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TECHNICAL SUMMARY

INTRODUCTION

This report describes the application of vehicle dynamic modeling and visualization to highway safety
design within the Interactive Highway Safety Design Model (IHSDM). This concept is intended to allow
highway engineers to test roadway designs by computer simulation of vehicle encounters with roadway
geometrics, and to assess roadway alignment and visibility features using three-dimensional (3D)
graphical visualization. The procedures are intended to allow running a vehicle through design
alternatives, to provide metrics of vehicle performance, and to permit visualization of the vehicle/roadway

encounter.

BACKGROUND

IHSDM is intended to be compatible with State DOT design procedures, and include both new
construction and reconstruction projects. Design assessment with a Vehicle Dynamics Module (VDM) is
most important at the preliminary stage where alignment decisions are made. Visualization is more
important at the detailed design stage.

Vehicle dynamics analysis within IHSDM can allow the designer to evaluate the demands a given
design places on vehicle maneuvering and driver control. The modeling must include some form of
driver control in order for the VDM to follow the horizontal geometry of the roadway design. Vehicle
dynamics modeling is a fairly mature discipline, and driver control models are also reasonably well

developed.

The objective of THSDM visualization is to assist the highway designer in evaluating roadway safety
by providing graphical animation of various vehicle configurations traveling along proposed/existing
roadway designs. Design assessment through visualization can go beyond alignment analysis to include
other issues that impact driver/vehicle safety such as Traffic Control Device (TCD) placement and
visibility.

Previous work in vehicle dynamics analysis and visualization/animation has been carried out on fairly
expensive engineering workstations. Intel compatible PCs (personal computers) running under Windows
NT now are capable of carrying out all necessary processing requirements. Graphics accelerators are
available that can provide 3D visualization rendering in real time. Software availability, including
compilers and 3D modeling and rendering programs now permit carrying out engineering analysis and
visualization/animation at adequate levels for roadway design applications.

VYEHICLE DYNAMICS MODELING

A vehicle dynamics analysis program, VDANL (Vehicle Dynamics Analysis NonLinear), originally
developed for the National Highway Traffic Safety Administration, has been successfully adapted to
negotiate a roadway design file format produced by a commercial roadway design program (i.e.
GEOPAC). The program was expanded to include both on and off road tire characteristics in order to
accommodate shoulder and sideslope incursions. A fifth wheel trailer and other heavy truck features (e.g.
brake heating) were added to accommodate several AASHTO design vehicles. Parameter sets were
developed for 12 AASHTO design vehicles, and the vehicle model equations are described in detail in

several appendices.

DRIVER CONTROL

The driver model for the VDANL software was expanded to include speed control dependent on
lateral geometry. This expanded capability involved a review of speed selection data provided in recent






FHWA sponsored research. The data review indicated thatdrivers select speeds for horizontal curvature
that keep cornering accelerations below 0.5 g. A simple driver speed control algorithm was developed
that limits cornering acceleration according to horizontal curvature based on a look-ahead distance. A
steering control algorithm was also set to regulate lateral lane position at a look-ahead distance down the
road. Vehicle speed response is much slower than steering response, so the look-ahead distance for speed
control is set to several times that for lateral control.

User Interface

A user interface has been set up that is convenient for Roadway designers. The VDANL software is
run from detailed macro files, and an IHSDM interface has been added to VDANL that allows selection
of predefined macro files that essentially list a desired set of run time options. The interface now allows
the user to select vehicle type (i.e. AASHTO vehicle class), desired maneuvering (e.g. path following,
speed profile), and terrain file input. When a run is complete screen output then includes plots of vehicle
performance data and a table of roadway safety metrics,

VISUALIZATION

A procedure was developed for taking new roadway designs, running the vehicle dynamics model
over the design, then animating the final vehicle trajectory. A number of software packages were
reviewed for producing visualizations (i.e. color 3D models) of this animation process. This process is
feasible and practical given the current capability of PC workstations and software packages.

HARDWARE AND SOFTWARE

It has been concluded that an Intel based PC workstation running Windows NT is more than adequate
for running VDANL over new roadway designs, and rendering color 3D animations of this process. The
Intel/Windows NT platform also will permit graphics to be displayed in real time. With the use of a VR
(Virtual Reality) headset it would be possible for the highway designer to conduct a real-time drive-
through of prospective designs. This would be especially relevant {o review visibility issues, particularly
if the roadway design 3D model includes TCDs. Such a review would allow the designer to visualize the
visibility of upcoming curvature, intersecting roads or driveways, and the placement of warning signs and
delineation. PC workstations can also be used for editing and producing videotapes that can be used in
design review presentations,

CONCLUSION

The IHSDM concept including a vehicle dynamics drive-through of new designs is ready for
implementation and application. Both software and hardware components are available that have more
than adequate capability. The challenge is to integrate the process with common file formats and user-
friendly interfaces that are convenient for the highway engineer/designer to use.
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I. INTRODUCTION
The Federal Highway Administration (FHWA) has defined an Interactive Highway Safety Design
Maodel (THSDM) that is envisioned as a tool for designers to interactively examine safety impacts of
roadway geometric and roadside safety design decisions during the design process (e.g., Refs. 1 and 2). The
THSDM is intended to provide a tool for analyzing simple and compound horizontal curves, transitions
between curves and tangents and adjacent features (shoulders and side slopes) that would influence vehicle

roadside encroachments.

One of the objectives of IHSDM is to integrate vehicle dynamics module (VDMs) with roadway
models and computer visualization techniques, so that roadway designs can be tested for safety over the
entire vehicle operational range, and with a wide range of vehicle classes and configurations. The [HSDM
and VDM should permit running a vehicle through the geometrics of any given design alternative and
produce profiles of vehicle motions including speed, position, orientation, and maneuvering accelerations
based on driver control laws {i.e., driver control actions based on vehicle motions and traffic control devices

including delineation and advisory signing).

The overall IHSDM is intended to be used by both researchers and highway designers. The designer
interface should allow the user to conveniently define/select roadway designs, vehicle characteristics, and
driver control scenarios. The interface for researchers is somewhat more elaborate, allowing for the
specification of shoulder and sideslope incursions. With minimum user interaction, the VDM should
simulate all vehicle characteristics that are potentially related to steering and path following, tire/pavement

friction, and rollover potential (Ref. 1).

This report is concerned with the development of a VDM that will appropriately interact with road
design profiles to produce vehicle motion profiles and with the assessment of potential visualization
methods for viewing roadway designs and vehicle/roadway encounters. These motion profiles can then be
used to develop performance measures, and can also be visualized using commercial graphics programs.
The approach taken in this project involved personal computer (PC) level hardware and software. At the
beginning of this project (September 1993), a PC approach appeared to be quite ambitious, and most serious
simulation and graphics applications were being carried out on Unix-level workstations with high-speed
RISC (reduced instruction set) processors and storage media, and sophisticated graphics systems. The
situation changed dramatically during the course of this project, and today reference is made to PC
workstations. High-end PCs now appear to be more than adequate for three-dimensional (3D) graphics and

simulation, as will be developed throughout the report.



Next we consider background for this effort, including the simulation and graphics software, and the

hardware and operating system platform.



II. BACKGROUND

A. THSDM

An overall block diagram for the IHSDM is given in Figure 1. This model grew out of FHWA efforts in the
research and development (R&D) area of Highway Safety Design Practices and Criteria. The IHSDM is
intended to be an integrated design process that systematically considers safety in developing and
evaluating cost-effective highway design alternatives For efficiency, the IHSDM will evaluate alternative
highway designs in a computer-aided design (CAD) environment. The evaluation is intended to include the

roadway alignment, cross-section, and roadside hardware, including sideslopes, ditches, guardrails, utility

poles, ete.

It is intended that the THSDM be compatible with State department of transportation (DOT) design
procedures, and include both new construction and reconstruction projects. IHSDM must also facilitate
decision making, from planning through final design stages, including preliminary design (involving only
limited information on the alignment, design speed, average daily traffic (ADT), traffic mix, cross-sections,
and intersections) and detailed design (where final decisions are made on alignment; cross-section,

intersection, and median layout; roadside hardware; signing and markings, etc.). Design assessment with a

Design
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Module Structure Module
. / i D=
o - ~= T odue |
COMMERCIAL b J
Policy Review CAD PaCkage Driver Performance
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Accident Predictive Traffic
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Figure 1. IHSDM Block Diagram



VDM is most important at the preliminary stage where alignment decisions are made. Visualization is
more important at the detailed design stage where the placement of roadside hardware and traffic control

devices is most critical.

One potential implementation of a VDM within the ITHSDM is shown schematically in Figure 2.
Geometric roadway design, vehicle dynamics modeling, and visualization techniques should be integrated
together in order to produce the desired results. This integration implies roadway design file compatibility
between several program components, and a convenient interface for the highway designer. This approach
should be convenient and user friendly for the designer and should not require complicated procedures for

vehicle dynamics analysis or esoteric photorealistic graphical rendering procedures.

The initial step for roadway specification is to use a design software package to create or modify the
geometrics. In most instances, the roadway will be described from data that are collected during a survey,
or will consist of a general geometric layout that the user is considering. In the case of a roadway
modification, the roadway currently exists and the designer will only be making changes to portions of the
roadway. Initial survey data will be put into a file format that can be read by the roadway design software.
After survey data are assembled in a file, it can be read by the design software and manipulated to create
roadways with different characteristics. Each time a new roadway has been created, it must then be saved
to alignment and terrain description files for later use by both the VDM and the visualization software, as

illustrated in Figure 2.

When the proposed roadway has been created and saved, it can be tested to see if certain vehicle
configurations can safely traverse the roadway under various assumed operating conditions. This step is
achieved using the VDM. The designer should be able to simply specify the vehicle/configuration and the
operating conditions that will be used, and then direct the VDM to simulate the vehicle traveling over the
roadway according to desired driver control laws. The VDM then creates a trajectory file that describes
how the vehicle responds when traversing the roadway design. Next, the roadway design and vehicle
trajectory files are passed to the visualization software to permit graphical portrayal of the vehicle motions

over the roadway design.

The final step in the process is to create an animated graphical visualization of the vehicle's response
with use of the vehicle dynamics trajectory file. To create the type of visual display that is required, the
visualization package will require a terrain description file, a 3D vehicle model file for drawing the vehicle,
and a vehicle motion trajectory file that will move the vehicle 3D model relative to the terrain. The terrain

and trajectory files are created as described above. The vehicle 3D model file contains a graphical
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representation of the vehicle/configuration that was used in the VDM and any roadway obstacles that are
needed. Each of these files will be loaded into the visualization package and will be viewed together in an
animated sequence. This allows the user to see a graphical representation of the vehicle traversing the

proposed roadway design.

There are numerous roadway design software packages that are available (e.g., GEOPAK and
INROADS). These packages allow roadway designers to create and modify geometric and roadway
properties using CAD techniques. Since this software exists and is being used by roadway designers, the
main problem to be resolved at this stage is reading the roadway terrain data files into the VDM and
visualization software. The VDM must then be set up to respond to the terrain file, including the terrain

profile and surface characteristics that influence tire/surface interaction.

The Figure 2 design process suggests iterative procedures that remain to be defined. The details of
this process will only become clear when designers apply these procedures and some experience is gained

from the system.

B. Vehicle Dynamics Analysis

Vehicle dynamics analysis should allow the designer to evaluate the demands a given design places
on vehicle maneuvering and driver control. This analysis requires 2 VDM and some form of driver
modeling for speed and steering control. Vehicle dynamics modeling is quite mature (e.g., Ref. 3), and
driver control models are also reasonably well developed (e.g., Ref. 4). The analysis procedures should
permit the designer to drive a selected vehicle (e.g. passenger car, tractor/trailer) over a given roadway
design, and to obtain performance measures related to demands the design places on vehicle maneuvering

and driver control.

The VDM is intended to provide realistic roadway tire/surface interaction over the full geometric
layout of a roadway design. The VDM must be extensive enough to give accurate results over the entire
range of operating points that will be encountered, including wheel lock-ups, plowout, spinout, and rollover,
and over a broad class of highway vehicles and vehicle configurations of concern on public highways (i.e.,
passenger cars, light trucks and utility vehicles, buses, heavy articulated trucks, and vehicles towing
trailers). For the VDM to operate at a desired condition, the designer must have a flexible array of inputs
that can be used to control the vehicle. Therefore, the vehicle dynamics must be capable of accepting
roadway design inputs and following simple control commands such as lane tracking, obstacle avoidance,

speed, and steering.



Tire/terrain interaction will play a large part in determining tire forces and, ultimately, vehicle
performance as the tire transition from one surface type to another. Tire forces generated at each wheel
must incorporate characteristics from these varying roadway surfaces. Surfaces can range from hard
pavement during normal driving to soft soil during roadside encroachment. Important properties inctude
shear strength, surface coefficient of friction, and rolling drag. Coefficient of friction can decrease for hard
but loose surfaces, while effective coefficient of friction can increase dramatically for soft shoulders and
side slopes (i.e., low-shear-strength soils) under high-tire-sideslip conditions. Low coefficient of friction

can also result from surfaces that are moist or icy/snowy.

The VDM also needs some means for speed selection and following the roadway design alignment.
This essentially amounts to a driver model, which includes both steering and speed control. For steering
control, the model must observe the relative orientation and position of the vehicle with respect to the
roadway alignment and provide corrections to minimize lane following errors. For speed control, the model
must observe cornering demands due to upcoming curvature, then select speeds that will maintain safe
lateral acceleration. A simple model is developed here that involves look-ahead distances for judging

upcoming curvature, lane position errors, and related cornering demands.

C. Visualization

The objective of IHSDM visualization is to assist the highway designer in evaluating roadway safety
by providing graphical animation of various vehicle configurations traveling along proposed/existing
roadway designs. A good review of the overall visualization approach in transportation studies is given in
Ref. 5. Using a visualization package the designer can exert control over certain aspects of the visual
display such as viewing orientation and position and speed of a drive over a roadway design. This is
important because the designer can view the vehicle/roadway interaction both from within the vehicle (e.g.,
driver’s eye view) and outside the vehicle {(e.g., watching rollovers on sideslopes). Given a complete 3D
model of the roadway design, including traffic control devices (TCDs) and roadway furniture, animation
and visualization can permit the designer to review the complete environment that drivers will be subjected
to if the design is built. Thus, design assessment can go beyond alignment analysis to other issues that

impact driver/vehicle safety (e.g., TCD visibility).

It is important to keep in mind that the objective of the roadway designer is to design and retrofit
roadways so that they are safe for all vehicle/configurations that will traverse them, not to do complex
vehicle dynamic analysis or generate sophisticated photo realistic graphical displays. The tool that is

created should provide the designer with an easy, efficient, user-friendly way to operate the analysis system



depicted in Figure 2. Capabilities much beyond this may add undesirable confusion and complexity to the

designer's job.

D. Computer Hardware and Software

The IHSDM, VDM, and visualization process could be implemented on a variety of hardware
platforms, which include the computer/processor, storage media, graphics accelerator(s), and display
devices. Traditionally, relatively expensive workstations (e.g., Intergraph, Hewlett Packard, Digital
Equipment Corporation, Sun MicroSystems, Silicon Graphics) with sophisticated graphics accelerators
have been used for roadway design and visualization/animation. This situation has changed, however, over
the relatively short period of this project (since September 1993). Low-cost PC technology has become
quite powerful, including processors, sophisticated graphics accelerators and large, fast storage devices.
Currently, the first three manufacturers mentioned above are producing sophisticated workstations based on

PC technology, and it appears that this approach will become more powerful and prevalent as time goes on.

Software and available application programs have made similar advances as the hardware platforms
discussed above. Throughout the 1980’s sophisticated and expensive design and graphics/visualization
applications were developed for the high-cost workstation market platforms. Furthermore, the C
programming language and FORTRAN were the choice for scientific/engineering applications, which
typically ran under the UNIX operating system and its variants. As PCs have become more prevalent and
powerful, design and graphics/visualization application software has become available. Also, the Windows
NT operating system is becoming the platform for scientific/engineering applications. A variety of higher
level languages (e.g., C++, Visual Basic) can run under Windows NT, and can be mixed through the use of
dynamic link libraries [dlls] e.g., Ref. 6.

With the availability of powerful, low-cost PCs running the Windows NT operating system and
sophisticated software it would appear that this represents the future of affordable computing for design and

graphics/visualization applications.



II. VEHICLE DYNAMICS MODELING

The VDM must follow a given roadway design in inertial or XYZ coordinates. The wheels must
respond to elevation changes in the design, and the vehicle must follow the horizontal alignment geometry.
Some driver speed and steering control functions will be required to follow the horizontal geometry, and the
vehicle tires must respond to road surface friction to give longitudinal and lateral forces that will control the
longitudinal and lateral/directional motions of the vehicle. The VDM that is considered here is Vehicle
Dynamics/Analysis, Non-Linear (VDANL). VDANL is a comprehensive vehicle dynamics simulation
program (Refs. 7 through 12) that currently runs on IBM-PC and compatible PCs, and was originally
developed to run under the MS-DOS® operating system. VDANL has been under development for more
than a decade and was firmly based on previous vehicle dynamics developments (e.g., Refs. 13 and 14).

VDANL has also been evaluated and validated by a number of investigators (Refs. 15 through 18).

VDANL was initially intended for the analysis of passenger cars, light trucks, and multipurpose
vehicles. The simulation model was designed to permit analysis of virtually all driver-induced maneuvering
up through and including limit performance conditions defined by tire saturation characteristics (plowout,
spinout) and rollover, and includes driver guidance and control features. One of the initial tasks on this
project was to review VDANL and specify those features that needed to be updated to meet its intended
application under IHSDM. As a result of this review, the following updates to VDANL were identified:

¢ Tire model expansion to accommodate off-road terrain interaction including low-shear--
strength soils; ability to change parameters of each tire on the fly to accommodate shoulder

and side slope incursions; independent lateral and longitudinal friction characteristics.

e Additions to accommodate tractor/trailer rigs; fifth-wheel hookup including hitch angle

dependent roll stiffness; brake temperature fade effects.

o Road horizontal and vertical geometric alignment description consistent with the output

from roadway design programs.

A. Model Formulation

Figure 3 gives a block diagram representation of the overall VDANL model, including driver control,
and the interaction of the various individual VDANL components. The vehicle model equations cover
the full range of lateral/directional and longitudinal motions up through large angles experienced in

spinout and rollover. The vehicle model includes components for sprung and unsprung masses, suspension,
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steering, braking, power train, drive train, and tires. The model accounts for all axles and tires and the
effects of maneuver-induced load transfer. Additionally, the model allows for vehicles towing trailers,
roadway terrain, and hazards. Both the vehicle dynamics and tire model are based on past research (Refs.
7.through 14) and have been extensively validated (Refs. 15-through 18). A complete description of the
equations of motion describing the VDANL model is given in Appendix A.

Tire and wheel spin characteristics play a dramatic role in the vehicle dynamics response to vehicle
maneuvering. The VDANL tire model is a nonlinear composite slip model that generates lateral and
longitudinal forces and aligning moments as a function of normal load, lateral and longitudinal slip, and
camber angle (Ref. 19). It correctly accounts for the interaction between the input variables including
normal load, horizontal slip, camber angle, and tire/terrain friction. The wheel spin mode dynamics are
important because angular velocity at each wheel is computed and used to determine the longitudinal slip
ratio. This in turn defines the longitudinal force capability at each tire and should include effects such as

locked wheels for skidding conditions. An antilock provision is also provided in the braking model.
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Composite suspension characteristics are designed to represent wheel steer and camber motions
relative to the sprung mass, and squat/lift forces resulting from tire ground plane forces acting on the
suspension geometry. Wheel steer also arises from compliance in response to tire side force and aligning

torque, and roll angle of the sprung mass relative to the unsprung mass.

VDANL allows for steering, throttle, and brake inputs. The steering model includes Ackermann steer
effects, steer compliance, and a composite second order characteristic to simulate steering system dynamics
in response to steering and aligning torque inputs. Throttle is used as an input to the power and drive trains
that model engine, transmission, differentials, and torque splitting between the front and rear axles. Front,
rear, and four-wheel-drive configurations can all be accommodated. The brake model includes simulation
of vacuum boost run out and a nonlinear proportioning valve between the front and rear axles. There is also
an option for using a generic antilock braking system and automatically setting front/rear brake

proportioning.

VDANL can be used in a variety of ways to analyze vehicle maneuvering motions, handling, and
stability. Input control commands (e.g., steering, braking, throttle, speed, aerodynamics) can be applied
directly to the open-loop vehicle. Under driver model closed-ioop control, the simulation can be excited

with road curvature, lane position, speed commands, and obstacle avoidance inputs.

B. Vehicle Model Parameters

Given a vehicle dynamics model, specific vehicles are then simulated on the basis of parameter
sets that describe the basic vehicle properties (e.g., configuration, size, inertial and suspension
characteristics, tire properties). As with any complete vehicle dynamics simulation, VDANL has a rather
detailed set of parameters required to describe a particular vehicle. Model parameters and measurement
procedures are summarized in several Appendices to this report. Appendix B describes vehicle
parameter measurement and estimation procedures. Appendix C describes suspension parameter
measurement and estimation procedures. Appendix D reviews a variety of vehicle parameter
measurement test methods. The detailed equations and parameter set for the VDANL tire

mode__ STIREMOD__are described in Appendix E.

Given t};e roadway design assessment application of VDANL within IHSDM, it was decided to use
the American Association of State Highway Transportation Officers (AASHTO) design vehicles (Ref. 20).
These vehicles provide a diverse range of characteristics of highway vehicles that are of interest for
highway design. At the start of this project VDANL did not have the ability to model all 15 configurations
found in the AASHTO Policy on Geometric Design of Highways and Streets. Specifically, it did not
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provide for the modeling of multiple trailer towing. Furthermore, although VDANL includes parameters for
a wide range of vehicles, not all of the vehicle configurations specified in AASHTO are included.
Therefore, extensions were needed to accommodate large trucks and their trailers and tires.

Table 1 indicates each of the AASHTO vehicle configurations (Ref. 20), its classification symbol,
and whether VDANL could originally support the configuration with or without parameter
modifications. The table also shows what vehicles can be accommodated with the current upgraded
version of VDANL, i.e., Version 6.0. The remaining vehicles are essentially multitrailer configurations,
and it was deemed beyond the scope of this project to accommodate them. The modifications required to
accommodate the vehicles with an upgraded VDANL included a fifth-wheel hitch with a hitch angle
dependent roll compliance, and brake system upgrades including air pressure delays and thermodynamic

effects that influence brake effectiveness.

Table 1. VDANL Support for AASHTO Vehicles

VDANL | Upgraded VDANL
Vehicle Configuration | Symbol | originally | (Version 6.0) supports VDANL
supported | with appropriate does not support
parameters
Passenger car P N
Single-unit truck SU N
Single-unit bus BUS N
Articulated bus A-BUS N
Intermediate semitrailer WB-40 N
Large semitrailer WB-50 N
"Double Bottom" WB-60 v
semitrailer, full-trailer
Interstate semitrailer WB-62 v
Interstate semitrailer WB-67 N
Triple semitrailer WB-96 v
Turnpike double WB-114 N
semitrailer
Motor home MH N
Car and camper trailer P/T N
Car and boat trailer P/B N
Motor home and boat MH/B v
trailer
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The final requirement to simulate the AASHTO vehicles is to set up appropriate parameter sets.
There are several sources for generic data on a range of vehicles (Refs. 7, and 21 through 25). The
generic AASHTO vehicle parameter sets were configured from data given in these references, as

summarized in Appendix F.

C. Roadway Description

The roadway design description must define the horizontal and vertical alignment of the road. The
horizontal alignment will be used by the driver model to control steering and speed. Vertical terrain
inputs affect the vehicle model through the tires. The altitude of the road surface must be specified at
each tire on each axle continuously throughout a run corresponding to the vehicle’s trajectory. The
vehicle model must be able to convert the roadway terrain into a form so that the vehicle dynamics
respond accordingly to tire normal load and lateral and longitudinal maneuvering forces. The roadway
parameter description must also include attributes for each of the surfaces (i.e., pavement, shoulder, side
slope) so that appropriate tire model parameters can be called for the generation of the maneuvering

forces.

Several different issues had to be addressed in order to establish a useful roadway design
parameter format for the VDM. First, the desired roadway description had to be consistent with current
practice in roadway design software. Second, the design description should be relatively efficient, and
not require excessively large amounts of data to obtain the necessary accuracy required for the alignment
and cross-section description. Third, the roadway description must be consistent with vehicle dynamics

simulation requirements.

Two main issues must be considered relative to vehicle dynamics simulation requirements. First,
the roadway description should allow for direct computation of roadway height under each wheel.
Second, the altitude computations from the design description must be continuous and relatively smooth
from one calculation to the next so that the paved surfaces appear relatively smooth. This is the same
issue road builders/repavers face in preparing a smooth paved surface that will not cause excessive
excitation of vehicle suspensions. Variations must be down on the order of hundredths of a meter for

acceptable smoothness.

The general problem of the roadway design description is essentially the finite element issue that
is, getting a finite number of discrete elements to approximate a continuous entity. One model
description that is commonly used in 3D graphics involves describing an entity (in this case the roadway

and side slopes) as a triangular mesh. This essentially turns the roadway into a series of flat, triangular
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plates. Depending on road geometry and the size of the plates, this description can lead to a very rough
appearing road from the point of view of the vehicle dynamics. This description may give an adequate
visual appearance, but be very rough in terms of vehicle suspension response. This is a common

occurrence on roadways, where nonobvious undulations in the road bed cause a very rough ride.

The original version of VDANL used a rectangular grid approximation to roadway description. It
was found that the roadway had to be defined in very small increments to avoid injecting unrealistic
roughness. Some triangular mesh outputs from roadway design programs were studied at the outset of
this project and were also found to be unnecessarily rough. One solution to this problem that is used in
driving simulators is to use a smoothing function (typically, a polynomial such as a spline function) that
is fitted to the points in the terrain description, which gives continuous derivatives at each of the altitude
points in the polygon description. This allows one to use a terrain description intended for graphical
visualization as an input to vehicle dynamics. This approach is still not very satisfactory, however,
because the polynomial terrain files are usually large, and are difficult to search for determining tire

locations and altitudes.

The FHWA has come up with a much more elegant solution to the above problem, using a
roadway description that is common in highway design and surveying (e.g., Ref. 20). This approach is
illustrated conceptually in Figure 4, which shows horizontal and vertical alignments and cross-sections
defined at stations along the length of the road. Each station is defined in terms of an X,Y location and
an altitude in the order in which they occur along the roadway. Stations are defined at points where the
horizontal or vertical geometry changes. At each station the alignment is described in terms of
curvature, and the cross-section is defined in terms of slopes of lanes, shoulders, and side slopes. There
are also transitions defined for changes in horizontal and vertical geometry. Parabolic vertical curves are
used to transition from one grade to another. Transition spirals are used to connect tangents to sections
with horizontal curvature. The detailed roadway design definition for this approach is given in Appendix
G. This approach gives smooth surfaces and, most importantly, a continuous derivative at transition
points. It is also computationally convenient to locate and update wheel position relative to the roadway

alignment as the vehicle moves along the road from station to station.

The above roadway description has now been defined as an output of the design program
GEOPAK (Beiswenger, Hoch & Associates, Inc). This program is a civil engineering software package
that runs within the MicroStation (Bentley Systems, Inc.) environments which is a CAD design program
for civil and mechanical engineering. GEOPAK allows the user to model roadways as meshes of either

triangular or rectangular elements. The GEOPAK roadway meshes that are composed of rectangles are
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smoother and less coarse than roadway meshes composed of triangular elements but still not adequate for
vehicle dynamics as discussed above. GEOPAK is highly "customizable" due to the fact that system
features can be modified using routines written by the user in the C programming language. This

approach has been taken to create the new roadway description format discussed above.
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IV. DRIVER CONTROL
There must be some sort of basic control features to guide the vehicle over the roadway horizontal
alignment and control speed. This control must anticipate upcoming horizontal curvature in order to
maintain lane position within a third of a meter or so, and to adjust speed to maintain safe lateral or
cornering acceleration. These control features amount to a driver control model that is over and above
the basic vehicle dynamics. VDANL has driver steering control functions. For this effort we have added

some additional steering control features and a speed control model that anticipates upcoming horizontal

curvature.

A. Steering Control

The driver exerts steering control to maintain lane position, and maneuver when following curving
roadway alignments, changing lanes and avoiding obstacles. Unpredictable roadway and aerodynamic
disturbances can randomly move the vehicle within the lane, and the driver must counteract these
disturbances with compensatory behavior (i.e., reacting to perceived errors). When maneuvering to follow
roadway alignments, change lanes, or avoid obstacles the driver has some preview of the required path, and
in these cases steering inputs can be based on the perceived path information. In the manual tracking
literature, this preview control has been referred to as "pursuit” control in as much as the driver is pursuing a
perceived input (this terminology actually arose in the aviation psychology literature where pilots were said

to be pursuing targets (e.g., Refs. 26, and 27).

A generic steering model for pursuit and compensatory control is shown Figure 5. While exerting
steering control based on path preview, the driver must still control lane position errors in a compensatory
fashion, so the driver’s steering control process always includes compensatory behavior, and may include
pursuit behavior depending on road alignment and traffic maneuvering demands. Compensatory control is
carried out in a closed-loop fashion (e.g., the driver is continually reacting to perceived error, which results
from a combination of input disturbances and the driver’s control activity). This closed-loop compensatory
control requires that the driver react in a stab<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>