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PURPOSE

The purpose of this study was to develop a concept for a vehicle which adapts its
performance to the preferences and capabilities of different drivers under a wide range of
driving and environmental conditions.

SUMMARY

A concept was developed for an Adaptive Vehicle which will optimize its performance for
awide range of drivers under awide range of operating conditions. The technology
required for the development of the Adaptive Vehicle was identified and a phased program
was proposed for achieving various levels of adaptation. A feasibility study is now
underway. This study will perform top-level mission definition, functional requirements
analysis and concept development for and example high-technology adaptive vehicle. It
will identify adaptation concepts, assess the feasibility and technology devel opment risk
for each concept, estimate potential benefits to the driver and provide recommendations
for further development.



| NTRCDUCTI ON

Wth a few sinple exceptions, current vehicles do not sense the
driver or the driving environnent, and, as_a result, their
performance can be optimzed only for a specific driver under

specific driving conditions. ~ Consequently, present vehicle
designs represent a conprom se which tries to satisfy a w de range
of drivers under a wide range of operating conditions. If a
vehicle could adequately sense its environment, its interna

state, and the driver's Preferences and capabilities, and if this
information could be anal yzed on-board the vehicle in real tineg,
then the performance of the vehicle could be nodified to nmeet the
driver's needs, expectations, and capabilities as they change with
operating conditions [I].]| This viewis the basis for the Adaptive
Vehi cl e concept.

The Adaptive Vehicle will break some of the "rules" we normally
associate with vehicle operation

Rul e 1. ghe vehi cl e does exactly what the driver tells it to
0.

The Adaptive vehicle wll analyze the driver's
commands (from sone explicit action, e.g., steering
wheel or-brake pedal novenent), as well as the current
vehicle status and driving environnent, and then take
action to carry out the driver's intention in the best
ossible way. A sinple exanple is anti-|ock braking.

he driver commands (with his foot) full brakeline
pressure.  The anti-lock systeminterprets this as an
Intention to stop as quickly and in as controlled a
manner as possi bl e and therefore nodul ates individual
brake actuator pressures accordingly.

Rule 2. The vehicle reacts only to what it physically
encount ers.

The Adaptive Vehicle wll mke use of extensive
sensing of the driving environment to enable It to
react In anticipation of unconfortable or hazardous
situations. For exanple, laser and mllineter wave
radar could be used to detect potholes and begin
actuation of active suspension-elements before a wheel
falls into the hole. They could also be used to
detect obstacles in the path of the vehicle so that
appropriate action could be taken. Communication wth
central traffic, weat her, and road condi tion
i nformation-services would nmake it possible for the
vehicle to select routing to optim ze an expressed

1 Nunmbers in brackets designate references listed at the end of
this report.



driver preference for mninumtinme, mninum workload,
or other criterion.

Rule 3. The vehicle's performance deteriorates with tine.

The ﬁerformance of the Adaptive Vehicle, as perceived
b% the driver, should actually inprove with tinme as
the vehicle acquires know edge about the driving
habits, preferences, capabilities, and routes of its
driver and adapts accordingly.

Rule 4. The driver supplies all the intelligence and decision-
making for the vehicle.

The Adaptive Vehicle will exhibit intelligence-Ilike
behavior and assist the driver b%/ maki ng  many
decisions on its own to suit its performance to the
inmrediate needs of the driver and the driving
environment, thus making a safer, nore efficient, and
more enjoyabl e vehicle.

These capabilities and the technology to achieve them are under
study at Project Trilby.

DI MENSI ONS OF ADAPTATI ON

The Adaptive Vehicle nust be able to nodify its perfornmance
characteristics to adapt to changing needs of the driver, to
changing requirenents of the driving environnent, and to changes
in the vehicle itself.

Driver
Driver adaptation includes three domains:
1. Driver Preferences

Driver pref erences represent the type of vehicle
performance desired by the driver for a given situation or
for a specific driving task. Such preferences are often
reflected by vehicle «classifications such as sporty,
famly, formal, luxury, prestige, or econony. Product
Position Maps [2] are a possible source for exploring this
adaptati on donai n.

2. Driver Capabilities
Driver capabilities represent the driver skills which are a

function of the driver's experience, age, and physi cal
state (e.g., drowsy).



Driver Habits

Driver habits include personal driving schedules for work
or recreation, and personal driving style, which the
vehicle control systemw !l utilize to better neet the
driver's needs and expectations. Wiile the first two
domai ns (preferences and capabilities) require short-term
identification techniques, sonme of the driver-habit data
may require very long-term identification.

Envi r onment

Environmental adaptation treats a range of phenonena which affect
the vehicle [3]:

1.

\\eat her
Thi's cat egory I ncl udes t enperature, hum dity,
Rregipitation, visibility, and wi nd gust phenonena.
0ads
This category includes the road Eype (e.g., paved, dirt,
ray?!, etc.), and its surface condition.
raffic
This category includes traffic volunme, its type (e.g., city
or highway), and the Ilocation and behavior o ot her
vehi cl es.
Topogr aphy _ _
This  category includes road geonetry (e.g., straight,
mﬁnding?, its grade, and altitude variations.
External D sturbances _
This category includes other external influences on the
vehicle or Its  passengers, such as audible and
el ectromagnetic noise, glare, and air quality.

Vehi cl e

The Adaptive Vehicle nust sense and adapt its decision-
maki ng and control to changes within the vehicle itself.
These changes can be sudden, |ike the |oss of a sensor, or
more gradual, like the slow deterioration of a fuel

I njector or other conmponent. These changes may be detected
directly, or inferred from other neasurenents of vehicle
system and subsyst em behavi or. Once detected, the changes
in capability and performance beconme factors in the
analysis of the current driving situation and ultinmately,

in the adaptation decisions.

CONCEPT DESCRI PTI ON

Unli ke current vehicles, the Adaptive Vehicle is intended to be
self-optimzing for a wde range of drivers under a w de range of



operating conditions and thus should be able to neet an
unprecedented range of mssion requirenents [4,5].

Figure 1 shows a schematic of the Adaptive Vehicle. It contains
six major functional blocks: Sensing, ldentification, Situation
Anal ysi's, a Know edge Base, Adaptation, and Control.

The vehicle senses not only comands from the driver, but also the
dynam ¢ behavior of the driver as an elenment in a control | oop,

e.g. response tines, precision of control, and  perhaps
physi ol ogi cal  data. The vehicle also senses directly, and
Indirectly through a communications channel, the |ocal and gl obal
driving environment, e.g., Weather, road surface condition

traffic, behavior of other vehicles and simlar information. It
also nonitors its own performance, its own internal condition and
state of health

The ldentification block conbines sensor data with nodels stored
in the know edge base to produce an updated description of the
driver, t he riving environnent, and the vehicle. Thi's
information is passed to the Situation Analysis block where
descriptions of the vehicle and the driving environnment are
conbined to produce an analysis of the —current operating

conditions for the vehicle. This analysis takes into account
weat her, road condition, traffic, type of driving (urban, highway
vehicle condition, amount of fuel, and simlar factors,

drawi ng on the know edge base as required. The results of this
analysis are conbined with information on the identity and
performance of the driver, and with data from the know edge base
to determne the capabilities and preferences of that particular
driver under the current operating conditions. The result of this
analysis is a set of inmmediate functional performance goals for
the vehicle -- a quantitative description of the way the vehicle
is to behave under the current set of driver, environmental and
vehicle conditions.

The Adaptation bl ock uses vehicle nodels and design data fromthe
know edge base to determine the vehicle and control system
configuration that best neets the performance goals. The vehicle
subsystem paraneters are adjusted to the appropriate values and a
set of control objectives are established. The integrated vehicle
control bl ock coordinates control of the vehicle's individual

dynam cal elements to carry out these control objectives.

The Adaptive Vehicle, as described above, nmakes use of four
distinct levels of control [6]. Figures 2a-d identify the nmjor
conponents of each |evel.

1. Subsystem control
Control of individual vehicle subsystens to produce

predeterm ned relationships between driver conmmands and
subsystem response (Figure 2a).



2. Integrated control:

Adds coordination of subsystens to produce predeterm ned
rel ationships between driver conmands and vehicle response
under specified environmental conditions (Figure 2b)

3. Adaptation to the environnent:

Adds capability to account for changes in the vehicle's
environment to maintain (if the laws of physics permt) the
predeterm ned relationships between driver commands and
vehicle response under all  environnental condi tions
(Figure 2c).

4, Adaptation to the driver:
Adds capability to identify the driver, his preferences,

capabilities, and performance. This information is used to
ﬁDdIfY the relationships between driver comands and
e

vehic response to neet changing functional requirenments
(Figure 2d).
The first three levels of control represent increasing span of
convent i onal control, i.e., control aimred at achievin
predet erm ned system perfornance. The fourth level of contro
extends the system behavior to a nmuch nore conplex domain, i.e.

dynam cally nodifying the specifications of the desired systém
per f or mance.

ADAPTATI ON EXAMPLE

As shown in the previous section, vehicle adaptation is a
mul ti di mensional problem Cross coupling between the driver and
environmental dommins can create an infinite nunber of adaptation
states. To illustrate the adaptation process, the follow ng sinple
exanple will describe adaptation among two driver preference
states (namely: sporty and famly), and two environmental states
(nanel y: hlghma% and city) resulting in a total of four adaptation
states (Figure 3).

In this exanple, we wll follow the process topology shown in
Figure 1, namely:
. Sen5|n?_ _
I dentitication
Situation Analysis
Know edge Base
Adapt at 1 on
Cont rol



to show how the vehicle adapts to each of the four functiona
performance states while driving fromone city to another. It is a
routine driving trip from home to work which involves the
foll ow ng sequence of states: famly-city (Fg% to> famly-hi ghway
(FH to> sporty-highway (SH) to> sporty-city (SC

The trip starts as the driver enters the vehicle on a norning of a
week- day.

Sﬁnsing begins as soon as the driver unlocks the door and enters
the car.

Envi ronnent Sensing -- Includes tine, day and date information
as welT as measurenents of anmbient tenperature, pressure and
hum dity, location of the vehicle (using navigation data), wnd
characteristics, precipitation, visibility, road condition,
traffic volune, |location, behavior of nearby vehicles, and
simlar factors.

Vehicle Sensing -- Includes neasurenents of vehicle operating

varitables 1nclTuding those from start-up diagnostic tests (e.g.,
cranking voltage and current, cold-tire pressure, fuel and
fluid level s, and the status of ~conputer and electronic

modul es) .
Driver Sensing -- Includes measurenents to determne driver's
rdentity erther by recognition devices (e.g., inmage, voice, or

handprint? or indirectly by a personal entry card or coded key.
Addi ti ona measurenents are perfornmed of the driver's
physionetric variables such as blood pressure, pulse rate, head
and body notion, etc. More variables are nonitored after the
vehicle starts noving: They include the driver's throttle and
steering response, his grip on the steering wheel, and his
response to other vehicles on the road.

I dentification processes begin based on the sensed data.

Environnent Identification -- The environmental state is
Identified as a conbination of the foll ow ng phenonena: clear
and dry sunmer weather (based on the season and on data
neasured by the tenperature, pressure, rain and visibility
sensors), paved and snooth road (based on road sensor data),
medi umvolune city traffic (based on location and the nunber of
passing cars and data from a central traffic information
service), sea-level altitude, flat terrain, acceptable audible
noi se-| evel, and an average | evel of el ectro-nmagnetic
i nterference.

Vehicle ldentification - Diagnostic test results are conpared
with stored reference data and test results fromthe |ast 30
trips. The vehicle state is identified as fully operational,
all systems active, no imediate maintenance required.




Driver ldentification -- The driver's identity is established
and his personal driving log is accessed.

Trip ldentification - To determ ne the objective of the trip,
the system exam nes the driver's file, the day and tine, and
concludes with high probability that the driver is going to his
pl ace of enploynent. The vehicle queries the driver and
receives confirmtion.

CorrPI etion of the identification processes triggers Situation
Anal ysi s procedures.

Qperating Condition Analysis - The conbination of the vehicle
state, the driving environment, and the trip objective define
the operating conditions of the vehicle for this situation.

Driver Preferences and Capability Analysis -- The driver's
personal TfiTe 1ndicates a preference for confortable and
defensive driving, wth a particular set of acceleration,
st eering, br aki ng, and driver I nf ormati on-system
characteristics under these operating conditions. The driver's
physi ol ogical response data are continuously neasured and
conpared with nomnal driver nodels and with his personal data
to confirm this conclusion. These preferences are expressed by
a set of priorities assigned to the attributes of the vehicle
functions. The first colum in Figure 4 illustrates this
description, wth Jlower nunbers reflecti n% hi gher  driver
pref erences. The nunbers in Figure 4 are for this exanple
only. The system determines the driver is fuIIK capabl e of
erforming the current driving task since no p ?/5| ol ogi cal
imtation, such as drowsiness, 1S detected. It will therefore
attenpt to synthesize a systemconfiguration for the current
operating conditions that best neets his preferences.

Once the operating conditions and driver analysis is conplete,
adapt ati on can begin.

Configuration Synthesis and Parameter Sel ection -- The descrip-
firon of the preferred vehicle configuration 1s exanm ned against
stored data and nodels of the vehicle. Control  system

capabilities, vehicle parameters and operating envel opes under
various potential vehicle configurations are analyzed to
i dentify the set which cones closest to providing the
functional performance preferred by the driver. This "optiml"
set is wused to define realistic, achieveable performance
specifications which becone reference inputs to the integrated
vehicle control system

Integrated vehicle control then carries out coordinated control of
the new vehicle configuration.
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Integrated Vehicle Control -- The selected vehicle perfornmance
specifrcatrons are used by the top-level vehicle controller to
determ ne the performance required of all vehicle subsystens
and the nature of their interactions. The controller of each
subsystem then acts to achieve its assigned objectives. In

this exanple, the driver's preference for confortabl e,
defensive driving translates into the f0||OMAn?_ control
actions. The powertrain controller selects a configuration

whi ch m nimzes the nunber of shifts, sacrificing sone power
and fuel econoq¥. To do this, the engine is calibrated to
operate at a wide dynam ¢ range by adjusting spark timng, air-
fuel ratio, and valve timng. [n addition, during shifting,
the transm ssion controller actuates the clutches snoothly so
t he changes in gear are not perceptible to the driver, allow ng
some decrease in the power transmtted to the wheels during a
shift and sone increase in fuel consunption. The suspensi on
adjusts for a soft ride, allowng some deterioration in
handling in sharp turns. The accessory cut-off point is set so
that only under the highest vehicle power demand will confort

be sacrificed by disabling accessories. In addition, the
chassis controller adjusts vehicle height and attitude for best
confort under st op- and- go, frequent-turn city driving

(Figure 5). These processes and the updating of the subsystem
gqnprol paranmeters are performed continuously during every
riving trip.

S process is repeated as the vehicle transitions to other
ving environments or other driver preferences.

Qt her Adaptation -- The fol | ow ng paragraphs  descri be
transitions to other adaptation states, Illustrating how
changes in the driving environment or changes in the driver
preferences initiate the adaptation process. Adapt ati on

transitions are not sudden; they are performed gradually by the
vehicle controller, and often only after receiving the driver's
approval. The adjustments to the subsystem paraneters are
outlined in Figure 5 for all these states.

The transition to the FH state occurs in response to a change
in the driving environment while driver preferences remain
unchanged. The vehicle senses and identifies the highway by the
geogr aphi cal |ocation and identification of the road, its
nunber of lanes, the traffic, and driver-vehicle performance
(speed, steering, etc.). To neet the driver's expectation of a
confortabl e and pleaseable ride in the new environnment, the
vehicle adjusts paraneters, changes functional performance
goal s and, if necessary, reconfigures subsystem structure and
I nt erconnecti ons.

The transition to the SH state occurs in response to a change
in the driver's preferences while the environnent remins
unchanged. Based on the known driver's habits as recorded in
his file, the systemexpects a transition to a nore aggressive



driving style while still on the hi%hmey, It determ nes the
desired transition point based on the driver's throttle and
steering input patterns, distance mintained from other
vehi cles, and perhaps physiol ogical measurenents.

The transition to the SC state occurs simlarly to the
transition fromthe FC to the FH state, i.e., due to a change
in driving environment which is detected through navigation,
road, and traffic data.

The adaptation described in the above exanple covers only a
limted part of the adaptation capabilities of the proposed
Adaptive Vehi cl e. The environnental conditions did not
i ncl ude any changes in weather, road surface condition

t opography or road type. The variations in driver preferences
were limted to only two sinple, specific states. The vehicle
state was not varied at all. Variations in the availability
and performance of vehicle subsystems adds conplexity and
dimension to the adaptation problem For exanple, the system
may conclude, based on conparisons of vehicle data with stored
reference signatures, that the output of a sensor cannot be
used reliably. Consequently, it estimates that sensor out put
from other ~neasurements or _replaces the noninal control

algorithm for the subsystemw th an al gorithm which does not
rely on this sensor. ~The adaptation logic will account for
this change by reconfiguring interactions with other affected
subsystens and adjusting appropriate paraneters.

In addition to performance adaptation, the Adaptive Vehicle
conﬁept makes possible the integration of additional functions
such as:

1. Interactive Navigation Assistance -- Wth present |ocation
and destination known, the systemw ||l contact a traffic-
data center and examne traffic and road conditions for
alternative routes. It would then perform m nimumtine
analysis and recommend the best available route.

2. Maintenance Scheduling -- Each trip will conclude with an
off-line analysis of the vehicle and trip |og. Trip data
wi || be checked against reference data and recorded |ogs of
past  trips. Forecasts w Il be updated for schedul ed
mai nt enance along with unscheduled repairs (i.e., failure
anticipations). These projections could be transmtted to a
data center which would plan |ogistics and inventory using
this information.

3. Driver Assistance -- Various functions to assist the driver
in maintai ni ng headway and |ane on a hi ghway, checking
blind spots during turning, |anes changing and reversing
maneuvers, providing collision warning and braking, and
many ot hers.

-10-



TECHNOLOGY REQUI REHENTS

To achieve a vehicle with the capabilities described in the report
requires the targeted devel opnent of technology in the follow ng
areas (see Figure 6):

1. Driving-environment sensors and environnent classification
procedures.

2. Driver sensors and driver classification procedures.

3. Extended vehicle nonitoring capabilities (e.g., failure
prediction and detection)

4. Models of driver preferences and driver capabilities
5. Long-term and short-term driver identification procedures.

6. Vehicle performance netrics and nodels of vehicle
performance limts.

7. Functional analysis procedures for an Adaptive Vehicle.

a. Situation.analzsis and deci sion making procedures closely
coupled with the vehicle control system

9. Conputer architecture and conmponents which can provide on-
board, real-time execution of the above processes.

10. New driver-vehicle interfaces.

11. Control-configured electronechanical subsystens with w de
dynam c range.

12. A high level of integrated vehicle control.
ADDI TI ONAL | SSUES

Wil e the above discussion focused on the adaptation options and
required technol ogy, the AdaFt|ve Vehi cl e concept has potentia

benefits to the driver as well as to the Corporation which cannot
be fully explored froman engineering standpoint alone. Sone of
the nost intriguing issues associated with the Adaptive Vehicle
i ncl ude questions such as:

1. How does a driver respond to a vehicle which changes
characteristics as a function of the driving environnment
and the current capabilities of the driver?

2. Wiat would be the benefit to the Corporation if an Adaptive
Vehi cle coul d replace several existing nodels by providing
performance which satisfies several market segments?

3. Wiich adaptation options are the nost desired in the
mar ket pl ace and by wnat type of driver?

-11-



STATUS

W have outlined a proposal for devel oping the Adaptive Vehicle
capabilities. It includes three major phases: a Manual Adaptation
phase, a Sem-Automatic Adaptation phase, and an Automatic
Adaptation phase. In the Manual Adaptation phase, the driver
manual | y sel ects predeterm ned performance settings. In the Sem -
Automatic Adaptation phase, the performance settings an be
modi fied by the driver for a snmall nunber of operating conditions
and the transition anong themis performed automatically by the
vehicle. In the Automatic Adaptation phase, the vehicle selects
configurations, control  algorithms and parameters from a
conti nuous range according to on-board anal ysis which considers
driver identity, operating conditions, and vehicle state. Figure 6
summari zes the relationshi ps anong these phases, their technol ogy
requirenents, and the four required |evels of control.

Project Trilby is now conducting a feasibility study for the
Adaptive Vehicle. This study will identify a set of adaptation
options that are technically feasible, assess their devel opnent
risk, and estimate their potential benefits to the driver and to
t he Corporation.

-12-
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Fig. 1. The Adaptive Vehicle
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Fig. 3: Definition of Adaptation States for
Environment and Driver Variations
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TRANSPORTATION:
LONGITUDINAL
DIRECTIONAL

COMFORT:
HVAC
RIDE
NOISE

COGNITIVE SUPPORT

INFORMATION
ENTERTAINMENT

DRIVER INTERFACE

SAFETY

EFFICIENCY

PLEASABILITY
TRANSPORTATION
COMFORT
COGNITIVE SUPPORT

Fig. 4: Hierarchy of Driver Preferences
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DRIYER INTERFACE

VEHICLE CONTROL

SH

L

DISPLAYS

M

shift points: quick downshift at high gear

FH

SC

FC

CONTROLS

power

throttle response

mn

steering response

Ethrottle

moderate suspension

accessory cut-off (low threshold)

engine tuned for pesk power

vehicle attitude adjusted for best
longitudinal motion at high speeds

shift points: least perceived shift at high
geers

soft suspension

accessory cut-off only at limit
engine tuned for wide dynamic raenge
vehicle attitude adjusted for best comfort

shift points: high, especially at low gears

downshift before turns

hard suspensiaon

accessory cut-off (low threshold)

engine tuned for high torque (high jerk;

vehicle attitude sdjusted for best
directional motion

shift poinis. leas! perceived shifts
minimize < shifts
soft-moderate suspension
accessory cut-off (high threshold)
engine tuned for wide dynamic renge
vehicie attitude sdjusted for good
comfort and directiagnsl motion

Fig. 5: Subsytem Adjustments for Different
Adaptation States
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