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Executive Summary

This report presents the research results of Memorandum of Understanding 384

(MOU384), \Vehicle Lateral Control under Fault in Front and/or Rear Sensors",

during 1999-2000. This project is a continuing e�ort of the Partners for Advanced

Transit and Highways (PATH) on the research of passenger vehicles for Automated

Highway Systems (AHS). The California PATH program was created to explore the

possibilities of using advanced technologies to improve the eÆciency and safety of

highway transportation services in the state of california.

In an AHS, each vehicle is under computer control in both the longitudinal and the

lateral directions. For vehicle lateral control, PATH has adopted the magnetic road

reference system. Equally-spaced magnets are buried in the center of each automated

lane. Magnetometers on board a vehicle sense the magnetic �eld generated by each

magnet. The lateral controller calculates the lateral deviation from the outputs of

the magnetometers and uses this information to set the steering command.

Earlier research e�orts at PATH had concentrated on the lateral control of vehicles

with the help of magnetometers installed under the front bumper of the vehicle alone.

During the preparation for the National Automated Highway System Consortium

(NAHSC) demonstration in 1997, it was realized that signi�cantly better lane-keeping

performance could be achieved by installing an additional set of magnetometers on

the vehicle. This additional set of magnetometers was installed under the rear bumper

of the vehicles.

Failure of components in the control system almost certainly leads to degraded

operation and can potentially be a safety hazard. As part of an overall e�ort to build

a reliable fault management system, MOU384 addresses the problem of developing

degraded mode vehicle lateral control strategies. MOU384 is the �rst research project

to systematically study vehicle lateral control strategies under faulty operation of the

magnetometers. This project is primarily concerned with the following problems.
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� lateral control of the vehicle using only one set of magnetometers

� autonomous lateral control based on Intelligent Ranging using Infrared Sensors

(IRIS) (without the use of magnetometers)

Two output feedback controllers, the �rst using the output from the front set

of magnetometers alone and the other using the output from the rear set of mag-

netometers alone, were designed based on the H1 optimal control technique. The

controllers are optimal in the sense of minimizing the e�ects the disturbance (road

curvature) and sensor noise on the lateral error and the control e�ort. Simulation

results documenting the performance of these controllers are presented.

When both sets of magnetometers fail, the controlled vehicle has no direct mea-

surements relative to the road. In this case, a possible backup scheme is to let the

controlled vehicle follow its preceding vehicle. This vehicle following control algo-

rithm is referred to as the Autonomous Lateral Control (ALC). An integrated lateral

controller which uses IRIS along with the rear set of magnetometers is also developed.

Simulation results for both ALC and the integrated vehicle lateral control scheme are

presented in this report.
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Abstract

This report documents the �ndings of research performed under MOU384, \Vehicle

Lateral Control under Fault in Front and/or Rear Sensors" during the year 1999-2000.

The objectives of the project are: (1) to study the behavior of existing vehicle lateral

control systems in the event of magnetometer failures, (2) to design controllers that

use the output from only one set of magnetometers, and (3) to develop an autonomous

lateral control scheme that uses no magnetometers.

The performance of existing lateral control systems subject to magnetometer fail-

ures is evaluated based on both linearized and complex nonlinear vehicle models.

Simulation results indicate that rear magnetometer failures result in degraded oper-

ation, and that front magnetometer failures cause instability in the control system.

Two output feedback controllers, one using the output of front magnetometers

alone and the other using the output of rear magnetometers alone, are designed based

on the H1 optimal control technique. The H1 optimal control procedure synthesizes

optimal controllers which minimize the e�ects of disturbance and sensor noise on the

lateral error and control e�ort. Simulations performed with these two controllers

show satisfactory performance for longitudinal velocities up to 30m=s.

When both front and rear magnetometers fail, autonomous lateral control based

on Intelligent Ranging using Infrared Sensors (IRIS) allows the vehicle to follow its

preceding vehicle. Simulation results for a platoon of three vehicles show that the

lateral error of the leading vehicle is ampli�ed by the following vehicles. An integrated

controller that combines the information from IRIS and rear magnetometers is de-

signed. Simulations show that this control scheme provides better tracking accuracy

than autonomous lateral control.

Keywords: vehicle lateral control, bicycle model,H1 optimal control, autonomous

lateral control, vehicle following.

3



1 Introduction

This project focuses on vehicle lateral control subject to magnetometer failures. The

current PATH lateral control algorithms rely on the outputs of two sets of magne-

tometers, one installed under the front bumper of the vehicle and the other under the

rear bumper of the vehicle. The �rst lateral controller developed by PATH utilized

magnetometers at the front bumper only. It was recognized during the preparation

for the 1997 National Automated Highway Systems Consortium (NAHSC) demon-

stration that installing a second set of magnetometers at the rear bumper helps to

improve lane-keeping performance at high speeds. Since then, vehicle lateral control

based only on front magnetometers at high speeds has not been fully studied. More

signi�cantly, vehicle lateral control based only on rear magnetometers has not been

studied yet. Such studies are important because of safety concerns in the event of

magnetometer failures.

MOU384 is the �rst research project to systematically study vehicle lateral control

strategies under faulty operation of magnetometers. This project is a part of the fault

management of vehicle lateral control in Automated Highway Systems. The main

research topics concerned in this project are as follows.

� Evaluating the performance of the existing lateral control system of PATH under

the scenario of magnetometer failures.

� Developing lateral controllers that use only one set of magnetometers (when the

other set of magnetometers fails).

� Developing Autonomous Lateral Control (ALC) based on Intelligent Ranging

using Infrared Sensors (IRIS) that uses no magnetometers (when both sets of

magnetometers fail).

The performance of the existing lateral control system of PATH that uses a lead-lag

controller is evaluated in simulations on a simpli�ed linear model (the bicycle model)
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and a complex nonlinear model. Several scenarios are tested: no magnetometer fault,

front magnetometer fault, and rear magnetometer fault. These simulations show

that although the �xed lead-lag controller works successfully under no fault, it does

not provide adequate performance when rear magnetometers fail. More importantly,

the lateral control system with this �xed lead-lag controller is unstable when front

magnetometers fail.

Since failure of either set of magnetometers leads to degraded operation and can

potentially be a safety hazard, new lateral controllers are required to stabilize the

system and to improve the performance. Since the vehicle lateral dynamics is ob-

servable from the output of either front or rear magnetometers, an observer can be

added to complement the information loss caused by the failed magnetometers. Sim-

ulations show that this new controller (an observer plus the lead-lag controller) does

work. However, this structure is by no means optimal, and the controller has a rel-

atively high order. A more eÆcient way is to apply H1 optimal control theory to

the controller design. In the formulation of the H1 optimal problem, both the road

curvature and the sensor noise are treated as disturbances, and the lateral error and

the control force (steering input Æ) are treated as errors. Certain weighting functions

are chosen to characterize disturbances and to specify the performance requirements.

The controller is designed so that the H1 norm of the transfer function from the

normalized disturbances to the normalized errors is minimized. Two controllers are

designed, one based on the output of front magnetometers and the other based on the

output of rear magnetometers. Simulations are conducted with these two controllers.

When both sets of magnetometers fail, the controlled vehicle has no direct mea-

surements relative to the road. In this case, a possible backup scheme is to let the

controlled vehicle follow its preceding vehicle. This vehicle following control scheme

is referred to as the Autonomous Lateral Control (ALC). Certain similarities exist in

the control strategies for ALC and those for road-following control. Existing road-

following control algorithms can also be applied to ALC as long as the trajectory of
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the preceding vehicle is determined. When the distance between the two vehicles is

small, the trajectory of the preceding vehicle can be assumed to be a straight line

within that short distance. The relative lateral deviation and yaw angle of the con-

trolled vehicle with respect to the ideal trajectory are computed according to the

geometry in IRIS con�gurations. Theoretically, if many vehicles in a platoon are un-

der autonomous lateral control, tracking errors will be accumulated on the following

vehicles. Namely, the string stability problem of the platoon will occur. This prob-

lem may be solved by using an integrated vehicle lateral controller to combine the

information from IRIS and the front or rear set of magnetometers. The performance

of the integrated control scheme is discussed in this report.

This report is organized as follows. In Section 2, the performance of the lead-lag

controller under fault in either the front or the rear set of magnetometers is evaluated,

and simulation results on both the bicycle model and the complex nonlinear model

are presented. In Section 3, a frequency domain analysis of the vehicle lateral control

system under fault is conducted, and H1 based lateral controllers are developed to

optimize the performance of the control system that uses only one set of magnetome-

ters. In Section 4, autonomous lateral control is studied for the case where the vehicle

loses information from both the front and rear sets of magnetometers. In addition,

an integrated controller with IRIS and the rear set of magnetometers is developed.

In Section 5, conclusions of this report are presented.

2 Vehicle Lateral Control System under Fault

2.1 Introduction

The performance of an existing vehicle lateral control system is evaluated by using

both a linearized and a complex nonlinear vehicle model. The linearized model retains

lateral and yaw motions of the vehicle's sprung mass, and neglects roll, pitch, vertical

motion, and longitudinal acceleration[1][9]. It is usually referred to as the bicycle
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model. Most of existing lateral control algorithms were designed using the bicycle

model, with the road curvature treated as a disturbance. The complex nonlinear

model retains more degrees of freedom. This allows for a more precise mathematical

representation of the vehicle lateral dynamics. Simulation results using the complex

nonlinear vehicle model should be closer to the results obtained from real experi-

ments. However, compared to the complex nonlinear model, the bicycle model is

more convenient for system analysis and controller design. The soundness of using a

bicycle model for system analysis and controller design can be evaluated by comparing

simulation results using the two di�erent vehicle models under the same conditions.

This section is organized as follows. Section 2.2 describes the vehicle models

used in the simulation of the existing vehicle lateral control system with a lead/lag

controller. Section 2.3 presents simulation results of the control system under di�erent

magnetometer failure conditions. A summary is presented in Section 2.4.

2.2 Vehicle Modeling

Vehicle lateral dynamics have been studied since late 1950's. Segel (1956) [8] de-

veloped a three-degree-of freedom vehicle model to describe the vehicle directional

responses, which includes the yaw, lateral and roll motions. Most of previous re-

search works on vehicle lateral control have relied on the bicycle model that retains

only lateral and yaw motions. Vehicle models with more degree-of-freedoms were de-

veloped by Lugner (1977)[3], and Peng and Tomizuka (1990)[7]. The �rst part of this

section describes the bicycle model. This is followed by the derivation of a complex

nonlinear model. Both models are used in the simulation of the vehicle lateral control

system.

2.2.1 Bicycle Model

The simpli�ed control model for passenger vehicles with front wheel steering in Hingwe

and Tomizuka (1997)[2] is based on the following assumptions:
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� There is no roll, pitch or bounce.

� The relative yaw between vehicle and the road is small.

� The steering angle is small.

� The tire lateral force varies linearly with the slip angle.

Based on the above assumptions, the following simpli�ed model is obtained:

m�y = �m _� _x�
C�r( _y � _�l2)

_x
�
C�f

( _y + _�l1)

_x
+ C�f

(1)

Iz�� = l2
C�r( _y � _�l2)

_x
� l1

C�f
( _y + _�l1)

_x
+ l1C�f

(2)

where _x and _y are components of the vehicle velocity along longitudinal and lateral

principle axis of the vehicle body, _� is yaw rate, m and Iz are the mass and the yaw

moment of inertia, respectively, l1 and l2 are respectively distances of the front and

rear axle from CG, C�f
and C�r represent the front and rear tire cornering sti�ness,

respectively, and Æ denotes the steering angle in radian. The equations of the vehicle

dynamics can also be written as,

�ys = f1 + b1Æ (3)

��r =
l1C�f

� l2C�r

Iz _x
_ys +

l1C�f
� l2C�r

Iz
�r +

C�f
l1

Iz
Æ �

�
C�f

(l1
2 � l1ds) + C�r(l2

2 + l2ds)

Iz _x
_�r �

C�f
l1
2 + C�r l2

2

Iz _x
_�d (4)

where ds is the distance between the measurement point and the vehicle CG, ys

represents the vehicle lateral error at the measurement point (either real or virtual),

�r is the relative yaw angle, and f1 and b1 are given as follows.

f1 = �
�1 + �2

_x
_ys + (�1 + �2)�r +

�1(ds � l1) + �2(ds + l2)

_x
_�r +

�2l2 � �1l1 � _x2

_x
_�d

(5)
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b1 = �1 (6)

�1 = C�f
(
1

m
+
l1ds
Iz

) (7)

�2 = C�r(
1

m
�
l2ds
Iz

) (8)

The state-space-form representation of these equations is

_� = A� +BÆ +W� (9)

where

� =
�
ys _ys � _�

�T
(10)

A =

0
BBBBBB@

0 1 0 0

0 �a11
_x

a11
a12
_x

0 0 0 1

0 �a41
_x

a41
a42
_x

1
CCCCCCA

(11)

B =

0
BBBBBB@

0

b21

0

b41

1
CCCCCCA

(12)

W =

0
BBBBBB@

0

w21

0

w41

1
CCCCCCA

(13)

a11 = (�1 + �2); a12 = �1(ds � l1) + �2(ds + l2) (14)
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a41 =
l1C�f

� l2C�r

Iz
(15)

a42 =
l1C�f

(ds � l1) + l2C�r(ds + l2)

Iz
(16)

b21 = �1; b41 =
l1C�f

Iz
(17)

w21 = �
l1
2C�f

+ l2
2C�r

Iz
(18)

w41 = �2l2 � �1l1 � _x2 (19)

and � = _�d
_x
is the road curvature, which is treated as a disturbance in most lateral

controller designs.

2.2.2 Complex Model

The complex model used in this report has 6 degrees of freedom, namely,

� x: longitudinal displacement of vehicle CG

� y: lateral displacement of vehicle CG

� z: vertical displacement of vehicle CG

� �: roll angle of the sprung mass

� �: pitch angle of the sprung mass

� �r: relative yaw angle of the sprung mass

There are 11 state variables in this model: x, y, _y, z, _z, �, _�, �, _�, �r, and _�r. _x is

assumed to be known from longitudinal control, and it is not a state variable. The

governing di�erential equations are borrowed from Hingwe and Tomizuka(1997):

m(�y + _x _�d) =
4X

i=1

Fyi cos(�r) +
4X

i=1

Fxi sin(�r) (20)
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m�z =
4X

i=1

Fzi �mg (21)

��� �� sin � = _� _� cos � +
M s

x

Ix

�
Iz � Iy
Ix

( _� sin� cos � + _� cos�)( _� cos� cos � � _� sin�)(22)

�� cos�+ �� sin� cos � = _� _� sin�� _� _� cos� cos � + _� _� sin� sin � +
M s

y

Iy

�
Ix � Iz
Iy

( _�� _� sin �)( _� cos � cos � � _� sin�) (23)

�� cos� cos � � �� sin� = _� _� sin� cos � + _� _� cos� sin � + _� _� cos�+
M s

z

Iz

�
Iy � Ix
Iz

( _�� _� sin �)( _� sin� cos � � _� cos�) (24)

where

� �d: road curvature

� Fxi, Fyi, Fzi: i-th tire force along x, y, z directions

� M s
x, M

s
y , M

s
z : moments applied to the sprung mass in x, y, z directions of the

sprung coordinate system

� Ix, Iy, Iz: moments of inertia of the sprung mass along x, y, z directions

P
4

i=1
M s

x,
P

4

i=1
M s

y ,
P

4

i=1
M s

z , and
P

4

i=1
Fzi are computed according to Peng and

Tomizuka (1990). It should be noted that, in Peng and Tomizuka (1990), the de�-

nitions of angle variables are di�erent from what we have been using in this report.

However, it can be proved that the di�erences are negligible when these angles are
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small.

Mu
x = (

sb1
2

+ h2�)Fz1 + (
sb2
2

+ h2�)Fz3 � (
sb2

2
� h2�)Fz2 � (

sb2
2
� h2�)Fz4

+(z � h5�)
4X

i=1

Fyi (25)

Mu
y = (l2 + h4�)(Fz3 + Fz4)� (l1 � h4�)(Fz1 + Fz2)� (z � h5�)

4X
i=1

Fxi (26)

Mu
z = (l1 � h4�)(Fy1 + Fy2)� (l2 + h4�)(Fy3 + Fy4)� (

sb1
2

+ h2�)Fx1

�(
sb2
2

+ h2�)Fx3 + (
s1
2
� h2�)Fx2 + (

sb2
2
� h2�)Fx4 (27)

Fzi =
mgl2

2(l1 + l2)
+ PDi + PFi; i = 1; 2 (28)

Fzi =
mgl1

2(l1 + l2)
+ PDi + PFi; i = 3; 4 (29)

where

PDi = Di
�W + �Di( _ei � �W ); _ei� �W (30)

PDi = �Di
�W + �Di( _ei + �W ); _ei�� �W (31)

e1 = z0 � z + h5� + l1� �
sb1
2
� (32)

e2 = z0 � z + h5� + l1� +
sb1
2
� (33)

e3 = z0 � z + h5� � l2� �
sb2
2
� (34)

e4 = z0 � z + h5� � l2� +
sb2
2
� (35)

PFi = C1i(ei + C2ie
5

i ); i = 1; 2; 3; 4 (36)

where
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� sb1 (sb2): distance between the two front (rear) tires

� h2: vertical distance from CG to the roll center

� h4 (h5): vertical (longitudinal) distance from CG to the pitch center

� z0: the original height of the mass center from the ground

� ei: spring de
ections at the i-th wheel

� PFi: spring force at the i-th wheel

� PDi: damping force at the i-th wheel

� C1i; C2i: spring constants

� Di, �Di: damping coeÆcients

� �W : limit on de
ection rates

� C1i, C2i: cornering sti�ness of front and rear tires

� Mu
x , M

u
y , M

u
z : moments applied on the sprung mass in x, y, z directions of the

unsprung coordinate system

M s
x, M

s
y , and M s

z can be computed by:

M s
x =Mu

x � �Mu
z (37)

M s
y =Mu

y + �Mu
z (38)

M s
z = �Mu

x � �Mu
y +Mu

z (39)

To calculate the tire forces Fxi and Fyi, a linear tire model is used. Let Fai and Fbi

represent the i-th tire forces which are parallel and normal respectively to the tire

plane. Then,

Fbi = C�i
(Æ � �i) (40)
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where

� = arctan
_yu�li _�

_xu
(41)

and

_xu� _x; _yu� _y � _x�r (42)

From geometry,

Fxi = Fai cos Æi � Fbi sin Æi (43)

Fyi = Fbi cos Æi + Fai sin Æi (44)

Now we make the following assumptions:

Fa3 + Fa4 = 0; Æ1 = Æ2 = Æ; Æ3;4 = 0 (45)

These assumptions are reasonable for front wheel steering passenger vehicles. Then

from the above equations,

4X
i=1

Fxi = (Fa1 + Fa2) cos Æ � (Fb1 + Fb2) sin Æ (46)

4X
i=1

Fyi = (Fb1 + Fb2) cos Æ + (Fa1 + Fa2) sin Æ (47)

The only unknown term (Fa1+Fa2) in the above equation can be computed according

to the Newtonian dynamic equation along x direction

m(�x� _y _�d) =
4X

i=1

Fxi cos(�r)�
4X

i=1

Fyi sin(�r) (48)
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Symbols Simulation Value Symbols Simulation Value

m 1485Kg g 9:8m=s2

ds 3m Ix 479:6Kgm2

Iy 2594:3Kgm2 Iz 2872Kgm2

l1 1:034m l2 1:491m

d1 1:96m d2 2:1m

sb1 1:45m sb2 1:45m

z0 0:487m h2 0:3m

h4 0:25m h5 0:1m

D, �D 1500N � s=m �W 0:025m=s

C�f 40000N=rad) C�r 40000N=rad

C1 17000N=m C2 400001=m4

Table 1: Simulation Parameters

2.3 Simulations

Using the vehicle models described in Section 2.2, simulation analysis has been con-

ducted on an existing vehicle lateral control system subject to di�erent magnetometer

fault conditions. These conditions are: no magnetometer failure, failure in front mag-

netometers, and failure in rear magnetometers. Same simulation settings have been

applied to both the linearized and complex nonlinear vehicle models in order to com-

pare the results using the two di�erent models.

2.3.1 Settings

Simulation parameters are given in Table 1. The linear controller (being evaluated)

is a lead-lag controller with a roll-o� at high frequencies for noise reduction: i.e.

C(s) =
(s+ 0:934)(s+ 0:0934)

(s+ 13:1)(s+ 0:0021)

10000

s2 + 120s+ 10000
(49)

12



0 5 10 15 20 25 30 35 40
−2

−1

0

1

2
x 10

−3 Road Curvature

Time (sec)

e d (
1/

m
)

0 5 10 15 20 25 30 35 40
20

25

30

35

40
Longitudinal Velocity Profile

Time (sec)

V
x (

m
/s

)

Figure 1: Road curvature and vehicle longitudinal velocity pro�les for simulations

The outputs of the front and rear sets of magnetometers are combined to synthesize

the lateral error at the virtual sensing point, ds ahead of the vehicle CG: i.e.

yvs =
ysfd2 + ysrd1

d1 + d2
+

(ysf � ysr)ds
d1 + d2

(50)

where ysf and ysr denote the outputs from the front and rear magnetometers, respec-

tively. d1 and d2 denote the distances from the front and rear sensors to the vehicle

CG, respectively. The road curvature and longitudinal velocity pro�les used in the

simulations are shown in Fig. 1. The vehicle �rst enters a section with a constant

curvature of � 1

800
rad=m, then it enters another curved section with a road curvature

of 1

800
rad=m. The longitudinal velocity is �rst increased gradually from 20 m=sec to

40 m=sec. Then, after 10 sec, it is reduced gradually to 20 m=sec.

2.3.2 Vehicle Lateral Control without Magnetometer Fault

The simulation results of the vehicle lateral control system with no magnetometer

fault are shown in Fig. 2. Information from both the front and the rear magne-
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Figure 2: Simulation results of vehicle lateral control without sensor faults (doted:

complex model; solid: linear model)

tometers is available to the control system during the simulation. The dotted line

represents the results generated by the complex model. The solid line denotes the

results generated by the linearized model. The results show that the transient errors

generated by the complex model are larger than those generated by the linearized

model. There are also more oscillations associated with the system responses pro-

duced by the complex model. Apart from these, simulation results from the two

models are almost identical. The maximum lateral deviation is about 25 cm for both

the linearized and complex vehicle models.

2.3.3 Vehicle Lateral Control with Fault in Rear Magnetometers

When the magnetometers fail, their output may be set by the control logic. In this

report, the output of the failed magnetometer is set zero. Figure 3 shows simulation
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Figure 3: Simulation results of vehicle lateral control with faults in rear sensors (doted:

complex model; solid: linear model)

results of the vehicle lateral control system with fault in the rear set of magnetometers.

Again, results from both the linearized and the complex nonlinear models indicate

similar characteristics. System responses are not as smooth as those in the results

with no magnetometer failures. But the vehicle still follows the road centerline rea-

sonably well. The maximum lateral deviation from the road centerline is about 8 cm.

The decrease in lateral deviation is caused by the increase of the controller gain. This

is concluded by examining the look-ahead scheme in Eq. 50. In this equation, set

ysr = 0. Since ds > d1, yvs increases when the rear magnetometers fail. Compared to

the results generated by the complex model, the results produced by the linearized

model are smoother. Figure 4 shows the transient e�ects of the failure in rear mag-

netometers. The rear magnetometers fail suddenly 15 sec after the simulations start.

It is assumed that the failure detection algorithm is in place. Failure detection itself
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Figure 4: Simulation results of vehicle lateral control with faults in rear sensors after

15 sec (doted: complex model; solid: linear model)

is outside the scope of this report. These plots show that there are large transient

errors at the time when the magnetometers fail. But these transient responses settle

down in a short time, and the system responses afterwards are similar as those shown

in Fig. 3. The simulation results based on both models are similar.

2.3.4 Vehicle Lateral Control with Fault in Front Magnetometers

Under the scenario of front magnetometer failures, simulations indicate instability in

the control system. This is because the original look-ahead scheme in Eq. 50 will

not work when the front magnetometers fail (ysf = 0). However, the system remains

observable from the output of the rear set of magnetometers. To estimate the system

state variables, a dynamic observer has been designed. A new virtual error at the

16



virtual sensing point is computed according to the estimated state variables.

d

dt

2
4 x

x̂

3
5 =

2
4 A 0

LrCr A� LrCr

3
5
2
4 x

x̂

3
5 +

2
4 B

B

3
5 Æ (51)

yvs =
h
0 0 0 0 1 0 ds 0

i 24 x

x̂

3
5 (52)

where

Cr =
h
1 0 �l2 0

i
(53)

Simulation results are shown in Fig. 5. There is a signi�cant di�erence in the results

using the two di�erent vehicle models. Results on the linear model show that the

system is stable with small oscillations, while results on the complex nonlinear model

indicate unacceptable oscillations in the vehicle speed reduction section. Since the

complex model is closer to the rear vehicle plant, the performances of the existing

control system in the event rear magnetometers fail are not satisfactory.

2.4 Summary

In this section, simulation analysis of the vehicle lateral control system subject to dif-

ferent magnetormeter fault conditions has been conducted. Both the bicycle model

and the complex nonlinear vehicle models have been used and compared in simu-

lations. Simulation results show that in general these two models generate similar

results, but the results based on the complex nonlinear model are not as smooth as

those based on the linearized model. The e�ects of di�erent magnetometer failures

on the vehicle lateral control system are not same. Failures in the rear magnetome-

ters do not a�ect the system performances signi�cantly, and the vehicle tracks the

road centerline at the accuracy of about 8 cm, without losing much of smoothness.

However, failures in the front magnetometers cause instability in the control system.

Using a dynamic state observer may stabilize the system, but the simulation results

using the complex model show that the system performances are still not satisfactory.
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Figure 5: Simulation results of vehicle lateral control with faults in front sensors

(doted: complex model; solid: linear model)
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3 Controller Design with One Set of Magnetome-

ters

3.1 Introduction

In Section 2, the performance of the vehicle lateral control system with a lead-lag

controller was evaluated by simulations for cases with and without fault. Simulations

show that: under no fault the �xed lead-lag controller provides adequate performance;

under fault in rear magnetometers the lead-lag controller stabilizes the system but

the performance deteriorates; and under fault in front magnetometers, the lead-lag

controller fails to stabilize the system. This implies that the control system under

fault di�ers signi�cantly from the control system without fault. Hence, the control

system under fault demands systematic studies, and new controllers are required to

stabilize the system and improve the performance under magnetometer failures.

In this section, vehicle lateral control under fault in one set of magnetometers is

analyzed in the frequency domain. Two controllers are designed based on H1 optimal

control theory, one using the output of front magnetometers and the other using the

output of rear magnetometers. Simulations with these two controllers are conducted,

and conclusions are given at the end of the section.

3.2 Frequency domain analysis of vehicle lateral control un-

der fault in one set of magnetometers

The current PATH lateral control algorithms employ two sets of magnetometers to

implement the virtual look-ahead scheme [5][6]. According to this scheme, a lateral

error (called virtual lateral error) at some distance ds (look-ahead distance) ahead the

vehicle is constructed from the outputs of the two sets of magnetometers (front and

rear magnetometers). The control objective is to minimize the virtual lateral error.

In other words, the virtual look-ahead scheme is trying to minimize the lateral error
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Figure 6: Bode plot of Gv (the TF from the steering input to virtual lateral error)

at some distance ahead the vehicle.

A frequency domain analysis shows that as the look-ahead distance ds increases

the phase lead enhances (Fig. 6). Therefore, large look-ahead distances result in

increased phase lead, which signi�cantly eases the controller design. This e�ect of

the look-ahead distance is the main advantage of the virtual look-ahead scheme.

However, if magnetometer failures occur, the look-ahead distance decreases to certain

�xed values. Under fault in front magnetometers, only the lateral error at the rear

magnetometers is available. Thus, the look-ahead distance ds decreases to �l2 (l2 is

the distance between the mass center and the rear bumper). Similarly, under fault

in rear magnetometers, the look-ahead distance decreases to l1 (the distance between

the mass center and the front bumper). In both cases, the look-ahead distance is

small and the phase lead in the system is not adequate. Figures 7 and 8 show the

frequency responses from the steering input Æ to the lateral error at the front bumper

ysf and at the rear bumper ysr when the longitudinal velocity is 30m=s. The decrease

of phase lead increases the diÆculty in the controller design, especially for the system

with front magnetometer failure.
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Figure 7: Bode plot of Gf (the TF from the steering input to ysf)
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Figure 8: Bode plot of Gr (the TF from the steering input to ysr)
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Since vehicle lateral dynamics is observable from the output of either the front or

the rear set of magnetometers, there exist output feedback controllers that at least

stabilize the system. An intuitive idea is to implement the virtual look-ahead scheme

by adding an observer; that is, instead of constructing the virtual lateral error from

the lateral errors measured by front and rear magnetometers, we estimate the virtual

lateral error using the states of the observer. This was done in the previous section

and simulations show that it works. However, this approach increases the order of

the controller; and the system performance depends on the eÆciency of the lead-

lag controller which is designed without consideration of road curvature and sensor

noises. To avoid these disadvantages, our controller design is based on theH1 optimal

control technique.

3.3 Controller Design

According to the H1 optimal control technique, both the disturbance ( _�d) and mag-

netometer noise are regarded as disturbances, while the lateral error and control e�ort

are treated as errors. The formulation of the H1 synthesis for the vehicle lateral con-

trol system is shown in Fig. 9. G is the vehicle model (see Eq. 1). Wperf and Wu are

the weighting functions chosen according to the requirements on the lateral error and

the limitation on the allowable control input; Wdist and Wnoise model the disturbance

( _�d) and magnetometer noise. Our objective is to synthesizes a controller K which

minimizes the e�ects of the normalized disturbances (dN and nN) on the normalized

errors (e1 and e2) in the sense of H1 norm: i.e.

min kTe dk1 (54)

where d is [dN nN ]
T , e is [e1 e2]

T , Te d is the transfer function from d to e.

An important part of the H1 synthesis is the normalization of the disturbances

and errors. The normalization is a way to specify the performance criterions and

model the actual disturbance, the actuator dynamics and measurement noise. The
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Figure 9: Formulation of H1 synthesis

frequency weighting functions used in these normalization are explained below.

� Modeling of the lateral disturbance _�d:

The lateral disturbance _�d in Eq. 1 is given by:

_�d = �vx (55)

where � is the road curvature, and vx is the longitudinal velocity. The maximum

magnitude of the road curvature is set to be 1

800m
in the H1 synthesis, which is

larger than the general curvature on highways. Since the road curvature does

not change frequently on highways, the disturbance can be modeled as a band

limited signal. To keep the order of the controller small, the disturbance is

modeled as a constant.

Wdist =
vn
800

(56)

where vn is a nominal velocity which can be chosen individually in the synthesis.

� Modeling of magnetometer noise:

Since noise in the measurement generally has high frequency components, the

weighting on noise should be a high pass �lter. In consideration of the order of

the resulting controller, however, the noise weighting function is chosen to be a

constant.

Wnoise =
1

200
(57)
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� Penalty on the lateral error ys:

The high frequency component of the lateral error measurement is considered

as noise. This is because the road curvature is piecewise continuous and the

vehicle dynamics contains mainly low frequency dynamics. Thus the penalty is

set high on the low frequency components of the lateral error measurement.

Wperf = 0:2
s+ 30

s+ 0:03
(58)

� Penalty on the steering action:

The high frequency component of the control input must be restricted because

it may saturate the actuator and excite the unmodeled high frequency compo-

nents. Therefore, the penalty is set high at high frequencies, and the bandwidth

of the controller is set to be lower than that of the actuator (which is around

5Hz).

Wu = 1400
s+ 10

s+ 100
(59)

The resulting controller has an order equivalent to the sum of the orders of the

vehicle model and all the weighting functions. The vehicle model is 4th order, and

the sum of the weighting functions' orders is 2. Hence, the resulting controller has an

order of 6.

In the controller design, the nominal velocity is set to 20m=s. The parameters

used are from the PATH Test vehicle (Buick LeSabre) (see Table 2). The resulting

controllers are as follows:

The control system with front magnetometer:

Gkf =
�12:3s5 � 1570s4 � 3:714� 104s3 � 3:21� 105s2 � 3:68� 105s� 2:077� 105

s6 + 127:5s5 + 5097s4 + 1:014� 105s3 + 9:858� 105s2 + 4:191� 106s+ 1:249� 105

(60)

The control system with rear magnetometers:

Gkr =
�23:28s5 � 2770s4 � 4:84� 104s3 � 4:234� 105s2 � 5:485� 105s� 3:519� 105

s6 + 159s5 + 6094s4 + 1:217� 105s3 + 1:463� 106s2 + 1:043� 107s + 3:116� 105

(61)
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Symbols Simulation Value Symbols Simulation Value

m 1740Kg g 9:8m=s2

l1 1:04m l2 1:76m

Caf 70000N=m Crf 1300001=m4

Iz 3214Kgm2

Table 2: Parameters for a Buick car

The resulting controllers are shown in Fig. 10 and Fig. 11. From bode plots we

can see that the control system with rear magnetometers provides more phase lead

than the one with front magnetometers. This is reasonable since the vehicle has more

phase lag if the output is the lateral error under the rear bumper.

3.4 Simulation Results

Simulations are performed with the bicycle model. The pro�le of the road curvature

is shown in Fig. 12. The road curvature changes from 0 to �1=(800m) to +1=(800m)

and back to 0. Therefore, the maximum transition curvature is 1=(400m) which is

much greater than the curvature on highways (less than 1=(1000m)). The longitudinal

velocity is assumed to be constant, and three velocities (20m=s, 30m=s, 35m=s) are

tested. The simulation results of the closed-loop system with front magnetometers

are shown in Fig. 13. For road curvature up to 1=(800m), the maximum lateral error

at vx = 20m=s is about 5cm, and at vx = 35m=s is about 10cm. Compared to

the simulation results with the lead-lag controller (Fig. 3), the control input is much

smoother (the oscillation is smaller), and it is also smaller in magnitude. Figure

14 shows the simulation results of the closed-loop system with rear magnetometers.

The lateral error for road curvature 1=800m at vx = 20m=s is about 10cm, which

is larger than the error with the front magnetometers, but still much smaller than

the allowable error (at road curvature transition 1=1000m, the error should be less
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Figure 10: Bode plot of the control system with front magnetometers
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Figure 11: Bode plot of the control system with rear magnetometers
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Figure 12: The pro�le of the road curvature

than 30cm). However, as the velocity increases, the oscillations become more severe.

Further investigations are required to reduce the magnitude of the oscillations.

3.5 Summary

In this section, the frequency domain analysis of the vehicle lateral control system

under fault in one set of magnetometers was presented. Two controllers were de-

signed based on the H1 optimal control technique: one using the output of front

magnetometers and the other using the output of rear magnetometers. Simulations

with these two controllers show that the control is smooth up to vx = 30m=s, and

the lateral error is within the acceptable range.
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Figure 13: Simulation of the controller with only the front magnetometers
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Figure 14: Simulation of the controller with only the rear magnetometers
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4 Study of Autonomous Lateral Control

4.1 Introduction

When both front and rear magnetometers fail, there will be no direct measurements

for the lateral displacement of the vehicle relative to the road centerline. In this

case, the vehicle can be controlled to follow the preceding vehicle, assuming that

the preceding vehicle is on the desired track with no lateral error nor relative yaw

error with respect to the road centerline. This vehicle-following control algorithm is

referred to as the Autonomous Lateral Control (ALC), and it may serve as a back-

up system for the magnetometer-based vehicle lateral control scheme in the case of

magnetometer failures. In order to control the vehicle to follow the track of the

preceding vehicle, ALC requires the measurements of the relative lateral distance

and yaw angle between the two vehicles. In this project, they are measured by the

Intelligent Ranging using Infrared Sensors (IRIS) developed by researchers of UCLA.

In practice, the preceding vehicle is not necessarily on the desired track. The

lateral error and yaw of the preceding vehicle will be passed on to the following

vehicle, when the following vehicle follows the track of the preceding one. Since it

is impossible for the controlled vehicle to follow the preceding vehicle perfectly, the

controlled vehicle will have larger lateral errors than the preceding vehicle. If there are

many vehicles under ALC in a platoon, and each of them follows its preceding vehicle

except the leading one, the lateral errors of the following vehicles will be accumulated.

This may cause the string stability problem of the platoon in the lateral direction.

The string stability problem may be solved by combining the autonomous lat-

eral control scheme with the information from magnetometers. Since magnetometers

measure the lateral error of the vehicle with respect to the road centerline, combining

ALC with the information from magnetometers will reduce the lateral errors of the

following vehicles. Autonomous lateral control may in return improve the robustness

and performance of magnetometer-based lateral control systems, especially when the
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control systems use only rear magnetometers. As described in Section 2, when the

front magnetometers fail, the magnet-magnetometer based control only uses the rear

magnetometers, and its performance is signi�cantly limited. This is because there are

no physical look-ahead measurements in such a case. This problem may be solved

by combining this control system with ALC, because IRIS can work as a look-ahead

sensor.

The IRIS system is introduced in Section 4.2. It is followed by the design and

simulation results for autonomous lateral control in Section 4.3. Section 4.4 presents

the idea and simulation results for integrated lateral control which uses ALC along

with the information from rear magnetometers. Finally, a summary is presented in

Section 4.5.

4.2 Intelligent Ranging with Infrared Sensors(IRIS)

The IRIS system is composed of a low-power infrared diode laser illuminator with a

relatively wide beam which is pulsed on/o�, and a receiver consisting of a charged-

coupled device (CCD) image sensor behind a narrow bandpass �lter. The system

records two images of the preceding vehicle in rapid succession: the �rst one with

the illumination laser turned o�, and the second one with the laser on. Due to

the micrometer wavelength of the illuminator, almost all surfaces of the preceding

vehicle and the surrounding objects scatter the incident laser beam and re
ect only

a negligible fraction back to the receiver to be recorded on the second (laser on)

image. Some surfaces, however, re
ect most of the incident laser beam back to its

source. These are the passive re
ective patches molded into the taillights of all modern

vehicles, as well as the re
ective paint used in the license plates of many states, which

act as eÆcient retrore
ectors in the illuminator's wavelength. UCLA researchers have

demonstrated that subtraction of the �rst (laser o�) image from the second (laser on)

one yields a clear sharp image of these re
ective surfaces against a 
at background.

The distance to the preceding vehicle as well as the relative lateral and yaw errors
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are then easily computed from the resulting clear pattern via standard triangulation

schemes.

In order to compute the absolute distance and relative velocity to the preceding

vehicle, the IRIS sensor needs to know a base line lateral distance, such as the dis-

tance between the taillights of that vehicle. This is due to the fact that IRIS uses

triangulation schemes, so at least one of the sides of the triangle needs to be of known

length. Since the distance between taillights varies from one vehicle to the next, using

one CCD receiver cannot yield accurate absolute distance measurements when used

alone in a general highway environment. However, this problem can be eliminated

through a straightforward modi�cation of the sensor con�guration: instead of using

one CCD receiver, one can use two which are mounted at a known lateral distance

from each other on the host vehicle. To distinguish between these two con�gurations,

we denote them as IRIS-1 and IRIS-2 depending on whether one or two receivers

are used. The IRIS-2 sensor uses the distance between its receivers as the baseline,

and then measures the apparent positions of the same object (such as left or right

taillight) on each of its two receivers to implement its triangulation schemes. Thus

IRIS-2 can compute absolute distance at the additional cost of a second receiver and

a more elaborate vehicle installation procedure. Another advantage of IRIS-2 over

IRIS-1 is that it can maintain tracking at distances as low as 0:5 meter by appropri-

ately adjusting the orientation of one of its receivers. The geometric scheme of IRIS-2

to calculate the relative lateral error and yaw is shown in Fig. 15. The algorithm to

calculate the longitudinal and lateral distances and the yaw of the preceding vehicle

can be deduced by using simple geometry. We set up the coordinate with the origin

(0; 0) at Sr, which corresponds to the lens focus point of the right CCD image sensor.

The Lll stands for the geometric line from the left re
ective taillight on the back of the

preceding vehicle to the focus point of the left CCD sensor installed on the following

vehicle. Other lines (Llr; Lrl, and Lrr) have the same geometric meanings. One can
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Figure 15: Geometry for IRIS-2 con�guration

easily obtain the geometric functions of the lines Lll, Llr, Lrl, Lrr as

Lll : y = d�
f

u1l
x (62)

Llr : y = d�
f

u1r
x (63)

Lrl : y = d�
f

u2l
x (64)

Lrr : y = d�
f

u2r
x (65)

The intersection point (xl; yl) of Lll and Lrl, which is the position of the left taillight

of the preceding vehicle, is computed as

xl =
ullurld

f(ull + url)
(66)

yl =
ulld

(ull + url)
(67)
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Similarly, the intersection point (xr; yr) of Llr and Lrr, which stands for the position

of right taillight of the preceding vehicle, is

xl =
ulrurrd

f(urr � ulr)
(68)

yl =
ulrd

(urr � url)
(69)

The yaw is computed as

� = arctan(
xl � xr
yl � yr

) (70)

and the longitudinal and lateral distances (l and w in Fig. 15) are

l = min(xr; xl)� f (71)

w =
yl + yr

2
(72)

From the computing procedure of longitudinal and lateral distances and the yaw

of the preceding vehicle, we can see that IRIS-2 does not require knowledge of the

distance between the two taillights of the preceding vehicle, while that knowledge is

necessary for IRIS-1. So a vehicle equipped with the IRIS-2 sensor can accurately

obtain all the necessary information for longitudinal and lateral control for any type

of preceding vehicle, as long as that vehicle has the re
ective taillights required by

law.

4.3 Autonomous Lateral Control

If the trajectory of the preceding vehicle can be exactly determined, then existing

lateral control algorithms for vehicle road following can also be applied to vehicle

trajectory following, or alternatively Autonomous Lateral Control (ALC). The only

di�erence is that, under ALC, the controlled vehicle follows the on-line calculated

trajectory of the preceding vehicle, instead of the road centerline. This similarity
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between the two control algorithms allows the proposed ALC, as a back-up system

for the magnet-magnetometer based lateral control scheme, to use a similar control

structure as that of the original system. Thus, most of existing road-following analysis

and algorithms, such as the look-ahead scheme and gain-scheduling techniques, can

also be utilized in the development of autonomous lateral control. This will also

simplify the implementation of ALC in addition to the original magnetometer-based

control system.

when the longitudinal space between the two vehicles is small, it can be assumed

that the trajectory of the preceding vehicle is a straight line in that short distance.

Similarly as what we did in road following, we can construct a look-ahead scheme for

ALC, and use a lead-lag like controller to control the virtual error at the look-ahead

distance to remain small during vehicle following. This will result in small tracking

errors of vehicle CG with respect to the trajectory of the preceding vehicle. The

detailed control methods are as follows.

In section 4.2, we developed algorithms to compute l, w, and �. We now �rst

relate them to the regulation variables for vehicle lateral control.

�y = (w �
d

2
)� (dI + l)� (73)

��r = � (74)

where �y and ��r are the lateral error and yaw relative to the front vehicle as de�ned

in Fig. 16, and dI is the distance of IRIS from vehicle CG along the longitudinal

direction. As indicated in Fig. 16, it is assumed that the trajectory of the preceding

vehicle is a straight line within the short distance between the two vehicles. The

virtual error at the look-ahead distance of ALC is de�ned as

yvs = �y +��rds (75)

where ds is the look-ahead distance. Then, yvs is used as the input to the following
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Figure 16: The control scheme of ALC

controller

C(s) =
(s+ 0:934)(s+ 0:0934)

(s+ 13:1)(s+ 0:0021)

10000

s2 + 120s+ 10000
(76)

The output of the controller is the commanded steering angle.

For simulation of ALC, a platoon of three vehicles is assumed, with the two

following vehicles under autonomous lateral control. For the lead vehicle, the feedback

signals are the measurements from the front and rear magnetometers, while for the

following vehicles, they are the relative lateral distance and yaw with respect to

the preceding vehicle measured by IRIS. The road curvature, longitudinal velocity

pro�les, and other simulation settings are same as those in the previous sections. The

longitudinal distance between every two adjacent vehicles is set to 3m. Simulation

results are shown in Fig. 17. The results are plotted in the road coordinate system.

These �gures show that the lateral error of the leading vehicle results in successively

larger lateral errors of the following vehicles. The maximum lateral error of the �rst

vehicle is 20cm, while that of the third vehicle is over 50cm. The same trend applies to

the other variables, _y, �r, and _�r. The leading vehicle's lateral error and yaw relative
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Figure 17: Simulation results for autonomous lateral control (solid: �rst vehicle;

dotted: second vehicle; dashed: third vehicle)

to the road centerline are passed on to all the vehicles which follow it, and result in

accumulation of tracking errors of the following vehicles. This may cause a serious

problem if many vehicles are under autonomous lateral control in a platoon.

4.4 Integrated Lateral Control with ALC and Rear Sensors

As described in Section 2, the vehicle, as a controlled system, remains observable from

the output of the rear magnetometers, under the scenario of the front magnetometer

failures. A dynamic state observer has been designed to estimate the system state

variables,

d

dt

2
4 x

x̂

3
5 =

2
4 A 0

LrCr A� LrCr

3
5
2
4 x

x̂

3
5 +

2
4 B

B

3
5 Æ (77)
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ŷ = Crx (78)

where

Cr =
h
1 0 �l2 0

i
(79)

x̂ =
h
ŷCG _̂yCG �̂r _̂�r

i
(80)

The lateral error at the virtual sensor can be computed from the estimated state

variables,

ŷvs = ŷCG + �̂rds (81)

Under ALC, the virtual error is calculated by assuming that the trajectory of the

preceding vehicle is a straight line within short distances, as described in Section 4.3.

By combining the virtual errors calculated from the above two di�erent methods,

we may construct an integrated control with ALC along with the information from

the rear set of magnetometers. Let yvs1 denote the virtual error generated by au-

tonomous lateral control scheme, and let yvs2 denote the virtual error generated from

the estimated state variables using the information from the rear magnetometers: i.e.

yvs1 = �y +��rds (82)

yvs2 = ŷCG + �̂rds (83)

The new virtual lateral error for the integrated controller is de�ned as

yvs =
yvs1 + yvs2

2
(84)

The lead-lag like controller in Eq. (76) is used to regulate yvs. The control scheme is

shown in Fig. 18, where K is the controller described in Eq. (76), and

Ls =
h
1 0 ds 0

i
(85)
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ysI =

2
6666664

�y

0

��r

0

3
7777775

(86)

This method utilizes lateral and yaw information provided by the IRIS system and

the rear magnetometers. The information from the two sources are equally weighted

at the current time. The search for the optimal weighting factors for them is a future

research topic. The simulation results are shown in Fig. 19. The results indicate

a tradeo� between tracking accuracy and smoothness when the information from

the rear magnetometers is used along with IRIS. The lateral errors of the following

vehicles are much smaller compared to the results shown in Fig. 17, which uses the

information from IRIS alone. Compared to the results shown in Section 2, which uses
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Figure 19: Simulation results for integrated lateral control with ALC and rear sensors

(solid: �rst vehicle; dotted: second vehicle; dashed: third vehicle)

the information from the rear magnetometers alone, the lateral errors are larger, but

the system responses are much smoother.

4.5 Summary

In this section, the IRIS sensor and autonomous lateral control were introduced.

Control schemes for autonomous lateral control and integrated control that combines

IRIS and rear magnetometers have been developed and tested by simulation. The

simulation results show that the lateral errors of the following vehicles under ALC

in a platoon increase in the upstream direction. When ALC is combined with the

information from the rear magnetometers, these e�ects can be signi�cantly reduced.

The results show the the integrated control scheme is useful in improving tracking ac-

curacy and smoothness of the vehicle lateral control system subject to magnetometer
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failures.

5 Conclusions

The performance of an existing vehicle lateral control system under several magne-

tometer fault scenarios was evaluated in simulations with both the bicycle model and

the complex nonlinear model. Simulation results show that when front magnetome-

ters fail the lateral control system is still stable although its performance deteriorates.

But the lateral control system becomes unstable when rear magnetometers fail. This

motivated the design of new lateral controllers, that stabilize the system and optimize

the performance under faulty operation of magnetometers.

Since vehicle lateral dynamics is observable from the output of either the front

or the rear set of magnetometers, output feedback controllers can be designed to

stabilize the closed loop system with the output of either set of magnetometers. Two

output feedback controllers were designed based on H1 optimal control theory, one

using the output of front magnetometers and the other using the output of rear

magnetometers. The synthesized controllers were optimal in the sense of minimizing

the e�ects of the disturbance (road curvature) and sensor noise on the lateral error

and control e�ort. Simulations were performed with these two controllers, and the

performance was shown to be satisfactory at longitudinal velocities up to 30m=s.

Autonomous lateral control was studied to deal with the situation when both

the front and the rear sets of magnetometers fail. The lateral deviation and yaw

angle of the controlled vehicle with respect to its preceding vehicle are obtained from

IRIS. The autonomous lateral control algorithm allows the vehicle to follow a real-

time trajectory of the preceding vehicle, which is calculated from the output of IRIS.

Simulations were conducted with a platoon of three vehicles. The results show that

autonomous lateral control causes accumulation of lateral errors in the upstream

direction of the vehicle string. An integrated lateral control scheme that combines
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the information from IRIS and rear magnetometers was developed. Simulation results

show that this integrated control scheme provides better tracking accuracy of the

following vehicles than autonomous lateral control. The integrated control scheme

also achieves smoother performance if compared to the results of lateral control that

uses the information from rear magnetometers alone.
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