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ABSTRACT

Oakland University and the University of Michigan-Dearborn in collaboration with a team of suppliers
under the leadership of Collins & Aikman have developed a fixed based driving simulator for
optimizing automotive interior and interface design. The driving simulator, or Advanced Cockpit
Enabler (ACE) has the capability for quick evaluation of early prototypes of driver interfaces, by
exposing human test subjects to a simulated driving scenario. During the scenario, the subjects are
requested to perform prototype-specific tasks, while the driving simulation system records statistical
driver performance data and driver distraction information.
This paper introduces the architecture and features of the simulation environment, and illustrates the
capabilities by an example experiment. The architecture of the system consists of hardware, simulation
software tools and data processing and report generation tools. The output of a test consists of a
detailed statistical report, ready to use for performance evaluation of the early prototype.
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Introduction

With the growing complexity of in-vehicle electronics for ride quality and comfort, the introduction of
information technology and increased safety features, the driver is increasingly exposed to numerous
controls and displays. This trend implies that more attention of the driver is needed for accessing the
features, at the cost of paying attention to driving. The complexity of interfacing and assuring that
these features do not overload the driver is critical.
The variety and complexity of the driver environment has come to the point that not one design can
apply common rational for the design of a good and safe interface. A design tool is needed to evaluate
early prototypes of these interfaces, and to assess performance measures in terms of safety, minimum
distraction, quality, and comfort. The ACE driving simulator provides just this capability.
The uniqueness of this driving simulation facility is twofold. First, the agility of the driver environment
configuration allows for an impressive quick turn-around time of early prototype testing, without
having to re-program any of the simulator itself. Second, the system will perform a fully automatic
human driver distraction test, once the prototype is installed and a scenario is configured. This means
that after a brief interview, a test subject will enter the driving simulator, and after the test (approx. two
hours), a complete 60-page report with the statistical test results for driver performance and task
execution has been generated. Both these tasks can typically take days for other driving simulation
systems to perform, hence the time and effort for a large number of prototype interfaces and test
subjects.
ACE Driving Simulator

The ACE driving simulator is the name of the automotive interface testing and simulation laboratory
that has been developed under the leadership of Collins & Aikman, and in collaboration with a
partnership of automotive suppliers (Sanyo FMS Audio Sdn. Bhd., Nippon Seki International, Ltd.,
Douglas Autotech Corporation, Valeo Electronics, KSR International Company, and Alcoa Fujikura,
Ltd.), and two universities (University of Michigan-Dearborn and Oakland University).
The lab consists of several elements. It contains a fixed-base driver compartment of a vehicle,
including the cluster, center-stack and vehicle driving controls (i.e. steering wheel and pedals). It also
includes a customized installation of the Oakland University Driving Simulator, VVSS. A data postprocessing system has been designed to automatically analyze the recorded data and generate a report
at the end of an experiment. Finally, the facility includes a generalized interface structure for attaching
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prototype designs to be evaluated. This interface structure allows the ACE team to plug-and-play a
concept design for human driver controls and in-vehicle interfaces and evaluate its performance though
a test driving scenario.
Virtual driving simulation with Human-In-The-Loop (HIL) is performed by the Virtual Vehicle
System Simulation (VVSS) environment, developed by Oakland University [1], [2], [3]. The VVSS
has initially been designed for the purpose of designing and evaluating active suspension, traction
control, active safety systems [6,7] and Intelligent Transportation Systems (ITS) applications [8,9],
where mathematical models of concept subsystems could be integrated and tested for its performance
by an interactive subjective HIL simulation.
The VVSS environment is re-configurable, and adapted to capture driving behavior, driver
performance (e.g. lane deviation, variation of velocity, eye glances, etc.), and to issue audible voice
commands for the prototype-critical driver distraction tasks.
Please notice the terminology in the following sections, as it is defined in Table 1. The following
paragraphs describe the driving simulation environment in more detail.
Hardware Setup

The VVSS environment consists of a Silicon Graphics high performance host station for rendering the
virtual scenery at 18Hz (see Figure 1), and computing the vehicle dynamics model (with integration
step size of 0.004 s.). The host station provides network services during each frame update for 3 PC
workstations on the Local Area Network (LAN) to interact on-line with the simulation execution.
The HIL capability is provided by PC-1, which is configured to capture the driver inputs for steering,
throttle and brake. These driver inputs are sent to the simulation execution through the LAN using
Matlab/Simulink design interface. PC-1 also monitors the lane deviation from the road median, and
generates engine sound corresponding to the speed of the virtual vehicle.
The vehicle location is monitored by PC-2. When the driver reaches certain pre-programmed locations
in the scenery, PC-2 will issue verbal task commands through the audio system.
Driver information is provided through a conventional automotive cluster, which is controlled by PC3. This workstation also maintains a truth signal for hands-on-the-wheel and eyes-on-the-road. PC-3 is
equipped with a multi-channel analog and digital input/output card.
A fourth workstation is used to record digital video data on disk of the driver subject. This information
is later used to confirm hands-on-the-wheel and eyes-on-the-road information.
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Unique about the VVSS is that it utilizes custom automotive commercial hardware that is provided by
Collins & Aikman. The VVSS can be easily adapted to any other hardware for driver inputs.
Software

All the data from PC’s 1-3 is logged and stored in one Matlab binary file. Matlab is used to conduct
primary analysis on the data by using a script file which generates an HTML document and including
graphic plots and charts. Together with the observation sheets and the rating scales, this information
then provides the basis for the higher level driver performance evaluation and HMI quality assessment.
The configuration of the VVSS is displayed in Figure 2. The mathematical architecture of the driving
simulation environment is depicted in the Diagram in Figure 3. The mathematical dynamics model of
the vehicle contains 24 degrees of freedom and has over 90 states.
A special feature of the simulation environment is the multi-access modularity through the LAN.
Access to the state values of the mathematical model is implemented through a directional vector table.
This allows for external host stations to replace the states of the system by virtually replacing part of
the mathematical model. For example, the suspension height of the left front wheel is represented as a
state in the vehicle dynamics model. An external model for suspension can be activated, that will
replace the model formulation of the left front suspension height and insert a run-time value, derived
from the other states and inputs. Elsewhere in the vehicle model where left front suspension height is
used to derive other states, this new value from the external model will be used.
Likewise, also the driver input model, vehicle behavior and additional scenery characteristics are
accessible for monitoring and altering the driving simulator models. This feature of the VVSS is
exploited for the HMI evaluation process described in this paper.
Test Scenarios

In order to develop test scenarios, there is a dedicated scenario manager. The scenario manager stores
the route, positions and tasks, and the association for each of the experiment laps in a single file. Each
test consists of 6 experiments, to be 2 trial runs, and 4 data collection runs.
The test scenarios consist of a course route through the virtual scenery of approximately 20 minutes.
The trajectory contains an average number of turns, stop signs, traffic lights, intersections and so on.
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There should be no overlaps in the route of the trajectory. If necessary, only a cross-over through an
intersection will be allowed. By this way, a test subject will expose a minimum amount of learning
effect during the driving test.
A series of locations in the route of the test trajectory are assigned to trigger verbal task commands.
These locations are stored in the scenario manager. The locations should be sufficiently far apart, so
that the execution for any combination of tasks will not overlap across two locations. For example, the
locations should be at least at a 30 seconds driving distance from each other. Figure 5 illustrates a test
course (in white) with 16 assigned locations (as red dots) in the scenery.
In addition to the course, there are an independent number of task definitions defined in the scenario
manager. The task definitions consist of a name and a sound file which contains the task description.
The scenario manager contains an association matrix, that defines which task is to be executed at
which location for which experiment. Figure 4 shows the user interface for the scenario manager tool.
In the left section are the task definitions, and in the center section the task locations and the task
association per the locations for each of the experiments.
Figure 5 shows a top-view of the virtual scenery with the trajectory indicated in white, and the task
locations indicated in the red dots.
Test Procedure

Before entering the driving simulator, a test subject is carefully instructed of the test procedure and the
expected performance of the task execution.
Three video cameras will record and log the facial behavior of the driver during the complete test. This
video material provides reference for eye-movement and eyes-on-the-road information.
During each experiment, three data files are created by the 3 PC’s during an experiment, each
containing the time data and associated log of the driving behavior and vehicle outputs. The data files
contain the local time of the PC during the simulation, the synchronized reference time of the
simulation environment and the application data associated with each PC. This application data is
given in Table 2.
The X-Y position of the vehicle is collected from the driving simulator. The throttle, brake and steering
angle are captured from the human driver interface, and the task number is generated from the scenario
manager. The lane deviation is computed by comparing the current X-Y position of the vehicle with a
pre-recorded center-lane trajectory. This provides a running difference between the actual and the
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desired lane position. The hands-on-the-wheel signal is generated from an electrical touch-contact on
the steering wheel, and the eyes-on-the-road signal is generated by a push button from an external
observer. The external observer is dedicated to push a button whenever the driver is not directly
looking at the road in the scenery.
The local time is automatically stored from Simulink along with the logged application data. The
reference time from the VVSS is also considered as application data.
Immediately after the experiment, the 3 data files are collected and consolidated in a special Matlab
array format, and stored as the complete experimental data from the test.
In the next section, this data will be subjected to a report generation tool, which extracts the relevant
driver performance information from the data in a useful format for further analysis.
Automatic Report Generation

Report generation is conducted by post-processing the collected data files in Matlab. A script is
designed that will interpret and analyze the data files and generate 196 graphs and an associated
HTML document. This document contains a table of contents, all the graphs and the support
documentation for the data. It also contains the scenario definition, task definition and test subject
information for the current test. Hence, the document represents a complete archive of the test.
The first most important data analysis task is to retrieve the time interval of the 16 tasks in the data
files. This is done by first allocating the active task number from PC1. These active task intervals are
shown as the yellow bars in the top-left graph in the example test in Figure 7. The associated reference
time for start and finish of the task is then allocated in the data files for PC2 and PC3. Now the data
points associated with the tasks are known for all logged data.
The next stage in the report generation is to analyze the complete test on its validity. Therefore, graphs
are generated for the active task with Hands-on-the-Wheel, the throttle, steering and brake inputs, and
for the lane deviation. The graph for the lane deviation contains a 1.5m grid line to indicate laneexceeds.
The third stage of the report generation consists of detailed analysis per task. The 16 sections in this
chapter of the report show the driver data for the time interval of the particular task. The data includes
the steering and speed inputs, lane deviation and vehicle velocity. In addition, the report generator
provides graphs for averaged standard deviation (0-6, 6-12, 12-18 seconds) of speed and lane

Smid/Dowd/Bhise

7

deviation, as can be seen from the bottom graphs in Figure 7. Finally, the sections include a graph for
the driver distraction time, as shown in the top-right graph of Figure 7.
Since there are 6 experiments in the test, and each experiment has a different configuration for tasks
and scenery locations, it may happen that for example task 3 is executed in a right turn for one
experiment, and is executed for a straight road in another. The statistical average will provide a good
representation of the expected distraction, however it may be useful to analyze and correlate the data
by location as well.
The fourth stage of the report generation therefore includes the data analysis by locations. The data is
analyzed whether a task is executed at the location or not. This provides additional information on the
difference of the driver performance during task execution versus no distraction. This chapter contains
16 sections for each defined location in the scenery route.
The report generator provides graphs for lane deviation and vehicle velocity, both in actual form and
standard deviation and averaged standard deviation.
The final stage of the report generation consists of the additional appendix with documentation on the
current test scenario configuration and test subject data.
During this process of the report generation, an additional table is being generated with statistical
values for lane deviation and vehicle velocity. Based on pre-defined threshold values for this data, a
total count is accumulated per each task. This count provides an indication for the amount of driver
distraction for the particular task. The total count of the test provides an indication of the quality of the
prototype interface in terms of minimizing the driver distraction during task execution.
Example Test

For the evaluation of a prototype concept radio, 20 subjects have been tested on the simulator while
executing a series of radio-specific tasks, first using a current radio design for reference, and then for
the prototype concept (see Figure 6).
The test for each subject results in a test report with driver performance and distraction data. A sample
of this data can be seen in Figure 7. The top-left graph indicates at what time during one experiment,
the tasks were performed. The graph in the top-right indicates for task 4 (e.g. “Adjest the base and
treble to your liking”) when and how long the hands were off the wheel. Similar graphs are generated
for eyes off the road number of glances and eye-time.
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The graph in the bottom left indicates the lane deviation during the execution of task 2 (e.g. “Press CD
eject on the radio and insert the billboards top hits CD”) for the 3 experiments where task 2 was
performed. The graph indicates that there are two lane exceeds during one of the experiments. The barchart in the bottom-right of Figure 7 illustrates the averaged standard deviation and mean velocity for
the time intervals 0-6, 6-12 and 12-18 seconds per task during the test. The color indicates the
experiment when the task was conducted. We can see from this chart that the standard deviation of the
velocity exceeds a threshold value in 4 cases, which indicates that the driver slowed down significantly
during the execution of the task. Similar bar-charts are generated for lane deviation as well.
The addition table in Figure 9 that is generated as part of the report, shows the averaged values for the
lane deviation and velocity, similar to the analysis of the bar-charts in Figure 7. The values that exceed
the pre-defined threshold are printed in boldface, and are accumulated as the exceed count in the
rightmost column. This index provides a number of significant driver distractions per task, and the
cumulative of the complete test provides a quality index for the prototype interface.
By performing the test 20 times for each of the two radios and comparing the test results, we can
generate a quality comparison, as has been displayed in Figure 8.
Obviously, the assessment of the quality of a prototype interface for automotive cockpit is typically
more complicated than just judging the numbers from the report generator. Additional information for
eye glances and eye time leads to a better evaluation, as has been described in [4]. However, this
process leads to a quick and reasonable indication for the human interface quality.
Conclusions

The quick prototype evaluation and optimization process provides Collins & Aikman and its
automotive supplier partners with a unique tool, using emerging technologies, to improve interior
interface design in the early concept stage, rather than on trial-and-error basis, or at the time in the
development process when most of the interior design has been defined.
By referencing performance with a real-outdoor traffic driving test, we have proven the validity of the
simulator and its simulation output results. By referencing driver performance statistics to an existing
interior design as a base-line we achieve a relative performance index as a design parameter for the
experimental prototypes. This relative number only represents a comparative value with respect to the
existing design. Experimental results have been presented to the Transportation Research Board [4].
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Experiments with the simulation environment have shown good correlation between eyes-off-the-road
and lane deviation, as well as number-of-glances and lane deviation. This proves to us that we can use
multiple measures for driver distraction, and statistically improve our simulation results by fact of
redundancy.
Also for human machine interface design, driving simulation technology provides critical competitive
advantage for product design and development.
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Table 1 ACE Simulator Nomenclature

Term

Definition

Test subject

human driver exposed to the simulator

Scenario

configuration of a test

Task

well-defined instruction for the purpose of operating an in-vehicle device to perform a given
function

Test

evaluation of a test subject

Experiment

execution of one lap (1 test = 6 experiments)

Table 2 Data Logging file format of ACE Simulator

PC

Application Data

1

X position of the vehicle
Y position of the vehicle
Throttle Angle
Brake Angle
Steering Angle
Task Number in execution

2

Lane Deviation from the center of the right lane

3

Hands on the Wheel
Eyes on the road
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Figure 3 Mathematical Architecture of the Vehicle Simulator
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Figure 4 Scenario Manager User Interface
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Figure 5 Top view of a course scenario with tasks
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Figure 7 Logged data for Active Task (top-left), for Hands-on-the Wheel, (top-right),
Lane Deviation and HOW/EOR (bot-left) averaged std. dev. (STD) of velocity and lane deviation (bot-right).
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Number of Glances for Two Radios

Answer Cell Phone

Answer Cell Phone

Eject CD + Insert Paula CD

Eject CD + Insert Paula CD

CD + Seek TK 2

CD + Seek TK 2

FM + Seek 105.1

FM + Seek 105.1

FM + Tune 93.1

FM + Tune 93.1

Volume Down

Volume Down

FM + Tune 107.5

FM + Tune 107.5

Find Cellphone + Dial

Radio 2
Radio 1

Volume Up

Tasks
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Std. Deviation of Lane Positions for Two Radios

Find Cellphone + Dial
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Volume Up

FM + Tune 95.5

FM + Tune 95.5

CD + Seek TK 4

CD + Seek TK 4
Math Problem

Math Problem

Adjust Base + Treble
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Figure 8 Comparison results from the test on the two radios
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Std. Deviation of Lane Position

Std. Deviation of Velocity

Subject: Nobody001

#
3/4

Task

9

5

16

3

4

2

15

6-sec interv. Þ

Description

FIND THE CELL PHONE AND DIAL YOUR HOME PHONE
NUMBER BACKWARDS
WHAT IS THE ANSWER TO THE FOLLOWING MATH
PROBLEM ((5+9))-6 * 23
RING...RING...RING
PRESS FM LISTEN TO THE FIRST THREE PRESETS ADN
THEN SELECT THE MUSIC OF YOUR CHOICE
ADJUST THE BASS AND TREBBLE TO YOUR LIKING
PRESS CD EJECT THE CD IN THE RADIO AND INSERT THE
BILLBOARD TOP HITS CD
PRESS CD EJECT THE CD IN THE RADIO AND INSERT THE
PAULA ABDUL CD

5/6

3/4

5/6

1

2

3

1

2

3

1

2

3

1

2

3

0.09

0.21

0.10

0.07

0.06

0.19

0.43

0.83

0.76

2.65

1.26

0.50

1

0.12

0.12

0.13

0.14

0.12

0.09

0.92

1.13

0.96

1.19

0.44

0.19

0

0.05

0.19

0.15

0.25

0.20

0.18

3.31

0.97

0.65

1.87

1.33

0.16

2

0.14

0.12

0.16

0.13

0.30

0.23

0.98

0.52

0.44

0.90

1.59

0.91

0

0.18

0.39

0.28

0.07

0.13

0.04

0.88

1.53

0.62

0.72

1.22

0.88

0

0.22

0.05

0.01

0.24

0.37

0.38

0.67

0.36

1.16

3.42

0.15

0.58

1

0.08

0.04

0.12

0.11

0.24

0.27

3.02

1.68

1.58

2.49

0.33

0.51

2

7

PRESS FM TUNE TO 95.5

0.16

0.24

0.09

0.14

0.09

0.13

0.57

3.66

1.47

0.10

0.07

0.13

1

10

PRESS FM TUNE TO 107.5

0.08

0.20

0.21

0.08

0.03

0.08

2.03

1.28

0.42

2.24

0.92

0.38

2

12

PRESS FM TUNE TO 93.1

0.09

0.22

0.09

0.07

0.04

0.11

0.51

0.92

0.19

1.39

0.12

0.75

0

6

PRESS CD SEEK TO TRACK 4

0.65

0.25

0.09

0.09

0.11

0.14

1.49

2.14

0.71

0.24

0.02

0.18

2

14

PRESS CD SEEK TO TRACK 2

0.09

0.15

0.18

0.23

0.24

0.13

0.81

0.94

0.93

1.32

0.86

0.21

0

13

PRESS FM SEEK TO 105.1

0.09

0.08

0.34

0.06

0.06

0.05

0.23

0.43

0.15

0.87

0.22

0.41

0

1

PRESS FM GO TO PRESET 6

0.18

0.07

0.05

0.11

0.12

0.18

0.94

1.44

0.64

1.58

1.01

0.66

0

8

TURN THE VOLUME UP

0.05

0.09

0.11

0.08

0.10

0.40

0.45

0.82

0.41

0.36

0.32

1.42

0

11

TURN THE VOLUME DOWN

0.13

0.06

0.07

0.06

0.09

0.03

0.10

0.62

0.34

0.58

0.19

0.04

0

Figure 9 Auto-Generated Statistical Driver Performance Data.
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