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Abstract

This thesis presents the results of a research project which sought to find links
between driver subjective ratings and objective measures of vehicle handling. The
experimental data used in this project has been made available from a previous
research project. The experimental data was collected using a prototype vehicle which
was used in 16 different configurations. Objective data was collected based around
the ISO detined steady state, step input, and frequency response tests. Subjective
assessments were collected from eight trained test drivers using a numerical rating

scale to a questionnaire covering various aspects of vehicle handling.

Analysis of the subjective assessments has been done to identify any shortcomings

that may affect any subsequent analysis.

From the literature review, an approach that claims to relate four simple objective
metrics to subjective measures of vehicle handling has been developed in two new
ways. Firstly, the proposal was tested [1] with the large amount of subjective data
available to see if good levels of correlation could be found between the proposed
metrics and driver subjective ratings to specific handling questions. Secondly, the
method was extended to include further simple metrics to try and improve links

between the subjective and objective data [2].

Non-linear relationships in the correlation of subjective vs. objective data have been
investigated for the first time [3] using non-linear genetic algorithms, which, in
addition have not previously been used to correlate driver subjective ratings with

objective measures that describe vehicle handling.

From the results, it has been possible to specify ranges of preferred values of

objective metrics in order to produce a subjectively satistying vehicle.

Finally, the work discusses how the results obtained can be used by engineers to aid

the vehicle design and development process.
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1. Introduction

The term vehicle handling can be defined as the dynamic response of a vehicle to
driver inputs. Although it is probably the most widely discussed aspect of vehicle
performance, it is not so well understood due to the reliance on subjective
judgements. Vehicle handling can be analysed in three particular ways: 1) subjective
driver feedback, 11) measured objective data and 111) mathematical predictions. The

relationships between these three is shown diagrammatically in figure 1-1.

Predicted -

virtual test track Measured - actual

test track

Figure 1-1: The three approaches to vehicle design

Good levels of correlation exist between measured objective metrics and predicted
objective metrics. However there is uncertainty in the links between subjective
assessments and measured objective metrics, hence the use of mathematical
predictions has been limited in the automotive design and development cycle. This
has meant that development engineers have had a lack of design aids to assist in
producing an acceptable solution. Thus, a great deal of development work still focuses
on prototype vehicles, which is a lengthy and costly process. If models used in the
early design process can accurately predict subjective and objective assessments of

the final product, then the automotive industry will see increased efficiency and

reduced costs by reducing the amount of prototype development.

A previous linked research project [4] between the University of Leeds and the Motor
Industry Research Association (MIRA) contributed to the subjective-objective
correlation debate and has resulted in the collection of substantial test data available

for this project. All subjective and objective data used in this project has been

inherited from this previous project.



1.1 Definition of Subjective and Objective Handling

Vehicle handling qualities describe the behaviour of driver-vehicle combinations in
actual dniving. The handling qualities consist of vehicle directional response
properties to steering, brake and throttle inputs. In general, the overall theme of
handling comes down to the driver’s control of the vehicle, which can be assessed in
two main ways; subjective assessments made by the driver and objective

measurements taken from the dynamic response of the vehicle.

In subjective handling, driver perceptions are used as the critique for evaluation.
These opinions can be best described by words, although in vehicle development

expressing the evaluation in a numerical scale is common practice for subjective

evaluators.

Objective handling properties are more easily defined than subjective handling
properties. Typically, measurements are recorded using transducers fitted to a vehicle
whilst a specified manoeuvre i1s being conducted. The outputs from transducers can be
calibrated and thus measurements taken from them are valid and easily repeatable,
which makes such measurements the preferable way of assessing vehicle

characteristics.

It can be seen that the two methods of describing vehicle handling are quite different,
not least because of the driver dependence of subjective ratings. By bridging these
two aspects of handling together, vehicle designers can produce a vehicle with
satisfactory subjective handling using objective measurements, which can be

predicted using computer models.

1.2 Research Aim and Objectives

The overall aim of this project is to investigate the links between driver subjective
opinions with objectively measurable vehicle responses. To enable this a set of

objectives has been set out, they are:
e Firstly analyse the existing subjective data set to check for reliability.

e To further investigate links between subjective evaluation and objective vehicle
behaviour by extending the use of the available data set by applying new methods

for analysing the subjective vs. objective correlation.



e On the basis of new results, the methods shall be extended to include further
metrics to investigate other approaches to improving the understanding of

subjective vs. objective correlation in vehicle handling. This shall be done using

the existing data.

e Investigate other methods to try and establish links that may exist between the

subjective and objective data sets.

¢ The final objective is to propose how such improved understanding of subjective /
objective assessments can be used in the modelling and simulation procedures
used early 1in a vehicle design program. Achieving these objectives would allow
the predictive use of computer models to achieve better handling vehicles in the

design and development stage.



2. Literature Review

2.1 Introduction

This chapter reviews the various methods that have been used in previous handling
evaluation studies. In particular, objective measurement techniques, subjective

evaluation methods, mathematical models and data analysis methods used are

reviewed.

2.2 Objective Measurement Techniques

Test procedures for characterising the performance of a vehicle are well documented
in a number of International Standards Organisation (ISO) standards or technical

reports. The four tests listed below are of most interest in vehicle handling

development:

1) The steady state circular test, ISO 4138: 1982 (E) [5]
11) Frequency response test, ISO 7401: 1988 (E) [6]
111) The step input test, ISO 7401: 1988 (E) [6]

1V) Severe lane change, ISO Technical Report 3888: 1975 [7]

By using these tests it 1s possible to measure properties relating to both steady state
and transient behaviour in both the linear and non-linear range. The differentiation
between linear and non-linear handling are normally delineated by lateral
accelerations of approximately 0.3g. The steady state circular test [5] 1s used to define
the steady state behaviour conducted on a steering pad. The trequency response test
[6] is used to find the transient behaviour using either a pseudo random steer input or
an impulse steer input. In cases where the vehicle is to be evaluated close to or at its
limit condition, the step input test [6] is used to measure behaviour not provided by

the frequency response data from the pseudo random steer and 1mpulse steer tests.

A human driver performs each of the tests and so to ensure validity and repeatability
the vehicle inputs are carefully controlled by mechanical stops making the test open
loop. i.e. the driver does not close the control loop between external demands and
control outputs by correcting errors. This ensures the measurement of vehicle output
as a function of inputs which are not superimposed with driver control outputs. Hence

the severe lane change test [7] is not suitable for subjective- objective correlation due



to the closed loop nature of the test. Data recorded during the tests is then normally

checked to ensure that it is of sufficient quality to be used in analysis. Typical

measurcs are.:

o [ateral acceleration

e Roll angle

* Yaw angle

e Roadwheel steer angle
e Handwheel steer angle

e Handwheel torque

2.3 Subjective Evaluation of Vehicle Handling

Unlike the collection of objective measures to describe vehicle behaviour, no
standards detailing procedures for subjectively characterising the handling
performance of a vehicle have been found, despite the fact that every vehicle
manufacturer uses subjective assessments as part of their development work. As such,
vehicle manufacturers and specialist consultancies use their own techniques to

evaluate subjective vehicle handling properties.

2.3.1 Subjective Evaluation Techniques

Before a new vehicle goes into production, the vehicle must be accepted by the
vehicle development engineers from a handling viewpoint, based on subjective
assessments [8]. The techniques used by manufacturers for subjective evaluations are
well kept secrets, and as such are not in the public domain, thus can not be included in
the review. During the completion of previous work, Chen [4] commented on how
subjective evaluation was conducted at the MIRA proving ground, used by

manufacturers and consulting companies. The following summarises how subjective

handling evaluations are conducted at MIRA.

Experienced test drivers with specialist training in evaluating vehicles or engineers
familiar with the particular vehicle are used in subjective evaluation during vehicle
development. Although from different backgrounds, both types of drivers have

overlapping skills and knowledge enabling them to communicate with each other.



During an overall evaluation of a new vehicle, several different manoeuvres are

conducted on the different circuits available at the proving ground, they are:

e Steering pad, used for steady state evaluation.

 General durability circuit, used to investigate straight-line running characteristics

and moderately severe cornering manoeuvres.

e C(losed handling circuit, used for conducting more aggressive manoeuvres such as

a severe lane-change and sudden braking into a corner.

¢ Ride and handling circuit, which features discrete features such as potholes,
cambers and nidges etc. The response to these disturbances often plays an

important role in the driver’s overall assessment.

e High speed oval, which is suitable for assessing stability at high speeds.

From the multitude of driving tasks conducted at the proving grounds, the drivers note

the teedback and response of the vehicle in terms of:

e Hand wheel torque feedback

e [ateral acceleration, yaw rate, roll rate, roll angle

e Pitching motion

e Hand wheel kickback due to suspension movement

The summary shows typically how subjective handling evaluations are conducted. It
is important to note that drivers are free to assess the vehicle over manoeuvres of their

choice and that they focus their opinions on a variety of vehicle feedback and

responses.

2.3.2 Subjective Rating Scales

There are a number of methods that people can use to obtain subjective assessments.
Two particular methods can be readily used to assess the various aspects of handling,
including steady state cornering, transient responses, straight line cornering and lane

changing. They are the rating scale method and the ranking method.

In the first method, an arbitrary scale is constructed which describes various degrees
of the quality of the object which is to be measured. Each evaluator rates each object

in accordance with the scale, marking off on the scale the degree of the described



quality which he/ she considers most suitably describes the quality of the object under
assessment. This opinion can then be converted to a numerical quantity and from
these the average rating from a group of observers can be calculated. The sensitivity

of this method depends on the proper choice of the values on the scale.

T'he second method is that of ranking. Several types of ranking method have been
devised, with the simplest being that of simple comparison. Here, observers compare
the objects under consideration with each other, so that the objects can be placed in
rank order of the property under assessment. This offers the advantage that observers
only have to state better or worse which is a relatively easy subjective task. In this
case very small differences between vehicles can be detected, however the method

does not give direct indication of the extent of the differences between them.

A problem associated with ranking several objects at once is that it puts a
considerable strain on the evaluator’s memory when dealing with a large number of
objects. Other ranking methods have been devised to overcome this problem, in

particular the method of paired comparisons and of triads.

The method of paired comparisons allows the observer to evaluate separately all
possible pairs of objects being assessed. A benefit of using this method is that it is a
more sensitive and discerning method of subjective measurement. An associated

problem of using the paired comparison method is that it is time consuming since

n(n—1)
2

the evaluators, which tends to become long and tedious. Work done at MIRA [9,10]

from ‘n’ objects, pairs can be obtained, all of which have to be assessed by

addressed this problem by employing a similar method, but now the evaluators ranked
three vehicles in one session, thus the method of ‘triads’. This method by which
rankings can be obtained is still simple, reduces the time necessary by ordering three
items at a time. However, the method 1s only suitable tor either 3, 4, 7, or multiples of
7 objects. Aspinall [9,10] considered this method to be a good compromise between

the method of paired comparisons and the formal ranking method.

The benefits of using a ranking method are that it is relatively easy for the evaluator to
order the items of interest. Unfortunately ranking experiments give a unique scale to

each group of assessments, and the scales from different sets of experiments cannot be

compared with each other.



Using the rating scale method requires more mental effort from the evaluators and as
such 1s best suited to skilled drivers. Less skilled drivers would have a higher mental
load from driving and hence less able to concentrate on the more subtle aspects of
vehicle handling to produce a subjective evaluation. The benefit of using a rating
scale is that a numerical value can be used to describe the absolute behaviour of an
aspect of handling under investigation, which is useful in correlation analysis where
objective vehicle measurements are linked to subjective assessments. For these

reasons rating scales have been mostly used in subjective- objective research.

The time line in figure 2-1 shows the main contributors to the rating scale
development over the last thirty years. There follows a brief description about the

scales, highlighting the problems, and the ways in which they have been improved.

1969 1973 1978 1980 1989 1997

Cooper Bergman Weir/ Matsushita Kappler Chen
Harper DiMarco Sano

SR

Aircraft Automotive

Figure 2-1: Key contributors to the rating scale development

Early work done by Bergman [11] and Weir & DiMarco [12] used derivatives of the

SAE ratings scale shown in figure 2-2:

VERY POOR POOR FAIR GOOD EXCELLENT
1 2 3 4 5 6 7 8 0 10
Undesirable Borderline Desirable

Figure 2-2: Society of Automotive Engineers (SAE) ratings scale

It is a ten point, continuous, bipolar scale which neither defines a question nor the
dimension to be rated. The scale only has one verbal terminal anchor, ‘excellent’.
Another criticism is that ‘very poor’ is not counterbalanced by having ‘very good’.
Both points mentioned result in a scale that has non-symmetry. Handling qualities of
vehicles on the market today hardly cover ‘borderline’ rated vehicles so only the

‘good’ half of the scale is used. Since the extreme end of the scale is rarely used, the



usable, or effective scale length is reduced to four points (6-9). Bergman [11] states
that rating standard deviations (SD) of two points are common on this four point
etfective scale even with highly trained drivers. The problem this causes is difficulty

in discriminating just noticeable differences in handling.

Later work by Matsushita [13] used an improved version of the SAE scale as shown

in figure 2-3.

1 2 3 4 5 6 7 8 9 10
BAD POOR FAIR GOOD EXCELLENT

Figure 2-3: Subjective rating scale, Matsushita [13]

The most obvious change from the scale shown in figure 2-2 is the removal of the
sector description set. To improve the language balance, ‘very poor’ has been
replaced by ‘bad’. However, asymmetry still exists because there is no centre point
using an even number of scale points. The previous problem of having a short
effective scale length exists in this scale by having low sensitivity in the middle
region marked by ‘fair’. The sensitivity and discrimination of experimental variables

seems not to be better than in the original SAE scale.

A derivative of the Weir & DiMarco [12] rating scale was used by Sano [14] in

evaluation using a lateral motion simulator, see figure 2-4.

| Optimum  to l Satistactory performance | Unsatisfactory
Satisfactory but unacceptable performance and
attentional demands and unacceptable workload
| workloads

Figure 2-4: Subjective rating scale, Sano [14]

The scale uses ten points and has no anchors or rating descriptors. Values between
one and ten maybe returned although this is unlikely to be greater than six for reasons
discussed earlier, leading to a scale that has a short effective scale length. During
evaluation, drivers were told to treat the scale as continuous, however ratings had to

be written as opposed to marking the scale along the line resulting in 'n’ or 'n.5" type
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ratings. Despite this weakness, variance in driver ratings was generally found to be
less than one. A reason for this can be attributed to the fact that using a simulator

allows good test condition reproducibility hence improved reliability.

Away from the automotive field, a rating scale developed by the National
Aeronautical and Space Administration (NASA) for the evaluation of aircraft

prototype handling qualities has been used successfully, known as the Cooper-Harper

scale [15] shown in figure 2-5.

ADEQUACY FOR SELECTED TASK OR AIRCRAFT DEMANDS ONTHE PILOT PILOT
REQUIRED OPERATION CHARACTERSTICS INSELECTED TASK OR REQUIRED OPERATION RATING

Excellent Pilot compensation not s [actor for

Highly desirable desired performence

Good Pilol compensation not a factor for

Negligible deficiencies desired perflormance

Fair - Some mildly Munimal pilot compensation required (or

unpicasant deficences desired perflormance

Yes

Minor but annoying Desired performance requires moderste
deficiencies pilot compensat:on

Is 1t No Deliciencies

NN [-N-N-1 [-X-H-

salis{actory without w3 rrant Modqr:tqu objectionabie Adequste performance requires
improvement? mprovemen deficiences considerabie prlot compensation
Very objectionable but Adequate performance requires extensive
tolerable deficiencies pilot compensation
Yes
- Adequate performance not attainable with
Is adequate Major deficiencics maxynum tolerable pilot compensation
perfommance No Def:ciencxs Controllability not in question
attainable wilth a toierable rqure i . Considenable pilot compensation is required
pilot workload? unprovement Major deficiencics for control
Major de ficiencies Intense pilot lcomp::nulion 1$ required to
: retatn contro
Yes
N | . _
0 Improvement Major deficiencres Controi will be iost dunng some partion of @
{  mandatory required aperstion

Figure 2-5: Cooper-Harper aircraft handling qualities rating scale [15]

For over thirty years this scale has been used to document and legislate safe flying
characteristics for aircraft throughout their operating manoeuvres. The scale has ten
categories with numbers and a detailed description at each point. Questions and
instructions are integrated into the scale, using language understandable for highly
trained aircraft pilots. Each rating point has a three level descriptor which i1dentities
the aircraft characteristics, the handling performance and the compensation required
in the execution of a defined task. The scale user guidance is usetul for the user and
because of the category like boxes containing the numbers, only ordinal data maybe
obtained. Kippler [16] stated that communication with the development and user
group of Harper at Calspan, U.S.A., revealed that mostly points one to three are used.

Despite the multi-level approach and descriptive text, discrimination with this scale 1s



11

hardly better than with the SAE scale shown in figure 2-2. The success of the Cooper-
Harper scale can be put down to a combination of the descriptive text, highly trained
pilots, specific training with the scale and the highly defined flight manoeuvres.
Kippler [16] suggests it is problems with one or more of these reasons that

adaptations of the Cooper-Harper scale to automotive handling have not been

successful.

Képpler [16] recognised the shortcomings with the rating scales already in use and
addressed the problems of i) reliability, and ii) sensitivity problems, that could have
resulted in a lack of discrimination of experimental variables. Figure 2-6 shows the

rating scale developed by Képpler [16,17,18] and the TNO Institute for Perception
and Road Vehicles Research in the Netherlands.
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Figure 2-6: Two level sequential judgement scale, Kappler [16]

The scale 1s continuous rather than ordinal to improve reliability, due to errors
introduced by grouping data into category boundaries. Similarly, to 1mprove
reliability the scale descriptors are psychologically balanced and successively ordered
with equally spaced perceptual variation between rating points. This allows

parametric statistical methods to be used. Scale length is large by having as many
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anchors as the number of descriptors permits, in order to increase sensitivity. The
number of scale anchors is uneven in order to provide a neutral point that may be used

when evaluators perceive the vehicle response to be as they expected.

T'he scale includes both instructions and questions into the design and uses a simple
qualitier to graphically direct the user to the relevant section of the continuous scale.
With this design, evaluators do not have to deal with more than four points. As a
result, their ratings can be made with the workload of two short scales, but with the
precision of a long one. Although many of the problems of other handling evaluation
ratings have been addressed, this scale does not have the same versatility of the other
scales. Evaluations conducted using this scale claim a marked improvement in both

etfective scale length and similarly for reliability and sensitivity.

In more recent research, Chen [4] used a seven point relative rating scale for
quantifying responses to questions as shown in figure 2-7. Three descriptive anchors,
worse, same, and better were used to label the 1, 4 and 7 points respectively on the
scale. In addition, an option of “don’t know” was added, recognising that a driver
might genuinely not be able to provide a rating, thus not forcing a driver to guess,
which would cause random points to be collected. This gives a balanced scale that is
both simple and easy to use. Despite the small number of points on the scale, the
effective scale length is still good due to the rating being relative and not

representative of the absolute behaviour of the vehicle as in scales mentioned earlier.

Worse Same Better
1 2 3 4 5 6 ]

Figure 2-7: Relative subjective rating scale, Chen [4]

2.3.3 Drivers

Whether or not to use drivers trained to do subjective appraisals or ordinary drivers
for research is an area that is split in opinion.The concern 1s that drivers not trained to
do subjective appraisals may be influenced by things such as, vehicle appearances,
thus not basing their ratings on the vehicle’s handling. Using trained drivers should
alleviate this problem because they are able to focus on the actual performance of the

vehicle. It was stated earlier that the vehicle development process is restricted to
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development engineers and trained drivers who have specialist knowledge about test
driving. However, Matsushita [13] argues that although trained drivers are highly
skilled drivers as well as good assessors, their vehicle handling preferences might be
different compared to normal drivers. Work done by Weir & DiMarco [12] included
evaluations done by an ‘expert’ driver and sixteen ordinary drivers. The results
showed that the expert driver preferred a more responsive vehicle compared to the
ordinary drivers. Unfortunately data collected for the expert driver was collected
under different conditions for the other drivers, invalidating any direct comparison

between the different types of driver.

2.3.4 Discussion

The review has only been able to focus on limited amount of work due to the fact that
manufacturers in general do not publish the methods used to collect subjective data. It
can be seen that rating scales have improved from the early use of the SAE rating
scale. The rehability and sensitivity 1ssues have been addressed in order to
successfully discriminate between noticeable differences in handling. Scale linearity
has been addressed by using psychologically balanced anchors and by having an
uneven number of scale points. This is very important due to the use of parametric
statistical methods used for averaging evaluations which would be inaccurate without

using a linear scale, whilst correlating subjective and objective behaviour.

It is accepted that trained drivers represent/ reflect opinions of customers, 1.€. non-
trained drivers, hence automotive companies use them. Therefore, whilst researchers
have used both trained and untrained drivers in their research for justifiable reasons, it
seems logical to use trained drivers for further research as it is this group of people

who will sign off a vehicle in the vehicle development stage.

2.4 Methodologies for Subjective-Objective Research in Vehicle Dynamics

For almost thirty years there have been papers produced on the subjective-objective
handling theme using different types of test vehicles, driving manoeuvres, drivers and
rating scales. Throughout most of the work simple correlations between objective

measures and driver numerical ratings have been obtained. Table 2-1 shows an

updated summary of work done in this field, first compiled by Chen [4].
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2.4.1 Subjective Ratings Showing Correlation To Objective Vehicle Response

Bergman [11] was the first to use open loop tests for subjective data collection and
closed-loop tests to capture vehicle objective metrics for vehicle handling evaluations.
Utilising the SAE rating scale and pre-selecting the better raters based on their rating
ability, a subjective data set was compiled using a range of driving manoeuvres,
vehicles and improved ratings. His results were based on subjective data and several
objectively measured metrics including, normalised understeer angle increment,
steady state understeer rate and normalised sideslip acceleration, which through

correlation were shown to have fairly high correspondence with ratings, i.e. a set of

handling relevant vehicle metrics.

In studies that followed this approach, summarised in table 2-1, each further study
demonstrated other physical metrics or combinations of these correlated well with
ratings. The references expressed the level of correlation seen between ratings and
objective data in coefficients of 0.7 to 0.9. However, each of the studies used different
rating scales, samples of drivers, vehicles, manoeuvres and test conditions and
selected vehicle metrics, causing difficulty in comparing the results from these

separate studies. In cases where ‘safe’ numerical bandwidths had been specified, Weir

& DiMarco [12], the spread was so coarse that nearly all the vehicles tested fell into
the ‘acceptable’ boundary on the rating scale. Weir & DiMarco’s work however was
one of the first to attempt to characterise the relationships between driver subjective
ratings and objective measures, see figure 2-8. The vehicle measures used to capture
handling behaviour were the yaw rate / handwheel gain, derived from steady state
tests, and the yaw rate time constant, a transient measure. The Weir & DiMarco
diagram clearly shows a preterable area for vehicle handling, however this was based
on 1970°’s American automobiles, so this area of preterence 1s questionable today.

This point raises a problem with subjective assessments, namely that they are likely to

change over time and with expectation levels.
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0.5

Expert driver boundary
0.4
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Figure 2-8: Boundaries of satisfactory vehicle response, Weir & DiMarco [12]

A method developed by Mimuro [25] known as “the four parameter evaluation
method” uses four metrics extracted from lateral frequency response data by curve
fitting with a two degree of freedom model to characterise vehicle performance. This

1s done by simply arranging the four metrics in a rhombus pattern.

Three of the evaluation metrics come from yaw velocity response data. They are;
e steady state gain, “al”

e natural frequency, “ftn”

e damping ratio, “C”

The fourth parameter used is the phase delay, “@” at 1Hz from lateral response data.

Figure 2-9 represents how the four metrics are displayed, note the unusual scales used.

fn (Hz)
0.35 Ak @ (deg)

C

al (1/s)

Figure 2-9: The four parameter method proposed by Mimuro [25]
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The four numerics are linked to subjective interpretations as follows:

Metric Subjective interpretation
1. Steady state yaw rate gain Heading easiness

2. Natural frequency Heading responsiveness

3. Damping ratio Directional damping

4. Phase delay at 1Hz latac Following controllability

The consistent theme 1s that outward movement away from the centre of the plot is
linked to improved driver ratings - and hence, the area of the rhombus is correlated to
some overall judgement of vehicle handling quality. It is a very appealing approach,
based effectively on the proposition that surely there must be some simple numerics
which correlate well with driver opinion - and that even it there are lots of other
factors to consider, these simple numerics can at least be used as the basic starting
points for good vehicle design. Unfortunately, very little further evidence has been

published to confirm or question this proposition.

A technique developed by the automotive engineering consultancy company Ricardo
[26], allows six objective measurements of ride and handling to be presented on a
spider graph. Each objective measure represents an aspect of either ride, handling or
roll behaviour and is scored out of ten, resulting in an arc in which the biggest 1s
judged best. Figure 2-10 shows a typical spider graph using the technique developed
by Ricardo.

Body control at 60mph

Lateral
acceleration
ratio

\

/ @ Body roll control

@ Transient/steady state roll gain ratio

Figure 2-10: Ricardo Spider Graph [20]
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Body control measures each cars primary ride quality. Pitch measurements are taken
whilst the vehicle traverses over a bump, and it is assumed the greater the pitch, the
less comfortable it is. Body roll was measured as body roll per g of lateral
acceleration and it was generally assumed the lower the body roll, the more desirable
the vehicle. The transient / steady state roll gain ratio is a measure of how well
damped the vehicle is in body roll, and whether it reacts unpredictably during roll.
Roll rate gives an indication of how responsive a car is to changes in direction.
However, this value can be misleading. A high roll rate could arise from either a quick
responding car, or a poorly roll damped car, leading to quite different subjective

opinions. The lateral acceleration ratio is related to a more general measure of vehicle

responsiveness.

In the road tests used [26], the ratings derived from objective measurements shown on
the spider graph were claimed to agree with the subjective ratings, but care should be

taken when analysing the results due to such problems highlighted by the roll rate

measurement.

Another recent contribution has come from Ford [27] who have developed an
assessment procedure which attempts to position their vehicles relative to competitors.
Assessing one vehicle manufacturer’s product against another’s is nothing new and it
has been done for decades, however two features are of particular interest. Firstly,
they combine subjective and objective measures in combined plots, see figure 2-11,
and secondly, they claim they can characterise aspects of their own “brand”. This
second point infers that a brand image linked to chassis dynamics can be captured and

designed in to a family of vehicles.

It can be noticed that figures 2-10 and 2-11 do not label the units for each of the axes

for commercial reasons.

Despite the different methods used there does appear to be common trends in the
results. Prior to Chen [4], previous studies made little effort to conduct standardised
tests which seems surprising given the apparent relationship between ratings and yaw
and lateral responses. Investigators obviously want objective data that will retlect well

with characteristics they expect will show good results, but standardising tests will

allow comparisons with other research.
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Vehicle positioning according to objective criteria Vehicle positioning according to subjective criteria
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Figure 2-11: Approach recently published by Ford [27] for comparing their

vehicles with the competition based on both subjective and objective data.

Looking beyond the subjective — objective area of vehicle handling, progress has been
made 1n other aspects of driver — vehicle interactions, in particular to ergonomics/
comfort of the cabin and driver safety systems. In more dynamic situations such as
vehicle ride and handling the same levels of understanding have not been reached.
Proposed links between subjective ratings and objective measures vary for difterent

aspects of vehicle dynamics and four have been selected here as examples to comment

upon - ride, steerability, driveability and noise.

Research in to vehicle ride is specialist area within vehicle dynamics due to the
complex manner in which humans respond to vibration. Human response to vibration
can be classified in many ways, for example, motion sickness, comfort, subjective
perception. However, human response to vibration can be influenced by extraneous
factors such as expectation, motivation, fatigue, arousal and personal variations [28].
Despite this the best subjective-objective correlations have been shown for nde

comfort, as indicated by the well-known ISO curves in figure 2-12.

More recently attention has focused on steerability issues. The term is normally used
to identify driver feel properties linked to the steering wheel position and torque
feedbacks during low lateral acceleration manoeuvres, in particular high speed
straight running and stability assessments, where it has become a major safety and
refinement issue. Two factors that have recently influenced the growth of interest in
this area are: active front steering [29] or steer-by-wire systems [30] and the fact that

studies are using fixed based driving simulators. These factors present new

opportunities for intelligently controlling steering gain and feel.
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Figure 2-12: ISO 2631 curves for human exposure to vertical vibration.

In the quest to improve vehicle refinement and hence market appeal, manufacturers
have been trying to improve subtle features that form the drivers opinion of
driveability. More recently, it has been claimed [31,32] in situations such as idle
response, gearshift quality, cruising ease, engine start up, good levels of correlation
can be achieved between objective measures and subjective ratings. In these studies
instead of using traditional statistical methods to correlate between subjective

assessments and objective measures, artificial intelligence, in particular neural

networks and fuzzy logic have been used.

In the field of vehicle noise, researchers have used a number of objective metrics as
an indication of subjective response to vehicle noise. Additional metrics have been
developed from a combination of specific objective parameters with the aim of further
improving the correlation with subjective responses, for example the Composite
Rating of Preterence (CRP) index. Fish [33] remarks however that the ability of any
objective parameter or index to provide a good correlation will be limited by any non-
linearity present in the subjective response. Subsequently Fish discusses how neural
networks can be used to model the non-linearities. Results presented in [33,34] show
neural networks to successtully model vehicle noise parameters, yielding a high
correlation with subject response. As of yet, no published work has attempted to use

non-linear methods to identify links between subjective and objective metrics for
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vehicle handling. The process of applying non-linear methods to the available data

S€ts may reveal many links, in part due to any non-linearity present in the subjective

data set.

The potential value of frequency response results which to date have not figured
highly in subjective- objective correlation exists despite the fact that in the aircraft
Industry, frequency response results have proved very useful [35,36]. This work has
shown that a correlation exists between pilot opinions and areas in a plot of natural
frequency against the damping ratio of the short period pitching mode of the aircraft.
Such a plot is shown in figure 2-13. The lines on this figure are pilot opinion contours

taken from reference [35].
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Figure 2-13: Example of subjective — objective correlation taken from the
aircraft industry. Plot shows links between pilot assessments and the natural

frequency and damping ratio of one of the aircraft’s characteristic roots [35].

The principal method of analysis of the frequency response results uses a control
theory approach to find the characteristic vehicle trequencies and dampings. This i1s

done by fitting a curve of the form predicted by theoretically derived transfer

functions. The transfer function of any system can be simply detined as being the ratio

of the output/ input for the system.

Barter [37], in the automotive industry investigated the possibility of using the
frequency response of a vehicle to a steering input as a measure of transient handling

characteristics. Barter concludes that the frequency response of vehicles which display
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linear response to handwheel input agree with the pattern indicated by fairly simple
linear theory. This finding is in agreement with the experience of the aircraft industry

that linear behaviour is desirable for satisfactory handling.

Barter went on to plot values of natural frequency and damping ratio obtained for
several vehicles on the diagram shown in figure 2-13. Whilst values of damping ratios
fell into the good region, the frequencies were all higher than pilots would have
chosen for aircraft. It cannot be assumed these aircraft results apply to cars, and as

such further work must be carried out to investigate the usefulness of frequency

response results.

2.4.2 Review of Linked Leeds/ MIRA Project

The ftollowing summarises the results of the work done by Chen [4], using

standardised objective tests, a simple and balanced subjective rating scale and trained

drivers.

Two experimental vehicles were used, one was kept as a reference vehicle, and one
was varied in to sixteen different configurations by changing eight suspension, body
and tyre characteristics between two settings, “+” and “-”. The experimental vehicle

that was used is shown in figure 2-14. The eight varied vehicle metrics are shown in

table 2-2.

Figure 2-14: The experimental vehicle
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The vehicles used were prototype saloons, typical of many front wheel drive cars with
a manual transmission and a four cylinder engine. General vehicle specifications are

given in appendix A.

Level

||

ehicle Parameter
1. Front Tyres
. Rear Tyres
. Front Damping
. Rear Damping 188 Ns/m
. Front roll stiffness |31 056 Nm/rad
6. Rear roll stiffness |20 398 Nm/rad
. Yaw inertia 051 kgm
. Bump steer .0439 deg/m

75/70 R13
75/70 R13
90 Ns/m

785 Ns/m

7 419 Nm/rad
6 788 nm/rad
746 kgm
.0019 deg/m

85/60 R14
85/60 R14
185 Ns/m

W

O

II

Table 2-2: Vehicle metrics varied during experimental work, Chen [4]

The actual set-ups were determined using a factorial approach and are shown in table
2-3. Using this approach allows a systematic examination of the results which is

helptul for quantifying the effects of each parameter on vehicle responses.

The vehicle response was captured using specific standardised tests to gather the set
of objective metrics listed in table 2-4, a set designed to capture both the steady state
and transient handling behaviour of the vehicle.

Rear Front Rear Front |Rearroll| Yaw Bump
Tyres |Damping|damping| Tyres | stiffness| Inertia | Steer
B R R T N
B R O T

+
+ +

Front roll
Stiffness

Config #

-+

+

st ||l ala
DIANIHL][WIN

Table 2-3: Arrangement of vehicle parameters for sixteen test configurations,

Chen [4]
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Test Description Measured Derived Metrics
Responses

Steady state | 33m radius, 0 to Lateral acceleration d(hand wheel angle)/d(lateral acceleration)
steering pad | approx. 6m/s’ Roll angle d(road wheel angle)/d(lateral acceleration)
lateral acceleration Yaw angle d(front slip)/d(lateral acceleration)
clockwise and anti- | Roadwheel steer angle | d(side slip)/d(lateral acceleration)
clockwise Handwheel steer angle | d(hand wheel torque)/d(lateral acceleration)
Handwheel torque d(roll angle)/d(lateral acceleration)

Lateral acceleration Peak lateral acceleration time

Roll angle Peak road wheel steer angle and response time
Yaw angle Peak roll rate and response time

Roadwheel steer angle | Peak yaw rate and response time

Handwheel steer angle | Peak steering torque and response time
Handwheel torque

Impulse and | 2 m/s” impluse Lateral acceleration Lateral acceleration gain and phase
Pseudo- inputs. Time Roll angle Road wheel steer gain and phase
random steer | histories Yaw angle Roll rate gain and phase
(frequency transformed to Roadwheel steer angle | Yaw rate gain and phase

response) ﬁ§quency domain Handwheel steer angle | Steering torque gain and phase
using handwheel as Handwheel torque

Input

Lane change | 40 and 60 Km/h
runs through a
pylon marked

Step steer
input

2,4, 6 m/s° lateral
acceleration

clockwise and anti-
clockwise

Lateral acceleration None used for analysis
Roll angle
Yaw angle
Roadwheel steer angle
Handwheel steer angle

Handwheel torque

Table 2-4: Objective test program, Chen [4]

COUrsScC

Eight development engineers who had training and experience in the testing and
development of motor vehicles were free to conduct their evaluation conducting tests
of their own choice, as done in typical practice. The questionnaire compiled for the
study by Chen carefully considered how the drivers describe subjective aspects of
handling, observation of track evaluation of vehicles, and an examination of a
glossary defining standard terms used in the subjective evaluation of vehicle handling
written by MIRA’s Vehicle Dynamics Department. The questionnaire consisted of 49
questions relating to seven aspects of handling. These aspects were steady state,

power change, sudden braking in a corner, transient response, straight line directional

stability, obstacle avoidance and response to steering impulse.

The set of objective metrics was collected at the same site where the subjective

evaluations were conducted.

Chen [4] used for the method of correlating subjective and objective response metrics,
a process of variable selection in which most of the important objective response

metrics were matched to a given set of ratings, followed by ordinary least squares
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regression. This resulted in equations relating the subjective evaluation to the

objective response metrics of the vehicle in the form:
Subjective rating = fn (a number of objective metrics)

To simply try and evaluate every single multiple regression equation for statistically
significant correlations would have been a mammoth task due to the large number of
response metrics which were available to correlate with driver ratings. This was
because there was forty six objective response metrics and sixteen ratings per metric
due to the range of v<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>