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Introduction

Leonard and Durrant-Whyte [1991] summarized the problem of navigation by three questions:
"where am [?", "where am I going?", and "how should I get there?" This report surveys the state-
of-the-art in sensors, systems. methods, and technologies that aim at answering the first question.
that is: robot positioning in its environment.

Perhaps the most important result from surveying the vast body of literature on mobile robot
positioning is that to date there is no truly elegant solution for the problem. The many partial
solutions can roughly be categorized into two groups: relative and absolute position measurements.
Because of the lack of a single, generally good method, developers of auromated guided vehicles
(AGVs) and mobile robots usually combine two methods, one from each category. The two
categories can be further divided into the following sub-groups.

Relative Position Measurements:

1. Dead-reckoning uses encoders to measure wheel rotation and/or steering orientation. Dead-
reckoning has the advantage that it is totally self-contained and it is always capable of providing
the vehicle with an estimate of its position. The disadvantage of dead-reckoning is that the
position error grows without bound unless an independent reference is used periodically to
reduce the error [Cox, 1991].

2. Inertial navigation uses gyroscopes and sometimes accelerometers to measure rate of rotation. and
acceleration. Measurements are integrated once (or twice) to yield position. Inertial navigation
systems also have the advantage that they are self-contained. On the downside, inertial sensor
data drifts with time because of the need to integrate rate-data to yield position; any small
constant error increases without bound after integration. Inertial sensors are thus unsuitable for
accurate positioning over extended period of time. Another problem with inertial navigation is
the high equipment cost. For example. highly accurate gyros. used in airplanes are inhibitively
expensive. Very recently fiber-optics gyros (also called laser-gyros), which are said to be very
accurate. have fallen dramatically in price and have become a very attractive solution for mobile
robot navigation.

Absolute Position Measurements:

3. Active beacons — This methods computes the absolute position of the robot from measuring the
direction of incidence of three or more actively transmitted beacons. The transmitters, usually
using light or radio frequencies, must be located at known locations in the environment.

4. Artificial Landmark Recognition — In this method distinctive artificial landmarks are placed at
known locations in the environment. The advantage of artificial landmarks is that they can be
designed for optimal detectability even under adverse environmental conditions. As with active
beacons. three or more landmarks must be "in view" to allow position estimation. Landmark
positioning has the advantage that the position errors are bounded, but detection of external
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landmarks and real-time position fixing may not always be possible. Unlike the usually point-
shaped beacons. Artificial Landmarks may be defined as a set of features. e.g., a shape or an area.
Additional information, for example distance, can be derived from measuring the geometrical
properties of the landn:~rk. but this approach is computationally intensive and not very ac. .irate.

. Natural Landmark Recognition — Here the landmarks are distinctive features in the enviro- nent.

There is no need for preparations of the environment, but the environment must be known in
advance. The reliability of this method is not as high as with artificial landmarks.

Model matching — In this method information acquired from the robot's on-board sensors is
compared to a map or world model of the environment. If features from the sensor-based map and
the world model map match, then the vehicle's absolute location can be estimated. Map-based
positioning often includes improving global maps based on the new sensory observations in a
dynamic environment and integrating local maps into the global map to cover previously
unexplored area. The maps used in navigation include two major types: geometric maps and
topological maps. Geometric maps represent the world in a global coordinate system, while
topological maps represent the world as a network of nodes and arcs. The nodes of the network
are distinctive places in the environment and the arcs represent paths between places
[Kortenkamp and Weymouth, 1994]. There are large variations in terms of the information stored
for each arc. Brooks [Brooks, 1985] argues persuasively for the use of topologica! maps as a
means of dealing with uncertainty in mobile robot navigation. Indeed, the idea of a map ihat
contains no metric or geometric information, but only the notion of proximity and order, is
enticing because such an approach eliminates the inevitable problems of dealing with movement
uncertainty in mobile robots. Movement errors do not accumulate globally in topological maps
as they do in maps with a global coordinate system since the robot only navigate locally, between
places. Topological maps are also much more compact in their representation of space. in that
they represent only certain places and not the entire world [Kortenkamp and Weymouth, 1994].
However, this also makes a topological map unsuitable for any spatial reasoning over its entire
environment, e.g., optimal global path planning.

In the following survey we present and discuss the state-of-the-art in each one of the above

categories. We compare and analyze different methods based on technical publications and on
commercial product and patent information. Mobile robot navigation is a very diverse area, and a
useful comparison of different approaches is difficult because of the lack of a commonly accepted
test standards and procedures. The equipment used varies greatly and so do the key assumptions used
in different approaches. Further difficulty arises from the fact that different systems are at different
stages in their development. For example, one system may be commercially available, while another
system. perhaps with better performance, has been tested only under a limited set of laboratory
conditions. Our comparison will be centered around the following criteria: accuracy of positi-n and
orientation measurements, equipment needed. cost, sampling rate, effective range, computational
power required, processing needed, and other special features.
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We present this survey in three parts. Part [ deals with the sensors used in mobile robot
positioning, while Part II discusses the methods and techniques that use these sensors. The report is
organized in 9 chapters.

Part I: Sensors for Mobile Robot Positioning
. Sensors for Dead-reckoning

. Heading Sensors

. Active Beacons

. Sensors for Map-based Positioning

= Lo —

Part II: Systems and Methods for Mobile Robot Positioning
5. Reduction of Dead-reckoning Errors

6. Active Beacon Navigation Systems

7. Landmark Navigation

8. Map-based positioning

9. Other Tvpes of Positioning

Part [II: References and Systems-at-a-Glance Tables
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Part I:

Sensors for
Mobile Robot Positioning

CARMEL, the University of Michigan's first mobile robot, has been in service since 1987. Since then,
CARMEL has served as a reliable testbed for countless sensor systems. In the extra "shelf' underneath
the robot is an 8086 XT compatible singleboard computer that runs U of M's uitrasonic sensor firing
algorithm. Since this code was written in 1987, the computer has been booting up and running from floppy
disk. The program was written in FORTH and was never altered: Should anything ever go wrong with the
floppy, it will take a computer historian to recover the code...
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Part I: Sensors for Mobile Robot Positioning Chapter 1: Sensors for Dead Reckoning

Chapter 1:
Sensors for Dead Reckoning

Dead reckoning (derived from “deduced reckoning” of sailing days) is a simple mathematical
procedure for determining the present location of a vessel by advancing some previous position
through known course and velocity information over a given length of time [Dunlap & Shufeldt.
1972]. The vast majority of land-based mobile robotic systems in use today rely on dead reckoning
to form the very backbone of their navigation strategy, and like their nautical counterparts,
periodically null out accumulated errors with recurring “*fixes” from assorted navigation aids.

The most simplistic implementation of dead reckoning is sometimes termed odometry; the term
implies vehicle displacement along the path of travel is directly derived from some onboard
“odometer.” A common means of odometry instrumentation involves optical encoders directly
coupled to the motor armatures or wheel axles.

Since most mobile robots rely on some variation of wheeled locomotion. a basic understanding
of sensors that accurately quantify angular position and velocity is an important prerequisite to
further discussions of odometry. There are a number of different types of rotational displacement
and velocity sensors in use today:

Brush Encoders

Potentiometers

Synchros

Resolvers

Optical Encoders

Magnetic Encoders

Inducuve Encoders

Capacitive Encoders.

A multitude of issues must be considered in choosing the appropriate device for a particular
application. Avolio [1993] points out that over 17 million variations on rotary encoders are offered
by one company alone. For mobile robot applications incremental and absolute optical encoders are
the most popular type. We will discuss those in the following sections.
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Part I: Sensors for Mobile Robot Positioning Chapter 1. Sensors for Dead Reckoning

1.1 Optical Encoders

The firot optical encoders were developed in the mid-1940s by the Baldwin Piano Comp:ny for
use as “tone wheels” that allowed electric organs to mimic other musical instruments [Agent. :991].
Today's contemporary devices basically embody a miniaturized version of the break-beam proximirv
sensor. A focused beam of light aimed at a matched photodetector is periodically interrupted by a
coded opaque/transparent pattern on a rotating intermediate disk attached to the shaft of interest. The
rotating disk may take the form of chrome on glass, etched metal, or photoplast such as Mylar
[Henkel. 1987]. Relative to the more complex alternating-current resolvers, the straightforward
encoding scheme and inherently digital output of the optical encoder results in a lowcost reliable
package with good noise immunity.

There are two basic types of optical encoders: incremental and absolute. The incremental
version measures rotational velocity and can infer relative position, while absolute models directly
measure angular position and infer velocity. If non volatile position information is not a
consideration, incremental encoders generally are easier to interface and provide equivalent
resolution at a much lower cost than absolute optical encoders.

1.1.1 Incremental Optical Encoders

The simplest type of incremental encoder is a single-channel tachometer encoder, basically an
instrumented mechanical light chopper that produces a certain number of sine or square wave pulses
for each shaft revolution. Adding pulses increases the resolution (and subsequently the cost) of the
unit. These relatively inexpensive devices are well suited as velocity feedback sensors in medium-to
high-speed control systems, but run into noise and stability problems at extremely slow velocities
due to quantization errors [Nickson, 1985]. The tradeoff here is resolution versus update rate:
improved transient response requires a faster update rate. which for a given line count reduces the
number of possible encoder pulses per sampling interval. A typical limitation for a 5 cm (2-inch)
diameter incremental encoder disk is 2540 lines [Henkel, 1987].

In addition to low-speed instabilities, single-channel tachometer encoders are also incapable of
detecting the direction of rotation and thus cannot be used as position sensors. Phase-quadrature
incremental encoders overcome these problems by adding a second channel, displaced from the first,
so the resulting pulse trains are 90° out of phase as shown in Fig. 1.1. This technique allows the
decoding electronics to determine which channel is leading the other and hence ascertain the
direction of rotation, with the added benefit of increased resolution. Holle [1990] provides :n in-
depth discussion of output opticns (single-ended TTL or differential drivers) and various « sign
issues (i.e.. resolution, bandwidth, phasing, filtering) for consideration when interfacing phase-
quadrature incremental encoders to digital control systems.
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Part I: Sensors for Mobile Robot Positioning Chapter 1: Sensors for Dead Reckoning

State Ch A ChB

/\\\\\ ' .
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123 4
Figure 1.1: The observed phase relationship between Channel A and B pulse trains can be used to
determine the direction of rotation with a phase-quadrature encoder, while unique output states S, - S,
allow for up to a four-fold increase in resolution. The single slot in the outer track generates one index
pulse per disk rotation.

The incremental nature of the phase-quadrature output signals dictates that any resolution of
angular position can only be relative to some specific reference, as opposed to absolute. Establishing
such a reference can be accomplished in a number of ways. For applications involving continuous
36(-degree rotation, most encoders incorporate as a third channel a special index output that gozs
high once for each complete revolution of the shaft (see Fig. 1.1 above). Intermediate shaft positions
are then specified by the number of encoder up counts or down counts from this known index
position. One disadvantage of this approach is that all relative position information is lost in the
event of a power interruption.

[n the case of limited rotation. such as the back-and-forth motion of a pan or tilt axis, electrical
limit switches and/or mechanical stops can be used to establish a home reference position. To
improve repeatability this homing action is sometimes broken into two steps. The axis is rotated at
reduced speed in the appropriate direction until the stop mechanism is encountered. whereupon
rotation is reversed for a short predefined interval. The shatt is then rotated slowly back into the stop
at a specified low velocity from this designated start point, thus eliminating any variations in inertial
loading that could influence the final homing position. This two-step approach can usually be
observed in the power-on initialization of stepper-motor positioners for dot-matrix printer heads.

Alternatively, the absolute indexing function can be based on some external referencing action
that is decoupled from the immediate servo-control loop. A good illustration of this situation
involves an incremental encoder used to keep track of platform steering angle. For example, when
the K24 Navmaster [CYBERMOTION] robot is first powered up, the absolute steering angle is
unknown. and must be initialized through a “referencing” action with the docking beacon, a nearby
wall, or some other identifiable set of landmarks of known orientation. The up/down count output
from the decoder electronics is then used to modify the vehicle heading register in a relative fashion.

A growing number of very inexpensive off-the-shelf components have contributed to making the
phase-quadrature incremental encoder the rotational sensor of choice within the robotics research
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Part I: Sensors for Mobile Robot Positioning Chapter 1. Sensors for Dead Reckoning

and development community. Several manufacturers now offer small DC gear motors with
incremental encoders already attached to the armature shafts. "Vithin the U.S. automated guided
vehicle (AGV) industry, however, resolvers are still generally pre.erred over optical encocers for
their perceived superiority under harsh operating conditions. but the European AGV com1unity
seems to clearly favor the encoder [Manolis, 1993].

Interfacing an incremental encoder to a computer is not a trivial task. A simple state-based
interface as implied in Fig. 1.1 is inaccurate if the encoder changes direction at certain positions, and
false pulses can result from the interpretation of the sequence of state-changes [Pessen. 1989]. Pessen
describes an accurate circuit that correctly interprets directional state-changes. This circuit was
originally developed and tested by Borenstein [1987].

A more versatile encoder interface is the HCTL 1100 motion controller chip made by Hewlett
Packard [HP]. The HCTL chip performs not only accurate quadrature decoding ot the incremental
wheel encoder output, but it provides many important additional functions, among others
¢ Closed-loop position control
» Closed-loop velocity control in P or PI fashion
e 24-bit position monitoring.

At the University of Michigan's Mobile Robotics Lab, the HCTL 1100 has been tested and used
in many different mobile robot control interfaces. The chip has proven to work reliably and
accurately, and it is used on commercially available mobile robots. such as TRC LabMate and
HelpMate. The HCTL 1100 costs only $40 and it comes highly recommended.

1.1.2 Absolute Optical Encoders

Absolute encoders are typically used for slower rotational applications that require positional
information when potential loss of reference from power interruption cannot be tolerated. Discrete
detector elements in a photovoltaic array are individually aligned in break-beam fashion with
concentric encoder tracks as shown in Fig. 1.2, creating in effect a non-contact implementation of
a commutating brush encoder. The assignment of a dedicated track for each bit of resolution results
in larger size disks (relative to incremental designs). with a corresponding decrease in shock and
vibration tolerance. A general rule of thumb is that each additional encoder track doubles the
resolution but quadruples the cost [Agent, 1991].

Instead of the serial bit streams of incremental designs, absolute optical encoders pi ide a
parallel word output with a unique code pattern for each quantized shaft position. The most ¢¢ amon
coding schemes are Gray code. natural binary, and binary-cuded decimal [Avolio, 1993]. Th. Gray
code (for inventor Frank Gray of Bell Labs) is characterized by the fact that only one bit changes at
a time. a decided advantage in eliminating asynchronous ambiguities caused by electronic and
mechanical component tolerances. Binary code, on the other hand. routinely involves multiple bit
changes when incrementing or decrementing the count by one. For example. when going from
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Part I: Sensors for Mobile Robot Positioning Chapter 1: Sensors for Dead Reckoning

position 255 to position 0 in Fig. 1.3B. eight bits toggle from Is to Os. Since there is no guarantee
all threshold detectors monitoring the detector elements tracking each bit will toggle at the same
precise instant, considerable ambiguity can exist during state transition with a coding scheme of this
form. Some type of handshake line signaling valid data available would be required if more than
one bit were allowed to change between consecutive encoder positions.

Detector
Array
=S =
~O=={l | —
— '. —_———
LED
Source Beam Collimating Cylindrical
Expander Lens Lens- .
Multi-track
Encoder

Disk

Figure 1.2: A line-source of light passing through a coded pattern of opaque and
transparent segments on the rotating encoder disk results in a parallel output that
uniquely specifies the absolute angular position of the shaft (adapted from [Agent,
1991]).

Absolute encoders are best suited for slow and/or infrequent rotations such as steering angle
encoding, as opposed to measuring high-speed continuous (i.e., drive wheel) rotations as would be
required for calculating displacement along the path of travel. Although not quite as robust as
resolvers for high-temperature. high-shock applications, absolute encoders can operate at
temperatures over 125° Celsius, and medium-resolution (1000 counts per revolution) metal or Mylar
disk designs can compete favorably with resolvers in terms of shock resistance [Manolis. 1993].

A potential disadvantage of absolute encoders is their parallel data output. which requires a more
complex interface due to the large number of electrical leads. A 13-bit absolute encoder using

Figure 1.3: Rotating an 8-bit absolute Gray code disk (A)
counterclockwise by one position increment will cause only one
bit to change, whereas the same rotation of a binary-coded disk
(B) will cause all bits to change in the particular case (255 to 0)
illustrated by the reference line at 12 o'clock.
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Part I: Sensors for Mobile Robot Positioning Chapter 1. Sensors for Dead Reckoning

complimentary output signals for noise immunity would require a 28-conductor cable (13 signal
pairs plus power and ground), versus only 6 for a resolver or incremental encoder [Avolio, 1993].

1.2 Doppler Sensors

The rotational displacement sensors discussed above derive navigation parameters directly from
wheel rotation, and are thus subject to problems arising from slippage, tread wear, and/or improper
tire inflation. In certain applications, Doppler and inertial navigation techniques are sometimes
employed to reduce the effects of such error sources.

Doppler navigation systems are routinely employed in maritime and aeronautical applications to
yield velocity measurements with respect to the earth itself, thus eliminating dead-reckoning errors
introduced by unknown ocean or air currents. The principle of operation is based on the Doppler
shift in frequency observed when radiated energy reflects off a surface that is moving with respect
to the emitter. Maritime systems employ acoustical energy reflected from the ocean floor, while
airborne systems sense microwave RF energy bounced off the surface of the earth. Both
configurations typically involve an array of four transducers spaced 90° apart in azimuth and inclined
downward at a common angle with respect to the hoiizontal plane [Dunlap & Shufeldt, 1972].

Due to cost constraints and the reduced likelihood of transverse drift, most robotic implementa-
tions employ but a single forward-looking transducer to measure ground speed in the direction of
travel. Similar configurations are sometimes used in the agricultural industry, where tire slippage
in soft freshly plowed dirt can seriously interfere with the need to release seed or fertilizer at a rate
commensurate with vehicle advance. The M113-based Ground Surveillance Vehicle [Harmon,
1986] employed an off-the-shelf unit of this type manufactured by John Deere to compensate for
track slippage.

The microwave radar sensor is aimed downward at a prescribed angle (typically 45°) to sense
ground movement as shown in Fig. 1.4. Actual
ground speed V), is derived from the measured
velocity I, according to the following equation
[Schultz. 1993]:

Vo Ve cFy
1 cosa 2F cosa
where v
V, = actual ground velocity along path
V, = measured Denpler velocity - e
o = angle of declination Vi
c = speed of light Figure 1.4: A Doppler ground speed sensor inclined

at an angle a as shown measures the velocity

F,, = observed Doppler shift frequenc
o _ . PP 4 y component V,, of true ground speed V, (adapted
F, = transmitted frequency. from (Schultz, 1993)).
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Errors in detecting true ground speed arise due to side-lobe interterence. vertical velocity
components introduced by vehicle reaction to road surface anomalies, and uncertainties in the actual
angle of incidence due to the finite width of the beam. Byrne et al. [1992] point out another
interesting scenario for potentially erroneous operation, involving a stationary vehicle parked over
a stream of water. The Doppler ground-speed sensor in this case would misinterpret the relative
motion between the stopped vehicle and the running water as vehicle travel.

1.2.1 Micro-Trak Trak-Star Ultrasonic Speed Sensor

One commercially available speed sensor that is based on
Doppler speed measurements is the Trak-Star Ultrasonic
Speed Sensor [MICRO-TRAK]. This device, originally
designed for agricultural applications. costs $420. The manu-
facturer claims that this is the most accurate Doppler speed
sensor available. The technical specifications are listed in
Table 1.1.

1.2.2 Other Doppler Effect Systems

Harmon [1986] describes a system using a Doppler effect  gig, 1 5; e atar Ultrasonic
sensor. and a Doppler effect system based on radar is de- Speed Sensor is based on the
scribed in [Patent 1]. Doppler effect. This device is

primarily targeted at the agricultural

market Reproduced from [Micro-
Trak].

Another Doppler Effect device is the Monitor 1000. a
distance and speed monitor for runners. This device was
temporarily marketed by the sporting goods manufacturer
[NIKE]. The Monitor 1000 was worn by the runner like a tront-mounted fanny pack. The small and
lightweight device used ultrasound as the carrier, and was said to have an accuracy of 2-5%,
depending on the ground characteristics. The manufacturer of the Monitor 1000 is Applied Design
Laboratories [ADL]. A microwave
radar Doppler effect distance sen-

sor has also been developed by Specification Value

ADL. This radar sensor is a proto- Speed range 0-40 MPH (17.7 m/s)
type and is not commercially avail- Speed Resolution 0.04 MPH (1.8 cm/s)
able. However, it differs from the Accuracy +1.5%+0.04 MPH
Monitor 1000 only in its use of a Transmit Frequency 62.5 KHz

radar sensor head as opposed to the Temperature range -20°F to 120°F
ultrasonic sensor head used by the Weight 3b

Monitor 1000. The prototype radar Power Requirements 12 Volt DC@0.03 Amp

sensor measures 15x10x5 cm

" "y 3 B
(6"x4"x2"), weighs 250 gr, and 1 p16 4.4: Specifications for the Trak-Star Ultrasonic Speed
consumes 0.9 W. Sensor
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1.3 Typical Mobility Configurations

The accuracy of odometry measurements for dead-reckoning is to a great extent a direct 1 iction
of the kinematic design of a vehicle. Because of this close relation between kinematic d¢ . 2n and
positioning accuracy, one must consider the kinematic design closely before attempting t« improve
dead-reckoning accuracy. For this reason. we will briefly discuss some of the more popuiar vehicle
designs in the following sections. In Part II of this report, we will discuss some recently developed
methods for reducing dead-reckoning errors (or the feasibility of doing so) for some of these vehicle
designs.

1.3.1 Differential Drive

Figure 1.6 shows a typical differential drive Bumper
mobile robot, the LabMate platform, manufac-
tured by [TRC]. In this design incremental ' "’/Casmr S\'
d ted onto the two drive motors Drive : .
encoders are mounted onto the two drive motors motor | Centerpoint C Drive

to count the wheel revolutions. The robot can
nerform dead reckoning by using simple geo-
metric equations to compute the momentary
position of the vehicle relative to a known

starting position. For completeness, we rewrite Incremental '/
the well-known equations for dead-reckoning encoders e

beliow. (also, see [Klarer, 1988 Crowley and gigure 1.6: A typical differential-drive mobile robot
Reignier. 1992]). (bottom view).

_motor

Bumper

Suppose that at sampling interval [ the left and right wheel encoders show a pulse increment of
N, and N, respectively. Suppose further that

" TED,/)’ICC
where
¢, = Conversion factor that translates encoder pulses into linear wheel displacement
D, = Nominal wheel diameter (in mm)
C, = Encoder resolution (in pulses per revolution)
n = Gear ratio of the reduction gear between the motor (where the encoder is attached) . 1 the

drive wheel.

We can compute the incremental travel distance for the left and right wheel, AU, , and A,
according to

AUpp = Nip
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and the incremental linear displacement of the robot's centerpoint C. denoted AU, , according to
AU, = (AU, + AU)2
Next, we compute the robot's incremental change of orientation
AB; =(AUR-AU)/b

where b is the wheelbase of the vehicle, ideally measured as the distance between the two contact
points between the wheels and the floor.

The robot's new relative orientation 6, can be computed from
0, =0,,+Af,
and the relative position of the centerpoint is

x; =x,; + AU, cosb,
Yi= Vi + AU:Sinei

where
x,y; - relative position of the robot's centerpoint ¢ at instant /.

1.3.2 Tricycle Drive

Tricycle drive contigurations (see Fig. 1.7) employing a single driven front wheel and two passive
rear wheels (or vice versa) are fairly common in AGV applications because of their inherent
simplicity. For odometry instrumentation in the form of a steering angle encoder, the dead
reckoning solution is equivalent to that of an Ackerman-steered vehicle, where the steerable wheel
replaces the imaginarv center wheel discussed in Section 1.3.3. Alternatively, if rear-axle
differential odometry is used to determine heading, the solution is identical to the differential-drive
configuration discussed in Section 1.3.1.

One problem associated with the tricycle drive configuration is the vehicle’s center of gravity
tends to move away from the front wheel when traversing up an incline. causing a loss of traction.
As in the case of Ackerman-steered designs. some surface damage and induced heading errors are
possible when actuating the steering while the platform is not moving.
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Figure 1.7: Tricycle-drive configurations employing a steerable driven wheel and
two passive trailing wheels can derive heading information directly from a steering
angle encoder or indirectly from differential odometry.

1.3.3 Ackerman Steering

Used almost exclusively in the automotive industry, Ackerman steering is designed to ensure the
inside front wheel is rotated to a slightly sharper angle than the outside wheel when turning, thereby
eliminating geometrically induced tire slippage. As seen in Fig. 1.8, the extended axes for the two
front wheels intersect in a common point that lies on the extended axis of the rear axle. The locus
of points traced along the ground by the center of each tire is thus a set of concentric arcs about this
centerpoint of rotation P;, and (ignoring for
the moment any centrifugal accelerations) 8o, , ,“QL/

/'/ i /‘/.

all instantaneous velocity vectors will i /! i
subsequently be tangential to these arcs. o '
Such a steering geometry is said to satisty .

i
R/
. T i/
the Ackerman equation [Byrne et al,-1992]: U ey

cotf, —cotf, = % |

where
B, = relative steering angle of inner wheel

8, = relative steering angle of outer wheel _
In an Ackerman-steered vehicle, the extended axes

! = longitudinal wheel sgparatlon for all wheels intersect in a common point (adapted from [Byrne
d = lateral wheel separation. et al, 1992]).

Y
e L__.H X
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For the sake of convenience, the vehicle steering angle 6, can be thought of as the angle (relative
to vehicle heading) associated with an imaginary center wheel located at a reference point P, as
shown in the figure above. 6y, can be expressed in terms of either the inside or outside steering
angles (6; or 8,) as follows [Byrne et al, 1992]:

cot , = % + cotf

or, alternatively,

d
cotf ,, =cotb  — 3

Ackerman steering provides a fairly accurate dead-reckoning solution while supporting the
traction and ground clearance needs of all-terrain operation, and is generally the method of choice
for outdoor autonomous vehicles. Associated drive implementations typically employ a gasoline
or diesel engine coupled to a manual or automatic transmission, with power applied to four wheels
through a transfer case, differential, and a series of universal joints. A representative example is seen
in the HMMWV-based prototype of the USMC Teleoperated Vehicle (TOV) Program [Aviles et al,
1990]. From a military perspective, the use of existing-inventory equipment of this type simplifies
some of the logistics problems associated with vehicle maintenance. In addition, reliability of the
drive components is high due to the inherited stability of a proven power train. (Significant interface
problems can be encountered, however, in retrofitting off-the-shelf vehicles intended for human
drivers to accommodate remote or computer control).

1.3.4 Synchro-Drive

An innovative configuration known as synchro-drive features three or more wheels (Fig. 1.9)
mechanically coupled in such a way that all rotate in the same direction at the same speed, and
similarly pivot in unison about their respective steering axes when executing a turn. This drive and
steering “synchronization” results in improved dead-reckoning accuracy through reduced slippage,
since all wheels generate equal and parallel force vectors at all times.

The required mechanical synchronization can be accomplished in a number of ways, the most
common being chain, belt, or gear drive. Carnegie Mellon University has implemented an
electronically synchronized version on one of their Rover series robots, with dedicated drive motors
for each of the three wheels. Chain- and belt-drive configurations experience some degradation in
steering accuracy and alignment due to uneven distribution of slack, which varies as a function of
loading and direction of rotation. In addition, whenever chains (or timing belts) are tightened to
reduce such slack, the individual wheels must be realigned. These problems are eliminated with a
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completely enclosed gear-drive approach. An enclosed gear train also significantly reduce noise
as well as particulate generation, the latter being very important in clean-room application:

Upper Torso
Steering Chain Rotation Shaft
! Steering
Sprocket
. Power

Wheel

Drive Chain

Steering
Motor Shaft

A B

Figure 1.9: Bottom (A) and top (B) views of a four-wheel synchro-drive
configuration (adapted from [Holland, 1983]).

Drive
Motor Shaft

An example of a three-wheeled helt-drive implementation is seen in the Denning Sentry formerly
manufactured by Denning Mobile Robots, Woburn, MA [Kadonoff, 1985]. Referring to Fig. 1.9,
drive torque is transferred down through the three steering columns to polyurethane-filled rubber
tires. The drive-motor output shaft is mechanically coupled to each of the steering-column power
shafts by a heavy-duty timing belt to ensure synchronous operation. A second timing belt transfers
the rotational output of the steering motor to the three steering columns, allowing them to
synchronously pivot throughout a full 360° range [Everett. 1985]. The Sentry’s upper head assembly
is mechanically coupled to the steering mechanism in a manner similar to that illustrated in Fig. 1.9.
and thus always points in the direction of forward travel. The three-point configuration ensures good
stability and traction. while the actively driven large-diameter wheels provide more than adequate
obstacle climbing capability for indoor scenarios. The disadvantage of this particular implementa-
tion include dead-reckoning errors introduced by compliance in the drive belts as well as by
reactionary frictional forces exerted by the floor surface when turning in place.

To overcome these problems, the Cybermotion K24 Navmaster robot employs an enclosed gear-
drive configuration with the wheels offset from the steering axis as shown in Fig. 1.10 and Fig. 1.11.
When a foot pivots during a turn, the attached wheel rotates in the appropriate direction to minimize
floor and tire wear, power consumption, and slippage. Note that for correct compensation, the miter
gear on the wheel axis must be on the opposite side of the power shaft gear from the whoel as
illustrated. The governing equation for minimal slippage is [Holland, 1983]
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Figure 1.10: The Denning Sentry (foreground) incorporates a three-point
synchro-drive configuration with each wheel located directly below the pivot axis
of the associated steering column. In contrast, the Cybermotion K2A
(background) has wheels that swivel around the steering column. Both robots
were extensively tested at the University of Michigan's Mobile Robotics Lab.

1
1
|

where . |7 Power Shaft
A4 = number of teeth on the power shaft gear — :
B = number of teeth on the wheel axle gear 3
r’ = wheel offset from steering pivot axis -

r = wheel radius.

One drawback of this approach is seen in the
decreased lateral stability that results when one
wheel is turned in under the vehicle. Cybermotion’s
improved K34 design solves this problem (withan
even smaller wheelbase) by incorporating a dual-
wheel arrangement on each foot [Fisher, et al,
1994]. The two wheels turn in opposite directions
in differential fashion as the foot pivots during a
turn, but good stability is maintained in the forgo-
ing example by the outward swing of the additional
wheel.

r!

Figure 1.11: Slip compensation during a turn is
accomplished through use of an offset foot
assembly on the three-wheeled K2A Navmaster
robot (adapted from [Holland, 1983]).
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The dead-reckoning calculations for synchro-drive are almost trivial; vehicle heading is simply
derived from the steering angle encoder, while displacement in the direction of travel is given as
tollows:

2T N
C e

e

D=

where

D = vehicle displacement along path

N =measured counts of drive motor shaft encoder
C, = encoder counts per complete wheel revolution
R, = effective wheel radius.

1.3.5 Omni-Directional Drive

The dead-reckoning solution for most multiple-degree-of-freedom (MDOF) configurations is
done 1n similar fashion to that for differential drive, with position and veliocity data derived from the
motor (or wheel) shaft-encoders. For the three-wheel example illustrated in Fig. 1.12, the equations
of motion relating individual motor speeds to velocity components ¥, and ¥, in the reference frame
of the vehicle are given by [Holland, 1983]

N=or=V,+o,R
Vi=w.r=-0.5V,+0.867V, +o R
Vi=0,r=-0.5V,-0.867V, +o R

where

V,  =tangential velocity of wheel number 1
V,  =tangential velocity of wheel number 2
V;  =tangential velocity of wheel number 3
w, = rotational speed of motor number |
w, =rotational speed of motor number 2
w, = rotational speed of motor number 3
w, = rate of base rotation about pivot axis
w, = effective wheel radius

wy = effective wheel offset from pivot axis.
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Top View

Figure 1.12: (A) Schematic of the wheel assembly used by the Veterans
Administration [La et al., 1981} on an omnidirectional wheelchair, (B) Top view of
base showing relative orientation of components in the three-wheel configuration
(adapted from [Holland, 1983]).

1.3.6 Multi-Degree-of Freedom Vehicles

Multi-degree-of-freedom (MDOF) vehicles have (g 2\
multiple drive and steer motors. Different designs are .\C astor /'
possible. For example, HERMIES III. a sophisticated
platform designed and built at the Oak Ridge National
Laboratory [Pin et al., 1989; Reister et al., 1991; V1 V
Reister. 1993] has two powered wheels that are also
individually steered (see Fig. 1.13). With four inde- r
pendent motors, HERMIES-III is a 4-degree-of-freedom
vehicle.

Drive wheels /

MDOF configurations display exceptional maneuver-
ability in tight quarters in comparison to conventional 2-
DOF mobility systems, but have been found to be e >
difficult to control due to their overconstrained nature
[Reister et al., 1991; Killough & Pin, 1992; Pin and
Killough. 1994; Borenstein, 1994c]. Resulting prob-
lems include increased wheel slippage and thus reduced
dead-reckoning accuracy. Recently, Reister and Unseren Castors
[1992; 1993] introduced a new control algorithm based \'/ \.j
on Force Control. The researchers reported on a Fi —— :

. . . . igure 1.13: A 4-degree-of-freedom vehicle
substantial reduction in wheel slippage for their two- platform can travel in all directions,
wheel drive/two-wheel steer platform, resulting in a including sideways and diagonally. The
reported 20-fold improvement of accuracy. However, difficulty lies in coordinating all four motors
the experiments on which these results were based Such as to avoid slippage.
avoided simultaneous steering and driving of the two
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steerable drive wheels. This way, the critical problem of coordinating the control of all four otors
simultaneously and during transients was completely avoided.

Unique Mobility, Inc., built an 8-DOF vehicle. shown in Fig. 1.14. In personal corresy. ndence
engineers from that company mentioned to us difficulties in controlling and coordinating all eight
motors.

1.3.7 Tracked Vehicles

Yet another drive configuration for mobile robots uses tracks instead of wheels. This very special
implementation of a differential drive is known as skid-steering, and is routinely implemented in
track form on bulldozers and armored vehicles. Such skid-steer configurations intentionally rely on
track or wheel slippage for normal operation (Fig. 1.15), and as a consequence provide rather poor
dead-reckoning information. For this reason. skid-steering is generally employed only in
teleoperated as opposed to autonomous robotic applications, where the ability to surmount
significant floor discontinuities is more desirable than accurate dead-reckoning :nformation. An

N WM.

Figure 1.14: An 8-DOF platform with 4 wheels individually driven and steered. d
This platform was designed and built by Unique Mobility Inc (Courtesy [UNIQUE])
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example is seen in the track drives popular with
remote-controlled robots intended for explosive
ordnance disposal.

/

JULLATILLL

/

dmin h ! ’
N, Track
/" Footprint

-/ dmax

N

VT
\J\ A s -
Figure 1.15: The effective point of contact for a
skid-steer vehicle is roughly constrained on either
side by a rectangular zone of ambiguity
corresponding to the track footprint. As is implied by
the concentric circles, considerable slippage must
occur in order for the vehicle to turn.
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Chapter 2:
Heading Sensors

Heading sensors are of particular importance to mobile robot positioning because they can help
compensate for the foremost weakness of odometry: In an odometry-based positioning method. any
small momentary orientation error will cause a constantly growing lateral position error. For this
reason it would be of great benefit if orientation errors could be detected and corrected immediately.

2.1 Gyroscopes

Gyroscopes can be classified into two broad categories:
e Mechanical gyroscopes
* Optical gyroscopes.

The mechanical gyroscope, a well known and reliable rotation sensor based on the inertial
properties of a rapidly spinning rotor, has been around since the early 1800s. The first known
gyroscope was built in 1810 by G.C. Bohnenberger of Germany. In 1852, the French physicist Leon
Foucault showed that a gyroscope could detect the rotation of the earth [Carter, 1966]. In the
following sections we discuss the principle of operation of various gyroscopes. Later, in Section 5.4
(Inertial Navigation) we discuss the performance of commercially available gyros with respect to
dead-reckoning in mobile robots.

2.1.1 Mechanical Gyroscopes

Anyone who has ever ridden a bicycle has experienced (perhaps unknowingly) an interesting
characteristic of the mechanical gyroscope known as gyroscopic precession. If the rider leans the
bike over to the left around its own horizontal axis, the front wheel responds by turning left around
the vertical axis. The effect is much more noticeable if the wheel is removed from the bike, and held
by both ends of its axle while rapidly spinning. If the person holding the wheel attempts to yaw it
left or right about the vertical axis. a surprisingly violent reaction will be felt as the axle instead
twists about the horizontal roll axis. This is due to the angular momentum associated with a
spinning flywheel, which displaces the applied force by 90° in the direction of spin. The rate of
precession €2 is proportional to the applied torque 7 [Fraden, 1993]:
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T =1wQ

where

T = applied input torque

[ =rotational inertia of rotor
W = rotor spin rate

Q = rate of precession.

Gyroscopic precession is a key factor involved in the concept of operation for the north-seeking
gyrocompass, as will be discussed later.

Friction in the support bearings, external influences, and small imbalances inherent in the
construction of the rotor cause even the best mechanical gyros to drift with time. Typical systems
emploved in inertial navigation packages by the commercial airline industry may drift about 0.1°
during a 6-hour flight [Martin, 1986].

2.1.1.1 Space-Stable Gyroscopes
The earth’s rotational velocity at any given point on the globe can be biroken into two

components: one that acts around an imaginary vertical axis normal to the surface, and another that
acts around an imaginary horizontal axis tangent to the surface. These two components are known
as the vertical earth rate and the horizontal earth rate, respectively. At the North Pole, for example.
the component acting around the local vertical axis (vertical earth rate) would be precisely equal
to the rotation rate of the earth. or 15°-per-hour. The horizontal earth rate at the pole would be zero.

As the point of interest moves down a meridian toward the equator. the vertical earth rate at that
particular location decreases proportionally to a value of zero at the equator. Meanwhile, the
horizontal earth rate. (i.e., that component acting around a horizontal axis tangent to the earth’s
surface) increases from zero at the pole to a maximum value of 15°-per-hour at the equator.

There are two basic classes of rotational sensing gyros: 1) rate gyros, which provide a voltage
or frequency output signal proportional to the turning rate, and, 2) rate integrating gyros, which
indicate the actual turn angle [Udd. 1991]. Unlike the magnetic compass, however, rate integrating
gyros can only measure relative as opposed to absolute angular position, and must be initially
referenced to a known orientation by some external means.

A typical gyroscope configuration is shown in Fig. 2.1. The electrically-driven rofor is suspended
in a pair of precision low-friction bearings at either end of the rotor axle. The rotor bearings are in
turn supported by a circular ring, known as the inner gimbal ring; this inner gimbal ring pivots on
a second set of bearings that attach it to the outer gimbal ring. This pivoting action of the inner
gimbal defines the horizontal axis of the gyro, which is perpendicular to the spin axis ot the rotor
as shown in the figure. The outer gimbal ring is attached to the instrument frame by a third set of
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bearings that define the vertical axis of the gyro. The vertical axis is perpendicular to beth the
horizontal axis and the spin axis.

QOuter Pivot

Figure 2.1: Typical two-axis mechanical gyroscope configuration.

Notice that if this configuration is oriented such that the spin axis points east-west, the horizontal
axis is aligned with the north-south meridian. Since the gyro is space-stable (i.e.. fixed in the inertial
reference frame), the horizontal axis thus reads the horizontal earth rate component of the planet’s
rotation. while the vertical axis reads the vertical earth rate component. If the spin axis is rotated
90° to a north-south alignment. the Earth’s rotation does not affect the gyros’s horizontal axis, since
that axis is now orthogonal to the horizontal earth rate component.

2.1.1.2 Gyrocompasses

The gyrocompass is a special configuration of the rate integrating gyroscope. employing a gravity
reference to implement a north-seeking function that can be used as a true-north navigation
reference. This phenomenon, first demonstrated in the early 1800s by Leon Foucault, was patented
in Germany by Herman Anschutz-Kaempfe in 1903, and in the U.S. by Elmer Sperry in 1908
[Carter. 1966]. The U.S. and German navies had both introduced gyrocompasses into their fleets
by 1911 [Martin, 1986].

The north-seeking capability of the gyrocompass is directly tied to the horizontal eari: rate
component measured by the horizontal axis As mentioned earlier. when the gyro spin axis is
oriented in a north-south direction. it is insensitive to earth rotation. and no tilting occurs. From this
it follows that if tilting is observed, the spin axis is no longer aligned with the meridian. The
direction and magnitude of the measured tilt are directly related to the direction and magnitude of
the misalignment between the spin axis and true north.
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2.1.2 Optical Gyroscopes

Optical rotation sensors have been under development now as replacements for mechanical gyros
for over three decades. With little or no moving parts, such devices are virtually maintenance free
and display no gravitational sensitivities. eliminating the need for gimbals. Fueled by a large
anticipated market in the automotive industry. highly linear fiber-optic versions are now evolving
that have wide dynamic range and very low projected costs.

The principle of operation of the optical gyroscope, first discussed by Sagnac [1913], is
conceptually very simple, although several significant engineering challenges had to be overcome
before practical application was possible. [n fact, it was not until the demonstration of the helium-
neon laser at Bell Labs in 1960 that Sagnac’s discovery took on any serious implications; the first
operational ring laser gyro was developed by Warren Macek of Sperry Corporation just two years
later [Martin, 1986]. Navigation quality ring laser gyroscopes began routine service in inertial
navigation systems for the Boeing 757 and 767 in the early 1980s, and over half a million fiber optic
navigation systems have been installed in Japanese automobiles since 1987 [Reunert, 1993]. Many
technological improvements since Macek's first prototype make the optical rate gyro a potentially
significant influence mobile robot navigation in the future.

The basic device consists of two laser beams traveling in opposite directions (i.e.,
counterpropagating) around a closed-loop path. The constructive and destructive interference
patterns formed by splitting off and mixing parts of the two beams can be used to determine the rate
and direction of rotation of the device itself.

Shulz-DuBois [1966] idealized the ring laser as a hollow doughnut-shaped mirror in which light
follows a closed circular path. Assuming an ideal 100-percent reflective mirror surface, the optical
energy inside the cavity is theoretically unaffected by any rotation of the mirror itself. The
counterpropagating light beams mutually reinforce each other to create a stationary standing wave
of intensity peaks and nulls as depicted in Fig. 2.2. regardless of whether the gyro is rotating [Martin,
1986].

A simplistic visualization based on the Shulz-DuBois idealization is perhaps helpful at this point
in understanding the fundamental concept of operation before more detailed treatment of the subject
is presented. The light and dark fringes of the nodes are analogous to the reflective stripes or slotted
holes in the rotating disk of an incremental optical encoder, and can be theoretically counted in
similar fashion by a light detector mounted on the cavity wall. (In this analogy, however, the
standing-wave “disk™ is fixed in the inertial reference frame, while the normally stationary detector
revolves around it.) With each full rotation of the mirrored doughnut. the detector would see a
number of node peaks equal to twice the optical path length of the beams divided by the wavelength
of the light.
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idealized ring laser gyro.

Obviously, there is no practical way to implement this theoretical arrangement, since a perfect
mirror cannot be realized in practice. Furthermore, the introduction of light energy into the cavity
(as well as the need to observe and count the nodes on the standing wave) would interfere with the
mirror performance, should such an ideal capability even exist. However, many practical
embodiments of optical rotation sensors have been developed for use as rate gyros in navigation
applications. Five general configurations will be discussed in the following subsections:

* active optical resonators (2.1.2.1)

 passive optical resonators (2.1.2.2)

 open-loop fiber optic interferometers (analog) (2.1.2.3)
« closed-loop fiber optic interferometers (digital) (2.1.2.4)
« fiber optic resonators (2.1.2.5).

Aronowitz [1965], Menegozzi & Lamb [1973], Chow, et al. [1985], Wilkinson [1987], and Udd
[1991] provide in-depth discussions of the theory of the laser ring gyro and its fiber optic derivatives.
A comprehensive treatment of the technologies and an extensive bibliography of preceding works
is presented by Ezekial and Arditty [1982] in the proceedings of the First Internat ~nal Conference
on Fiber Optic Rotation Sensors held at MIT in November, 1981. An excellent -atment of the
salient features, advantages. and disadvantages of ring laser gyros versus fiber “tic gyros is
presented by Udd [1985, 1991].

2.1.2.1 Active Ring Laser Gyros

The active optical resonator configuration. more commonly known as the ring laser gyro, solves
the problem of introducing light into the doughnut by filling the cavity itself with an active lazing
medium. typically helium-neon. There are actually two beams generated by the laser, which travel
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around the ring in opposite directions. [f the gyro cavity is caused to physically rotate in the
counterclockwise direction, the counterclockwise-propagating beam will be forced to traverse a
slightly longer path than under stationary conditions. Similarly, the clockwise-propagating beam
will see its closed-loop path shortened by an identical amount. This phenomenon. known as the
Sagnac effect, in essence changes the length of the resonant cavity. The magnitude of this change
is given by the following equation [Chow et al., 1985]:

47 rQ
c

AL =

where

L =change in path length

r = radius of the circular beam path
Q = angular velocity of rotation

¢ =speed of light.

Note that the change in path length is directly proportional to the rotation rate (2 of the cavity.
Thus. to measure gyro rotation, some convenient means must be established to measure the induced
change in the optical path length.

This requirement to measure the difference in path lengths is where the invention of the laser in
the early 1960s provided the needed technological breakthrough that allowed Sacnac’s observations
to be put to practical use. For lazing to occur in the resonant cavity, the round-trip beam path must
be precisely equal in length to an integral number of wavelengths at the resonant frequency. This
means the wavelengths (and theretfore the frequencies) of the two counterpropagating beams must
change, as only oscillations with wavelengths satisfying the resonance condition can be sustained
in the cavity. The frequency difference between the two beams is given by [Chow et al., 1985]

2/ 2rQ2
c A

Af

where

f = trequency difference

r =radius of circular beam path
Q = angular velocity of rotation
A = wavelength.

In practice. a doughnut-shaped ring cavity would be hard to realize. For an arbitrary cavity
geometry, the expression becomes [Chow et al., 1985]

440

A
4 Ph
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where

f = frequency difference

A = area enclosed by the closed-loop beam path
Q = angular velocity of rotation

P = perimeter of the beam path

A = wavelength.

For single-axis gyros. the ring is generally formed by aligning three highly reflective mirrors to
create a closed-loop triangular path as shown in Fig. 2.3. (Some systems, such as Macek’s early
prototype, employ four mirrors to create a square path). The mirrors are usually mounted to a
monolithic glass-ceramic block with machined ports for the cavity bores and electrodes. Most
modern three-axis units employ a square block cube with a total of six mirrors, each mounted to the
center of a block face as shown in Fig. 2.3. The most stable systems employ linearly polarized light
and minimize circularly polarized components to avoid magnetic sensitivities [Martin, 1986].

. . =
The approximate quantum noise

limit for the ring laser gyro is due to §
spontaneous emission in the gain @ /

medium [Ezekiel and Arditty, @
1982]. Yet, the ring laser gyro rep-
resents the “best-case” scenario of
the five general gyro configurations | A B
outlined above. For this reason the
active laser ring gyro offers the
highest sensitivity and is perhaps
the most accurate implementation to
date.

The fundamental disadvantage
associated with the active ring laser
is a problem called frequency lock- Figure 2.3: Six-mirror configuration of three-axis ring laser gyro.
in, which occurs at low rotation
rates when the counterpropagating beams “lock™ together in frequency {Chao et al., 1984]. This
lock-in is attributed to the influence of a very small amount of backscatter from the mirror surfaces,
and results in a deadband region (below a certain threshold of rotational velocity) for which there
is no output signal. Above the lock-in threshold, output approaches the ideal linear response curve
in a parabolic fashion.

The most obvious approach to solving the lock-in problem is to improve the quality of the mirrors
to reduce the resulting backscatter. Again, however, perfect mirrors do not exist, and some finite
amount of backscatter will always be present. Martin [1986] reports a representative value as 10"
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of the power of the main beam: enough to induce frequency lock-in for rotational rates of several
hundred degrees per hour in a typical gyro with a 20-cm (8-inch) perimeter.

An additional technique for reducing lock-in is to incorporate some type of biasing scheme to
shift the operating point away from the deadband zone. Mechanical dithering is the least elegant but
most common biasing means, introducing the obvious disadvantages of increased system complexity
and reduced mean-time-between-failures due to the moving parts. The entire gyro assembly is
rotated back and forth about the sensing axis in an oscillatory fashion. State-of-the-art dithered
active ring laser gyros have a scale factor linearity that far surpasses the best mechanical gyros.

Dithered biasing, unfortunately, is too slow for high-performance systems (i.e., flight control),
resulting in oscillatory instabilities [Martin, 1986]. Furthermore, mechanical dithering can introduce
crosstalk between axes on a multi-axis system, although some unibody three-axis gyros employ a
common dither axis to eliminate this possibility [Martin, 1986].

Buholz and Chodorow [1967], Chesnoy [1989], and Christian and Rosker [1991], discuss the use
of extremely short duration laser pulses (typically 1/15 of the resonator perimeter in length) to reduce
the effects of frequency lock-in at low rotation rates. The basic idea is to reduce the cross coupling
between the two counterpropagating beams by limiting the regions in the cavity where the two
pulses overlap. Wax and Chodorow [1972] report an improvement in performance of two orders
of magnitude through the use of intracavity phase modulation. Other techniques based on nonlinear
optics have been proposed. including an approach by Litton that applies an external magnetic field
to the cavity to create a directionally dependent phase shift for biasing [Martin. 1986].

Yet another solution to the lock-in problem is to remove the lazing medium from the ring
altogether. effectively forming what is known as a passive ring resonator.

2.1.2.2 Passive Ring Resonator Gvros

The Passive Ring Resonator Gyro makes use of a laser source external to the ring cavity
(Fig. 2.4). and thus avoids the frequency lock-in problem which arises when the gain medium is
internal to the cavity itself. The passive configuration also eliminates problems arising from changes
in the optical path length within the interferometer due to variations in the index of refraction of the
gain medium [Chow, et al., 1985]. The theoretical quantum noise limit is determined by photon shot
noise. and is slightly higher (i.e., worse) than the theoretical limit seen for the Active Laser Ring
Gyro [Ezekiel & Arditty, 1982].
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The fact that these devices use Highly
mirrored resonators patterned afte. , Reflecuve
their active ring predecessors means o Souree \
that their packaging is inherently
bulky. However, fiber optic tech-
nology now offers a low volume
alternative. The fiber optic deriva-
tives also allow longer length multi-
turn resonators, for increased sensi-
tivity in smaller, rugged. and less \
expensive packages. As a conse-
quence, the Resonant Fiber Optic
Gyro (RFOG), to be discussed in
Section 2.1.2.5 ,‘has emerged as the Figure 2.4: Passive ring resonator gyro with laser source
most popular of the resonator con-  external to the ring cavity.
figurations [Sanders, 1992].

Partially
Transmissive
Mirror

Detector

2.1.2.3 Open-Loop Interferometric Fiber Optic Gyros

The concurrent development of optical fiber technology, spurred mainly by the communications
industry, presented a potential lowcost alternative to the high-tolerance machining and clean-room
assembly required for ring laser gyros. The glass fiber in essence forms an internally reflective
waveguide for optical energy, along the lines of a small-diameter linear implementation of the
doughnut-shaped mirror cavity conceptualized by Shulz-DuBois [1966].

Recall the refractive index » relates the speed of light in a particular medium to the speed of light
in a vacuum as follows:

where

n = refractive index of medium
¢ =speed of light in a vacuum
¢,, = speed of light in medium.

Step-index multi-mode fiber (Fig. 2.5) is made up of a core region of glass with index of refr:.ction
n., surrounded by a protective cladding with a lower index of refraction,n [Nolan & Blaszyk,
1991]. The lower refractive index in the cladding is necessary to ensure total internal retlection of
the light propagating through the core region. The terminology step-index refers to this “stepped”
discontinuity in the refractive index that occurs at the core-cladding interface.
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Referring now to Fig. 2.5, as long as the entry angle (with respect to the waveguide axis) of an
incoming ray is less than a certain critical angle .. the ray will be guided down the fiber, vir:ually
without loss. The numerical aperture of the fiber quantifies this parameter of acceptance (the light-
collecting ability of the fiber), and is defined as follows [Nolan & Blaszyk, 1991]:

Nl

. 2 2
NA =smnb, =4n —n,

where

NA = numerical aperture of the fiber

6. = critical angle of acceptance

n, = index of refraction of glass core
n, = index of refraction of cladding. £ iirm 9 Br Qoo o ’

Figure 2.5: Step-index multi-mode fiber.

As illustrated in Fig. 2.6, a number of

rays following different-length paths can simultaneously propagate down the fiber, as long as their
respective entry angles are less than the critical angle of acceptance 6.. Multiple-path propagation
of this nature occurs where the core diameter is much larger than the wavelength of the guided
energy, giving rise to the term multi-mode fiber. Such multi-mode cperation is clearly undesirable
in gyro applications, where the objective is to eliminate all non-reciprocal conditions other than that
imposed by the Sagnac effect itself. As the diameter of the core is reduced to approach the operating
wavelength, a cutoff condition is reached where just a single mode is allowed to propagate,
constrained to travel only along the waveguide axis [Nolan & Blaszyk, 1991].

Numerical Aperture

Light can randomly change polariza-

tion states as it propagates through stan-
dard singie-mode fiber. The use of special
polarization-maintaining fiber. such as
PRSM Corning, maintains the original
polarization state of the light along the
path of travel [Reunert, 1993]. This is *?

important. since light of different polar- |

ization states travels through an optical
fiber at different speeds.
propagation paths in fiber core.
A typical block diagram of the
“minimum-reciprocal” IFOG configuration is presented in Fig. 2.7. Polarization-maintaining s:1gle-
mode fiber [Nolan & Blaszyk, 1991] is emploved to ensure the two counterpropagating beams 1n the
loop follow identical paths in the absence of rotation.
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Figure 2.7: Block diagram of "minimum-reciprocal” integrated fiber optic gyro.

An interesting characteristic of the IFOG is the absence of any laser source [Burns, et al, 1983],
the enabling technology allowing the Sagnac effect to reach practical implementation in the first
place. A low-coherence source. such as a super-luminescent diode (SLD), is typically employed
instead to reduce the effects ot noise [Tai et al.. 1986], the primary source of which is backscattering
within the fiber and at any interfaces. As a result, in addition to the two primary counterpropagating
waves in the loop, there are also a number of parasitic waves that yield secondary interferometers
[Lefevre. 1992]. The limited temporal coherence of the broadband SLD causes any interference due
to backscattering to average to zero, surpressing the contrast of these spurious interferometers. The
detection system becomes sensitive only to the interference between waves that followed identical
paths [Ezekiel & Arditty, 1982: Lefevre. 1992].

The Sagnac phase shift introduced by rotation is given by [Ezekiel & Arditty, 1982]

2aLD

C

Ad =

where

Ad = measured phase shift between counterpropagating beams
L = length of fiber optic cable in loop

D = diameter of loop

A = wavelength of optical energy

¢ =speed of light in a vacuum.

The stability of the scale factor relating Ad to the rotational velocity in the equation above 1s thus
limited to the stability of L, D, and A [Ezekiel & Arditty, 1982]. Practical implementations usually
operate over plus or minus half a tringe (i.e.. +7 radians of phase difference), with a theoretical
sensitivity of 10 radians or less of phase shift [Lefevre, 1992].
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[FOG sensitivity may be improved by increasing L (i.e., adding turns of fiber in the sensing loop).
This effect peaks at an optimal length of several kilome :ers, after which the fiber attenuation (1 dB
per kilometer typical) begins to degrade performance. This large amount of fiber represents a
significant percentage of overall system cost.

In summary, the open-loop IFOG is attractive from the standpoint of reduced manufacturing
costs. Additional advantages include high tolerance to shock and vibration, insensitivity to gravity
effects, quick start-up, and good sensitivity in terms of bias drift rate and random walk coefficient.
Coil geometry is not critical, and no path length control is needed. Some disadvantages are that a
long optical cable is required, dynamic range is limited with respect to active ring laser gyros. and
the scale factor is prone to vary [Adrian, 1991]. Open loop configurations are therefore most suited
to the needs of lowcost systems in applications that require relatively low accuracy (i.e., automobile
navigation).

For applications demanding higher accuracy, such as aircraft navigation (0.01 to 0.001 degrees-
per-hour), the Closed-Loop IFOG to be discussed in the next section offers significant promise.

2.1.2.4 Closed-Loop Interferometric Fiber Optic Gyros

This new implementation of a fiber optics gyro provides feedback to a frequency or phase shifting
element. The use of feedback results in the cancellation of the rotationally induced Sagnac phase
shift. However, closed-loop digital signal processing is considerably more complex than the analog
signal processing employed on open-loop IFOG configurations [Adrian, 1991]. Nonetheless, it now
seems that the additional complexity is justified by the improved stability of the gyro: closed-loop
IFOGs are now under d