewing an interchange at a certain level of
detail implies that only topological objects with similar
scale applicabilitieswould bedisplayed. Alsoimpliedis
that the topological objects connecting intersections/
interchanges would be at the same scale applicability as
the intersection, thereby producing a topological net-
work at a certain scale applicability. As a result, there
could be severa topological networks at different scale
applicabilitiesfor atransportation system (e.g., lane-level
topologies and divided highway topologies). Having to
support several topological representations presents dif-
ficulties in maintaining topology in addition to main-
taining consistency. For example, if amore detailed ver-
sion of the topology of an interchange were added to an
existing topology at acertain scale applicability, al con-
nectionsto that new interchange’ stopol ogy would need
to be updated.

An dternative to having severa topological network
representations would be to make the interchange topo-
logica representations more modular where alternate
interchange topologies would fit into one existing net-
work topology without changes. A problem with this
approach is that one would need to reconcile the connec-



tions of the interchange with the network at each topo-
logical representation of the interchange (i.e., the con-
necting nodes would have to be at the exact position for
al interchange representations). Additionally, having
modular topological representations would be valid for
unidirectional or bi-directional links only (i.e., adivided
interchange representation with separate directional links
would not work on abi-directiona link network). There-
fore, making interchange representations more modular
also presents difficulties in maintaining topology.

In addition to difficulties in maintaining network
topol ogies, having multipletopological networks presents
difficulties in maintaining consistency. If aramp is con-
structed in an interchange, anew ramp transportation fea-
ture has to be added to the interchange transportation
complex, with compatible scale-applicable topological
objects. Each topological representation of the inter-
change would have to be modified to accommodate the
new ramp. Changes made in a scale-applicable topologi-
cal representation have to be madein all topological rep-
resentations to maintain consistency.

The potential benefits of allowing multiple topol ogical
networks exceed the limitations of these networks. The
issues of maintenance and consistency are present for any
topological network, regardless of which data moddl is
being used. Providing for multiple topologica networks
allowsfor consistent turning movements and pathfinding
at varying levelsof detail (i.e., auser doesnot haveto pro-
gram turning movements for each level of detail).

3.4 MODEL IMPLEMENTATION

3.4.1 Implementation Approach

To identify the functional requirements for a particular
agency’s implementation of the MDLRS, a high-level view
of user needsand their linkagesto the functional requirements
are provided. The entire range of applications and user needs
were not represented at the stakehol der’ sworkshop that iden-
tified the functional regquirements because some stakeholders
were not represented (e.g., traffic simulation/modeling). A
comprehensive transportation business model is needed to
represent the scope of applications.

The NCHRP 20-27(2) businessmodel (52) identifiestrans-
portation business areas that are mapped to business systems
and business functions. Thisbusinessmodel providesahigh-
level view of user needs within the transportation commu-
nity. Where the 20-27(2) business model is too abstract, the
National 1TS Architecture (14) user services supplement the
business model.

Figure 3-6 shows the schematic of the implementation
approach. The ITS user services and 20-27(2) business
systems are mapped to the functional requirements of the
MDLRS moddl. This mapping indicates the specific functional
requirements that support specific business systems and user

services bundles (e.g., the identification of functional require-
ments necessary for facilities management). Each functional
requirement of the MDLRS model and its specifications are
mapped to the MDLRS data model (e.g., the identification of
objects needed to measure object-level accuracy and error
propagation). The mappings are used to identify the necessary
components of the MDLRS for a business system or user ser-
vices bundle. This method of identifying components of the
model does not result in adisconnected model because certain
basic elements (e.g., transportation features) are necessary for
all requirements.

As expected, the 20-27(2) business systems require most
of the functional requirements. However, there are notable
exceptions. For example, to support asset management,
Functional Requirement VI and conveyance objects are not
needed.

Agencies can use Tables 3-2 and 3-3 to create procure-
ment documents that specify only the parts of the MDLRS
model that are of interest. Section 3.4.3 provides examples of
the approach.

3.4.2 Mapping of 20-27(2) Business Systems to
Functional Requirements

Thissection providesamapping of thetransportation agency
business systems, as identified by NCHRP Project 20-27(2)
(52), and provides the ITS user services bundles (14) to the
MDLRS functiona requirements. The section also maps these
functional requirements to the MDLRS data model.

Table 3-2 showsthe mapping of transportation agency busi-
ness systems to the MDLRS functional requirements. An “X”
in a cell indicates that, for a specific business system or ITS
user services bundle, the corresponding functional require-
ment is needed. For example, to do location control, one
needs the functiona requirements for spatiotemporal refer-
encing methods, TRStemporal datum, transformation of data
sets, and accuracy and error propagation.

Three NCHRP 20-27(2) business systems—Advanced
Traveler Information, Advanced Traffic Management, and
Incident Management—were del eted because of overlapping
scope when the six I TS user services bundles were added.

A description of each of the NCHRP 20-27(2) business
systems follows.

» Location control supports development and mainte-
nance of LRS, including linear, geodetic, and cadastral
control, aswell as support for photogrammetric engineer-
ing and real property surveying and mapping. Location
control is fundamental for infrastructure management
systems.

« Transportation monitoring and perfor mance assess-
ment determines the value of each transportation com-
ponent state and compares actual performance with
desired levels of performance. This business system is
fundamental for traffic management and control.



55

Business
Systems

Business Areas

Functions

NCHRP 20-27(2)
Business Model

Functional
Requirements

User Service
Bundles

{

User Services

Functional
Criteria
National

ITS Architecture
|- - - - - -7 -7 |
| |
| |
| |
| |
e o o ——— )

FR1

FR2
NCHRP 20-27(3) . . _ _ _ _ _ _
Logical Model
Note:

FR1 = Functional Requirement I.
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Figure 3-6. Schematic of implementation approach.

Functionally integrated transportation system main-
tainstheinventory of transportation componentsand the
functional transportation systems set up to monitor pol-
icy objectives. Thisbusiness system generates and allo-
cates system- and component-level travel demands (53)
and is fundamental for transportation planning and
programming.

Data sharing supports sharing of datawith external par-
tiesthrough tranglation to and from standard formats and
models, including metadata, editing functions, and qual-
ity assurance measures. This business system allows for
statewide intermodal transportation planning.

Real property management supports inventory and
management of title to real property and improvements
controlled by the agency. An example of this business
system isaland information system.
Facilitiesmanagement supportsspaceallocation, design,
construction, and maintenance of the agency’s buildings
and grounds facilities. An example of this business sys-
tem is a facilities management system.

Contractor selection supports pre-qualification of ven-
dors; preparation, issuance, and evaluation of bids; and
preparation of contracts.

Estimating and scheduling integrates cost estimation
and scheduling of materials, equipment, and workforce
for atransportation improvement project.
Computer-aided design supports development of plans
and specifications for transportation improvement
projects.

Socioenvironmental evaluation supports GI S applica-
tions for evaluating socioeconomic and environmental
impacts of atransportation improvement project. Exam-
ples of this business system are environmental impact
and assessment studies.

Program development and management evaluates
the effectiveness of each project concept on the basis
of performance and environmental, social, and eco-
nomic effects. The business system then incorporates
projects into regional and statewide plans and im-
provement programs (53). An example of thisbusiness
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TABLE 3-2 Mapping of functional requirementsto transportation agency business systemsand I TS user services

ITS User Services

location referencing system data model
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Functional Requirementsfor a multimodal, multidimensional i g g =

Spatiotemporal Referencing M ethods: The model supports the
locate, place, and position processes for objects and events in three | X
dimensions and time relative to the roadway.

X
X
X
X
X
X
X
X
X
X
X
X
x
X
x
X
X
X

Temporal Referencing System/Temporal Datum: The model
accommodates a temporal datum that relates the database
representation to the real world and provides a domain for
transformations among tempora referencing methods.

Transformation of Data Sets: The model supports transformation
between linear, nonlinear, and temporal referencing methods X
without loss of spatial / temporal accuracy, precision, or resolution.

Multiple Cartographic/Spatial Topological Representations:
The model supports multiple cartographic and spatial topological
representations at both the same and varying levels of
generalization of transportation objects.

Resolution: The model supports the display and analysis of objects
and events at multiple spatial and temporal resolutions.

Dynamics: The model supports the navigation of objects, in near
real time and contingent upon various criteria, along atraversal in a
transportation network.

Historical Database: The model supports generation of object and

relationships among obj ects and events and latency of events.

network states over time and maintains the network event history. X | X X X X X| X X| X X
Accuracy and Error Propagation: The model supports

association of error measures with spatiotemporal data at the object | X X X| X X[ X]|X XX X
level and propagation of those errors through analytical processes.

Object-Level Metadata: The model stores and expresses object-

level metadata to guide general data use. X XX X XX XXX X| X X
Temporal Topology/Latency: The model supports temporal X X x| x|x x| x I x x | x X

Note: ITS = intelligent transportation systems.

system is the use of cost-benefit studies in transporta-
tion planning.

* Treatment development associates performance

needs with underlying causes, thereby identifying
appropriate system- and component-level treatments.
The business system develops effective treatment
strategies, using an evaluation of past treatments plus
life cycle costs and benefits, and then synthesizes
treatment strategies into project concepts, reconciling
al treatment alternatives (53). An example of this
business system is the use of a pavement management
system in the context of a pavement improvement
program.

« Weather oper ations supports mitigation of unsafe road

conditions due to meteorological changes. An example

of this business system is the real-time monitoring of
snowplows.

A description of each of the NCHRP 20-27(2) ITS user
services bundles follows:

« ITStravel and traffic management includes services
such as pre-trip travel information, route guidance,
traveler services information, traffic control, incident
management, and emissions testing and mitigation.

« I TSpublictransportation management includes ser-
vices such as public transportation management, en-
route transit information, and public travel security.

« ITS electronic payment includes only the electronic
payment user service.
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TABLE 3-3 Mapping of functional requirementsto MDL RS data model objects

Temporal Multiple
Spatio- Referencing Cartographic/ Accuracy &
temporal System/ Spatial Error Object- | Temporal
Referencing| Temporal | Transformation| Topological |Resol- Historical | Propaga- Level Topology/
Methods Datum of Data Sets |Representations| ution | Dynamics |Databases| tion Metadata| Latency
FR1 FR 2 FR 3 FR 4 FR 5 FR 6 FR 7 FR 8 FR9 FR 10
MDLRS Object alblc|d] a |blc a a alblc|d
Transportation Feature
Conveyance
Transportation Complex
Transportation System
Attribute
Experience

Event
Complex Event

Spatial Datum
Vertical Datum
Geoid
Loca Datum
Benchmark

Geocentric Datum
3D Cartesian Axes

GPS Satellite
Horizontal Datum

Ellipsoid

Projection

Cadastral Datum
Corner

m
mn
Control Station m
.

Corner Point
Linear Datum
Linear Referencing
Method
Anchor Point
Anchor Section
Transport Node
Transport Link
Transport
System Link
Traversal
Traversal Link
Traversal
Reference Point
Temporal Referencing System
Tempora Datum

T

Temporal Referencing
Method
Spatial Object
Scale Applicability
Constraint
Dimensionality
Constraint
Geometric Object
Geometric Primitive
Point
Reference Point
Curve
Surface
Solid

Geometric Complex

Coordinate
1D Coordinate
2D Coordinate
3D Coordinate
GPS Coordinate

(table continued on next page)
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TABLE 3-3 (Continued)

Temporal Multiple
Spatio- Referencing Cartographic/
temporal System/ Spatial
Referencing| Temporal | Transformation| Topological |Resol-
Methods Datum of Data Sets |Representations] ution
FR1 FR 2 FR 3 FR 4 FR 5

Dynamics
FR 6

Historical
Databases|
FR7

Accuracy &
Error
Propaga-
tion
FR 8

Object-
Level
M etadata
FR9

Temporal
Topology/
Latency
FR 10

a

MDL RS Object alblc|d] a [b|clatja2la3|b|c|d]alb]|c|d]|e|f] a

Linear Coordinate -

M easur ement

1D Gnd
Measurement

2D Gnd
Measurement

3D Gnd
Measurement

Radio Frequency
Measurement

Linear
M easurement

Distance
M easurement

Angle Measurement

Direction

Variance/Covarience
Matrix

Topological Object
Topological Primitive

=T

a albjc|d

Node

Edge

Face

Volume

Topological
Complex

Network

Time Object
Date Time
Date
Time
Timestamp
Temporal Measure

Temporal Error
Measures

Duration
Year Month
Duration
Day Time Duration
Interval
Time Aggregate
Cycle
Break
Stage
Sequence
Temporal Relationship

g
i

1

Temporal Proximity | [ [ T [ [ [ [ [T [ [T T[]

Temporal Topology [ [ [ [ | \\IH\HI\I\HI [ T[] [ ] |

M etadata

Source Metadata
Lineage Metadata

Note:

1D = one-dimensional.

2D = two-dimensional.

3D = three-dimensional.

FR = functional requirement.

Gnd = ground.

GPS = global positioning systems.

MDLRS = multimodal, multidimensional transportation location referencing system.

ian




* ITS commercial vehicle operations include services
such as automated roadside safety inspection, on-board
saf ety monitoring, hazardous material incident response,
and commercial fleet management.

» | TS emergency management includes services such as
emergency notification, personal security, and emergency
vehicle management.

* | TSadvanced vehiclesafety systemsincludes services
such aslongitudinal/lateral /intersection collision avoid-
ance, safety readiness, precrash restraint deployment,
and automated vehicle operation.

Table 3-3 shows the mapping of MDLRS functional re-
quirements to the MDL RS data moddl. Each row in the table
representsan M DLRS object construct, and each column or set
of columns represents an MDL RS functional requirement and
its underlying specifications. A filled cell indicatesthat, for a
specific functional requirement or specification, the corre-
sponding object construct is needed. For example, to imple-
ment Functional Requirement 1, the temporal datum and
temporal referencing method objects are needed.

3.4.3 Example Use of Model Implementation
in an RFP

Stakeholders who write RFPs for projects involving the
MDLRS datamodel must includein their RFPs design spec-
ificationsfor themodel. Becauseindividual stakeholdersand
stakeholder needs vary on the basis of a project’s scope,
design specifications will also vary. The project scope and the
resulting design specifications will affect how the MDLRS
data model isimplemented.

The scope of a project may be extensive and include sev-
era functions detailed in the design specifications of an RFP.
For example, an RFP for a traffic management center con-
forming to the ITS Architecture may include in the design
specifications a table defining the functions of that manage-
ment center (shown in Table 3-4 and adapted from Malone
[54]), dong with a general statement such as “The design
developed by the consultant for the project shall conform to
the provisions of the NCHRP 20-27(3) MDL RS datamodel.”
In this exampl e, the contractor chosen to conduct this project
can successfully implement the MDL RS datamodel by using
Tables 3-4 and 3-5. The first two columns of Table 3-4 list
the RFP function categories and detailed function descriptions.
The last column lists the related 20-27(2) business systems or
ITS user services bundles. Table 3-4 indicates that the follow-
ing 20-27(2) business systems and ITS user services bundles
are supported by the data model: data sharing, ITS travel and
traffic management, transportation monitoring and perfor-
mance, ITS public transportation management, ITS emer-
gency management, and ITS commercia vehicle operations.
Table 3-5, using functional requirements from Table 3-2, lists
the MDLRS functional requirements that relate to each
of these 20-27(2) business systems and ITS user services
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bundles. As shown in Table 3-5, al MDLRS functional re-
quirements must be supported for the traffic management cen-
ter example. Therefore, the contractor can deduce from Tables
3-4 and 3-5 that the complete MDLRS datamodel is required
for this particular traffic management center.

Alternatively, the scope of aproject may be limited to one
function, and the design specifications would reflect that lim-
itation. For example, aproject may require only public trans-
portation management and may statein the RFP, “Thedesign
devel oped by the consultant for the project shall conformtothe
provisions of the ITS public transportation management busi-
ness system of the NCHRP 20-27(3) MDLRS datamaodel.” In
this case, the contractor chosen to conduct this project can
successfully implement the MDLRS data model by using
Tables 3-6 and 3-7. Table 3-6 uses the MDLRS functional
requirements from Table 3-2 to show that the MDLRS func-
tional requirements of historical database, accuracy and error
propagation, object-level metadata, and temporal topology/
latency are not needed in a data model for ITS public trans-
portation management. Table 3-7 lists the data model objects
that are needed for ITS public transportation management.
Thus, the contractor can deduce from Tables 3-6 and 3-7 that
the best data model to use for this particular traffic manage-
ment center isthe oneillustrated in Figures 2-9 through 2-14,
except for the following objects: experience, temporal error
measures, tempora topology, temporal proximity, and lin-
eage metadata.

3.5 SUPPORT FOR INTEROPERABILITY

The MDLRS data model achieves procedural interoper-
ability in the following ways:

* The MDLRS data model is based on existing geo-
gpatial standardsand models. The MDLRS datamodel
relies on several current geospatial standards and trans-
portation-based data models. Using existing accepted
geospatia standards assistsin the exchange of datain that
these standards provide transfer formats. Additionaly,
because the MDLRS data mode relies on the NCHRP
20-27(2) LRS data model for linear referencing, linear
databased on the 20-27(2) datamodel format do not need
to be reformatted for data exchange. The MDLRS data
model is designed to accept and disseminate linearly
based information with little or no modifications.

+ The MDLRS data model is application independent.
The MDLRS data model does not rely on the data con-
structs of vendor-based geospatial software solutions
(e.g., Environmental Systems Research Institute [ESRI],
Integraph, and Smallworld). As such, the MDLRS data
model and its data constructs are primarily application
independent. Being application independent affords var-
ious vendors flexibility in providing solutions while
maintaining consistent data structuresto allow for easier
data exchange.



TABLE 3-4 Featuresof a proposed traffic management center and their related MDLRS business systemsand I TS user servicesbundles

RFP Function Category

RFP Detail Function Description

Related MDL RS Business System or 1 TS User
Services Bundle

Communications

Ability to share broad-band data, video feed, and reports with other
agencies

Integration and shared use of communication infrastructure and right-of-
way with a citywide communication network

Data Sharing

Traffic Signals

Centralized, remote signal monitoring with alarm functions, for
coordinated, fixed time signal system

Remotely change signal timing plan at central locations. Ability to upload
or download signal timing plans from a central location

Computer-aided dispatching for traffic signal malfunctions and
mai ntenance

Adaptive traffic signa control

Integration with cross-jurisdiction systems

Traveler Information

Provide real-time travel information for city arterial streetsto the public
viathe internet and to private information service providers

Remotely control variable message signs at various locations from a
central operating station

Coordinate the operation of a Highway Advisory Radio service

Process and send selected travel information to the Traveler Information
Center

Special Event Traffic Operations

Provide a"command center" environment to enable effective management
of specia events, including remote changing of portable message boards
as traffic conditions or parking availability changes during the course of
the event

ITS Travel and Traffic Management

Traffic Monitoring

Non-intrusive volume monitoring devices along selected arterial corridors

Full-motion video monitoring at critical intersections

Transportation Monitoring & Performance

Transit Integration

Exchange data with the transit authority control center

Support technology for bus-traffic signal priority on selected corridors

Utilize information from the automatic-vehicle-location system on the
transit authority’ s bus fleet for travel conditions on major routes

ITS Public Transportation Management

Incident Detection, Reporting,
Response

For specified threshold real-time travel conditions on arterial streets, alert
an operator to direct field-verification of possible incidents

ITS Emergency Management

Commercia Vehicle Operations
Support

Provide electronic capability for on-demand routing and permitting for
oversize loads, based on agreements for heavy-duty truck corridors being
investigated by the state department of transportation

ITS Commercial Vehicle Operations

Note:

Table adapted from D. Malone, “ Request for Proposal for Category T: Intelligent Transportation Systems: Traffic Management Center Project” (Chicago, Illinois: Department of

Transportation, 2000).

ITS = intelligent transportation systems.

MDLRS = multimodal, multidimensional transportation location referencing system.

RFP = request for proposals.




TABLE 3-5 Mapping of functional requirementsto transportation agency business
systemsand I TS user services bundlesidentified for a traffic management center

Functional Requirementsfor a multimodal, multidimensional
transportation location refer encing system data model

NCHRP
20-27(2)
Business
Systems

ITSUser Services

Bundles

Transportation Monitoring and

Performance Assessment

Data Sharing

ITS Travel and Traffic Management

ITS Public Transportation Management
ITS Commercial Vehicle Operations

ITS Emergency Management

Spatiotemporal Referencing M ethods: The model supports the locate,
place, and position processes for objects and events in three dimensions
and time relative to the roadway.

x
x

X

X
X

x

Temporal Referencing System/Temporal Datum: The model
accommodates a temporal datum that rel ates the database representation
to the real world and provides a domain for transformations among
temporal referencing methods.

Transformation of Data Sets: The model supports transformation
between linear, nonlinear, and temporal referencing methods without
loss of spatiotemporal accuracy, precision, and resolution.

Multiple Cartographic/Spatial Topological Representations: The
model supports multiple cartographic and spatial topological
representations at both the same and varying levels of generalization of
transportation objects.

Resolution: The model supports the display and analysis of objects and
events at multiple spatial and temporal resolutions.

Dynamics. The model supports the navigation of objects, in near real
time and contingent upon various criteria, along atraversa in a
transportation network.

Historical Database: The model supports generation of object and
network states over time and maintains the network event history.

Accuracy and Error Propagation: The model supports association of
error measures with spatiotemporal data at the object level and
propagation of those errors through analytical processes.

Object-Level Metadata: The model stores and expresses object-level
metadata to guide general data use.

Temporal Topology/L atency: The model supports temporal
relationships among objects and events and latency of events.

Note: ITS = intelligent transportation systems.
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TABLE 3-6 Mapping of functional requirementstothelTS public
transportation management bundle

ITS User
Services
Bundles

Functional Requirementsfor a multimodal, multidimensional transportation
location referencing system data model

ITS Public Transportation Management

Spatiotemporal Referencing Methods: The model supports the locate, place, and
position processes for objects and eventsin three dimensions and time relative to the
roadway.

X

Temporal Referencing System/Temporal Datum: The model accommodates a
temporal datum that relates the database representation to the real world and provides|
adomain for transformations among temporal referencing methods.

Transformation of Data Sets: The model supports transformation between linear,
nonlinear, and tempora referencing methods without loss of spatiotemporal
accuracy, precision, or resolution.

Multiple Cartographic/Spatial Topological Representations: The model supports
multiple cartographic and spatial topological representations at both the same and
varying levels of generalization of transportation objects.

Resolution: The model supports the display and analysis of objects and events at
multiple spatial and temporal resolutions.

Dynamics: The model supports the navigation of objects, in near real time and
contingent upon various criteria, along atraversal in a transportation network.

Historical Database: The model supports generation of object and network states
over time and maintains the network event history.

Accuracy and Error Propagation: The model supports association of error
measures with spatiotemporal data at the object level and propagation of those errors
through analytical processes.

Object-Level Metadata: The model stores and expresses object-level metadatato
guide general data use.

Temporal Topology/L atency: The model supports temporal relationships among

objects and events and latency of events.

Note: ITS = intelligent transportation systems.




TABLE 3-7 Mapping of functional requirementsto MDL RS data model objectsfor thel TS
public transportation management bundle

MDLRS Object

Spatio-
temporal
Referencing
M ethods
FR 1

Temporal
Referencing
System/
Temporal
Datum
FR 2

Transformation
of Data Sets
FR 3

Multiple
Cartographic/
Spatial
Topological
Representations|
FR 4

Resol-
ution
FR5

Dynamics
FR 6

alb|c|d

Transportation Feature

Conveyance

a |b

Transportation Complex

Transportation System

Attribute
Experience

Event
Complex Event

Spatial Datum
Vertical Datum

Geoid

Local Datum

Benchmark

Geocentric Datum
3D Cartesian Axes

GPS Satellite

Horizontal Datum

Ellipsoid

Projection
Control Station

Cadastral Datum

Corner

Corner Point

Linear Datum

Linear Referencing
Method

Anchor Point

Anchor Section

Transport Node

Transport Link

Transport
System Link

Traversa

Traversal Link

Traversa
Reference Point

Temporal Referencing System

Temporal Datum

Temporal Referencing
Method

Spatial Object

Scale Applicability
Constraint

Dimensionality
Constraint

Geometric Object

Geometric Primitive

Point

Reference Point

Curve

Surface

Solid

Geometric Complex

Coordinate

1D Coordinate

2D Coordinate

3D Coordinate

GPS Coordinate

Linear Coordinate

—

(table continued on next page)
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TABLE 3-7 (Continued)

Spatio-

FR 1

temporal
Referencing
M ethods

Temporal
Referencing
System/
Temporal
Datum
FR 2

Transfor mation
of Data Sets
FR 3

Multiple
Cartographic/
Spatial
Topological
Representationg
FR 4

Resol-

ution
FR5

Dynamics
FR 6

MDLRS Object

al b|c|d

a |blc

alla2|a3|b|c|d

alblc|d|elf

alblc|d df

M easur ement
1D Gnd
M easurement
2D Gnd
M easurement
3D Gnd
M easurement
Radio Frequency
M easurement
Linear
M easurement
Distance
M easurement
Angle Measurement
Direction
Variance/Covarience
Matrix

Topological Object

Topological Primitive

Node

Edge

Face

Volume

Topological
Complex

Network

Time Object

Date Time

Date

Time

Timestamp

Temporal Measure

Temporal Error
Measures

Duration

Y ear Month
Duration

Day Time Duration

Interval

Time Aggregate

Cycle

Break

Stage

Sequence

Temporal Relationship

Temporal Topology

Temporal Proximity

M etadata

Source Metadata

m

Lineage Metadata

Note:

1D = one-dimensional.

2D = two-dimensional .

3D = three-dimensional.

FR = functional requirement.
Gnd = ground.

GPS = globa positioning systems.

ITS = intelligent transportation systems.

MDLRS = transportation multimodal, multidimensional location referencing system.




« The MDLRS data mode uses the lowest common

denominator. In the MDLRS data model, the trans-
portation feature represents a non-decomposable object
in the transportation domain. Examples of transportation
features are signs, guard rail, pavement sections, inter-
sections, anchor points, and abutments. The exchange of
data is easier when stakeholders share the same defini-
tions, but not necessarily the same composition, for trans-
portation features. For example, when stakeholders des-
ignate signs as a transportation feature, though the
attributes of the signs may differ, the exchange and inte-
gration of these signsis enhanced. Designating a class of
phenomena as non-decomposable is based on a set of
stakeholder business rules. For example, although signs
can be decomposed (e.g., into the actual sign, a post,
anchoring hardware, and a base, al of which are them-
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selves transportation features), stakeholders may view a
sign asasingle unit.

The MDLRS data model uses object-level metadata.
The MDLRS datamodel uses metadata objectsat various
levels of the abstraction of a phenomenon (i.e, trans-
portation feature). Metadata objects are associated with
the spatial and temporal objects of the transportation fea-
ture, as well as with the feature itself. The metadata
objectsintheMDLRSdatamodel containinformation on
the source, lineage, and quality of the data. Additionally,
the MDLRS data model provides data constructs that
identify spatial error and its propagation. By providing
the source, lineage, quality, and error of a phenomenon,
theMDLRS datamodel makesthe exchange of datamore
intelligent, allowing the stakehol der to be better informed
on hisor her data, thereby making better decisions.
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CHAPTER 4

CONCLUSIONS AND SUGGESTED RESEARCH

4.1 PROOF OF PROBLEM SOLUTION

A critical part of any data model that represents a geo-
graphic phenomenon and its interactions with other phe-
nomena is the foundation or assumptions upon which it is
based. The MDLRS data model was founded on the results
of aworkshop consisting of 34 participants representing var-
ious transportation stakeholder groups and considered to be
expertsin their respective groups.

Thefunctional requirementsfor an MDLRS aretied to exist-
ing research. For example, the requirement of a multiscale or
multirepresentational GIS has been the focus of much research
(55, 56, 57, 58, 59, 60, 61, 62, 63, 64). Multiscale approaches
allow one representation to be shown at one scale and a de-
tailed representation to be shown at an enlarged scale.

The NCHRP 20-27(3) multidimensional LRS data model
was devel oped to meet the emerging need of the transportation
community to integrate multidimensional data. The 20-27(3)
MDLRS data model includes multiple location referencing
methods, multiple cartographic representations, and multiple
topological representations. The MDLRS datamodel isacom-
prehensive model for location referencing that can accommo-
date and integrate data expressed in one to four dimensions.
Data integration is supported through transformations among
linear methods through a “linear datum” (as described in the
20-27[2] linear referencing system data model), among non-
linear methods through mathematical equations, and among
linear and nonlinear methods through the association of carto-
graphic objects with the linear datum. Time objects, which
record when an activity occurred and when it was entered into
the database, describe the tempora aspects of phenomena.

The MDLRS data model goes beyond the 20-27(2) LRS
datamodel by providing adatum hierarchy and detailson the
associations between the linear datum and datums of higher
dimensions. The MDLRS data model accounts for temporal
referencing by adopting the concept of a “temporal datum”
and provides the constructs needed for temporal referenc-
ing. The data structures of transportation features, of trans-
portation complexes, and of transportation systems adopted
fromthe GIS-T/ISTEA PFS Phase B architecture providethe
MDLRS data model with flexibility for modeling multiple
modes and modeling the intermodal relationships between
modal networks.

NCHRP Project 20-27(3) resulted in tools to support con-
sistent location referencing across the transportation com-

munity. Thesetoolsinclude acomprehensive datamodel and
implementation guidelines. Implementation of the MDLRS
data model will result in effective systems and allow organi-
zations to implement improved transportation systems and
advanced GIS-T technology, thereby assisting in the chang-
ing roles of DOTSs, metropolitan planning organizations, and
transit agencies.

4.2 FUTURE RESEARCH

NCHRP Project 20-27(3) furthersthe devel opment of LRS
datamodelsin transportation; however, more research can be
done. Areasfor future research and potential improvement to
the MDLRS data model include the following:

» Development of the measurement management sys-
tem. Inthe MDLRS data model, aframework for asys-
tem that manages different types of measurements was
provided through the coordinate and measurement
object hierarchies. The method “location derivation” was
included in coordinate objectsto derive coordinates from
collections of measurements. Future research can fully
devel op the measurement management system, including
all typesof measurements (field based or in-house based);
develop the algorithms for the location derivation meth-
ods; and develop guidelines for implementing the mea-
surement management system to be used with the
MDLRS datamode.

» Versioning and persistence of transportation fea-
tures, complexes, and systems. Versioning is defined
as “the tracking of the evolution of an object’s state
through time” (65). Versions reflect multiple alterna-
tive values for characteristics of the single entity. Ver-
sioning allows multiple realizations of a model for a
single entity, not the realization of multiple models of
multiple entities. The MDLRS data model accommo-
dates versioning by allowing an object to have one or
more spatiotemporal representations and by keeping a
history of attribute values. However, the MDLRS data
model does not answer the question, What makes an
entity a version of itself instead of a completely new
entity? This issue has been called “persistence” (66).
Persistenceinvolvesthe essential user-defined property
that defines an entity. Every geographical entity has



such adefining property (67), and if this defining prop-
erty changes, then the entity is “destroyed,” or becomes
another entity, while other property changes merely result
in new versions of the same entity. The essentia property
can be the entity’s location or an attribute, but is identi-
fied by stakeholder business rules. In the MDLRS data
model, the event list is rolled forward or backward to
trace an entity and its replacements. Additionaly, the
MDLRS datamodel does not address businessrulesfor
object persistence. Future research can develop busi-
nessrulesfor object persistence and provide guidelines
for their use.
Businessrulesfor scale applicability and dimensional
constraints. The MDLRS data mode! allows individual
topological entities to be associated with many carto-
graphic entities and vice versa. This association between
topological and cartographic entitiesis constrained by the
applicable scale of the entities, primarily because of car-
tographic representation. This association is also con-
strained optionally by dimensional business rules. The
MDLRS data model does not provide guidelines on the
appropriate scal esto usewith each spatial entity, nor does
the model provide guidelines for the use of the dimen-
sionality constraint. Future research can develop guide-
linesand recommendationsfor the scale of spatial objects
and for the dimensionality constraint.

Testing of the MDLRS data model. Future research

can involve rigorous implementing and testing of the

MDLRS data model, including the following:

» Test the implementation guidelines to determine
whether they are accurate and complete and whether
they produce the intended results.

* Develop the physical design of the MDLRS data
model, optimizing the physica design for spatio-
temporal data using mathematical functions. Physical
designinvolves database management system technol-
ogy, architecture environment, performance require-
ments, security requirements, and constraints of the
processing transactions, as well as decisions about
which derived data to store and how to store volumes
of data (36).

A critical concern in the physical design of the
MDLRS data mode is how to efficiently store, refer-
ence, and perform transactions on theimmense volume
of data resulting from spatiotempora processes. One
process that produces volumes of datais that of track-
ing vehicles. Instead of storingindividual sampled loca-
tional points, a mathematical or space-time function
can be used to store data in compressed form and to
allow transformation of datain continuous and discrete
representations without loss of information. An exam-
ple used in the communicationsfield of this space-time
function is the short-term Fourier transform.
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= Implement the physical design of the data model and
test the code with data with various types of queries.
Becausethe MDL RS datamode isadatamodel, oper-
ations (e.g., transformation operatorsor event methods)
on data constructs are not specified (i.e., algorithms are
not given). Implementation of data operationsis likely
to bring about changes in the model.

» Development of the conveyance object and itsinter-
action with itsenvironment. The MDLRS data model
specifies a moving object called a “conveyance.” The
conveyance object takes part in the track and route nav-
igational functions. However, the MDLRS data model
does not provide the algorithms for the track and route
navigational functions. Additionally, the MDLRS data
model does not provide the functions needed to perform
pathfinding, route guidance, travel time prediction, sto-
chastic processing (e.g., predictive traffic estimates), or
dynamic programming. Future research can develop the
track and route navigational functions in the context of
implementing an advanced traveler information system
or an advanced public transportation system and pro-
vide guidelines for the implementation.

4.3 LINKAGE TO PAST EFFORTS

The strategy for developing the MDLRS data model was to
usethe NCHRP 20-27(2) datamodel and sel ected components
of other existing datamodels. Employing this strategy demon-
strates continuity inthat past effortsin modeling transportation-
based phenomena are folded into the MDLRS model rather
than being replaced. Replacing existing models of trans-
portation-based phenomena creates additional confusion and
reduced acceptability with stakeholders because of the un-
familiarity of new conceptsin acompletely new data model.

In keeping with this strategy, the MDLRS data model
relies on the 20-27(2) data model, the GIS-T/ISTEA PFS
data model, the National ITS Architecture, the CGIS-SAIF
data model, and the 1SO 15046 data model. The 20-27(2)
LRS data model is used in the MDLRS data model as the
framework for managing and transforming linearly refer-
enced data. The GIS-T/ISTEA PFS modd is used as the
framework for modeling transportation-based geospatial data
and their relationships. From the GIS-T/ISTEA PFS model,
the MDLRS data model adopts the historical modeling of
transportation-based phenomena. The National ITS Archi-
tecture is used in the MDLRS data model as the framework
for identifying and mapping I TS business areas. The CGIS-
SAIF model isused in the MDLRS datamodel as the frame-
work for modeling the temporal attributes and relationships
of transportation-based phenomena. From the 1SO 15046
model, the MDLRS data model adopts the spatial represen-
tation of transportation-based phenomena.
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GLOSSARY

abstraction. (a) Concentrating on a problem at some generd
level of detail and ignoring details that are not at that level
of generalization (2). (b) A menta facility that permits
humansto view real-wold problemswith varying degrees of
detail depending on the current context on the problem (28).

accuracy. (a) A measure of how closely aset of values (mea-
sured or calculated) agreeswith the true value (68). (b) The
degree to which a measured or calculated value conforms
to its definition or to a standard reference (69). (c) How
closely results of observations, computations, or estimates
agree with the true values or the values accepted as being
true (70). (d) How closely a test result agrees with the
accepted reference value (21). (e) With regards to adigital
base map, how closely observation or computational esti-
mates of the position of mapped features agree with thetrue
ground position (71).

aggregation. (a) An“a-part-of” relationship (2). (b) A specia
form of association, between awholeand itsparts, inwhich
the whole consists of the parts (28). (c) The operation of
constructing more complex phenomena out of component
phenomena. A lock isan aggregation of walls, gates, and a
reservoir (20). (d) Concerned with objects as assemblies of
components represented by other objects (19).

altitude. (a) Elevation above or below areference datum, as
defined in FIPSPUB 70-1. (b) The z-value in a spatial
address (20).

anchor point. A known point or location along atransporta-
tion corridor, such as an intersection, bridge, monument,
post, or travelway terminus (2).

anchor section. The explicit domain of valid linear loca
tions. The direction of the section establishes the positive
direction (2).

angle measurement. The observed two-dimensional angle
located at a vertex, with a backsight at either a vertical
plane through the instrument or at a point and a foresight
at another point.

association. The assignment of phenomenato sets, using cri-
teria different from those used for classification. For
example, concrete roads may be associated with concrete
sewers, concrete locks, and other phenomena constructed
of concrete (20).

attribute. A quantitative or qualitative characteristic ascribed
to an object from a stated domain (19).

attributevalue. A specific quality or quantity assigned to an
attribute (e.g., steel) for a specific entity instance (70).

benchmark. A relatively permanent material object, natural
or artificial, bearing a marked point whose elevation above
or below an adopted surface (i.e., datum) is known (72).

break. A time aggregate object consisting of the period of
time represented by the differencein two digjoint, nonover-
lapping intervals.

cadastral datum. A datum based on the set of rules and pro-
ceduresfor setting boundaries of public lands and parts, as
established by the Bureau of Land Management and its
predecessors (72).

calendar. Discrete temporal referencing system that pro-
vides a basis for defining temporal position to a precision
of one day (21).

calendar era. Thedivision of timeinto a sequence of calen-
dar years counted from a specified date (21).

cartographic representation. A set of lines that can be
mapped to alinear datum. The set of lines can be fully or
partialy linked. That is, the set can consist of digoint
groupswith thelinesin each group being internally linked.
Cartographic representations have a“ source” attribute that
denotes the source (i.e., scale and lineage) of the object.
Cartographic representations provide coordinate refer-
ences, the basis for to-scale visualization of other compo-
nents of the linear referencing system model; and linkages
to extended, vector-based GIS data models (1).

CGIS-SAIF. Canadian Geomatics Interchange Standard—
Spatial Archive and Interchange Format.

class. A software component comprising data structure
descriptions (or templates) and procedures (called meth-
ods) for manipulating that structure (21).

classification. The assignment of similar phenomena to a
common class. An individual phenomenon is an instance
of its class—for example, Route 10 is an instance of the
class“road” (20).

complex event. A collection of related events (e.g., ayearly
construction schedule).

conceptual model. A model that defines concepts of a uni-
verse of discourse (21).

conceptual schema. Schema of a conceptual model (21).

control station. A point, on the ground, whose location is
used as abasisfor obtaining locations of other points (72).

conveyance. An object required to execute navigation. A
conveyance object is anything (usually a vehicle or a per-
son) that moves in a spatiotemporal reference frame (43).

coordinate. A specified or derived ordered set of N numbers
that designate the location of a point in a space of N
dimensions (72).

Coordinated Universal Time (UTC). A time scale main-
tained by the International Bureau of Weights and Mea-
sures and the International Earth Rotation Service (IERS)
that formsthe basis of acoordinated dissemination of stan-
dard frequencies and time signals (21).

coordinate referencing system. A coordinate system that
relatesto the Earth by a datum (21).

coordinate system. (a) A set of mathematical rulesfor spec-
ifying how coordinates are to be assigned to points (21).



(b) A referencing system for the unique definition of a
point’s location in N-dimensional space (73).

coor dinate transfor mation. The computational process of
converting a position from one coordinate system to
another (74).

corner. A legal location that may mark the extremity of a
parcel or aparcel legal area. A corner may have multiple
corner points, which serve as measures or markers for the
legal location of the corner (75).

corner point. A point that marksthe ends of arecord bound-
ary or the extremities of alegal area. A corner point may
or may not be monumented and is any representation of a
corner (75).

curve. A bounded, connected, one-dimensional geometric
primitive. A curve represents the continuous image of a
line and, therefore, is realizable as a one-parameter set of
points (the boundary of acurveisthe set of pointsat either
end of the curve: thefirst point isthe start point, thelast is
the end point [21]).

cycle. A time aggregate object that consists of a beginning
and optional ending datetime object with arepeating dura-
tion object.

data quality. A category of measures of how well a given
data set fits a given use. Quality measures include such
things as information on data sources, accuracy, logical
consistency, completeness, and positional and attribute
accuracy (74).

dataset. (@) Anidentifiable collection of data. A dataset may
be asmaller grouping of datathat, though limited by some
constraint (such as spatial extent or feature type), is
located physically within a larger data set. Theoretically,
adata set may be as small as a single feature or afeature
attribute contained within alarger data set (21). (b) A col-
lection of related data files (17). (¢) An identifiable col-
lection of data (18).

date. (&) A uniqueinstant defined in a specific time scale (69).
The date can be conventionally expressed in years, months,
days, hours, minutes, seconds, and fractions. (b) A specified
instant. Theinstant is specified by itstimewithin the day and
by its day (68). (c) The day, month, and year of a specified
calendric system for an absolute point in time (adapted from
the BC Ministry of Environment, Lands, and Parks[19]).

datetime. (@) The zero-dimensional temporal geometric prim-
itive, equivalent to a point in space. (b) An interval whose
duration is less than the resolution of the time scale. A date
time object is associated with asingle tempord positionina
given tempora referencing system. The date time can be
conventionaly expressed in years, months, days, hours,
minutes, seconds, and fractions (modified from 1SO Techni-
cal Committee 211, Working Group 1 [21]). () An abstract
superclass dealing with date and time constructs (19).

datum. Any quantity or set of quantities that may serve as a
reference or basisfor thecalculation of other quantities (21).

day time duration. A duration defined in terms of number
of days, hours, minutes, and seconds (19).

69

DGIWG. Digital Geographic Information Working Group.

DIGEST . Digital Geographic Information Exchange Standard.

direction. The computed azimuth or bearing between two
points.

direct positioning. A position expression, using coordi-
nates defined in relation to a geodetic reference frame,
sufficient to ascribe a coordinate position to a feature on
the Earth (21).

distance measurement. The observed distance between
two points.

DOT. Department of transportation.

duration. (a) A quantity of time, the temporal equivalent of
length (21). (b) An abstract superclass with subclasses
designating different types of time durations (19).

edge. A one-dimensional topological primitive (21).

EF. Entity-relationship.

ellipsoid. An dllipsoid whose dimensions and position have
been selected to best fit the astronomical and geodetic
coordinates of a particular geodetic network (72).

entity. A phenomenon that cannot be subdivided into like
units (18).

epoch. (a) The beginning of an era or event or the reference
data of a system of measurements (69). (b) A particular
instant of time from which an event or aseries of eventsis
calculated; a starting point in time, to which events are
referred; a date and instant, corresponding to the position
of a coordinate system, to which all subseguent positions
are referred. Whereas date is associated with a value of
time and with the event that occurred then, epoch is asso-
ciated with apoint intimeto which eventsarereferred (68).

error. The difference between the measured value of a quan-
tity and thetheoretical or defined value of that quantity (68).

error measur es. The uncertainties associated with measure-
ments (bias is assumed to be removed by calibration).

ESRI. Environmental Systems Research Institute.

event. An instant or period in which something happens that
changes the state of an object (adapted from Rumbaugh
et a. [28]). An event that changes the state of a specific
object results in a significant experience for that object.

experience. An event participated in—that is, an event that
changes the state of an object (adapted from Fletcher,
Henderson, and Espinoza [2]). The experience object
holds the memory of eventsthat have directly affected its
existence.

face. (a) A two-dimensional topological primitive (21). (b) A
two-dimensional el ement bounded by aclosed set of edges
and zero or more nonintersecting inner closed set of edges,
the atomic two-dimensional element (17).

FHWA. Federal Highway Administration.

fleet. A collection of conveyances that represent a group of
vehicles that supports fleet management applications.

FTA. Federal Transit Administration.

functional requirement. A functional-level capability or
business rule that is identified by an organization and is
necessary to solve a problem or achieve an abjective (48).
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generalization. (&) The gradual loss of resemblance between
asymbol on amap and the object represented by that sym-
bol, as the scale of the map becomes smaller (68). (b) An
“akind-of” relationship (2). (c) Therelationship between a
class and one or more refined or specialized versions of it
(28). (d) A process in which classes are assigned to other
classes. The genera class includes al the instances of the
congtituent classes. For example, sewersareincludedinthe
more genera class of “utilities” (20). (€) Dealing with
supertype and subtype relationships by use of an “is-a’
hierarchy (19).

geocentric datum. A datum that uses the Earth’s center of
mass to specify the coordinate system (72).

geodetic coordinate system. A coordinate system in which
position is specified by latitude, longitude, and ellipsoidal
height (21).

geodetic datum. (a) A set of parameters describing therela-
tionship of a coordinate system to the Earth (21). (b) A
mathematical model of the Earth’s shape (73). (¢) A geo-
metric set of five quantities that serves as alocational ref-
erence or base for other quantities. The five quantities are
latitude and longitude of an initia point, the azimuth of a
line from this point, and two constants necessary to define
theterrestrial spheroid (71).

geodetic referencing system. A coordinate system, based on
ageodetic datum, that definesthe position of the origin and
the orientation of the axes (21).

geogr aphic coor dinates. The quantities of latitude and lon-
gitude (and, sometimes, atitude) that define the position
of apoint on the Earth with respect to the reference spher-
oid or elipsoid (71).

geogr aphic data. Datawith implicit or explicit reference to
alocation relative to the Earth (21).

geogr aphic object. () An object representing areal or arti-
ficially defined phenomenon that has or potentially has
somekind of spatial or spatiotemporal position (2). (b) An
object representing area -world phenomenon that existsin
a spatial or spatiotemporal domain. An object is consid-
ered ageographic abject if its position in space, or in both
space and time, forms an integral part of the user’s under-
standing of the object (19). (c) An object representing a
real-world phenomenon that exists in a spatial or spa-
tiotemporal domain. An object is considered ageographic
object if its position in space, or in both space and time,
forms an integral part of the user’s understanding of the
object (19).

geogr aphic reference network. A set of spatial objects that
represent the position of the reference network at some
cartographic scale and resolution (2).

geoid. The equipotential surface of the Earth’s gravity field
that coincides with the surface that the oceans would have
if they were motionless and were affected only by the
Earth’s gravity field (72).

geometric complex. A collection of geometric primitives,
other geometric complexes, or both.

geometric object. The region in space occupied by atrans-
portation feature (adapted from the BC Ministry of Envi-
ronment, Lands, and Parks[19]). A geometric object pro-
vides the means for the quantitative description, through
coordinates and mathematical functions, of the spatial
characteristics of features, including dimension, position,
size, shape, and orientation (21).

geometric primitive. A non-decomposable object repre-
senting a single, connected, homogeneous element of
geometry. Geometric primitives present information about
geometric configuration (21).

geometric/topological association. A relation that associ-
ates a single geometric object to a set of topological
objects and imposes a restriction on the set of topological
objectsthat isrealized by the scal e of the geometric object.

GI S. Geographic information systems.

GIS-T. Geographic Information System in Transportation.

GPS. Glaoba positioning systems.

GPS coordinate. A specified or derived ordered set of three
numbers that designate the location of a point in a space of
three dimensions (adapted from Del_oach [72]). Thederiva
tion of this coordinate uses aradio measurement object.

GPS satellite. A geosynchronous, passive satellite that is
part of the NAV STAR constellation used to provide pas-
sive global positioning (72).

Gregorian calendar. The calendar in general useintroduced
in 1582 to correct an error in the Julian calendar (21).

ground control. A system of points with established hori-
zontal and vertical positions that are used as fixed refer-
ences in positioning and relating map features (20).

ground control point. A point of known location that can be
recognized on an image or a map and that can be used to
calculate the transformation needed for the registration of
images or maps. Ground control points relate to a known
projection for use in geometric transformation (73).

homomor phism. A relationship between two complexes
such that thereis a structure-preserving function from one
complex to the other (21).

HOV. High-occupancy vehicle.

instant. (a) A specifictime (69). (b) A zero-dimensional tem-
poral geometric primitive; apoint in time (21).

intelligent transportation systems (I TS). Systemsthat apply
modern technology to transportation problems (another
appropriate meaning of the I TS acronym isintegrated trans-
portation systems, which stressesthat integrated transporta-
tion systemswill oftenintegrate componentsand usersfrom
many domains, both public and private [74]).

inter oper ability. The ability to share information between
heterogeneous applications and systems (74).

interval. A one-dimensional temporal geometric primitive,
equivalent to acurvein space. Like acurve, it has begin-
ning and end points (each a date) and a length (its dura-
tion). Its temporal position is described in terms of the
tempora positions of the dates at which the interval
begins and ends (adapted from | SO Technical Committee



211, Working Group 1 [21]). An interval is defined in
terms of either (a) a beginning and ending start date and
time or (b) a start date and time and a duration beginning
at that date and time (19).

interval timescale. A time-measuring scale that providesan
origin and one or more standard time intervals. These
intervals are used to describe the temporal position and
duration of atemporal primitive (21).

| SO-GDF-. International Standards Organization—Geographic
DataFiles.

isomor phism. A relationship between two complexes such
that there is a one-to-one, structure-preserving function
from one complex to the other. For example, a geomet-
ric complex isisomorphic to atopological complex if the
elements of the two complexes are in a one-to-one,
dimension- and boundary-preserving correspondence to
one another (21).

ISTEA. Intermodal Surface Transportation Efficiency Act
of 1991.

ITS. Intelligent transportation systems.

Julian day number. The integer number of days since the
date 1 January 4712 B.c. in the Julian calendar (21).

latency. In general, the period of time in which one compo-
nent in asystem is idle while waiting for another compo-
nent; wasted time.

lineage metadata. An object that indicates the history or
parentage of the data, including their compilation and pro-
cessing history (19).

linear coordinate. A specified or derived traversal measure
that designates the location of a point in a linear space
(adapted from Deloach [72]). The derivation of this coor-
dinate uses a linear measurement object.

linear datum. The complete set of anchor sections and
anchor points, constituting a mutually exclusive, totally
exhaustive, ordered set of linear locations (1).

linear measurement. An abstract data type representing
either the observed distance or offset between two points
(i.e., linear distance or offset distance).

linear reference method. The location of asiterelativeto a
traversal in some system. A linear reference method object
contains linear locations represented by traversals and
their reference point sites (2).

linear referencing system. A means of identifying a loca
tion by reference to a segment of alinear geographic fea-
ture (such as a roadway) and distance from some point
aong that segment (21).

local vertical datum. A level surface taken as a surface of
reference from which to reckon elevations (72).

locate. To establish the location in space and time of an
unknown point in the field by reference to objects in the
“real world” (adapted from Vonderohe et a. [1]).

location. (a) The numerical or other identification of a
point or object, sufficiently precise that the object or event
can be found from the identification (adapted from the
American Society of Civil Engineers [68]). (b) A spatio-
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temporal expression that designates a unique place and
time in space. (c) The name given to a specific point on a
highway for which an identification of its linear position
with respect to aknown point isdesired (16, 41). (d) Iden-
tifiable part, of a physical place, that may be identified by
positional parameters (21). (€) A position on the Earth’s
surface (74).

location (or spatial) referencing method. A mechanism for
finding and stating the location of an unknown point by
referencing it to a known point (adapted from the Trans-
portation Research Board [41]).

location (or spatial) referencing system (LRS). (a) Policies,
records, objects, and procedures that relate the included
location referencing methods in a way that the accuracy
requirements for end users are met (adapted from 1SO
Technical Committee 211, Working Group 1 [21]). (b) A
system of determining the position of an entity relative to
other entities to some external frame of reference (15).

LRS. See “location referencing system.”

MDLRS. Multimodal, multidimensional transportation loca
tion referencing system.

measur ement. (a) The act of deliberately sensing an event or
thing, noting the circumstances, and assigning a numerical
value to the event or thing. (b) An observation, together
with the act of associating anumerical valuewith the obser-
vation (72). A measurement object contains the identifiers
associated with the observation, the value of the observa-
tion, and the uncertainty associated with the measurement.

metadata. Data about the content, quality, condition, and
other characteristics of data (75).

motion. A change over time of coordinate values with
respect to a particular reference frame (21).

NAD. North American Datum.

NATO. North Atlantic Treaty Organization.

NAVD. North American Vertical Datum.

navigate. To move within a spatiotemporal reference frame.

network. (a) A topological object, consisting of an aggrega
tion of nodes and edges, that formsthe basisfor operations
such as pathfinding and flow (1). (b) A set of nodes, some
of which are joined by edges (21).

node. (a) A zero-dimensiona element that is a topological
junction of two or more edges or that is an end point of an
edge (17). (b) A zero-dimensional topological primitive
(21).

nongeodetic datum. A datum with alocal reference (21).

nongeospatial dimensions. Dimensionsused for giving data
nongeographic location in space, such as the time dimen-
sion (20).

NSDI. National Spatial Data Infrastructure.

NSIF. NATO Secondary Imagery Format.

object. (a) A tangible or intangible phenomenon (e.g., road,
sign, route, event, or conveyance) that the user wants to
keep information (i.e., attributes) about. Objects can have
attributes. Attributes have values that are valid for atime
instant or interval (i.e., valuesthat are time dependent). An
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object’s state is the object’s attributes’ values at a time
instant or interval. Any changein any object attribute value
changes the object’s state. (b) A unit of data that may be
treated as indivisible at a higher level of abstraction.
Objects often relate to real-world entities; however, they
may also pertain to more abstract concepts (such as amap-
ping projection). Objects may be characterized by behav-
ior (i.e., the set of operations that can be performed on
them) and by state (i.e., the values for the attributes defin-
ing the objects[19]). (c) Aninseparable package or capsule
of data definitions and values and the procedures (often
called methods) that act upon the data (74).

OMT. Object-modeling technique.

one-dimensional coordinate. A specified or derived eleva-
tion that designates the vertical location of a point in a
space of onedimension (adapted from DelL oach[72]). The
derivation of thiscoordinate uses aone-dimensional ground
measurement object.

one-dimensional ground measurement. An abstract data
type representing the observed signed difference in dis-
tance in the elevation of one point to the elevation of
another point (i.e., vertical distance).

ordinal era. A named interval of time in an ordinal tempo-
ral referencing system. The duration of an ordinal era, and
the point in time at which it begins and ends, may be
unknown or indefinite (21).

ordinal temporal referencing system. A tempora refer-
encing system consisting of a hierarchy of ordina eras
ordered in time (21).

ordinal time scale. A time-measuring scale that provides a
basis for describing only the relative temporal position of
atempora geometric primitive (21).

path. A finite, alternating sequence of nodes and edges, such
that every arcisimmediately preceded and succeeded by the
two vertices with which the arc isincident and in which no
vertex isrepeated, except possibly thefirst and last one (17).

period. A bounded, one-dimensional temporal geometric
primitive (21).

PFS. Pooled fund study.

phenomenon. (a) A significant occurrence or event; the most
general abstract superclassinthemodel. Every object isor
represents a phenomenon (2). (b) A fact, occurrence, or
circumstance. For example, Route 10, George Washington
National Forest, and Chesterfield County are all phenom-
ena (20).

place. To trandlate a database location in space and time into
a real-world location in space and time (adapted from
Vonderohe et a. [1]).

point. A zero-dimensional geometric primitive, representing
aposition, but not having extent (21).

point-of-interest. A geographic location, such as a transit
stop, that is of interest to the transportation community (74).

polar coordinate system. A coordinate system in which
position is specified by distanceto the origin and by direc-
tion (21).

polymor phism. Assuming many forms; that property indi-
cating that an operation may behave differently in differ-
ent classes (28).

position. (a) To translate a real-world location in space and
time into a database location in space and time (adapted
fromVonderoheet al. [1]); to encode areal-world location
and time metric in a database. (b) A numerical or other
description of the location and orientation of an object
(68). (c) A numerical or other description of the location
of apoint or object (21).

positional accuracy. (a) How closely the result of aposition
determination agreeswith thetrue value of aposition (21).
(b) How closely the geographic position of an object
agrees with its corresponding real-world entity (74).

positioning system. A system of measuring devices for
determining the position of a point of interest (21).

precision. (a) A measure of the quality of the method by
which measurements are made. Precision differs from
accuracy in that the latter relates to the quality of the
results of the measurements, not the quality of the method
used (68). Precision is often expressed in terms of repeata-
bility (i.e., the amount by which the measurementsin a set
differ from one another). (b) The degree of mutual agree-
ment among a series of individual measurements. Preci-
sionisoften, but not necessarily, expressed by the standard
deviation of the measurements (69).

primitive. The smallest spatial component of which all fea
tures consist. There are three geometric primitives (nodes,
edges, and faces) and one cartographic primitive (text [ 18]).

pr oj ected coor dinate system. A two-dimensional Cartesian
coordinate system resulting from amap projection (21).

projection. A set of functions, or the corresponding geomet-
ric constructions, relating points on one surface to points
on another surface in such amanner that to every point on
the first surface corresponds exactly one point on the sec-
ond surface (72).

quality. (&) An essentid or distinguishing characteristic nec-
essary for cartographic data to be fit for use (70). (b) The
totality of a product’s characteristics that bear on the prod-
uct’ s ahility to satisfy stated and implied needs. Within the
data quality model, quality indicates the totality of the fol-
lowing: feature representation types, festure representations,
feature attributes, feature relationships, and operations of
feature representation types. Quality isused to determinefit-
ness for use (21).

radio frequency measurement. An abstract data type rep-
resenting an observed radio signal and the time recorded
a alocation.

real time. () A timein which the occurrence of an event and
the reporting or recording of that event are amost smulta
neous (46). (b) A situation in which events are reported or
recorded at the sametimeasthey are happening (68). (c) The
absence of delay in getting, sending, and receiving data (68).

real-time system. An interactive system in which time con-
straints on actions are particularly tight or in which the
slightest timing failure cannot be tolerated (28).



real-world location. A description of the actual physical
object. For example, areal-world location could be “the
intersection of Main St. and Broad Ave’ (24).

record. An implementation-dependent construct that con-
sists of an identifiable collection of one or more related
fields (17).

referenceobject. A physical, not readily movable object that
isacomponent of a spatial referencing system and whose
location isknown and from which measurements are made
in the real world to determine the unknown locations of
other objects (adapted from Del oach [72]).

reference point. A point representing the position of a ref-
erence object.

relationship. A meaningful connection between object classes
or instances (2).

relative accuracy. How closely the positional relationships
of features in a data set agree with true relationships or
with the relationships accepted as true (21).

resolution. (a) A measure of thefinest detail distinguishable
in an object or phenomenon (68). (b) The smallest signif-
icant difference that can be measured with a given instru-
ment (69). (c) The minimum difference, between two
independently measured or computed values, that can be
distinguished by the measurement or analytical method
being considered or used (70). (d) A measure of the abil-
ity to distinguish detail or separation of objects under
certain specific conditions. (€) The minimum distance
between two adjacent objects, or the minimum size of an
object, that can be distinguished under certain specific
conditions (18).

RFP. Request for proposals.

rollback. To push back (46).

route. (a) To generate by direction and location, with linear
tracks and a sequence of maneuvers, atraversal that may or
may not be time dependent. (b) An aggregation of sequen-
tialy connected links in a network, typically denoting an
intended or scheduled path of atransport resource (74).

schema. A formal description of amodel (21).

SDTS. Spatial Data Transfer Standard.

sequence. A time aggregate object consisting of two or more
intervals that meet.

solid. A bounded, connected, three-dimensional geometric
primitive that represents the continuous image of aregion
of Euclidean 3 space and that is, therefore, fully realizable
locally as athree-parameter set of points (21).

sour cemetadata. An object that identifiesthe administrative
aspects of where the data come from, where they are
going, possible restrictions on the data, and when the data
were entered into the database (19).

spaghetti. A digital storage format in which no lines or
points relate to each other (18).

spatial attribute. A feature attribute describing the spatial
characteristics of the feature in terms of spatial primitives
and relationships between them (21).

73

spatial autocorrelation. The degree of correlation between a
surface value and the values of its neighbors; the propen-
sity of spatial datato vary smoothly with distance (40).

spatial data. Information about the location, shape, relation-
ships, and attributes of geographic features (74).

gpatial data sets. Collections of spatially referenced data
that are grouped together for reasons of convenience—for
example, watershed with subbasins (19).

gpatial information system. An information system with the
capability to manage spatially referenced information (73).

spatial object. An object that provides the spatial character-
istics of a transportation feature and that is described by
one or more geometric or topological objects. A spatial
object can consist of a primitive or acomplex that is geo-
metric or topological of zero, one, two, or three dimen-
sions, or a set of these (21).

spatial (or location) referencing method. A mechanism for
finding and stating the location of an unknown point by
referencing it to a known point (adapted from the Trans-
portation Research Board [41]).

spatial (or location) referencing system (SRS). (a) Poli-
cies, records, objects, and procedures that relate the
included location referencing methods in a way that the
accuracy requirements for end users are met (adapted
from 1SO Technical Committee 211, Working Group 1
[21]). (b) A system of determining the position of an entity
relative to other entities to some external frame of refer-
ence (15).

gpatial reference. The geographic extent of the domain
within which referenced features may be located (21).

spatiotemporal object. The region of space and time occu-
pied by a transportation feature (adapted from the BC
Ministry of Environment, Lands, and Parks [19]).

SPCS. State Plane Coordinate System.

SRS. See “spatial referencing system.”

stage. A time aggregate object consisting of two or moreinter-
valsthat can meet, overlap, equal, start, end, or be digoint.

state. (a) A condition that persists for a period (21). (b) A
condition of being defined by constant attributes and link
relationships. A state can be thought of asaportion of time
between events. A state without an end stateis current when
valid time equals system time (2).

state planecoor dinate system. A rectangular coordinate sys-
tem used by particular states, typicaly for production of
state transportation maps and resource management (74).

surface. A connected two-dimensional geometric primitive
bounded by a set of oriented closed curves that delineate
the limits of the surface (21).

system. An organized collection of components that interact
(28).

TC211. Technical Committee 211 (of the International Stan-
dards Organization).

temporal attribute. A feature attribute describing the tem-
poral characteristics of the feature (21).
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temporal coordinate. The distance from the origin of the
interval time scaleto apoint intime. Thisdistanceis used
asthe basis for atemporal referencing system (21).

temporal coordinate system. A temporal referencing sys-
tem based on an interval time scale defined in terms of a
single, standard, time interval (21).

tempor al datum. An accepted time scal e that hasadefinable
epoch.

temporal error measur es. The uncertainties associated with
the measurement of time and dates.

temporal geometric primitive. A non-decomposable object
used to describe position and magnitude within the tem-
poral dimension (21).

temporal measurement. The point or interval of time
recorded for an activity by one observer using a known
tempora measuring device.

temporal position. The location of a temporal geometric
primitive relative to atemporal referencing system (21).

temporal proximity. A temporal relationship, analogous to
a temporal buffer, that answers the question of whether
Object A occurred within agiven time (i.e., aduration) of
Object B (19).

temporal reference equation. A derivable equation that
relates the temporal datum to the temporal referencing
method. Thetemporal reference object equation consi sts of
two parts: areference offset (e.g., —3 h for eastern standard
time [EST] to pacific standard time [PST]) and a metric
scaling function that relates the metric of the method to the
metric of the datum—for example, to create swatch time =
([{ seconds/60 + minutes}/60 + hours]/24)* 1000 swatch
beats. The temporal reference object can accommodate
various metrics and various temporal representations. The
user must devel op the appropriate offset and metric scaling
functions to convert temporal addresses (e.g., 1/1/2000
Gregorian = 12/19/1999 Julian = 2451544.5 Julian date, or
10/5/3761 B.c. = 0/0/0 Jewish calendar, or 3:00 p.m. EST
=12:00 p.m. PST).

temporal referencing method. A mechanism for un-
ambiguous ordering of events. A temporal reference is
absolute or relativevalue or position on aninterval or ordi-
nal time scale that is stable and homogeneous, such as
atomic time, Coordinated Universal Time (UTC), Interna
tional Atomic Time (TAI), Terrestrial Time (TT), univer-
sal time (UT), and ephemeris time (adapted from “time
scale” in the National Ingtitute of Standards and Technol-
ogy’s glossary [69]).

temporal referencing system (TRS). (a) Internal-based
policies, records, objects, and procedures that relate the
included temporal referencing methods (adapted from the
Transportation Research Board [41]). (b) A referencing
system against which time is measured (21).

temporal relationship. An abstract superclass under which
a number of classes can be defined dealing with metric
(i.e., involving measurements) and nonmetric (i.e., topo-
logical) temporal relationships (19).

temporal topology. A tempora relationship involving non-
metric temporal relationships between events. Nonmetric
temporal relationships include tempora digoint and tem-
poral intersect. Two events may temporally intersect in mul-
tiple ways, including follows, overlap at start, overlap at
end, during, during from start, during from end, and simul-
taneous (19).

three-dimensional Cartesian axes. A coordinate system
consisting of three straight lines intersecting at acommon
point and perpendicular to each other (72).

three-dimensional coordinate. A specified or derived
ordered set of three numbers that designate the location of
a point in a space of three dimensions (adapted from
DelLoach [72]). The derivation of this coordinate uses a
three-dimensional ground measurement object.

three-dimensional ground measurement. An abstract data
type representing either the observed slope distance or
direction between two points or a zenith angle or a hori-
zontal angle measured at athird point.

time. (@) A system for measuring duration (46). (b) The hour,
minute, and second of a point in the time period of a day.
(c) The instant when an event occurs. Time is one of the
four coordinates that are necessary and sufficient to com-
pletely identify the location of a particle or event. Timeis
the only one of these four coordinatesthat alwaysincreases
during a change, regardiess of whether or how the other
three coordinates change. In Newtonian mechanics, timeis
the temporal coordinate of an event and the other three
coordinates are the spatial coordinates. Thetime associated
with aparticular event is determined by the location of the
origin (i.e., the epoch); such timeis usually the date of that
event (68).

time aggregate. A time object that consists of date time,
interval, and duration objects, as well as other time aggre-
gate objects (19).

timeobject. Anobject that represents aspecific or relative por-
tion of the time line in which the spatial object, event, or
atributeisvalid. A time object providesthelocation of tem-
pora primitives and aggregates relative to atemporal refer-
encing system (adapted from | SO Technical Committee 211,
Working Group 1 [21]). A time object is an abstract super-
class with subclasses that address a variety of time-related
concepts, including dates, time during a day, intervals, and
durations (19).

time of day. A designation of a particular instant within a
calendar day (21).

time scale. (a) A system of unambiguous ordering of
events. A time scale is meant to be stable and homoge-
nous (69). (b) The system of unitsinto which the axis of
atemporal coordinate system is divided. The location of
the origin isimmaterial. Time scales are unusually clas-
sified according to the method used for measuring time.
Theterms“timescale” and “time” are frequently used as
synonyms, and there is, in fact, little difference in the
meanings (68).



time stamp. A date-and-time object (19).

time standard. (&) A device used to realize the time unit—
for example, a continuously operating device used to real-
ize atime scale in accordance with the definition of “sec-
ond” and with an appropriately chosen origin (69). (b) A
branch of mathematicsthat investigates the properties of a
geometric configuration that are unaltered if the configu-
ration is subjected to any one-to-one transformation con-
tinuous in both directions (18).

topological complex. A collection of topological primitives
that is closed under the boundary operations. A topologi-
cal complex consists of collections of primitives of all
kinds below the dimension of the largest primitive. Thus,
a two-dimensional complex must contain faces, edges,
and nodes (21).

topological/geometric association. A relation that associates
asingletopological object to aset of geometric objectsand
imposes arestriction on the set of geometric objectsthat is
realized by the level of abstraction of the topological
object.

topological object. An object that remains invariant if the
spaceisdeformed elastically and continuously—for exam-
ple, when geographic data are transformed from one coor-
dinate system to another (21).

topological primitive. An object representing asingle, con-
nected element of topology that remainsinvariant if space
isdeformed (21).

topological representation. The representation of topology
within a digital database; the conceptua structure by
which topology is represented (74).

topology. (a) Spatia relationships and connectivity among
graphic GIS features, such as points, lines, and polygons.
Theserelationshipsallow for display and analysisof “intel-
ligent” datain GIS. Many topological structures incorpo-
rate “begin” and “end” relationships, direction, and right
and left identification (16). (b) A branch of mathematics
that investigatesthe properties of ageometric configuration
that are unaltered if the configuration is subjected to any
one-to-one transformation continuous in both directions
(18). (c) Properties of spatial configuration invariant under
continuous transformation (21). (d) The logical relation-
ships among map featuresin adigital base map. Topology
can be used to characterize spatial relationships, such as
connectivity and adjacency (74).

track. To generateachain of aconveyance' slocationsthrough
a sequence of locate and position operations. (b) The
actual path of aconveyance on the surface of the Earth. The
course is the path that is planned; the track is the path actu-
ally taken (68).

transform. (&) To convert between various spatiotemporal
referencing methods, between various cartographic rep-
resentations, and between location referencing methods
and cartographic representations (adapted from Von-
derohe et al. [1]). (b) A function relating coordinates in
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one coordinate system to coordinates in another coordi-
nate system (68).

transformation. (a) A change of coordinates that is based
on a one-to-one relationship, from one coordinate refer-
encing system to another based on a different datum. A
transformation uses parameters that may have to be
derived empirically by a set of points common to both
coordinate referencing systems (21). (b) A computational
process of converting a position from one coordinate sys-
tem to another (20).

transportation complex. A collection of interconnected
transportation features (adapted from Fletcher, Hender-
son, and Espinoza[2]).

transportation feature. An object representing a real-world
or virtual phenomenon that existsin a spatia or spatiotem-
poral transportation domain. An object is considered a
transportation feature if its position in space, or in both
space and time, forms an integral part of the user’s under-
standing of the object in the transportation domain (adapted
from the BC Ministry of Environment, Lands, and Parks
[19]). A transportation featureis regarded as part of atrans-
portation system (adapted from Fletcher, Henderson, and
Espinoza[2]).

transportation system. An ordered set of transportation fea-
tures serving atransportation function in support of trans-
portation objectives (adapted from Fletcher, Henderson,
and Espinoza[2]).

transport link. An historical, existing, or anticipated travel-
way used to transport passengers or goods. The direction
of the links establishes the primary direction in which the
traversal issaid to “run” (2).

transport node. (a) A place where travel originates or ends.
(b) A facility allowing for achangein transportation mode
or travel route (2).

transport system link. An object responsible for maintain-
ing the assemblies of transport systems and their links (2).

traversal. The geographical route, path, or course desig-
nated for travel or followed by a vehicle or traveler.
Traversals also may be names of designated paths
through atransportation system. Examplesinclude main-
line routes, business routes, spurs, county routes, scenic,
and hazmat (2).

traversal link. An object responsiblefor maintaining the his-
tory of traversal and link assemblies (2).

traversal referencepoint. A point on atraversal that can be
easily identified and whose identity and location are
known (2).

TRS. See “temporal referencing system.”

two-dimensional coordinate. A specified or derived ordered
set of two numbersthat designate the location of apointin
a space of two dimensions (adapted from Del oach [72]).
The derivation of this coordinate uses a two-dimensional
ground measurement object.

two-dimensional ground measurement. An abstract data
type representing either the observed horizontal distance
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or direction between two points or the horizontal angle
measured at athird point.

UML. Unified modeling language.

uncertainty. A parameter, associated with the result of a
measurement, that characterizes the dispersion of the val-
ues and thereby indicates the measurement’ s precision or
accuracy in terms of dispersion (21).

UPS. Universal Polar Stereographic.

UTC. See*“Coordinated Universal Time.”

UTM. Universal Transverse Mercator.

variance/covariance matrix. An NxN dimensional matrix
that quantifies the spatial uncertainty of objects in each
dimension, as well as between dimensions.

vertical datum. (a) The set of constants specifying the coor-
dinate system to which elevations are referred (72). (b) A
set of parameters describing the relation of gravity-related
heights to the Earth (21).

volume. A three-dimensional topological primitive (21).

year month duration. A duration defined in terms of anum-
ber of years and months (19)
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APPENDIX
WORKSHOP PARTICIPANTS AND AGENDA

This appendix contains the list of participants and the agenda for the workshop on functional specifications for multimodal,
multidimensional transportation location referencing systems held December 3-5, 1998, in Washington, D.C. Participant
names and affiliations are as of the time of the workshop.

Breakout Group 1: Transportation Planning, Highway Construction, and Asset Management
Ron Cihon, Washington DOT, Coor dinator
Teresa M. Adams, University of Wisconsin-Madison, Recor der
Frederick Aubry, ESRI
Stephen J. Bespalko, Sandia National Laboratories
Charles Fleming, GeorgiaDOT
John Hudson, Connecticut DOT
Karl Olmstead, Minnesota DOT
Thomas Palmerlee, Transportation Research Board
Roger Petzold, FHWA, Project Panel
Thomas Ries, Wisconsin DOT, Project Panel
Paul Scarponcini, Bentley Systems, Inc.
Frank Winters, New Y ork State DOT

Breakout Group 2: Highway Safety and Incident Management
Nancy Armentrout, Maine DOT, Coor dinator
Al Butler, Hamilton County, Tennessee, Recor der
Bobby Harris, GIS/Trans, Ltd.
Charley Hickman, U.S. Geological Survey
Tim Neuman, CH2M Hill
Wende O’'Neill, U.S.DOT
Kenneth S. Opiela, Transportation Research Board, NCHRP Program Officer

Breakout Group 3: Traffic Management and Highway Operation
Va Noronha, NCGIA, Coordinator
Tim Nyerges, University of Washington, Recor der
Bill Cairns, Mitretek Systems
Kenneth J. Dueker, Portland State University, Project Panel
Steve Gordon, Oak Ridge National Laboratory
Manny Insignares, TransCore
Fang Zhao, Florida International University

Breakout Group 4: Transit Facilities and Operation; and Commercia Vehicles and Fleet Management
Jeff Orton, Utah Transit Authority, Coor dinator
Alan P. Vonderohe, University of Wisconsin-Madison, Recor der
Zahir Balaporia, Schneider National, Inc.
Michael Berman, King County, Washington State
David R. Fletcher, ATR Institute, Project Panel
Simon Lewis, GIS/Trans, Ltd.
Bruce Spear, U.S.DOT, Project Panel
David Vessdl, Twin Cities Metropolitan Council

Day 1 December 3, 1998

8:30-9:00 AM Continental Breakfast Green 118

9:00 AM—2:00 PM Session 1 Plenary Green 118
9:00-9:10 AM  Introductions (Adams)
9:10-9:15AM  Welcome from NCHRP (Opield)
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9:15-9:20 AM  Opening Remarks from Project Panel (Fletcher)
9:20-9:35 AM  Objectives of the Workshop (Adams)
9:35-10:05AM  20-27(2) Linear LRS Data Model and Terminology (Vonderohe)
10:05-10:20 AM  Coffee Break Green 118
10:20-10:30 AM  Participatory Process and Instructions (Nyerges)
10:30-11:45 AM  Issuesin Developing aMulti-modal, Multi-Dimensional L RS Presentations by Breakout Group
Coordinators (15 min. each)
Summary of Pre-workshop Issues Paper (Adams)
Group 1 (Cihon) Planning, Highway Construction, and Asset Management
Group 2 (Armentrout) Highway Safety and Incident Management
Group 3 (Noronha) Traffic Management and Highway Operation
Group 4 (Orton) Transit Facilities and Operation; and Com. Vehicles and Fleet Mgmt
11:45 AM-Noon  Group Discussion/Synthesis (Nyerges)
Noon-1:00 PM Lunch (tickets provided)
1:00-1:50 PM  Continue Group Discussion/Synthesis (Nyerges)
1:50-2:00 PM Instructions for Breakout Groups (Nyerges)

2:00-6:00 PM Session 2 Breakout Groups

Group 1 Planning, Highway Construction, and Asset Management Green 122
Group 2 Highway Safety and Incident Management Green 128
Group 3 Traffic Management and Highway Operation Green 132

Group 4 Transit Fac. and Operation; and Com. Vehicles and Fleet Mgmt Green 134
2:00-3:30 PM  Identify Functional Needs
3:304:00 PM Break Green 118
4:00-6:00 PM  Identify Functional Specifications (Data Flow Diagrams)

Day 2 December 4, 1998
8:00-8:30 AM Continental Breakfast Green 118
8:30 AM—10:30AM  Session 3 Plenary Green 118
8:30-9:30 AM  Reports on Session 2 from Breakout Group Coordinators
9:30-10:00 AM  Group Discussion/Synthesis (Nyerges)
10:00-10:30 AM  Coffee Bresk

10:30-5:30PM  Session4 Breakout Groups

Group 1 Planning, Highway Construction, and Asset Management Green 122
Group 2 Highway Safety and Incident Management Green 128
Group 3 Traffic Management and Highway Operation Green 132

Group 4 Transit Fac. and Operation; and Com. Vehicles and Fleet Mgmt Green 127

10:30 AM—Noon Preparation of Functional Specification Statements
Noorn—1:00 PM  Lunch (tickets provided)
1:00-3:00 PM  Continue Preparation of Functional Specification Statements
3:00-3:30 PM Break Green 118
3:30-5:30 PM  Implementation: What will make the specs work?

Day3  December 5, 1998
8:00-8:30 AM Continental Breakfast Green 118

8:30 AM—Noon Session 5 Plenary Green 118
8:30-9:30 AM  Reports on Session 4 from Breakout Group Coordinators
9:30-10:00 AM  Group Discussion/Synthesis (Nyerges)
10:00-10:30 AM  Coffee Break Green 118
10:30-11:30 AM  Group Discussion/Synthesis (Nyerges)
11:30-11:40 AM  Closing Remarks from Project Panel (Fletcher)
11:40-11:45 AM  Closing Remarks from NCHRP (Opiela)
11:45 AM—Noon Dissemination of Results and Continuation of Research (Adams)

Noon Adjourn



The Transportation Research Board is a unit of the National Research Council, which serves
the National Academy of Sciences and the National Academy of Engineering. The Board's
mission is to promote innovation and progress in transportation by stimulating and conducting
research, facilitating the dissemination of information, and encouraging the implementation of
research results. The Board’s varied activities annually draw on approximately 4,000 engineers,
scientists, and other transportation researchers and practitioners from the public and private
sectors and academia, all of whom contribute their expertise in the public interest. The program
is supported by state transportation departments, federal agencies including the component
administrations of the U.S. Department of Transportation, and other organizations and
individuals interested in the development of transportation.

The National Academy of Sciences is a private, nonprofit, self-perpetuating society of distin-
guished scholars engaged in scientific and engineering research, dedicated to the furtherance
of science and technology and to their use for the general welfare. Upon the authority of the
charter granted to it by the Congress in 1863, the Academy has a mandate that requires it to
advise the federal government on scientific and technical matters. Dr. Bruce M. Alberts is
president of the National Academy of Sciences.

The National Academy of Engineering was established in 1964, under the charter of the
National Academy of Sciences, as a parallel organization of outstanding engineers. It is
autonomous in its administration and in the selection of its members, sharing with the National
Academy of Sciences the responsibility for advising the federal government. The National
Academy of Engineering also sponsors engineering programs aimed at meeting national needs,
encourages education and research, and recognizes the superior achievements of engineers.
Dr. William A. Wulf is president of the National Academy of Engineering.

The Institute of Medicine was established in 1970 by the National Academy of Sciences to
secure the services of eminent members of appropriate professions in the examination of policy
matters pertaining to the health of the public. The Institute acts under the responsibility given to
the National Academy of Sciences by its congressional charter to be an adviser to the federal
government and, upon its own initiative, to identify issues of medical care, research, and
education. Dr. Kenneth I. Shine is president of the Institute of Medicine.

The National Research Council was organized by the National Academy of Sciences in 1916
to associate the broad community of science and technology with the Academy’s purpose of
furthering knowledge and advising the federal government. Functioning in accordance with
general policies determined by the Academy, the Council has become the principal operating
agency of both the National Academy of Sciences and the National Academy of Engineering in
providing services to the government, the public, and the scientific and engineering
communities. The Council is administered jointly by both the Academies and the Institute of
Medicine. Dr. Bruce M. Alberts and Dr. William A. Wulf are chairman and vice chairman,
respectively, of the National Research Council.

Abbreviations used without definitions in TRB publications:

AASHO American Association of State Highway Officials

AASHTO  American Association of State Highway and Transportation Officials
ASCE American Society of Civil Engineers

ASME American Society of Mechanical Engineers

ASTM American Society for Testing and Materials

FAA Federal Aviation Administration

FHWA Federal Highway Administration

FRA Federal Railroad Administration

FTA Federal Transit Administration

IEEE Institute of Electrical and Electronics Engineers

ITE Institute of Transportation Engineers

NCHRP National Cooperative Highway Research Program

NCTRP National Cooperative Transit Research and Development Program
NHTSA National Highway Traffic Safety Administration

SAE Society of Automotive Engineers

TCRP Transit Cooperative Research Program

TRB Transportation Research Board

U.S.DOT  United States Department of Transportation

THE NATIONAL ACADEMIES

Advisersto the Nation on Science, Engineering, and Medicine

National Academy of Sciences
National Academy of Engineering
Institute of Medicine

National Research Council



	NCHRP REPORT 460 - Guidelines for the Implementation of Multimodal Transportation Location Referencing Systems
	Next Page
	Previous Page
	===============
	Project Description
	===============
	Transportation Research Board Executive Committee 2001
	Guidelines for the Implementation of Multimodal Transportation Location Referencing Systems
	Foreword
	Contents
	Summary
	Chapter 1 - Introduction and Research Approach
	1.1 Report Organization
	1.2 Problem Statement
	1.3 Model Purpose and Intended Audience
	1.4 Research Objectives and Scope
	1.5 NCHRP 20-27(3) Workshop
	1.6 Statement of Functional Requirements
	1.7 Model Development Approach
	1.8 Related Models, Specifications, and Standards
	1.8.1 ISO-GDF
	1.8.2 DIGEST
	1.8.3 CGIS-SAIF
	1.8.4 SDTS
	1.8.5 ISO 15046
	1.8.6 ITS Datum
	1.8.7 NSDI
	1.8.8 The NCHRP 20-27(2) LRS Data Model
	1.8.9 GIS-T/ISTEA PFS
	1.8.10 GIS-T Enterprise
	1.8.11 National ITS Architecture

	1.9 Implementation Guidelines Approach Overview

	Chapter 2 - Findings
	2.1 Modeling Language
	2.1.1 Motivation for Object-Oriented Methodology
	2.1.2 Key Concepts in Object-Oriented Modeling
	2.1.3 Object-Oriented Notation

	2.2 The Conceptual Model
	2.2.1 Introduction
	2.2.2 Purpose of the Conceptual Model
	2.2.3 Conceptual Data Model for MDLRSs

	2.3 The Logical Model
	2.3.1 Introduction
	2.3.2 Purpose of the Logical Model
	2.3.3 Logical Data Model for MDLRSs
	2.3.4 Discussion of Primary Classes and Relationships
	2.3.5 Discussion of Secondary Classes and Relationships


	Chapter 3 - Interpretation, Appraisal, and Applications
	3.1 Influence of Other Models, Standards, and Specifications
	3.1.1 Introduction
	3.1.2 CGIS-SAIF
	3.1.3 ISO 15046
	3.1.4 The NCHRP 20-27(2) LRS Data Model
	3.1.5 GIS-T/ISTEA PFS

	3.2 Discussion of the MDLRS Model as Related to Functional Requirements
	3.2.1 Introduction to Functional Requirements and Specifications
	3.2.2 Functional Requirement I: Spatiotemporal Referencing Methods
	3.2.3 Functional Requirement II: TRS/Temporal Datum
	3.2.4 Functional Requirement III: Transformation of Data Sets
	3.2.5 Functional Requirement IV: Multiple Cartographic/Spatial Topological Representations
	3.2.6 Functional Requirement V: Resolution
	3.2.7 Functional Requirement VI: Dynamics
	3.2.8 Functional Requirement VII: Historical Databases
	3.2.9 Functional Requirement VIII: Accuracy and Error Propagation
	3.2.10 Functional Requirement IX: Object-Level Metadata
	3.2.11 Functional Requirement X: Temporal Topology/Latency

	3.3 MDLRS Model Trade-offs
	3.4 Model Implementation
	3.4.1 Implementation Approach
	3.4.2 Mapping of 20-27(2) Business Systems to Functional Requirements
	3.4.3 Example Use of Model Implementation in an RFP

	3.5 Support for Interoperability

	Chapter 4 - Conclusions and Suggested Research
	4.1 Proof of Problem Solution
	4.2 Future Research
	4.3 Linkage to Past Efforts

	Glossary
	References
	Appendix - Workshop Participants and Agenda
	About the Transportation Research Board



