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(57) ABSTRACT 

Systems and methods for, inter alia, geographically based 
analyses of traffic being carried over a wide scale traffic 
network. The systems integrate geographical information 
systems (GIS) with traffic simulation processes to allow a 
user to analyze traffic patterns and loads at specific geo- 
graphic locations of regions. Additionally, these systems 
allow for traffic analysis over a wide scale traffic network that 
may encompass the traffic network that exists within a geo- 
graphic region and can include, as examples, the traffic net- 
works that span across a city, that interconnect cities, that 
interconnect states and that run across multiple states. To this 
end, the systems include traffic simulators that can adaptively 
or controllably select between multiple traffic simulation 
models for simulating traffic across different segments of the 
traffic network. The different models provide varying levels 
of granularity for measurements of geographical location of a 
vehicle traveling over the traffic network. 
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TRAFFIC DATA MANAGEMENT AND 
SIMULATION SYSTEM 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

This is a continuation of, commonly-assigned U.S. patent 
application Ser. No. 10/179,643, filed Jun. 24, 2002, now U.S. 
Pat. No. 7,155,376, which claims the benefit of U.S. Provi- 
sional Patent Application No. 60/300,197, filed Jun. 22, 2001, 
entitled TRAFFIC DATA MANAGEMENT, ANALYSIS, 
AND SIMULATION and naming Howard Slavin and Qi 
Yang as inventors, the contents of each of which are hereby 
incorporated by reference herein in their respective entireties. 

FIELD OF THE INVENTION 

The system and methods described herein relate to traffic 
analysis and data management systems and modeling meth- 
ods, and more specifically, to systems and methods that inte- 
grate geographic information systems and traffic simulation. 

BACKGROUND OF THE INVENTION 

2 
tion of nodes and/or links are represented by their 2D Carte- 
sian coordinates of X and Y, and do not necessarily align to 
their true geographical locations. As a result of the arbitrarily 
chosen coordination systems, it is often difficult to accurately 

5 geocode the survey data, and reference data from different 
sources. Furthermore, the lack of geographically accurate 
road network data also results in inaccurate model output 
because of the errors in measurement of distance and length. 

Traffic simulation tools in general are computational 
10 demanding because of the complexity involved in modeling 

traveler behavior and because numerous network objects and 
vehicles need to be tracked. This is particularly true for the 
microscopic traffic simulator in which vehicle movements are 
modeled in detail on a second-by-second basis. On the other 

5 hand, some more aggregate models have been developed to 
simulate large networks, but they do not provide the neces- 
sary details in representing the traffic dynamics in modeling 
traffic signal operations. As a result, neither models may be 
sufficient for detailed traffic engineering applications of a 

20 large scale urban network. However, these congested urban 
networks are exactly the areas whose severe traffic problems 
need to be better studied and relieved. 

Accordingly, today planners and engineers face significant 
disadvantages, as current traffic simulation tools do not gen- 

5 erally scale to large urban areas in a manner that conserves 
calculation resources while providing meaningful simulation 
results. As a further disadvantage, current tools do little to 
make design and testing easier for users. 

Traffic simulation is a useful tool for analyzing traffic flows 2 

when designing roads, highways, tunnels, bridges, and other 
vehicular traffic ways. It can help to answer many "what-if' 
questions prior to field construction; compare and determine 
the trade-offs between scenarios such as different network 
configurations, suitable placements for signs, optimal timing 30 

of traffic signals, and the like. By analyzing the flow of 
vehicles over a road network, a municipality can improve the 
road network and traffic management to make more effective 
use of the existing infrastructure and/or accurately project 
future travel demand and supply shortage, thus plan neces- 
sary expansion and improvement of the infrastructure to 
accommodate growth in traffic. 

However, the ability to model traffic flow requires the 
appropriate analytical systems and techniques for analyzing 
complex and dynamic systems. Because of the many complex 
aspects of a traffic system, including driver behavioral con- 
siderations, vehicular flow interactions within the network, 
stochasticity caused by weather effects, traffic accidents, sea- 
sonal variation, etc., it has been notoriously difficult to esti- 
mate traffic flows over a road network. 

There exist traffic simulators for modeling the traffic flow 
across road networks. Vehicle counts, speeds, and other traffic 
data over time and various locations are being collected to 
calibrate and validate the traffic models. The planers and 
engineers can experiment with these models to analyze how 
traffic may flow as volume increases, accidents reduce avail- 
able lanes and other conditions vary. 

Although these traffic simulation tools are helpful, they are 
not easy to use and require a labor intensive process for the 
preparation of data input and interpretation and analysis of 
simulation output. Often a user has to spend days preparing 
the input data to apply to a simulator of a road network. 
Moreover, the size of the road networks existing simulators 
can handle, or the level of details these simulators can provide 
are often limited. 

A further drawback to these existing systems is that these 
models lack accurate geographical representation of network 
objects. Specifically, many existing systems employ the tra- 
ditional "links and nodes" graph formulation of traffic net- 
work, with each node representing an intersection or a change 
of traffic characteristics along the road, and each link repre- 
senting the roadway connecting the two end nodes. The posi- 

SUMMARY OF THE INVENTION 

An object of the invention is to provide traffic network 
database management systems and methods for geocoding 
road network and storing traffic survey and modeling data. 

35 It is a further object to provide comprehensive traffic simu- 
lation systems that provide a network for modeling large scale 
road networks with variable levels of granularity. 

It is an object of the invention to provide a geographical 
information system (GIS) based graphical tool for editing 

40 traffic networks, analyzing and visualizing traffic data (e.g. 
geocoding, mapping, querying, reporting) and storing large 
quantities of time varying traffic data. 

It is an object of the invention to provide traffic analysis 
systems that are more facile to use and reduce or eliminate the 

45 need to manually prepare input data files for traffic simulation 
models. 

It is a further object of the invention to provide traffic 
analysis systems that provide a geographical context to infor- 
mation about traffic patterns. 

so It is a further object of the invention to provide a traffic 
analysis system that provides for analyzing data and devel- 
oping data queries about the dynamic behavior of data at 
specific geographic locations of regions. 

Other objects of the invention will, in part, be obvious, and, 
55 in part, be shown from the following description of the sys- 

tems and methods shown herein. 
The systems and methods of the invention provide, inter 

alia, systems that are designed to allow for geographical 
analyses of traffic flowing over a wide scale road network. 

60 Accordingly, the systems described herein integrate geo- 
graphical information systems (GIS) directly with traffic 
simulation processes to allow a user to analyze traffic patterns 
and loads at specific geographic locations of regions. Thus it 
allows the user to import and utilize existing data on travel 

65 demand, road network, and survey data from a wide range of 
sources. Additionally, the systems include multiple traffic 
simulation models for simulating traffic across different seg- 
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ments of the traffic network. The different models provide 
varying levels of granularity for modeling vehicle movements 
over the traffic network. In other words, different parts of the 
road network can be designated to use a particular type of 
traffic simulation model. Thus portions of the traffic network 
that are to be analyzed more closely can use the traffic simu- 
lator model with the highest degree of granularity, while 
traffic patterns across other areas of the network may be 
modeled with lower granularity models that may provide for 
computational efficiency. As will further be described herein, 
as a vehicle moves from one portion of the traffic network that 
employs one type of simulation model to another portion of 
the traffic network that employs a different type of model, the 
systems described herein alter the model employed to switch 
the modeling logic used to simulate the behavior of the 
vehicle to comply with the model logic employed by that 
portion of the traffic network. 

The hybrid modeling techniques and methods described 
herein allow for analyzing traffic patterns and behavior over a 
wide scale heterogeneous traffic network that encompasses 
major highways, arteries, as well as local city streets. Some of 
the roadways may be associated with a simulation model that 
provides a lower level of fidelity, based on the focus of the 
application the availability or data and other modeling 
resources. Additionally and optionally, footpaths and bike- 
paths can also be simulated and their effect on traffic flow 
tested and analyzed. 

More specifically, in certain embodiments the invention 
may be realized as a system for analyzing traffic flow, that 
includes a geographical information system (GIS) database 
manager for allowing a user to form spatial queries represen- 
tative of queries formed from at least one spatial characteris- 
tic, a GIS database having a network representation of a 
transportation environment and being responsive to the GIS 
database manager for processing said spatial queries, a traffic 
simulator for simulating, as a function of the network repre- 
sentation, a flow of traffic across the transportation environ- 
ment, and a database interface responsive to said traffic simu- 
lator for processing simulation data and for creating GIS data 
representative of time varying traffic data and for modifying 
demand data stored in said GIS database. 

BRIEF DESCRIPTION Of THE DRAWINGS 

The foregoing and other objects and advantages of the 
invention will be appreciated more fully from the following 
further description thereof, with reference to the accompany- 
ing drawings wherein; 

FIG. 1 depicts pictorially the structure of one system 
according to the invention; 

FIG. 2 depicts an example of an output graphic presented 
by a system such as the system depicted in FIG. 1; 

FIGS. 3A-3C depict pictorially a network representation of 
a transportation environment; 

FIGS. 4A-4C depicts an origin/destination table of the type 
suitable for use with the system depicted in FIG. 1; 

FIG. 5 depicts pictorially the transition between three dif- 
ferent types of traffic simulation models that may be 
employed with the system depicted in FIG. 1. 

DESCRIPTION OF THE ILLUSTRATED 
EMBODIMENTS 

5 

10 

15 

20 

25 

30 

35 

40 
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50 

55 

60 

To provide an overall understanding of the invention, cer- 
tain illustrative embodiments will now be described, includ- 65 

ing a traffic simulation system having the ability to simulate 
large, heterogeneous traffic networks, while at the same time 

4 
providing detailed output for selected portions of the traffic 
network. However, it will be understood that the systems and 
methods are not limited to these particular embodiments and 
can be adapted and modified for other suitable applications 
and to provide other types of products and that such other 
additions and modifications will not depart from the scope 
hereof. 

The systems and methods of the invention provide, among 
other things, systems that allow for large scale traffic simu- 
lation and analysis over a large road network. Additionally, as 
will be described herein, the systems and methods may pro- 
vide for a geographical information system (GIS) that coop- 
erates with real world traffic surveillance and control systems 
to provide dynamically-changing geographical data repre- 
sentative of traffic flow over a traffic network. The GIS system 
allows for spatial queries of the dynamically changing GIS 
data model to allow for a dynamic analysis of traffic loads that 
occur over time across the traffic network. In other words, the 
systems and methods of invention are generic in the sense that 
they can be utilized in "off-line" applications where traffic 
flow and traffic management simulators are used to estimate 
what would happen in the real world, or in "on-line" applica- 
tions where all or parts of the components in the system are 
linked to the real world counterparts. 

Existing traffic simulation models typically deal with a 
particular type of road facilities (e.g. access controlled free- 
ways; or urban streets) and employ single level modeling 
fidelities (e.g. microscopic simulators based on car following 
and lane changing models; mesoscopic or macroscopic simu- 
lators based on speed vs density or travel time vs flow perfor- 
mance functions). To model a wide area heterogeneous traffic 
network, certain embodiments of the systems described 
herein employ a simulator that uses a hybrid model. Vehicle 
movements can either be simulated in detail using car follow- 
ing, lane changing, and individual driver behavior models, or 
collectively using the performance functions associated with 
the road segments. Three types of traffic models, namely 
microscopic, mesoscopic, and macroscopic models, each 
simulate traffic flow at a different level of detail and running 
at different update frequencies (for example, microscopic 
model may run at 0.1 second intervals; mesoscopic model at 
1-2 seconds intervals; while macroscopic model at 5-10 sec- 
onds intervals), can be used simultaneously in a single simu- 
lation for designated intersections and road segments. This 
hybrid approach, by using variable level of details for differ- 
ent parts of the network, has the ability to simulate large traffic 
networks, while at the same time providing detailed output 
for the selected regions of interest. The ability to model large 
networks makes it possible to apply simulation studies to real 
world traffic network problems and obtain more accurate and 
system wide performance measures; on the other hand, allow- 
ing microscopic traffic simulation for a selected subset of the 
network provides modelers with the tools to conduct detailed 
and dynamic traffic applications in much broader network 
settings, therefore the impact on and from the entire system 
can be addressed. 

FIG. 1 depicts a first system according to the invention. 
Specifically, FIG. 1 depicts a system 10 that includes GIS 
database manager 12, a GIS database 14, a traffic simulator 
18, and a traffic management simulator 20. As further shown 
in FIG. 1 the GIS database 14 can optionally include a plu- 
rality of different elements and tables including the depicted 
survey sensors 24, the trip tables 28, the parameter tables 30, 
the travel tables 32, the path tables 34 and the signals and 
signs data record 38. Additionally, FIG. 1 shows an embodi- 
ment wherein several optional features can be connected into 
communication with the database manager 12. Specifically, 
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FIG. 1 depicts the data importers 40, data exporters 42, 
graphical user interface 44 and user programs 46 that can 
interface with system 10 depending upon the application at 
hand. As shown, at the core of the system 10 is a GIS-based 
traffic network database 14 which may contain the records of 
hierarchically organized road network objects, including 
nodes (intersections), links (roads connecting intersections), 
segments (sections of links each having uniform traffic 
attributes), lanes, and toll plazas; an inventory of traffic sur- 
veillance sensors, signals, and signs; trip tables that represent 
time-variant travel demands between various origin-destina- 
tion (OD) pairs; path tables that explicitly list the routes 
habitually taken, or models and rules that determine such 
routes; parameter tables that represent traffic characteristics 
and travel behavior; and travel time tables that describe the 
perceived historical and real-time travel time in the network. 

In one embodiment each network object is assigned a 
unique ID, and if applicable, a geographical object and/or a 
relative position indicator to represent its physical position. 
For example, each segment, representing a particular direc- 
tional road section, owns (or shares with the segment on the 
opposite direction) one or two geocoded line objects that 
represent the left curb (or center of two-way Street) and right 
curb of the roadway (line for the right curb is made optional, 
and, if not explicitly coded, will be computed based the left 
line and lane alignments). The line objects can either be 
polylines or curve of various types. Shape points representing 
the line objects store differential values of coordinates in 
longitude, latitude, and altitude to compress the data size and 
improve the accuracy. Traffic sensors, signals, and signs can 
be either referenced to their relative positions in segments that 
contain the objects, or explicitly coded with geographical 
objects of points, lines, or areas. The hierarchical relation- 
ships between various types of network objects are imple- 
mented as sets. Each set has an owner and one or more 
members. For example, the upstream and downstream links 
connected to a node are represented by two sets owned by the 
node. Similarly, sensors, traffic signals, and signs in particular 
segments may also be represented by sets. 

In one embodiment attributes associated with a particular 
type of network object are implemented in data tables as part 
of the network database or external data files maintained by a 
user's application module. The unique ID, automatically 
assigned and maintained by GIS DBM 12 to each network 
object that needs external reference, is employed to join the 
attribute tables to topologically organized and geographically 
coded objects. Separating attribute data, both static and time- 
variant, from the core road network database, improves the 
stability as well as the usability of the database. For example, 
in simulating traffic operations under two different weather 
conditions, the user does not have to modify the core road 
network database; he/she only needs to join the data tables 
and choose fields that are related to weather condition. 

The depicted system 10 allows the user to perform a geo- 
graphical analysis of traffic flows over a wide scale traffic 
network and in variable level of detail. The GIS-based traffic 
network database manager 12 (GIS DBM) is provided to 
support spatial queries of the objects in the database 14. 
Stored in the GIS database 14, in one embodiment, is a quad 
key, data representative of indexing by geographical coordi- 
nates of the network objects such as nodes and links. Any 
network objects can be fast searched by geographical location 
(s) and their attribute values tabulated or mapped using the 
provided GIS front-end. 

The GIS DBM 12 also allows a user to create spatial 
queries that identify a subset of data satisfying the parameters 
laid out in the spatial query. Accordingly, a user may employ 

6 
the GIS DBM 12 to query the GIS database 14 and joined 
attribute tables to identify and process the traffic variables 
such as flows, average speed and delays at specific locations 
on the traffic network. For example, in analyzing a modifica- 

5 tion to the road network (e.g. adding a lane to particular 
sections, designate a commuting freeway to high occupancy 
vehicles only) or a new traffic signal timing plan, the com- 
munities may be interested in knowing the changes in travel 
delay at different parts of the network, between different 

10 origin-destination pairs, and/or different types of travelers. 
An example query may be "Find all the roads with high levels 
of congestion between 8:10 and 8:20 that are within 2 miles of 
Washington's Monument". As the system 10 employs a road 
network representation that is indexed by geographical coor- 

15 dinates, the geographical coordinates of the road network 
may be processed along with the geographical coordinates of 
a landmark database to identify roads within 2 miles of the 
landmark of interest. Thus, by indexing through geographical 
coordinates of the network objects such as nodes and links, 

20 any network object can be fast searched by geographical 
location(s) and their attribute values tabulated or mapped 
using the provided GIS front-end. This extendable feature of 
traffic network database by joining the core network database 
with external attribute tables, and employing the quad key 

25 based GIS search engine, provides flexibility in managing the 
complex array of traffic data. Although the above example 
describes the joining of a landmark database, with the net- 
work database, it will be apparent to those of skill in the art 
that other databases may be joined, including census tract 

30 databases, zoning databases, weather databases showing 
moving storms and changing weather conditions, or any other 
databases that can be indexed by geographical data. As 
described next, adding the traffic simulator data to the data- 
base allows the system 10 to also provide traffic data as a 

35 function of physical location. 
As shown in FIG. 1, the system 10 includes a traffic simu- 

lator 18 that communicates with the GIS DBM 12. The traffic 
simulator 18, as will be described in greater detail hereinafter, 
is capable of simulating traffic flow across the road network. 

40 The interface between the traffic simulator 18 and the GIS 
DBM 12 allows the system 10 to receive simulated traffic data 
from the traffic simulator 18 and update the appropriate data 
records linked to database 14. By periodically updating the 
travel demand either using a time-variant trip table or using a 

45 dynamic OD flow estimation module, the system 10 is 
capable of modeling dynamically changing traffic flow across 
the traffic network. As will further be described hereinafter, 
the system also includes a traffic management simulator 20 
that couples with the GIS DBM 12. The traffic management 

so simulator 20 is a process that represents how traffic signals 
and signs operate over time and what real time traffic infor- 
mation, if any, is provided to the simulated travelers in the 
network. Thus continuing with our example, the system 10 
can respond to the example query "Find all the roads with 

55 high levels of congestion between 8:10 and 8:20 that are 
within 2 miles of Washington's Monument", by determining 
traffic volumes between 8:10 and 8:20 for the roadways that 
are within 2 miles of the relevant landmark. 

In one embodiment, the GIS DBM 12 can be a database 
60 manager of the type commonly employed for allowing a user 

to generate queries that can be applied to a database to iden- 
tify a subset of information within that database that satisfies 
the parameters laid out in the queries. In the system 10 
depicted in FIG. 1, the GIS DBM 12 is a GIS based traffic 

65 network database manager. To this end, the GIS based traffic 
network database manager 12 is capable of allowing a user to 
generate spatial queries that can seek for relationships within 
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geographical data stored within the database 14. Thus, the 
GIS DBM 12 can apply spatial queries to the GIS database to 
collect information about a location, a region, or a plurality of 
locations and regions. It will be understood by those of ordi- 
nary skill in the art that this GIS DBM 12 provides a powerful 
user interface that facilitates the analysis of traffic data at a 
particular location or over a particular region. 

Through the depicted importer 40 and exporter 42 mod- 
ules, the GIS DBM 12 may exchange data with any other 
suitable GIS database manager system, including the ARC- 
VIEW system, the TRANSCAD system produced and sold 
by the assignee, or the MAP INFO system. Additionally, 
proprietary GIS database manager systems may be employed. 
It is advantageous, although not necessary, to employ a GIS 
DBM system that follows industry standards for formatting 
GIS data as this allows the system 10 to more easily import 
data, through data importer 40, into the GIS database, thus, 
allowing the system 10 to leverage existing GIS databases. 

In certain preferred embodiments, the system 10 employs 
an extended geographic information systems (GIS) technol- 
ogy to facilitate the management, analysis, and simulation of 
traffic data from road networks. Information such as traffic 
intersection characteristics, lane configurations and connec- 
tions, and traffic signal settings can all be managed in a GIS 
environment and can be represented with a high degree of 
geographical accuracy. 

Optionally, the system 10 includes tools for converting and 
extending conventional GIS line data and planning network 
data into a more geographically accurate road network suit- 
able for storage of dynamic traffic data and simulation of 
traffic flows. This provides schematic representations of 
transportation features that are geographically accurate and 
that can be created from existing GIS data files. Polylines of 
shape points and geometric curves are used to represent the 
road network accurately. Geographic editing tools can be 
used to change the network rapidly and easily. The lanes and 
their geography are generated dynamically if necessary (i.e. 
the part of network is simulated using microscopic model) 
and the default lane alignment (represented as lane connec- 
tors) are created based on geography of the roads connected to 
an intersection. Optionally, a geographic polygon overlay 
process may be employed to compute display regions for 
underpasses and overpasses. Polygon overlay is a process that 
identifies the areas of intersections of polygons; when com- 
bined with elevation information, it can be determined which 
portions of the roadway are on top of other roads and thus the 
visibility region for the traffic simulation can be automati- 
cally computed and utilized. This provides for animations 
that are more realistic as they can show vehicles moving in 
and out of view as they pass under overpasses or bridges. As 
will be described next, one advantage of the systems and 
methods described herein is that they provide for more real- 
istic animations of the traffic flow over a road network. 

Turning to FIG. 2, one graphical depiction of a traffic 
network carrying a defined traffic flow is depicted. Specifi- 
cally, FIG. 2 depicts a traffic network 50 and a vehicular flow 
that is carried across that network 50. As shown in FIG. 2, the 
traffic network 50 is depicted to accurately represent the 
geographical positioning of that network. Thus for example, 
the traffic network 50 includes geographical information that 
allows the system 10, through the graphical user interface 44 
to depict the actual shape and pattern of the traffic network, 
including the loops, turns, and curves that are actually present 
in the actual roadway. Additionally, as depicted, the GIS 
database 14 can include a network representation of the road- 
way 50 that includes elevation information representative of 
the elevation of the roadway at different points across the 

8 
landscape. This allows the vehicles traveling on one roadway, 
such as roadway 54a, to appear to travel under another road- 
way, such as roadway 54c. It will be understood that the 
system 10 further may provide the geographic coordinates of 

5 each vehicle moving across the roadways depicted in FIG. 2. 
FIG. 2 further depicts that the traffic network 50 comprises 

different types of roadways. For example, the traffic network 
50 includes major arteries 54a, 54b, 54c and 54d. Addition- 
ally, the depicted network 50 includes smaller roadways 60 

to and on ramps and exit ramps 62. 
Accordingly, it will be understood that in certain embodi- 

ments system 10 may include a graphical user interface 44 
that is capable of depicting a representation, and optionally an 
animated representation, of a traffic network that is geo- 

15 graphically accurate in its depiction of how the roadway lays 
out over the landscape. Additionally, it will be understood that 
the graphical user interface 44 can depict traffic flow data 
stored in the GIS database 14 generated, at least in part, by the 
traffic simulator process 18. In certain embodiments the 

20 graphical user interface 44 continuously updates, such as 
every tenth of second, the depiction of traffic flow across the 
road network, thereby providing a dynamic and changing 
image of traffic flow across the traffic network 50. 

Returning to FIG. 1 it can be seen that the traffic simulator 
25 18 is represented as process that is in communication with the 

GIS DBM 12. The traffic simulator 18 may be any suitable 
traffic simulator capable of modeling the flow of traffic across 
a roadway. 

One example of a traffic simulator is described in U.S. Pat. 
30 No. 5,822,712 that discloses one traffic simulation process of 

the type that may be employed with the systems and methods 
described herein. In the simulation process described in this 
patent, road sensors are employed to collect data about the 
actual traffic patterns a particular road supports. As described 

35 therein, sensors in the road network register the passage of 
vehicles and any two of the three fundamental traffic flow 
parameters: density, speed, and flow. The correlation between 
the traffic at a point X at a certain time and the traffic at 
another point Y some period later can in certain cases and 

40 under certain conditions provide good values. In these cases, 
the traffic can also be predicted with good precision. Other 
traffic simulators may be employed with the systems and 
methods described herein, and the simulator employed may 
vary according to the application at hand. As will be described 

45 below, one traffic simulator 18 that can be employed here- 
with, will be responsive to information within the GIS data- 
base, and will select the logic model employed for simulating 
vehicle movement across the network bases, at least in part, 
on information stored in the database. 

so For example, FIG. 3A depicts how network information 
may be represented in one embodiment of the invention, as a 
representation with nodes, links, segments, lanes, and option- 
ally other features. As discussed above, the network repre- 
sentation allows the simulation of traffic operations in inte- 

55 grated networks of freeways and urban streets. The data that 
describes the network is read from a network database file, 
which can be created using an interactive graphical editor. 
The network database includes description of all network 
objects, such as, but not being limited to, lane connections 

60 (which lanes of one road connect to which lanes of a connect- 
ing road), lane use privilege, regulation of turning movements 
at intersections (no left turns, for example), traffic sensors, 
control devices, and toll plazas. 

More particularly, FIG. 3A depicts a road-network of the 
65 type that may be stored within the database 14 depicted in 

FIG. 1 As shown in FIG. 3A the links and nodes lay out the 
different paths and connections that exist within the road 
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network being modeled. As will he known to those of ordi- 
nary skill in the art a node may represent an intersection of 
several roadways or an origin and/or destination where traffic 
flow enters or leaves the road network. Similarly, a link may 
be understood as a directional roadway that connects nodes. 

As shown in FIG. 3A the network representation 70 may 
include links, such as the depicted link 80, that may be 
divided into two segments, such as the depicted segments 
78A and 78B. A segment, in one practice, may be understood 
to encompass a road section with uniform geometric charac- 
teristics. As further shown in FIG. 3A the link 80 is divided 
into two equal segments 78A and 78B with one segment 
connected to a first node 82 and with the other segment 78A 
connected to the other node 84. However, the way links are 
divided may vary according to the application. FIG. 3B illus- 
trates that different portions of the network representation 70 
may be associated with different traffic simulation logic. Thus 
as discussed above, different simulation logic may be applied 
by the traffic simulator 18 to vehicles moving across different 
portions of the network. This is illustrated in part by FIG. 3B 
that presents a legend wherein, in this embodiment, three 
different types of travel logic, microscopic, mesoscopic and 
macroscopic are employed. In other embodiments, two mod- 
els may be employed instead of three and in other embodi- 
ments, more than three models may be available. The actual 
models and the number of models can vary depending upon 
the application, and the systems and methods described 
herein are not to be limited to any specific models or number 
of models. 

Thus, the network representation 70 may have different 
links, nodes and segments associated with different kinds of 
model logic. As will be described in greater detail with ref- 
erence to FIG. 5, vehicles moving across different segments 
may be simulated with different logic models depending on 
which segment, node or link the vehicle is traveling through. 
By providing different models, information about vehicle 
flow may be modeled with different levels of grainularity at 
different locations on the network. Thus, continuing with the 
earlier example of an example query "Find all the roads with 
high levels of congestion between 8:10 and 8:20 that are 
within 2 miles of Washington's Monument", it may be that 
once the roadways are determined, the user may, by using the 
graphical user interface 44, select the portion of the network 
70 that represents those congested roadways, with the model 
logic that provides the highest level of detail. Other portions 
of the network 70 may be modeled with logic that provides 
less detail but that is less computationally demanding. 

FIG. 3C illustrates that a link, such as the depicted link 86 
may map to a data table 90. Specifically, as described above 
the network representation 70 may include geographical 
coordinate information for associating the network represen- 
tation 70 with geographical coordinates that correspond to 
geographical coordinates of the actual road network being 
modeled. To this end, each link, node, or segment may be 
associated with a set of shape points wherein each shape point 
may provide geographically coordinate data. Thus FIG. 3C 
depicts that the link 86 may map with the data table 90 that 
includes information including the origin 94 and destination 
98 of that link 86 as well as a plurality of shape points 96A 
through 96D that represent actual coordinates, such as GPS 
coordinates that include longitude, latitude and altitude, that 
can be associated with the link 86. Thus, the network repre- 
sentation of the transportation environment may be geo- 
coded, which as those of skill in the art understand, includes, 
but is not limited to, a process of matching records in one 
database, such as address information, with map position 
reference data in another database. 

10 
Along with the network representation 70, the GIS data- 

base 14 may include information representative of the 
demand of traffic that flows across the road network. FIG. 4A 
depicts a plurality of origin and destination tables. An origin 

5 and destination table may be set up for automobiles, a sepa- 
rate one for trucks, a separate one for vehicles traveling on a 
high occupancy vehicle lane, bicycles, or for any other objects 
moving across the road network. As shown in FIG. 4A, the 
origin and destination table, in this embodiment, comprises a 

10 matrix wherein the set of possible origins is laid out along the 
Y axis and the set of po ssible destinations is laid out across the 
X axis. At each point within the matrix depicted in FIG. 4A, 
a value representative of the flow occurring between that 
origin and destination may be provided. The flow may repre- 

15 sent the actual volume of cars, trucks or whatever is being 
modeled, at a particular time. To determine the volume infor- 
mation the system may employ, as depicted in FIG. 4B as 
statistical analysis that employs an algorithm to generate a 
flow list, FIG. 4C, that shows how the volume of traffic varies. 

20 Specifically, FIG. 4B depicts graphically how the volume of 
traffic varies over the course of an hour. Specifically, employ- 
ing algorithms known in the art, the flow of traffic from an 
origin to a destination may be modeled possibly through the 
use of earlier collected and periodical data, to determine the 

25 volume of flow at any particular time during the course of any 
hour, day, or some other period. This information may then be 
provided into a traffic flow list, such as the depicted traffic list 
FIG. 4C that provides a list of the volume of flow that occurs 
between each origin and destination at each time. As time 

30 varies, the information in the origin and destination tables 
depicted in FIG. 4A may be updated so that vehicle move- 
ment across the road network may be modeled dynamically. 

In one embodiment, the system specifies, as shown in FIG. 
3A, at the node (intersections) layer what logic is applied to 

35 simulate vehicle movement. In one embodiment, one of three 
types of traffic simulation logic can be designated to indi- 
vidual nodes: 

Microscopic: Movements of individual vehicles are mod- 
eled in finest level of detail based on car-following and 

40 lane-changing logic. Location of vehicle is tracked in 
detail (x and y-position in a lane). 

Mesoscopic: Vehicles are collected and modeled as traffic 
streams. Their movements are based on speed-density 
functions. Only the approximate positions (x-position in 

45 a road segment) are tracked. 
Macroscopic: Aggregated delay function is used to esti- 

mate the average time vehicles travel a link or intersec- 
tion. No details of vehicle positions modeled. Only the 
entry time into the link or node is tracked. 

so The user can create a selection set of nodes, which do not 
have to be connected neighbors, and designate these nodes to 
a particular type. Creation of vehicle objects and their move- 
ments in a specific segment or intersection are based on 
appropriate logic associated to the type of the node or seg- 

55 ment. The road segments connected to a node inherit the type 
of that node. FIG. 5 illustrates one practice for handling 
vehicles as they move from one portion of the network 70 
being modeled with one type of logic, to another portion of 
the network 70 being modeled with another type of logic. In 

60 this practice, if two nodes of different types are connected by 
a single link, the link is divided into two segments and each 
segment inherits its type from the node to which it connects. 
Three types of transition are defined. These transitions occur 
between pairs of segments. As shown in FIG. 5, when a 

65 vehicle moves into a different type of segment, the "polymor- 
phic" vehicle changes its type but continues to move in the 
new segment according to the simulation logic assigned to 
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that segment. This method significantly reduces the complex- 
ity of "hybrid" traffic simulation, and provides the user with 
the flexibility of trading off between accuracy and speed, level 
of detail and availability of data and resources. 

Although FIG. 1 depicts the traffic analysis system 10 as 
functional elements, it will be understood that the system may 
be realized as a software system executing on a data process- 
ing platform that configures the data processor as a system 
according to the invention. Moreover, although FIG. 1 depicts 
the system 10 as an integrated unit it will be apparent to those 
of ordinary skill in the art that this is only one embodiment, 
and that the invention can be embodied as a plurality of 
computer programs that can operate on separate or distributed 
data processing platforms. In fact, the system is designed to 
be flexible in using multiple processors to work on the same 
module or each processor works on a different model in a 
distributed environment. For example, it is not necessary that 
the database system be hosted on the same system as the 
traffic simulator or user interface process; multiple processors 
can be used in the traffic flow simulator to conduct the tasks of 
moving vehicles simultaneously. 

As discussed above, the system can be realized as a soft- 
ware component operating on a conventional data processing 
system such as a UNIX workstation. In that embodiment, the 
system 10 can be implemented as a C language computer 
program, or a computer program written in any high level 
language including C++, Fortran, Java or basic. Additionally, 
in an embodiment where microcontrollers or DSPs are 
employed, the system 10 can be realized as a computer pro- 
gram written in microcode or written in a high level language 
and compiled down to microcode that can be executed on the 
platform employed. The development of such systems is 
known to those of skill in the art, and such techniques are set 
forth in Digital Signal Processing Applications with the 
TMS320 Family, Volumes 1, II, and III, Texas Instruments 
(1990). Additionally, general techniques for high level pro- 
gramming are known, and set forth in, for example, Stephen 
G. Kochan, Programming in C, Hayden Publishing (1983). It 
is noted that DSPs are particularly suited for implementing 
signal processing functions, including preprocessing func- 
tions such as image enhancement through adjustments in 
contrast, edge definition and brightness Developing code for 
the DSP and microcontroller systems follows from principles 
well known in the art. 

Those skilled in the art will know or be able to ascertain 
using no more than routine experimentation, many equiva- 
lents to the embodiments and practices described herein. 

Accordingly, it will be understood that the invention is not 
to be limited to the embodiments disclosed herein, but is to be 
understood from the following claims, which are to be inter- 
preted as broadly as allowed under the law. 

We claim: 
1. A vehicle routing apparatus comprising: 
a database storage module storing a geographic database 

comprising geographically accurate lane-level represen- 
tations of (a) road segments and connections, (b) lanes, 
and (c) lane connectors representing lane alignments 
with geographic shape and length corresponding to 
roads connected at intersections; and 

a processor configured as a route selector that provides 
lane-level route guidance from an origin to a destination; 
wherein: 

said route selector utilizes travel conditions at lane level to 
select a route. 

2. The vehicle routing apparatus of claim 1 wherein said 
route selector provides said guidance for each of a plurality of 
vehicles from a respective origin to a respective destination. 

12 
3. The vehicle routing apparatus of claim 1 further com- 

prising a map display of said guidance. 
4. The vehicle routing apparatus of claim 1 wherein said 

geographic database further comprises geographically accu- 
5 rate lane-level representations of traffic controls. 

5. The vehicle routing apparatus of claim 1 wherein said 
geographic database further comprises geographically accu- 
rate lane-level representations of elevations. 

6. The vehicle routing apparatus of claim 1 wherein said 
10 geographic database further comprises geographically accu- 

rate representations of lane widths. 
7. A vehicle routing apparatus comprising: 
a database storage module storing a geographic 
database comprising geographically accurate lane-level 

15 representations of road segments and connections, 
lanes, intersections having accurate geographic shape 
and placement, and lane connectors between and within 
intersections representing lane alignments with geo- 
graphic shape and length corresponding to roads con- 

20 nected at said intersections; and 
a processor configured as a lane-level route selector for 

providing shortest expected travel time guidance from 
an origin to a destination, said guidance specifying a 
recommended lane-level trajectory taking into account 

25 mandatory, discretionary, and anticipatory lane changes, 
and likely presence of other vehicles in each lane on 
downstream portions derived from a microsimulation. 

8. The vehicle routing apparatus of claim 7 wherein said 
route selector provides said guidance for each of a plurality of 

30 vehicles from a respective origin to a respective destination. 
9. The vehicle routing apparatus of claim 7 further com- 

prising a map display of said guidance. 
10. The vehicle routing apparatus of claim 7 wherein said 

geographic database further comprises geographically accu- 
35 rate lane-level representations of traffic controls. 

11. The vehicle routing apparatus of claim 7 wherein said 
geographic database further comprises geographically accu- 
rate lane-level representations of elevations. 

12. The vehicle routing apparatus of claim 7 wherein said 
40 geographic database further comprises geographically accu- 

rate representations of lane widths. 
13. A vehicle routing apparatus comprising: 
a database storage module storing a geographic database 

comprising geographically accurate lane-level represen- 
45 tations of road segments and connections, lanes, and 

lane connections connectors representing lane align- 
ments with geographic shape and length corresponding 
to roads connected at intersections; and 

a processor configured as a route selector that uses hybrid 
50 mesoscopic-microscopic traffic simulation to evaluate 

and help select a time-efficient route based on time- 
dependent data. 

14. The vehicle routing apparatus of claim 13 wherein said 
route selector provides said guidance for each of a plurality of 

55 vehicles from a respective origin to a respective destination. 
15. The vehicle routing apparatus of claim 13 wherein said 

time-dependent traffic data is selected from the group con- 
sisting of historical traffic data, real-time traffic data, pre- 
dicted traffic data, and combinations thereof. 

60 16. The vehicle routing apparatus of claim 13 further com- 
prising a map display of said guidance. 

17. The vehicle routing apparatus of claim 13 wherein said 
guidance is responsive to stochasticity in said time-dependent 
traffic data. 

65 18. The vehicle routing apparatus of claim 13 wherein said 
geographic database further comprises geographically accu- 
rate lane-level representations of traffic controls. 
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19. The vehicle routing apparatus of claim 13 wherein said 
geographic database further comprises geographically accu- 
rate lane-level representations of elevations. 

20. The vehicle routing apparatus of claim 13 wherein said 
geographic database further comprises geographically accu- 
rate representations of lane widths. 

21. A vehicle routing apparatus comprising: 
a database storage module storing a geographic database 

comprising geographically accurate lane-level represen- 
tations of road segments and connections, lanes, and 
lane connections connectors representing lane align- 
ments with geographic shape and length corresponding 
to roads connected at intersections; and 

a processor configured as a route selector that uses hybrid 
mesoscopic-microscopic traffic simulation to evaluate 
and help select time-efficient route guidance, said guid- 
ance incorporating at least a portion of said lane-level 
representations to determine lanes to use in different 
parts of a route, and locations for lane changes based on 
time-dependent traffic data. 

22. The vehicle routing apparatus of claim 21 wherein said 
route selector provides said guidance for each of a plurality of 
vehicles from a respective origin to a respective destination. 

23. The vehicle routing apparatus of claim 21 wherein said 
time-dependent traffic data is selected from the group con- 
sisting of historical traffic data, real-time traffic data, pre- 
dicted traffic data, and combinations thereof. 

24. The vehicle routing apparatus of claim 21 further com- 
prising a map display of said guidance. 

14 
25. The vehicle routing apparatus of claim 21 wherein said 

guidance is responsive to stochasticity in said time-dependent 
traffic data. 

26. The vehicle routing apparatus of claim 21 wherein said 
5 geographic database further comprises geographically accu- 

rate lane-level representations of traffic controls. 
27. The vehicle routing apparatus of claim 21 wherein said 

geographic database further comprises geographically accu- 
rate lane-level representations of elevations. 

28. The vehicle routing apparatus of claim 21 wherein said 
geographic database further comprises geographically accu- 
rate representations of lane widths. 

29. A vehicle routing apparatus comprising: 
a database storage module storing a geographic database 

comprising geographically accurate lane-level represen- 
tations of road segments and connections, lanes, inter- 
sections having accurate geographic area, shape, and 
location and geographically accurate lane connectors 
within intersections representing lane alignments with 
geographic shape and length corresponding to roads 
connected at said intersections; and 

a processor configured as a route selector that provides 
complete and continuous lane-level route guidance from 
an origin to a destination including within intersections; 
wherein: 

said route selector utilizes anticipated travel conditions at 
lane level and on lane connectors to select a route. 
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