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Abstract A simple model of the driver—automobile system is developed and several reasonable
candidates for the transfer function of the human ‘controller’ are studied. The model is used to examine
the controller candidates. The complete system is analysed both analytically and through simulations.
Itis found that a delay followed by a phase-lead controller is a reasonable choice for the transfer
function that the human ‘controller’ implements. The model developed is compared with a more
realistic model and is seen to be a reasonable approximation of the realistic model at low frequencies.
Reaction time is shown to be a critical parameter in understanding the dynamics of the
driver—automobile system.
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Notation

x(1) The distance from the rear tyre to the side of the lane

y(t)  The distance from the front tyre to the side of the lane

6(r)  The automobile’s angle with respect to the lane

6,t) The total angle through which the steering wheel has been turned at time ¢
0,(r) The angle of the automobile’s front tyres with respect to the centre-line

K, The (fixed) ratio of 6,(t) to 6,(r)

[ The length of the automobile (as measured by the distance from the centre
of the front tyre to the centre of the rear tyre)

T The characteristic open-loop delay of the automobile—driver system

r(t) The position the driver would like to be at

c The pure-gain portion of the transfer function implemented by the driver

T(s)  The frequency-dependent portion of the transfer function implemented by
the driver

G.(s) The transfer function that is being implemented by the driver. (This does,
however, include all pure delays.) G.(s) = cT(s)e™

G,(s) The automobile’s transfer function

v The speed of the automobile

e(t)  The difference between the desired and the actual position of the automo-
bile. e(f) = r(t) — x(¢)

¢(t)  The combined phase of the compensator and the delay

Oy 1f @2 0y, then IG(jO)G(j) < 1

Oppase 1 O S Oppse, then L(G ()G (jw)) > —7
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Introduction

In this article, a model for the driver—automobile system is developed. The model
is examined, as are the effects of the control strategy and the reaction time of the
driver. The model is compared with the more realistic model developed by Hess and
Modjtahedzadeh [1] and is seen to be a reasonable approximation of their model at
low frequencies.

Let the ‘input’ to the driver be the difference between where the car is, x(¢), and
where the car ought to be, r(f). Assume that the driver turns the car’s steering wheel
an angle 6,(¢) in such a way that the change in the car’s direction acts to reduce the
error that the driver anticipates seeing in the near future. A set of control strategies
is developed that model such behaviour; the conditions under which the strategies
lead to a stable system are derived, and the properties of the system are examined
analytically and using Matlab and Simulink. It is shown that reaction time plays a
very important role in determining whether a given system is stable and whether a
given controller tends to cause the automobile to ‘hunt’ for its lane.

Pedagogic content

This article presents a method for modelling the driver—automobile system using some
simple mathematical modelling, some knowledge about how people process data, and
control theory. A student ought to be able to understand the contents of this article at
the end of a one-semester course on control theory. In this article use is made of:

* mathematics, to develop a simple model of a car;

e the Nyquist criterion, to determine conditions under which the proposed systems
will be stable or unstable;

* the root-locus plot, to examine the conditions under which the systems con-
sidered become underdamped;

e the Padé approximation, to make it possible to use the root-locus technique to
examine systems with delays;

e some calculus.

By putting these items together it is possible to understand many of the everyday
phenomena that we see as automobile users. This material is a good foundation for
a last lecture (or series of lectures) in a course on control theory. For more back-
ground information about the driver—automobile system see the references in [1].

A set of transparencies — in PDF form — that presents many of the ideas devel-
oped in this paper is available from the author upon request. A lecture based on these
transparencies has been used as the final lecture in a course on control theory. As a
result of the lecture a new appreciation of mathematical modelling and of the appli-
cations of control theory was gained by the students.

Modelling the effects of steering

When a car’s steering wheel is turned an angle of 6,, the front wheels of the car turn
0, = K0, where K; is the amplification of the system that causes the steering wheel
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Fig. 1 The automobile’s state. Here O(t) is the automobile’s angle with respect to the lane;

0,(t) is the angle of the front tyre relative to the automobile’s centre-line; X(t) is the distance

from the rear tyre to the lane, and y(t) is the distance from the front tyre to the
lane. In the figure the automobile is travelling up and to the right.

to determine the tyres’ position. Assuming that the car is already at an angle O rel-
ative to the road (and considering only one pair of wheels) the automobile’s state is
shown is Fig. 1.

Assuming that the automobile is moving at a constant speed, v, and that each
wheel is moving at the automobile’s speed, it is found that [2]:

d .
— x(1) = sin(6(1))v
dr

0(r) = sin‘(—y(t) — x(t)]

/

where [ is the automobile’s length. Assuming that the angles involved are all small,
these equations can be approximated by:

% (0 = (00 + 6, (D) (1)
%x(t) =0@)v 2)
e(t>=w 3)
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Differentiating equation 3 and using equations 1 and 2, it is found that:

0, (t)v
I

d
E 0(t) = (4)

Now, differentiating equations 1 and 2 and using equation 4, it is found that:

2 2
§7y(r) = (OO +6, 1)y = % +0L, (v

d2

Fx(t) =0, (OW)v/1 =0, (v /I

It is found [2] that the relationship between the angle of the steering wheel and the
lateral (‘crosswise’) position of the automobile, x(7), is:

ix(t)— K.0,(t)v?
> 7

&)

The controller — in this case the driver — must decide how to drive based on what
is observed. Because it takes a person some time to make decisions and it takes the
driver—automobile system some time to put the decisions into effect, we assume that
one part of the transfer function of the controller is a delay of 7 seconds — in the
Laplace transform domain ¢ . A reasonable number for 7 is about one second [3].

The input to the whole ‘system’ is r(¢), which is where the driver would currently
like to be in the lane. If an obstacle suddenly appears in front of the driver, then the
input changes by jumping to another value; that is, the system sees a step input. The
‘input’ to the driver is the difference between the desired position, r(), and the car’s
actual position, x(#). The driver reacts to the input by changing the angle of the steer-
ing wheel. Thus far, all that has been seen is that part of the transfer function of the
driver is ¢ ™. The rest of the transfer function is written as ¢7(s), where c is a pure
amplification and 7(s) is the rest of the frequency-dependent portion of the driver’s
transfer function. It is found that:

0,(s) = (R(s) — X(s)cT(s)e ™

where capital letters are used to denote Laplace transforms of functions of time.
From equation 5 it is found that:

K2
Is?

X(s)= 0,(s).

A similar transfer function is given to describe the vehicle dynamics of a car trav-
elling at 50km/h in [1]. At low frequencies the transfer function given there is:

The transfer function of the person — the controller — is:

G.(s)=cT(s)e™
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Driver Automobile

R(s) E(s | 0a(s) | Ko? X(s)

cT'(s)e™™ i

Fig. 2 The block diagram of the driver—car system.

and the transfer function of the car — the plant — is:

K2
2

Gols)= Is

The system that has been described — the system shown in Fig. 2 — is analysed in
what follows.

The controllers

There are several ways in which a person might process the error signal, e(?) = r(f)
— x(), before using it to change the angle of the steering wheel, 6,(7). The least likely
but most easily considered method of processing is to differentiate the data. Under
this condition 7(s) = s and the controller is a derivative controller. Using such a con-
troller makes the system first order — and then the system cannot track a ramp input.
Additionally, if a derivative controller is used, then in the product of the driver’s
transfer function and the automobile’s transfer function an unstable pole (a pole with
a non-negative real part) of the automobile’s transfer function, 1/s, is cancelled by
a zero of the driver’s transfer function, s. That is:

T)e® KV oy LKV o K

Is* s s ls

Such cancellations cause the system to be internally unstable. A system is internally
stable if a bounded signal that is injected at any point in the system — that is added
to the rest of the signals arriving at that point — cannot cause the output at any other
point in the system to become unbounded [4]. In order for a system to be internally
stable, it is necessary and sufficient for the system to be stable according to the
Nyquist criterion and that it have no pole-zero cancellations involving unstable poles
[4, p. 32, theorem 2]. A system that is not internally stable is, generally, unusable.
Its response to bounded inputs may be fine as long as no disturbances are present
internally, as is the case here, but when the ‘wrong’ disturbances are injected at some
internal point some of the signals in the system grow without bound. As shall be
seen, there are better controllers that lead to systems that can track ramp inputs, that
are internally stable, and whose transfer function can usefully be approximated by
the transfer function of a derivative controller.

The other controllers considered involve extrapolating what the error should
be at some point in the future and trying to correct for that error. To extrapolate
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from the current value of the error in a linear fashion, one makes use of the fact
that:

e(t+Ar)=e(t)+e’(H)At

To implement such an extrapolation, one chooses 7(s) = 1 + sAt. This is a propor-
tional-derivative (PD) controller.

The problem with using such a controller directly is that it involves differentia-
tion and hence its gain is unbounded; at high frequencies the gain tends to infinity.
A somewhat different way to extrapolate is to use a function that is similar to the
above when s = jw is small — which is when the above estimate is accurate — and is
bounded at higher frequencies. A simple example of such a function is a phase-lead
compensator [5]:

For small values of s this can be approximated as:

T(s) = L@ F1

s/w, +1

Thus, for small s, the two methods are approximately the same and:

= (1+s/@,)(1-s/@,) = (1+s/®, - s/o,)

1 1 W, — 0,
At=—-——=—"2—7 6)
0, O, 0,0,
Additionally, one can recover the PD controller from the phase-lead controller by
allowing @, — oo.

The derivative controller

In this section the driver—automobile system is examined when 7(s) = s. Though this
transfer function is not terribly useful as it stands — as has been shown, it leads to a
system that is not internally stable — there are practical transfer functions that can
be approximated by such a transfer function, as will be seen in the next section (‘The
phase-lead controller’).

The Nyquist plot analysis
As with all control systems, the first question that must be asked is, ‘Under what
conditions is this system stable?” As with all systems whose transfer functions are
low pass but that include a delay, one way of answering this question is to analyse
the Nyquist plot of the system. If —1 is never encircled by the Nyquist plot, then a
low-pass system with a delay whose constituent parts have no poles in the right half-
plane is stable.

In order to determine whether the Nyquist plot encircles —1 it is necessary to
understand the behaviour of the function:

K.cvie ™

G.(jo)G(ja) = ¢
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The absolute value of this function is:

G, (j)G, (jeo) = Kev? —
lo

This function is monotonically decreasing in the interval @ € (0, o). Additionally,
the angle of the function decreases monotonically from —90° to —eo° in the same
interval. To see whether the Nyquist plot encircles —1 under these conditions, it is
sufficient to check whether, at the first intersection with the negative real axis,
G.(jo)G,(jw) is less than or equal to —1.

At the division by j furnishes us with a constant —90° shift, it is found that the
first time that the function is negative is when T@ = 7/2, that is , when W, = 4. At
that point:

2K.ceviT

G (j00)G (o) = - 2

As this is the largest negative value that G.(jw)G,(jw) can take, the system is stable
until this value passes —1. We find that the condition for stability is:

2K.cviT
—x<l1
I
or that:

2
@ <7/2=15708

From this we conclude that:

e A given person must be gentler with the steering wheel (¢ must be smaller) as
the automobile’s speed, v, increases. Otherwise the person will lose control of
the automobile.

e A person whose reflexes are bad — whose reaction time is slow (for whom 7 is
large) — must be gentler with the steering wheel (c must be smaller). Otherwise
the person will lose control of the automobile.

The root-locus analysis

Though one cannot use root-locus analysis directly on a transfer function that
includes a delay, after approximating the delay — after approximating ¢ ™ — by a
rational function, one can use root-locus techniques. Making use of the fact that our
compensator is a differentiator, of the form of G,(s), and of the Padé approximation
[6, p. 191]:

T
_TS~1 28

1+7%s

e lzs| << 1

it is found that:

11-3s
Ge(5)Gy(s) o ——
s1+%s
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Root Locus

Imag Axis

Real Axis

Fig. 3 The root-locus plot of the approximation.

(The pure-gain terms are irrelevant at this point, as they do not change the root-locus
plot.) A picture of the root-locus diagram when 7 =1 is given in Fig. 3. Note that
because G.(s)G,(s) is negative for large s, there are branches of the root-locus at
every point on the real axis that is to the left of an even number of poles and zeros
of the transfer function.

Fig. 3 shows that when the gain in the system crosses a threshold, the system
starts oscillating. When the gain is still higher, the system becomes unstable.

To find the point at which the system is expected to start behaving like an under-
damped one, one must calculate the zeros of the derivative of G.(s)G,(s) [5, p. 223].
We find that:

L (6.6,5) =i{

ds ds

The zeros of this equation are:

K.ov? 1 —§s} _ Kev? T5° 4154

Is 1+3s] 1 (2s+71s?)

St =%(1i«/7)

In order for these values to correspond to poles, they must satisfy:

Gc(sir)Gp (St) =-1
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It is found that the condition is:
Kiev 1-(1£42) Kevit 1-(1£42)
R2A£v2) 1+(1£V2)  R1£v2) 1+1£v2)

As s, corresponds to the point at which two unstable branches of the root-locus coa-
lesce, the point of interest to us satisfies:

2 _(1_ 2
K.ov?t 1-(1 «/7):_2.91421(50112_1
R2A-+2)1+(1-+2)
We find that as long as:
2 u—
Kevr =L 03431
l -2.9142

there should not be any overshoot in the output of the system and the system is as
fast as it can get.

The phase-lead controller
Let us consider the system of Fig. 2 when:

s/o, +1
s/, +1

T(s)= W, >0,

This system has finite gain at all frequencies and is therefore more reasonable than
the pure differentiator. It is easy to see that:

7 )|2 ~ (a)a)p)2 +0lo?
JON = (00,)’ +020?

Differentiating with respect to @’ and recalling that in a phase-lead controller
®, > ,, it is found that:

d 0l ((0o,)’ +00?) - o} ((wa)p)2 +a)§a)§)

dw?

T(jo ? =
| (J )| ((wwo)2+wgw§)2
olo) —woln?
_ oWp oWp

- (0a,)* + w§w§)2

2 2
w, —0;

=0l 5
((co(oo)2 + wéwﬁ)

>0

Thus, the magnitude of the transfer function is largest as @ — eo. In this case it is
clear that this value is just:
Cl)
lim|T(jw) = —=
lim{T(jo) =—

o
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The Nyquist analysis

The stability of the system will now be determined using the standard Nyquist analy-
sis. As with all low-pass systems that include a delay, it is sufficient to examine the
properties of G.(jw)G,(jw) for @ > 0. The phase of G.(jw)G,(jw) is just:

£G.(jo)G,(jo)=-tan"'(0/w,) +tan™ (0/@,) - 7 — T0
Clearly, the phase will be less than —z = —180° if:
p(@) = - 10 —tan" (0/w, )+ tan"' (0/@,) <0

It is clear that @(w) is just the phase of the compensator and the delay.
In order to determine the stability of the driver—automobile system, it is impor-
tant to understand the behaviour of @(w). Note that @(0) = 0. Let us calculate ¢’(w).

It is found that:
o, 1 ]
0 +o; 0, O+

, 1
w)=-T— i
o' (w) o o

Considering the function:

X
=—— x,a>0
f&) a+x 7

it is seen that:

_(a+x)-x  a
 (a+x)?  (a+x)?

1/
Thus, f(x) is increasing and as @, > @, we find that:

4 _ P w; L_L
(p(a))S T+— 3
0" +tw,\ 0w, 0,

Because f(x) increases from 0 to 1 as x increases from 0 to o, we find that we can
further overestimate ¢’(w) by:

gD'(a))S—‘L’%—(L—LJ

w0, o,
We find that if:

ELEN S (7
w, ,
then @(w) starts at zero and is decreasing. Moreover, like the delay which is one of
its components, it decreases toward —oo.

When the condition in equation 7 is met, the Nyquist plot of G.(s)G(s) is similar
to the plot in Fig. 4. As usual with Nyquist plots produced by Matlab, the circle at
infinity caused by the poles at the origin is not plotted. In our case, as there are two
poles at the origin, there is one full circle that is traced out in the counter-clockwise
direction. The circle starts on the upper left-hand part of the Nyquist plot, completes
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Nyquist Diagrams

From: U(1)
T T T T T T T T

Imaginary Axis
To: Y(1)

-12 -1 -0.8 -0.6 -04 -02 0 0.2

Real Axis

Fig. 4 The Nyquist plot of a typical unstable system.

a full circle and ends on the lower left-hand part of the plot. Clearly —1 is encircled
(twice) and the system is not stable.
From equation 7 it is clear that a necessary condition for stability is that:

1 1
———27

0, o,
As equation 6 shows, this condition is equivalent to saying that the controller (driver)
must predict far enough into the future to compensate for the delay inherent in the
person—automobile system.

Having given conditions under which the driver—automobile system is unstable,
conditions under which the system is stable are derived. It is clear that:

Ko* o, 1

o0 270

G (jo)Gy(jo) <

The magnitude is less than one if:

K, o,
O> Oy =V, [C——
[ o,
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where @,,, is the frequency for which the value of the overestimate of the magni-
tude is equal to 1.

Having examined the magnitude, the phase must now be examined. The Taylor
series expansion for tan™'(6) is:

tan”' (@) =0—-60°/3+60°/5+---+ (=)™ 6> /2n-1)+--

When 6> 0 this is an alternating series. From the properties of alternating series, it
is known that:

3

9>tan‘1(9)>9—% 6>0

It is certain that ZG.(jw)G,(jw) > —7 as long as:

o o

0]
—T0——+—-—

>0
w0, ®, 30,

that is, as long as:

1 1
O < Oppse = V30T |[———-7>0
0, o,

Clearly, as long as @Wppuse > Onye the Nyquist plot cannot encircle —1 and the system
must be stable. As ®,,,, can be made as small as desired by a proper choice of ¢
without affecting @y, We find that this controller can always be used to give a
system that is closed-loop stable — provided that ¢ is made small enough.

The root-locus analysis

Now consider the root-locus of the system with a phase-lead compensator. Assum-
ing that @, is small and that @, > 2/7, we find that, from left to right, there is a zero
(of the Padé approximation) at 2/7, two poles (of the automobile model) at 0, a
zero (of the compensator) at —@®,, a pole (of the Padé approximation) at —2/7 and a
pole (of the compensator) at —,. If @, is very small then we expect its action to be
effectively to cancel one of the poles at zero and to make the system behave like the
previous system — like a system that uses derivative compensation alone. Of course,
this similarity will hold only for relatively small gains. In Fig. 5 the root loci of the
system with derivative control and the system with a phase-lead controller are given.
(The m-file that generated these figures, r1_driv.m, is available at [7].) Note that
near the origin the two systems look quite similar.

A Comparison of the derivative and phase-lead controllers
The controllers are:
Ti(s)=cs

s/w, +1

T =
29)=c2 s/, +1
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Differentiator Phase-Lead
3 T T T T T 25 T T T
2 - -
1 - -
2 2
< <
g °r g
E E
1} 4
-2+ -
-3 L i L 1 | 25 1 i 1
-2 0 2 4 6 -5 0 5
Real Axis Real Axis

Fig. 5 A comparison of the root loci. Note the different scales.

(where the multiplicative constants have been included in the transfer functions).
Assuming that @, is small (i.e. much smaller than either 1 or ®,) then as long as s
is reasonably small (as long as the frequency is relatively low) it is found that:

T (s)= Ly
o
This implies that by letting ¢, = ¢,®,, one should be able to cause the system with
the phase-lead controller to behave similarly to the system with pure derivative
control. This turns out to be correct.
Next, the stability of the system that is approximately equivalent to the optimal
system using derivative control is examined. For that system it was found that:

K.cpv't
l

=~0.34

In the system with the phase-lead controller let:
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Let us consider the stability of this system with @, =0.01, @, =5, and 7= 1. With
these choices, it is found that:

G.()Gy (5)=0.0034 8+ L o L

s/5+1 s
Using Matlab, the phase and the magnitude of this function were plotted for s = jw,
o 2 0.015. The plots are shown in Fig. 6. Note that the phase is always greater than
—180° at any location for which the magnitude is greater than 1. Additionally, for
the values of the parameters that have been chosen, @y, = 0.0172. By definition,
for any value of  that is less than @y, the phase is greater than —180 °. Thus, the
Nyquist plot of the system cannot encircle —1 and the system is stable.

In Fig. 7 the unit step response of systems for which these choices were made is
shown. Note that the output of the two systems is quite similar, though the one with
the phase-lead controller has some barely visible oscillations and has not finished
settling even after 100s. (The Simulink models used to generate the step responses,
dr_ser .mdl for the derivative controller and driving.mdl for the phase-lead
controller, are available at [7].) The increase in settling time is to be expected as the

The Phase (in degrees)
-100 T T T T T T T T

1
—— The Phase
- - -180°
-300 -

-200

-400 .
-500 .
-600} .
-700 .

-800 1 1 1 1 1 1 1 1 1

The Magnitude
20 T T T T T T T

1 1
—— The Magnitude
- - +1

10 -

Fig. 6 The upper figure is a plot of the phase of G.(jw)G,(jw). The lower figure is a plot
of the magnitude of G.(jw)G,(j®).
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A Comparison of the Step Responses of the Systems
1 4 T T T T T T T T T

L 1 1 1 1 1 ! 1

0 10 20 30 40 50 60 70 80 90 100

Fig. 7 A comparison of the step responses of the two systems. The output of the system
with derivative control is given as a dotted line.

phase-lead compensator adds a pole very near zero. (See Fig. 8, in which some points
on the root-locus in the neighbourhood of the origin are plotted.) The reason this
pole does not cause more trouble is that its coefficient is very small — it is a by-
product of the zero of the phase-lead compensator, and the zero is almost cancelled
by one of the poles at zero.

A Comparison with a more precise model

In [1] a model for the driver—automobile system is presented. For small values of s
the model for the automobile is, as mentioned above, the same as the model pre-
sented here. The model of the driver presented in [1] is broken into two parts. The
low-frequency part is the PD compensator:

1.75(s +0.325)

There is also a rather complicated high-frequency part whose gain tends to unity at
the low-frequency limit and to O at the high-frequency limit.

In the limit of large ,, the phase-lead compensator is just a PD compensator.
It is found that the models presented here — for both the driver and the automobile
— are quite similar to the models given in [1]. The model presented here ignores
the high-frequency dynamics of the system except inasmuch as the phase-lead con-
troller has finite high-frequency gain, whereas the PD controller used in [1] has
infinite gain at the high-frequency limit. (The PD compensator’s high gain at high
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Some Points on the Root-locus in a Neighborhood of the Origin
T T T T T T T T T T T

0.01F -
0.008 b
0.006 1
0.004 - 1

0.002 N

Imag Axis
o

-0.002

-0.004

-0.006

-0.008

-0.01

1 1 1 1 1 1 1 L 1 1 i

20 -18 -16 -14 -12  -10 -8 -6 -4 -2 [

Real Axis X107
Fig. 8 Some points in the neighbourhood of the origin that are on the root-locus of the
system with a phase-lead compensator.

frequencies is cancelled by the attenuation provided by the high-frequency portion
of their model.)

Classroom notes — the Nyquist plot

Many students have difficult with Nyquist plots. In this presentation, Nyquist plots
are used in an essential fashion, and the instructor has the opportunity to review with
the students how Nyquist plots are used.

In the section above on the phase-lead controller, the Nyquist plot is used to show
that the system with the derivative controller is input—output stable. The discussion
is quite complete, but students are often helped by simple diagrams. Plotting the
spiraling Nyquist plot that corresponds to the system under consideration helps the
students understand why the only point that is really of interest is the point at which
the Nyquist plot first intersects the negative real axis.

Again, in the section above comparing the derivative and phase-lead con-
trollers, when Fig. 6 is presented, the connection between the figure and the Nyquist
diagram may not be clear to the students. A quick sketch of a Nyquist diagram
for which the magnitude is alway less than 1 when the phase is less than or equal
to —180 ° makes the reason why the system under consideration is stable clear to the
students.
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Conclusions

A model of the driver—automobile system is developed, and certain controller models
are examined. It is shown that the assumption that the person’s transfer function
includes a component that behaves like a phase-lead controller is in reasonable
agreement with the low-frequency portion of the model developed by Hess and Mod-
jtahedzadeh [1] — a model that was derived from a combination of experiments and
a knowledge of physics and physiology.

Such control laws act to try to predict the future — as do drivers. The output of
the phase-lead controller is bounded at all frequencies, as is a person’s. It is also
shown that the reaction time of the driver—automobile system plays an important
role in determining how the driver must steer.

This material is the basis for an interesting and informative lecture. The material
can be used to show the students the importance of mathematical modelling and the
ability of control theory to contribute to our understanding of the world in which we
live.

References

[1] R. A. Hess and A. Modjtahedzadeh, ‘A control theoretic model of driver steering behavior,” I[EEE
Control Systems Magazine, 10(5) (1990), 3-8.

[2] R. Mizukami, H. Obinata, A. Okuno, A. Kawashima, K. Simizu, S. Sugishita, S. Kan, T. Ohori, K.
Kobayashi and K. Watanabe, ‘Development of autonomous ground vehicle named vehicle,’
www.ee.ualberta.ca/~jasmith/arvp/links/hosei/Vehicle.htm, last visited 4 September 2002.

[3] See www.visualexpert.com/Resources/reactiontime.html, last visited 4 September 2002.

[4] J. Doyle, B. Francis and A. Tannenbaum, Feedback Control Theory (Macmillan, New York, 1992).

[5] C. L. Phillips and R. D. Harbor, Feedback Control Systems, 4th edn (Prentice Hall, Upper Saddle
River, 2000).

[6] B. C. Kuo, Automatic Control Systems, Tth edn (Prentice Hall, Upper Saddle River, 1995).

[7] S. Engelberg, www.optics.jct.ac.il/~shlomoe/Public/DRIVING, last visited 4 September 2002.

International Journal of Mechanical Engineering Education 33/2



