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[57] ABSTRACT

A proximity detection system for determining the dis-
tance between a vehicle and a navigation beacon by
resolving the altitude angle between the beacon and the
vehicle and determining the distance between them.
The system then defines an optimum distance between
the beacon and the vehicle and compares the deter-
mined distance and the optimum distance to establish
any difference between them.

24 Claims, 29 Drawing Figures
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BEACON PROXIMITY DETECTION SYSTEM FOR
A VEHICLE
FIELD OF INVENTION

This invention relates to a system for detecting prox-
imity of a vehicle to a navigation beacon, and more
particularly to such a system for use in a mobile robot.

CROSS-REFERENCES

The following applications, filed concurrently here-
with, are incorporated herein by reference:

Inventors Title Serial No.

Maddox et al. Intrusion Detection System 864,032

Muller et al. Ultrasonic Ranging System 864,002

Benayad-Cherif Position Locating System 864,031

et al. for Vehicle

Pavlak et al. Power-Up Sequencing Apparatus 864,550

Kadonoff et al.  Orientation Adjustment System 864,450
and Robot Using Same

Kadonoff et al.  Obstacle Avoidance System 864,585

Kadonoff et al. Beacon Navigation System and 864,442
Method for Guiding a Vehicle

George Il et al. Recharge Docking System 864,028
for Mobile Robot

BACKGROUND OF INVENTION

Knowledge of the location of a vehicle relative to its
environment is crucial, particularly for autonomous
vehicles. Presently there are a number of distinct sys-
tems which utilize internal or external reference systems
to estimate position.

Internal reference is typically provided by inertial
reference utilizing a gyroscope. Accurate gyroscopes,
particularly digitally readable ones, are quite expensive
and are relatively delicate.

Internal reference can also be provided by dead reck-
oning. Encoders on the drive system record the dis-
tance travelled by the wheels or tracks of the vehicle.
This technique, also known as odometry, further in-
cludes steering encoders to record changes in orienta-
tion.

Other systems model the surrounding environment
by reducing the environment to geometric features. The
vehicle matches the perceived geometric model with
the expected model and correlates them to determine its
offset in position. The environment is typically mod-
elled as a series of line segments representing surface
features, or as a grid representing the probability of
presence or absence of objects within particular loca-
tions.

Yet other systems rely on a number of markers placed
in the environment. A landmark system utilizes markers
placed along a path to denote the distance travelled.

Some systems calibrate positions at predetermined
locations, or nodes, where a number of markers are
installed to permit triangulation. One system uses three
infrared beacons to triangulate position. Triangulation
can also be accomplished using other forms of energy
such as radio waves.

Another system triangulates its position using a rotat-
ing laser. The laser beam reflects off corner reflectors at
designated locations. The system determines the angles
among the reflectors to triangulate its position.
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SUMMARY OF INVENTION

It is therefore an object of this invention to provide
an improved beacon proximity detection which deter-
mines the position of a vehicle along a path.

It is a further object of this invention to provide such
a beacon proximity detection which calibrates position
from a single reference point.

It is a further object of this invention to provide such
a beacon proximity detection which eliminates the need
for multiple reference points within view of the vehicle
during position calibration.

Yet another object of this invention is to provide such
a beacon proximity detection for use in a mobile robot.

The invention results from the realization that truly
effective realignment of the position of a vehicle navi-
gating along a path toward a navigation node can be
achieved by a system which resolves the altitude angle
between the vehicle and a beacon, determines the dis-
tance between the beacon and the vehicle, defines for
the node the optimum distance between the vehicle and
the beacon, and compares the determined distance with
the optimum distance to establish any difference be-
tween them.

This invention features a proximity detection system
for determining the distance between a vehicle and a
navigation beacon. There are detector means, respon-
sive to the beacon, for resolving the altitude angle be-
tween the beacon and the vehicle and means, responsive
to the resolved altitude angle and to the height of the
beacon, for determining the distance between the bea-
con and the vehicle. There is also means for defining an
optimum distance between the beacon and the vehicle
and for comparing the determined distance and the
optimum distance between the beacon and the vehicle
to establish any difference between them.

" In one embodiment, the system further includes
means for supplying to the means for defining the height
of the beacon and an additional known geometric pa-
rameter for the optimum distance. The means for defin-
ing includes means for generating the difference in dis-
tance of the vehicle as a function of the resolved altitude
angle, the known geometric parameter, and the known
height. The known geometric parameter may be the
expected altitude angle between the detector means and
the beacon at the optimum distance and the means for
defining calculates the difference in position according
to the formula

AX = (OpE — Oyq) =g
sinZ (8y.4)

where delta X is the difference in position, thetaygis the
expected altitude angle, thetay, is the actual altitude
angle, and e is the known height. Alternatively, the
additional known parameter is the expected horizontal
distance of the vehicle to the beacon.

In another embodiment, the detector means includes
a multisector sensor for sensing a signal emitted by the
beacon, and means responsive to the sensor sectors for
generating an angle data signal representative of the
angle from the sensor to the beacon in at least the altitu-
dinal dimension. The sensor may be a lateral effect
photodiode and the detector means further includes
means responsive to the altitudinal angle for calculating
the direction from the sensor to the beacon.
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In yet another embodiment, the proximity detection
system further includes means for adjusting the position
of the vehicle by the established difference and the
system further includes inclinometer means for sensing
deviation of the vehicle from vertical. The means for
defining includes means for combining the vertical devi-
ation and the resolved altitude angle with each other
and substituting the combined value for the resolved
altitude angle to establish the difference in position.

This invention also features a proximity detection
system for determining the distance between a mobile
robot and a navigation beacon, including detector
means for resolving the altitude angle between the bea-
con and the robot, means for determining the distance
between the beacon and the robot, and means for defin-
ing an optimum distance between the beacon and the
robot and for comparing the determined distance with
the optimum distance between the beacon and the robot
to establish any difference between them. The system
may further include means for adjusting the position of
the robot by the established difference and the robot
may include a synchro-drive locomotion system.

This invention further features a proximity detection
system for determining the distance between a vehicle
and a navigation beacon including at least one beacon,
detector means for resolving the altitude angle between
the beacon and the vehicle, means for determining the
distance of the beacon and the vehicle, and means for
defining an optimum distance between the beacon and
the vehicle and for comparing the determined distance
and the optimum distance between the beacon and the
vehicle to establish the difference between them.

In one embodiment, the beacon includes means for
emitting detectable energy and the beacon may be a
point source. The beacon includes means for producing
the energy in a coded signal which uniquely identifies
that beacon. The system may further include means for
supplying the height of that uniquely identified beacon
such as memory means in the vehicle for storing the
known height for that beacon. The detector means
includes a multisector sensor for sensing the signal emit-
ted by the beacon, and means for generating a code data
signal representative of the coded signal. The detector
means also includes means, responsive to the sensor
sectors, for generating an angle data signal representa-
tive of the angle from the sensor to the beacon in at least
the altitudinal dimension. The beacon is positioned
along the axis corresponding to the intended direction
of travel of the vehicle.

DISCLOSURE OF PREFERRED EMBODIMENT

Other objects, features and advantages will occur
from the following description of a preferred embodi-
ment and the accompanying drawings, in which:

FIG. 1is an axonomeiric view of a robot utilizing the
orientation calibration system according to this inven-
tion;

FIG. 2 is a simplified exploded view with paris re-
moved of the robot of FIG. 1;

FIG. 3 is a block diagram of the electronic modules
included in the robot of FIGS. 1 and 2;

FIG. 4A is a schematic top plan view of the relation-
ship between the head and the body to each other and
relative to the environment;

FIG. 4B is a schematic top plan view of alignment
between the head and the body using a position en-
coder;
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FIG. 4C is a schematic top plan view of the sign of
angles in relation to the front of the robot;

FIG. 5A is a schematic top plan view of the angles
and distances between the robot, a predetermined node,
and a beacon;

FIG. 5B is an elevational plan view of the robot and
beacon of FIG. 5A relative to each other;

FIG. 5C is a schematic top plan view of the angles
and distances between the robot, a selected path, and an
offset beacon;

FIG. 6 is a schematic block diagram of the mobile
module of FIG. 3;

FIG. 7A is a2 schematic diagram of a map of a number
of nodes established in the environment;

FIG. 7B is a schematic diagram of a global navigation
path to a goal node within the map of FIG. 7A;

FIG. 7C is a schematic diagram of local navigation
between two nodes of the global path of FIG. 7B;

FIG. 8A is a schematic block diagram of position
estimation utilizing beacon proximity detection accord-
ing to this invention to perform X-axis calibration;

FIG. 8B is a flow chart of the arbiter of FIG. 8A;

FIG. 9 is a flow chart of the X-axis calibration of
FIG. 8A;

FIGS. 10A and 10B are flow charts of end-path cali-
bration of FIG. 8A;

FIGS. 11A and 11B are flow charts of body angle
calibration of FIG. 8A;

FIG. 12 is a block diagram of position locating in-
cluding beacon sensors and the beacon electronic mod-
ule;

FIG. 13 is an illustration of the optical burst output of
the beacons of FIG. 12;

FIG. 14 is an enlarged detail of a singie burst of FIG.
13;

FIG. 15 is a more detailed block diagram of a beacon
shown in FIG. 12;

FIG. 16 is a more detailed block diagram of an eye
shown in FIG. 12;

FIG. 17 is a more detailed biock diagram of the bea-
con STD-bus interface of FIG. 12;

FIGS. 18A and 18B are flow charts of the software
utilized in the microprocessor of FIG. 12; and

FIG. 19 is a schematic of the photodiode of FIG. 16.

There is shown in FIG. 1 a vehicle, robot 10 accord-
ing to this invention including a head section 12 and a
base 14 movable on three wheels, only two of which,
16, 18, are visible. The wheels are mounted in three
steerable trucks, only two of which, 20 and 22, are
visible. There are twenty-four ultrasonic transducers 24
such as the electrostatic transducer of the Sell type
available from Polaroid equally spaced at fifteen de-
grees around the periphery of base 14. One of transduc-
ers 24, such as transducer 24q, is designated as sensor
zero; its azimuthal heading is utilized as described be-
low. Above that on reduced neck 26 there are located
six passive infrared motion detectors 28, 30, 32, 34, 36,
38, only two of which, 28 and 30, are shown. These
detectors are equally spaced at sixty degrees apart and
may be DR-321’s available from Aritech. Just above
that are two conductor bands 50 and 52 which are used
to engage a charging arm for recharging the robot’s
batteries. Head section 12 is mounted to base 14 and
rotates with respect to base 14 about a central vertical
axis. Head section 12 carries an RF antenna 65 for send-
ing and receiving communication signals to a base loca-
tion or guard station. Head section 12 also includes an
infrared sensor 60 for sensing radiation in the near infra-
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red region, e.g. 880 nm, such as emitted from LED 62 of
beacon 64, one or more of which are mounted on the
walls in the space to be protected by robot 10 to assist in
locating and directing robot 10 in the area in which it is
to roam. An ultrasonic transducer 66 similar to one of
the transducers 24 used for maneuvering and avoidance
may be provided for ranging. There is also provided a
passive infrared sensor 68 similar to sensors 28 and 30. A
microwave transmission and reception antenna 70 and a
TV camera 72 which may be turned on when an appar-
ent intrusion has occurred; these are also included in
head 12.

Base 14, FIG. 2, includes a main chassis 80 which
carries three batteries 82 such as Globe 12 V 80 AH gel
cells, only one of which is shown. When fully charged
they will operate the robot for twelve hours or more.

Robot 10 is provided with a synchro-drive locomo-
tion system 83. The wheels are steered simultaneously
and driven simultaneously. By steering simultaneously,
base 14 optimally maintains an azimuthal angle which is
fixed in space and serves as the basic reference of the
robot to the outside world. Trucks 20 and 22, with
wheels 16 and 18 respectively, are suspended from chas-
sis 80. Each truck as indicated at truck 20 includes a
right-angle drive 84 which receives input from vertical
drive shaft 86 and provides output on horizontal drive
shaft 88 to operate pulley 90. Pulley 90 through belt 92
drives pulley 94 attached to the axle of wheel 16. Verti-
cal drive shaft 86 and counterpart drive shafts 96 and 98
are driven by their respective sprockets or pulleys 100,
102, 104 .which in turn are driven by.endless belt 106
powered by the pulley 107 on output shaft 108 of drive
motor 110 mounted beneath chassis 80. An encoder 111
mounted with motor 110 monitors the velocity of the
robot. An idler wheel 112 is provided to maintain
proper tension on belt 106.

Three additional shafts concentric with shafts 86, 96
and 98, respectively, are driven by a second set of pul-
leys or sprockets 120, 122, 124 engaged with drive belt
126 powered by sprocket 128 driven by steering motor
130 mounted beneath chassis 80. Idler pulley 131 is used
to maintain tension on belt 126. An encoder 132 is asso-
ciated with steering motor 130 to provide outputs indic-

ative of the steering position. The steering motor shaft is.

connected through pulley 128 to extension shaft 134,
the top of which is provided with a flange 136 with a
plurality of mounting holes 138. Position sensor 135,
such as a Hall Effect device, interacts with a magnetic
detent on shaft 134 as described below. Electronic chas-
sis 140 is mounted by means of screws 142 on three
shorter standoffs 144. Three holes 146 in electronic
chassis 140 accommodate the pass-through of longer
standoffs 148, which mount neck 26 by means of screws
150. Electronic chassis 140 contains all of the electronic
circuit boards and components such as indicated as
items 152 that are contained in the base 14, including the
status module described infra.

When an electronic chassis 140 and neck 26 are
mounted on their respective standoffs, extension shaft
134 and flange 136 and the associated structure are
accommodated by the central hole 160 in electronic
chassis 140 and the opening in neck 26 so that the head
plate 170 may be mounted by means of screws 172 to
threaded holes 138 in flange 136. In this way the entire
head rotates in synchronism with the trucks and wheels
as they are steered by steering motor 130. Arrow 171
represents the frontal, forward-facing orientation of
head 12.

5

20

25

35

40

45

50

60

65

6

In addition to the primary microwave sensor 70 there
are three additional microwave sensors only one of
which, 190, is visible spaced at ninety degrees about
head plate 170 mounted in housings 192, 194, and 196.
One or more additional ultrasonic sensors can also be
mounted in head 12, e.g., ultrasonic sensor 195 on hous-
ing 192. Housing 194 faces directly to the back of the
head as opposed to primary microwave sensor 70 which
faces front. Housing 194 also contains a second infrared
sensor, not visible, which is the same as infrared sensor
68.

Head 12 also contains internal reference sensors. In-
clinometer 197, such as the ACCUSTAR Clinometer
Sensor available from Sperry Corp., is mounted on the
rear portion of external sensor housing 199. Its use in X
axis calibration according to this invention is described
below.

Cover 200 protects the electronics on head plate 170.
All of the electrical interconnections between head 12
and base 14 are made through slip rings contained in slip
ring unit 202 mounted about extension shaft 134 in base
14.

Head 12, FIG. 3, includes three electronic portions:
beacon module 210, head ultrasonic module 212, and
intrusion detection module 214. Beacon module 210
responds to the IR sensor 60 to determine what angle
the beacon 64 is with respect to the robot. That angle is
fed on bus 216 through the slip ring unit 202 to the main
CPU 218. Beacon module 210 is also responsive to incli-
nometer 197.

Head ultrasonic module 212 responds to ultrasonic
transducer 66 to provide ranging information on bus
216 to CPU 218. Intruder detection module 214 re-
sponds to the four microwave sensors such as sensors
70, 190, and the two IR sensors such as sensor 68, to
provide indications as of yet unconfirmed intrusion
events. These events are processed by the alarm confir-
mation unit 220 in CPU 218 to determine whether a true
confirmed intrusion has occurred.

In the body section 14, there is included status mod-
ule 222, mobile module 224, body ultrasonics module
226, and CPU 218. Status module 222 responds to the
six infrared sensors 28-38 to provide an indication of an
intrusion. Status module 222 may also monitor fire and
smoke detectors, diagnostic sensors throughout the
robot such as inclinometer 197, as well as chemical and
odor detectors and other similar sensors. Mobile mod-
ule 224 operates and monitors the action of drive motor
110 and steering motor 130. The twenty-four ultrasonic
transducers 24 provide an input to the body ultrasonic
module 226, which provides digital range information
for the robot. Finally, body 14 contains CPU 218,
which in addition to the alarm confirmation unit 220
also interconnects with a floppy disk controller, a two-
channel serial I/0 board, and a reset board which re-
ceives inputs from a pushbutton reset and CPU 218 and
provides as outputs ultrasonic resets, motor resets, sta-
tus resets, beacon resets, I/O module resets and head
ultra resets. CPU 218 also receives inputs from RF
antenna 65 through RF circuit 240.

Several notations describe the orientation of head 12
to body 14, as shown in FIG. 4A. Arrow 300 represents
its front, which faces the direction of travel, shown as
front arrow 171 in FIG. 2. The azimuthal orientation of
body 14, FIG. 4A, is represented by point 302, hereinaf-
ter referred to as sensor zero. Sensor zero is a desig-
nated, fixed point on body 14 itself, e.g. sensor 24q,
FIG. 2. The angle between head front 300 and body
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zero is thetap. The azimuthal angular distance from
global zero to sensor zero is represented by thetag;
arrows 304 represent the designated orientation for the
surrounding environment.

Head 12 is realigned with base 14 using position sen-
sor 135 and magnetic detent 306 on shaft 134 as shown
in FIG. 4B. This is accomplished at designated homing
nodes by rotating head 12, that is, by pivoting the three
steerable trucks, about its vertical axis such that mag-
netic detent 306 is brought into alignment with position
sensor 135 of base 14. The head direction angle thetapis
then set to zero; this and other operational parameters
of the robot are maintained in updatable memory, here-
inafter referred to as the blackboard, in CPU 218, FIG.
3

The sign of angles is determined as shown in FIG.
4C. Object 290 is directly aligned with robot front 300.
Angles in the clockwise direction, indicated by arrow
291 between object 290 and object 292, are positive in
value. Angles in the counterclockwise direction, shown
by arrow 293 toward object 294, are negative.

The position and orientation of robot 10 relative to
beacon 64a is shown in FIG. 5A. Thetayy is the actual
horizontal angle, that is, the azimuthal angle, between
head front 300 and beacon 64a. Beacon 64z has a 30°
transmitter beam width, indicated by arrow 303, which
is detected by sensor 60, FIGS. 1 and 2, within its 22°
field of view. The expected horizontal angle, thetayg, is
zero when robot 10 is properly following path 308
towrd wall 301. Horizontal deviation from path 308 is
designated by the variabley, here shown by arrow 310.
The orientation of path 308 is represented by angle

thetap, which is 180° in relation to coordinate arrows:

304.

Dashed line 312 parallels path 308. The angular devi-
ation from the direction of path 308 to front 300 is rep-
resented by head-path angle thetays. Sensor zero path
angle thetagz is the angle from the path to sensor zero
302. Head direction angle thetap is equal to the sensor
zero path angle thetagzsubtracted from head-path angle
thetaps. Angle thetasz is equal to path angle thetap
minus body angle thetag.

Thus, body angle thetag serves as the basic reference
for robot 10 to the outside world. The actual direction
of an intruder, a fire or a path is determined for the
robot in relation to sensor zero whose heading is up-
dated by body angle thetap.

Body angle calibration, that is, the updating of the
angular orientation between sensor zero and global
zero, can be conducted at any place along path 308.
Calibration of the distance travelled in the X direction,
shown by arrow 314, must be conducted at a predeter-
mined location such as node 316. As shown in FIG. 5B,
the vertical angle, that is, the altitude angle, between
beacon sensor 60 and LED 62z of beacon 64¢ is classi-
fied as actual vertical angle thetay4. This is obtained
while robot 10 is distance f4 from wall 301. The ex-
pected vertical angle thetayglearned by initially placing
robot 10 at node 316 to measure the angle. Inclinometer
197, FIG. 2, is utilized to correct for unevenness in
terrain.

As described below, the expected distance fg is mea-
sured from node 316 to wall 301 and can be used instead
of expected vertical angle thetapg. In either case, the
vertical distance between the height of beacon sensor 60
and LED 62a must be measured, represented by verti-
cal distance e and shown by arrow 318. When the dis-
tance between wall 301 and vertical axis VA is desired,
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8
the robot’s radius r is added to the trigonometric calcu-
lations.

The actual distance between robot 10 and wall 301
can also be measured by head ultrasonic sensor 66
within its 15° field of view. This distance measurement
is denoted as horizontal distance Ry 4 and is shown by
dashed arrow 320.

Geometric parameters describing the location of
robot 19 along the path and its orientation relative to an
offset beacon are shown in FIG. 5C. The path distance
Xpis represented by line 321 between start node 320 and
end node 322. Line 324 represents the distance trav-
elled, Xps, and line 326 designates the remaining dis-
tance to travel, Xp—Xp.

If the reference to be observed by robot 10 such as
beacon 64b, is not directly aligned with path 308z, the
angle between beacon 64 and path 308z is denoted by
offset angle theta,: Head horizontal angle thetazy4
represents the difference in orientation between head
front 300 and beacon 64b.

An estimate of distance travelled and of location is
maintained by dead reckoning accomplished by X-Y
positioner 322 of mobile module 224, FIG. 6. Mobile
module 224 includes motor controller 330, which con-
trols drive motor 110 and steering motor 130. Distance
travelled is determined by encoder 111 which provides
this information to X-Y positioner 332. Similarly, steer-
ing encoder 132 provides change in orientation informa-
tion to positioner 332, which accordingly outputs path
distance Xjs, path deviation Y, and head orientation
thetaps, which denotes the angle of the head to the path.
Encoders 111, 132 also provide feedback to motor con-
troller 330. )

Navigation of the robot through its environment is
described in relation to successive nodes. Map 338,
FIG. 7A, includes selected nodes 340 which have a
known distance and angle among each other. The robot
travels toward successive goal nodes. For example, if
the robot is at node 4, the starting node;, the robot can be
directed to visit goal node 7. The paths required to
accomplish this are designaied in FIG. 7B as the global
path 342. Global path 342 designates consecutive navi-
gation nodes, and a list of paths between these nodes. At
each node, the robot must change headings, recalibrate
estimated position, and head towards the next node.

Travel along the particular path is represented by
path 344, FIG. 7C. Local navigation along path 344
moves the robot from node 4 to node 5.

The spatial models represented by FIGS. 7A-7C
simply represent navigable paths through the environ-
ment and do not actually describe the surrounding envi-
ronment. This system requires much less information
than: other systems utilizing more complicated tech-
niques such as geometric modeling of the environment.

In addition to the identification of the starting node
and the list of successive nodes to visit, the predeter-
mined map information also includes a number of char-
acteristics for each path. These include the distance of
the path and its angle, thetap, in relation to global zero.
The path information may also include the width of the
path, and, if a beacon is disposed at the end of the path,
the beacon code, distance f, height e, and expected
vertical angle thetayg. The intensity of the beacon can
be monitored to confirm proper operation of the beacon
if it is an active beacon; expected intensity of passive
beacons such as reflectors or bar codes are not required.
One or more position calibration techniques can be
specified, such as beacon proximity detection according
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to this invention to perform X-axis calibration, ultra-
sonic end-path calibration, and body-angle calibration.

Robot 10 uses one or more position calibration sys-
tems 399 to estimate its position as shown in FIG. 8A.
The position calibration systems 399 are located within
CPU 218 and draw upon several modules. X-axis cali-
bration system 400 according to this invention obtains
the vertical deviation phi; from inclinometer 197, infor-
mation from map 402, and actual vertical angle thetaypy
from beacon module 210.

End-path calibration system 404 provides an alternate
technique of determining the difference in travel along
the X-axis and determining adjustments to body angle
thetag. End-path calibration system 404 draws upon
map 402 and ultrasonic range data from module 212.

Body-angle calibration system 406 corrects for accu-
mulated error in orientation due to such factors as drift
and precession of base 14. System 406 is responsive to
map 402, beacon data including thetay4 from beacon
module 210 and data from mobile module 224 represent-
ing present estimated position and head orientation.

After obtaining one or more calibrations from cali-
bration systems 400, 404 and 406, arbiter 408 updates
blackboard 410 which maintains current status informa-
tion for robot 10 including its actual position Initializer
411 supplies initial values to blackboard 410, such as
zeros generated for body angle thetag. Arbiter 408 pro-
vides corrected Yrand thetas values to X-Y positioner
332, FIG. 6 while the robot is moving and while station-
ary provides X, Yarand thetaas corrections to motor
controller 330 which are implemented as directed.

Arbiter 408 uses end-path calibration from system 404
when nearing the end of the path and at the end of the
path. Body-angle calibration from system 406 is exam-
ined along the path. X-axis calibration from system 400
is obtained only at selected nodes.

The operation of arbiter 408 is shown in FIG. 8B.
Calibration systems continually output calibration val-
ues or “NO VALUE” but are sampled to obtain their
estimations of position only if enabled from map 402 for
the particular path or node the robot presently occupies
Calibration of body angle, X-axis, and end-path position
are successively accessed, steps 412, 414 and 416, re-
spectively. Further, the arbiter decides whether to re-
linquish control of the robot when a calibration system
requests motor control.

If map 402 contains the appropriate enable for body
angle calibration, step 412, the arbiter observes, step
418, whether calibration system 406 has requested con-
trol by setting its control flag. If it has, control is pro-
vided, step 420, unless an external override command
(not shown) is present. The arbiter waits for body angle
calibration to be completed, step 422, and then examines
whether the output calibration data is other than “NO
VALUE”. Valid data is entered into blackboard 410 via
step 426, while the operation proceeds directly to step
414 if the data are NO VALUE.

When the control flag is not set, step 418, examination
of the output data is immediately made, step 424. Simi-
larly, the outputs of X-axis calibration and end-path
calibration are obtained, as represented by loops 430
and 432, respectively. During these calibrations, steps
434 and 436, control remains with the respective cali-
bration systems until the difference between the actual
and expected position of the robot along the path be-
comes zero.

The operation of X-axis calibration system 400 is
shown in FIG. 9. If the robot is stopped, step 440, a
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distance correction of delta X equal to NO VALUE is
provided, step 442. When the robot is in a fixed position
the X-axis calibration flag is raised, step 444, and the
calibration system waits until control is received, step
448. The beacon is located, step 446, and inclinometer
197 is read until motion of the robot settles, step 450.
Once stable, the final inclination reading, phi;is taken, as
is the stable reading of vertical angle thetayy, step 452.
Actual vertical angle thetay, is corrected by inclination
phi; which has a positive or negative value depending
whether robot 10 is inclined toward or away from the -
beacon, respectively, step 454.

The difference between the expected X distance and
the actual X distance is obtained in step 456 as repre-
sented by the trigonometric formula

e o
sin? (9y.4)

AX = (Oyg — Oy4)

where delta X is the difference in position along the
X-axis, thetapg is the expected vertical angle, thetayy
the actual vertical angle, and e is the vertical elevation
of the beacon as described in FIG. 5B. The value of
delta X is provided to motor controller 330 through
arbiter 408, step 458. The robot moves along distance
Xy by an amount equal to delta X, step 459. The opera-
tion cycles to step 440 and the robot is readjusted until
a delta X of zero is resolved in step 456.

Other methods of calculating delta X can be used, for
example, where the expected horizontal distance be-
tween the robot and the beacon is substituted for ex-
pected vertical angle thetayz. The latter parameter is
preferred because it can be obtained empirically in oper-
ations such as map making by locating the robot at the
node or other predetermined location and instructing it
to observe the beacon to learn the vertical angle. This
obviates the need for physically measuring the horizon-
tal distance between the robot and the beacon.

The operation of the end-path calibration system
commences with reading of the head ultrasonic range
R4, step 460, FIG. 10A. If the actual range is greater
than the expected range, supplied by map 402, an output
of “delta X equals no value” is generated, steps 462, 463,
respectively.

Otherwise, if the observed range is less than or equal
to the expected range, the end-path calibration flag is
raised, step 464, and the calibration system waits until
control is received, step 466. Once control is obtained,
the calibration system commands that the drive motor
halt, step 468, and commands head ultrasonic 66 of head
12, FIGS. 1 and 2, to take nultrasonic readings along a
selected arc, such as fifteen readings along a 30° arc,
each reading two degrees apart from the others, step
470. The minimum distance is found in step 472.

A direction perpendicular to the wall is computed,
step 474, e.g., by using the angle which gave the mini-
mum distance in step 472. The robot is commanded to
turn to this perpendicular direction, step 476, FIG. 10B,
after which delta theta B is set to thetas,m, step 476.
Now that the robot is facing directly toward the object,
a final reading of the head ultrasonics are taken to ob-
tain distance Rpy4, step 478. The deviation in distance
traveled along the X-axis is determined by the formula

AX=Rpyr—Br4 @)
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and delta X and delta thetap are output to motor con-
troller 330 through arbiter 408, steps 480, 482, respec-
tively. The position X of the robot is adjusted by delta
X, step 483. The end-path calibration system cycles to
step 460 to resume monitoring.

The body angle calibration system corrects for accu-
mulated error in orientation which is due to the drift or
precession of base 14. Path deviation distance Yas oc-
curs during obstacle avoidance, for example, and
changes in head orientation represented by thetass can
be attributed to rotation of head 12 while tracking a
beacon to correct for precession of the body. Body

10

angle calibration system 406 corrects and calibrates for -

each of these variables.

In operation, the beacon horizontal angle thetazy is
read, step 484, FIG. 11A. Optionally, such as shown in
phantom by step 486, the operation first determines
whether the robot is stopped at a node and, if it is, raises
body angle calibration flag, step 488, FIG. 11B. Once
control is received, step 490, the system determines
whether the node is a homing node, step 492. If it is, the
robot turns to face sensor zero, step 494 and direction
angle thetap is set to zero. Otherwise, operation pro-
ceeds directly to step 496 where path direction thetapis
obtained from the map 402. The turn angle theta, is
set to the distance direction thetap subtracted from path
orientation thetap, step 498.

Once turn angle thetay,, is obiained, that value is
output to motor controller 330, FIG. 6, step 500. The
robot turns to face the expected beacon and hunts for
the beacon, steps 502, 504, respectively. The final head
orientation thetaps is recorded, operation proceeds to
step 484, FIG. 11A, and beacon horizontal angle
thetay4 is read. At this stage, the expected deviation
distance Yasand the head direction thetaasare read from
the mobile module, step 504. If thie beacon is in view and
the robot is on course, meaning that the absolute values
of horizontal orientation thetayy is less than 10° and
deviation distance Y is less than one foot, calibration of
body angle is obtained by determining the increment
delta thetap as equal to the sum of thetass and thetagy,
step 510. If either of steps 506 and step 508 are not
satisfied, meaning that the robot has significantly devi-
ated from the path, no value is output, step 5§12, and
other calibration systems such as end-path calibration
are tried.

Once the increment delta thetap is determined, Y is
reset by setting delta Y to negative Y, step 514, and
delta thetapand Y are provided to the arbiter, step 516.
Optionally, head angle thetayris reset by setting it equal
to minus horizontal angle thetagy, step 515, shown in
phantom. Operation then returns to steps 486, 484 as
described above.

In its simplest construction, body angle calibration
involves reading the beacon horizontal angle thetagy,
turning to face the beacon, setting delta thetap to
thetaz 4, and outputting delta thetap. In blackboard 410,
delta thetap is initially set to zero and then incremented
as needed by either the body angle calibration or end-
path calibration systems.

Position locating system 1350, FIG. 12, includes one
or more beacon transmitters 64, 64a, 64b, each having
an infrared source 62, 62a, 62b. Also included is an
infrared sensor 60 sensitive to the infrared radiation
emitted by source 62, and associated with sensor 60 is:an
eye circuit 1352 whose output is provided on bus 1354.
Bus 1354 interconnects with beacon STD-bus interface
1356 in beacon module 210. Interface 1356 communi-
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cates with microprocessor 1358 over STD bus 1360.
Microprocessor 1358 may be a Z80 and it communi-
cates directly with CPU 218, which may be a 68000.

Beacon transmitter 64 provides an optical burst 1362
of coded signals every 15.6 milliseconds, FIG. 13. Each
burst, as shown in greater detail in FIG. 14, has a total
burst time of 244 microseconds which defines an eight-
bit word, each bit being 30.5 microseconds wide. The
first bit is a start bit; the next seven bits are code bits and
represent 128 different possible codes. Each code can
uniquely identify a single beacon, so that with this sim-
ple arrangement one hundred twenty-eight different
beacons can be uniquely identified; that is, when the
infrared source is seen that is considered a logic one.
When the infrared source, which may be a light-emit-
ting diode or LED, is off, then the signal is low and is
considered a logic zero. The signals shown in FIGS. 13
and 14 are generated in beacon transmitter 64 by an
oscillator 1364, FIG. 15, which runs continuously at
32.768 KHz. Its output is delivered directly to a register
in code generator 1366. Its output is also delivered to a
counter 1368, modulo 512, which divides the 32.768
KHz signal to provide the time period shown in FIGS.
13 and 14. That is, with every 64th pulse (or every 5.6
ms) a burst occurs of eight bits. Eight bits are set to one
or zero to produce the unique code for a particular
beacon by the setting of the code select keys 1370.
When one of the keys 1370 is toggled to ground, the
associated stage of the register in 1366 is grounded,
thereby placing a logic one in that bit position. Switches
that are left toggled to high voltage produce a logic
zero in the associated stage. The patterns of ones and
zeros modulate the infrared radiation produced by
LED 62 so that a coded signal is provided which
uniquely defines the particular beacon.

Sensor 60 in eye circuit 1352, FIG. 16, is a multisector
sensor such as a dual-axis lateral effect photodiode. It
provides four separate outputs, each indicative of the
infrared radiation incident on its particular sector. By
analyzing the relative values of the radiation falling on
the different sectors, a determination can be made as to
the angle of the sensor to the emitting beacon. Each of
the four sector outputs from photodiode 60 is fed to a
different channel 1372, 1374, 1376, 1378. Each channel
includes an amplifier 1380, high-pass filters 1382, volt-
age amplifiers 1384, and sample and hold circuits 1386.
High-pass fiiters 1382 pass the coded signal from beacon
64 but block 60-cycle and 120-cycle signals introduced
by ambient light conditions; periodically on command
from microprocessor 1358 a signal on sample and hold
line 1388 causes sample and hold circuits 1386 to sample
and hold the signal in each channel. Those signals are
then multiplexed by analog multiplexer 1392 as directed
by a command from microprocessor 1358 on line 1390.
The signal from each channel is fed directly to the gain
control of amplifier 1394. Finally, the output from each
channel is fed to A/D converter 1398, where it stops
unless a control signal on line 1400 from microprocessor
1358 requests the angle data signal on line 1402. Micro-
processor 1358 also provides a select and enable signal
on line 1404 to A/D converter 1398 to indicate the
particular eye circuit 1352, 13524, 1352b or 1352¢ which
is currently being interrogated.

Simultaneously with this, one or more of the outputs
from photodiode 60 after passing through amplifiers
1380 are combined in an AC summer 1406 in order to
maximize the signal which will be used to detect the
identifying code. From summer circuit 1406 the signal is
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passed to clipper circuit 1408 which limits the output
independent of the input amplitudes. At this point the
signal is constituted by one or more coded pulses riding
on an envelope of sixty or one hundred twenty cycle
noise. Differentiator circuit 1414 is therefore used to
detect only the transitions of the pulses; thus, for every
positive-going transition a positive spike appears at the
output of differentiator 1414 and for every negative-
going transition a negative spike occurs at the output of
differentiator 1414. The positive-going spikes pass
through amplifier 1416 and set flip-flop 1418 to define
the beginning of a pulse. Negative-going spikes passing
through amplifier 1420 reset flip-flop 1418 and define
the end of the pulse. In this way the pulses and the
received coded signal are reconstituted one at a time to
construct the code data signal on line 1422. The output
of flip-flop 1418 may again be switched to indicate
which one of the eye circuits 1352, 13524, 135256 or
1352¢ is currently being monitored.

The angle data signal on line 1402, FIG. 17, is fed
directly through MUX 1424 in beacon STD-bus inter-
face 1356 to STD-bus 1360. The code data signal is fed
from MUX 1424 to code verifier circuit 1426. After it is
verified it is submitted to a converter 1428 where it is
changed from a serial signal to a parallel signal and then
provided to STD-bus 1360. Code verifier circuit 1426
may utilize any of a number of techniques for verifying
the authenticity of an incoming code. For example, the
incoming signal may be sampled at fixed times follow-
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be expected in a valid signal. If the transitions occur
within narrow windows at the expected times, they are
treated as valid code; otherwise they are rejected. The
code status is provided on line 1430 to STD-bus 1360.

Under software control, operation may begin with a
signal from CPU 218 in step 1440, FIGS. 18A and 18B,
with the command “Get Eye Data”. When micro-
processor 1358 receives that signal it selects a particular
eye in step 1442. The A/D converter is then com-
manded to start the conversion in step 1446 and the
code data is obtained on line 1422 in step 1448. In step
1450, if the code data is bad the cycle starts again with
the beginning of a new conversion in step 1446. If the
code is good then the angle information is used and the
next step 1452 provides the azimuth angle and the alti-
tude angle and the code in step 1454 to microprocessor
1358. Here the angle data is converted to the azimuth
angle and the altitude angle and combined with the
code and directed to CPU 218. The azimuth angle needs
no further processing. The altitude angle and code are
delivered to CPU 218, which then retrieves the height
H of the identified beacon in step 1456; height H can be
unique for that beacon, or all beacons can be placed at
the same height. That height is used to calculate the
distance D to the beacon by dividing the height by the
tangent of the altitude angle in step 1458. Then the
distance and direction of the robot versus the beacon is
output in step 1460.

The calculation in step 1454, FIG. 18A, of the azi-
muth angle and the altitude angle from the angle data
signal is accomplished by determining the X position
and the Y position from the dual axis lateral effect pho-
todiode of FIG. 16 shown in more detail in FIG. 19.
The X position is calculated according to the expres-
sion:
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and the Y position by the expression:
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The division by A+C and B+D respectively normal-
izes the signal to reduce its dependence on the incident
light level. The angles are those determined by the
expression:

)

)

where K is a constant dependent on the size of the
detector and focal length of the light gathering lens if
one is used:
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‘where D is the diameter of the detector and F; is the

focal length of the lens.

Although specific features of the invention are shown
in some drawings and not others, this is for convenience
only as each feature may be combined with any or all of
the other features in accordance with the invention.

Other embodiments will occur to those skilled in the
art and are within the following claims:

What is claimed is:

1. A proximity detection system for determining the
distance between a vehicle and a navigation beacon
comprising:

detector means, responsive to the beacon, for resolv-

ing the altitude angle between the beacon and the
vehicle;
means, responsive to said resolved altitude angle and
to the height of the beacon, for determining the
distance between the beacon and the vehicle; and

means for defining an optimum distance between the
beacon and the vehicle and for comparing said
determined distance and said optimum distance to
establish any difference between them.

2. The proximity detection system of claim 1 further
including means for supplying to said means for defin-
ing the height of the beacon and an additional known
geometric parameter for said optimum distance.

3. The proximity detection system of claim 2 in which
said means for defining includes means for generating
the difference in distance of the vehicle as a function of
said resolved altitude angle, said known geometric pa-
rameter and said known height.

4. The proximity detection system of claim 3 in which
said additional known geometric parameter is the ex-
pected altitude angle between said detector means and
the beacon at said optimum distance.

5. The proximity detection system of claim 4 in which
said means for defining calculates the difference in posi-
tion according to the formula:
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e
AX = (ByE — 6ya) 2 @rd
where delta x is the difference in position, @yz is the
expected vertical angle, 874 is the actual vertical angle,
and e is the known height of the beacon.

6. The proximity detection system of claim 3 in which
said additional known geometric parameter is the ex-
pected horizontal distance of said vehicle to the beacon.

7. The proximity detection system of claim 2 in which
said means for supplying includes memory means for
storing said known height and said known geometric
parameter.

8. The proximity detection system of claim 1 in which
said detector means includes:

a multisector sensor for sensing a signal emitted by

the beacon; and

means responsive to said sensor sectors for generating

an angle data signal representative of the angle
from said sensor to the beacon in at least the altitu-
dinal dimension.

9. The proximity detection system of claim 8 in which
said sensor is a lateral effect photodiode.

16. The proximity detection system of claim 8 in
which said detector means further includes means, re-
sponsive to said altitudinal angle, for calculating the
direction from the sensor to the beacon.

11. The proximity detection system of claim 1 further
including means for adjusting the position of the vehicle
by the established difference.

12. The proximity detection system of claim 1 further
including inclinometer means for sensing deviation of
said vehicle from vertical.

13. The proximity detection system of claim 12 in
which said means for defining includes means for com-
bining said vertical deviation and said resolved altitude
angle with each other and substituting the combined
value for said resolved altitude angle to establish the
difference in position.

14. A proximity detection system for determining the
distance between a mobile robot and a navigation bea-
con, comprising:

a mobile robot;

detector means, responsive to the beacon, for resolv-

ing the altitude angle between the beacon and said
robot; ‘

means, responsive to said resolved altitude angle and

to the height of the beacon, for determining the
distance between the beacon and said robot;
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means for defining an optimum distance between the
beacon and said robot and for comparing said de-
termined distance and said optimum distance to
establish any difference between them.

15. The proximity detection system of claim 14 fur-
ther including means for adjusting the position of said
robot by said established difference.

16. The proximity detection system of claim 14 in
which said robot includes a synchro-drive locomotion
system.

17. A proximity detection system for determining the
distance between a vehicle and a navigation beacon,
comprising:

at least one beacon;

detector means, responsive to said beacon, for resolv-

ing the altitude angle between said beacon and the
vehicle;
means, responsive to said resolved altitude angle and
to the height of said beacon, for determining the
distance between said beacon and the vehicle; and

means for defining an optimum distance between said
beacon and the vehicle and for comparing said
determined distance and said optimum distance to
establish any difference between them.

18. The system of claim 17 in which said beacon
includes means for emitting detectable energy.

19. The system of claim 18 in which said beacon is a
point source.

20. The system of claim 18 in which said beacon
includes means for producing said energy in a coded
signal which uniquely identifies that beacon.

21. The system of claim 20 further including means
for supplying the height of that uniquely identified bea-
con.

22. The system of claim 21 in which said means for
supplying includes memory means, disposed in said
vehicle, for storing the known height for that beacon.

23. The system of claim 20 in which said detector
means includes:

a multisector sensor for sensing the signal emitted by

said beacon;

means, responsive to said sensor, for generating a

code data signal representative of said coded sig-
nal; and

means, responsive to said sensor sectors, for generat-

ing an angle data signal representative of the angle
from said sensor to said beacon in at least the azi-
muthal dimension.

24. The system of claim 17 in which said beacon is
positioned along the axis corresponding to the intended

direction of travel of said vehicle.
* * * * *



