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(57) ABSTRACT 

Tracking a motion of a body by obtaining tWo types of 
measurements associated With the motion of the body, one 
of the types including acoustic measurement. An estimate of 
either an orientation or a position of the body is updated 
based on one of the tWo types of measurement, for example 
based on inertial measurement. The estimate is then updated 
based on the other of the tWo types of measurements, for 
example based on acoustic ranging. The invention also 
features determining range measurement to selected refer 
ence devices that are ?xed in the environment of the body. 
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MOTION TRACKING SYSTEM 

BACKGROUND 

[0001] The invention relates to motion tracking. 

[0002] Motion tracking can use a variety of measurement 
modes, including inertial and acoustic measurement modes, 
to determine the location and orientation of a body. 

[0003] Inertial motion tracking is based on measuring 
linear acceleration and angular velocity about a set of 
typically orthogonal axes. In one approach, multiple spin 
ning gyroscopes generate forces proportional to the rates at 
Which their spinning axes rotate in response to rotation of a 
tracked body to Which the gyroscopes are attached. These 
forces are measured and used to estimate angular velocity of 
the body. Micro-machined vibrating elements and optical 
Waveguide based devices may be used in place of gyro 
scopes. 

[0004] Accelerometers generate signals proportional to 
forces Which result from linear acceleration. In an inertial 
tracking system, the angular velocity and acceleration sig 
nals are integrated to determine linear velocity, linear dis 
placement, and total angles of rotation. 

[0005] As the signals generated by gyroscopic devices are 
noisy, the integration process results in accumulation of 
noise components, Which is generally knoWn as “drift”. 
MiniaturiZed and loW cost gyroscopic devices typically 
exhibit greater error. Drift rates can be as high as several 
degrees per second for a body at rest, and several degrees for 
every rotation of the body by 90 degrees. Errors in orien 
tation estimates also affect location estimation as the esti 
mated orientation of the body is used to transform accelera 
tion measurements into the ?xed reference frame of the 
environment prior to their integration. Inaccuracy in this 
transformation can result in gravity appearing as a bias a 
resulting horiZontal acceleration measurements. 

[0006] One Way to correct drift is to use additional sen 
sors, such as inclinometers and a compass to occasionally or 
continually correct the drift of the integrated inertial mea 
surements. For instance, US. Pat. No. 5,645,077, issued to 
Eric M. Foxlin on Jul. 8, 1997, discloses such an approach. 
This patent in incorporated herein by reference. 

[0007] Another approach to motion tracking uses acoustic 
Waves to measure distance betWeen one or more points on a 

body and ?xed reference points in the environment. In one 
arrangement, termed an “outside-in” arrangement, a set of 
acoustic emitters at the ?xed points on the body emit pulses 
that are received by a set of microphones at the ?xed 
reference points in the environment. The time of ?ight from 
an emitter to a microphone is proportional to an estimate of 
the distance betWeen the emitter and the microphone (i.e., 
the range). The range estimates from the emitters to the 
respective microphones are used to triangulate the location 
of the emitters. The locations of multiple emitters on the 
body are combined to estimate the orientation of the body. 

[0008] Other measurement modes, such as optical tracking 
of light sources on a body, can also be used to track motion 
of the body. 

SUMMARY 

[0009] In one aspect, in general, the invention is a method 
for tracking a motion of a body Which includes obtaining 
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tWo types of measurements associated With the motion of the 
body, one of the types comprising acoustic measurement, 
updating an estimate of either an orientation or a position of 
the body based on one of the tWo types of measurement, for 
example based on inertial measurement, and updating the 
estimate based on the other of the tWo types of measure 
ments, for example based on acoustic ranging. 

[0010] In another aspect, in general, the invention is a 
method for tracking the motion of a body including selecting 
one of a set of reference devices, transmitting a control 
signal to the selected reference device, for example by 
transmitting a Wireless control signal, receiving an range 
measurement signal from the reference device, accepting a 
range measurement related to a distance to the selected 
reference device, and updating a location estimate or an 
orientation estimate of the body using the accepted range 
measurement. The method can further include determining a 
range measurement based on a time of ?ight of the range 
measurement signal. 

[0011] Advantages of the invention include providing a 
6-degree-of-freedom tracking capability that can function 
over an essentially unlimited space in Which an expandable 
constellation of ultrasonic beacons is installed. Inertial mea 
surements provide smooth and responsive sensing of motion 
While the ultrasonic measurements provide ongoing correc 
tion of errors, such as those caused by drift of the inertial 
tracking component of the system. Small and inexpensive 
inertial sensors, Which often exhibit relatively large drift, 
can be used While still providing an overall system Without 
unbounded drift. Small, lightWeight inertial sensors are Well 
suited for head mounted tracking for virtual or augmented 
reality display systems. By correcting drift using ultrasonic 
measurements, drift correction measurements Which may be 
sensitive to external factors such as magnetic ?eld varia 
tions, are not needed. The constellation of ultrasonic bea 
cons can be easily expanded as each beacon functions 
independently and there is no need for Wiring among the 
beacons. The tracking device only relies on use of a small 
number of ultrasonic beacons at any time, thereby alloWing 
the space in Which the tracking device operates to have 
irregular regions, such as multiple rooms in a building. 

[0012] Another advantage of the invention is that by using 
an “inside-out” con?guration, there is no latency in acoustic 
range measurements due to motion of the body after an 
acoustic Wave is emitted. 

[0013] Yet another advantage of the invention is that 
tracking continues using inertial measurements even When 
acoustic measurements cannot be made, for example, due to 
occlusion of the beacons. Drift in the inertial tracking is then 
corrected once acoustic measurements can once again be 
made. 

[0014] In yet another advantage, the invention provides 
line-of-sight redundancy Whereby one or more paths 
betWeen emitters and sensors can be block While still 
alloWing tracking of a body. 

[0015] Other features and advantages of the invention Will 
be apparent from the folloWing description, and from the 
claims. 

DESCRIPTION OF THE DRAWINGS 

[0016] FIG. 1 shoWs a tracking device and a constellation 
of acoustic beacons used for tracking the device; 
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[0017] FIG. 2 shows components of a tracking device 
processor; 

[0018] FIG. 3 illustrates a combined inertial and acoustic 
tracking approach; 

[0019] 
[0020] FIG. 5 shoWs an ultrasonic range measurement 
unit (URM) and an ultrasonic beacon; 

[0021] FIG. 6 shoWs an input/output interface used in a 
tracking device processor to interface With inertial and 
ultrasonic measurement units; 

[0022] FIG. 7a illustrates the navigation and body frames 
of reference; 

[0023] 
[0024] 
tracker; 

FIG. 4 shoWs an inertial measurement unit (IMU); 

FIG. 7b illustrates mutual tracking devices; 

FIG. 8 is a signal ?oW diagram of an inertial 

[0025] FIG. 9 is a signal ?oW diagram of an ultrasonic 
range measurement subsystem; 

[0026] FIG. 10 is a signal ?oW diagram of a tracking 
device including an inertial tracker and Kalman predictor 
and updater elements; 

[0027] FIG. 11 is a signal ?oW diagram of a Kalman 
predictor; 

[0028] 
updater; 

[0029] 
[0030] FIG. 14a illustrates tracking of a second body 
relative to a ?rst tracked body; 

FIG. 12 is a signal ?oW diagram of a Kalman 

FIG. 13 is a ?oWchart of a tracking procedure; 

[0031] FIG. 14b illustrates mutual tracking of multiple 
devices; 
[0032] FIG. 15 illustrates head mounted display system; 

[0033] FIG. 16 illustrates a camera tracking system for 
television; and 

[0034] FIG. 17 illustrates tracking of bodies in an auto 
mobile. 

DESCRIPTION 

[0035] Referring to FIG. 1, a tracking device 100 Which 
maintains an estimate of its location and orientation is free 
to move Within a large room. For example, tracking device 
100 can be ?xed to a head-up display (HUD) on an opera 
tor’s head, and tracking device 100 moves through the room, 
and changes orientation, as the operator moves and orients 
his head. Tracking device 100 includes a processor 130 
coupled to an inertial measurement unit (IMU) 140 Which 
provides inertial measurements related to linear acceleration 
and to rates of rotation. Processor 130 uses the inertial 
measurements to determine motion of tracking device 100 as 
it moves through the room. 

[0036] Processor 130 is also coupled to an array of three 
ultrasonic range measurement units (URM) 110 Which are 
used to receive acoustic signals sent from an ultrasonic 
beacon array 120, a “constellation” of beacons. Ultrasonic 
beacon array 120 includes independent ultrasonic beacons 
122 in ?xed locations in the environment, for example, 
arranged on the ceiling of the large room in a regular pattern 
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such as on a grid With 2 foot spacing. Processor 130 uses the 
signals from particular ultrasonic beacons 122, as Well as 
knoWn three-dimensional locations of those beacons, to 
estimate the range to those beacons and thereby sense 
motion for tracking device 100. Each ultrasonic beacon 122 
sends an ultrasonic pulse 114 in response to infra-red 
command signal 112 sent from tracking device 100. In 
particular, each URM 110 on tracking device 100 broadcasts 
infra-red (IR) signals to all of the ultrasonic beacons 122. 
These IR signals include address information so that only 
one beacon, or a small number of beacons, recogniZe each 
IR signal as intended for it, and responds to the signal. In 
response to an IR signal, an addressed beacon immediately 
broadcasts an ultrasonic pulse that is then received by one or 
more URM 110. As processor 130 knoWs that the addressed 
beacon responded immediately to the IR command, it deter 
mines the time of ?ight by measuring the delay from issuing 
the IR command to detecting the ultrasonic pulse. The time 
of ?ight of the ultrasonic pulse is used to estimate the range 
to the beacon, Which is then used to update the position and 
orientation of tracking device 100. 

[0037] Both the inertial measurements and the ultrasonic 
signal based measurements have limitations. Relying on 
either mode of measurement individually is not as accurate 
as combining the measurements. Tracking device 100 com 
bines measurements from both measurement modes and 
adjusts its estimate of position and orientation (i.e., 6 
degrees of freedom, “6-DOF”) to re?ect measurements from 
both modes as they are available, or after some delay. To do 
this, processor 130 hosts an implementation of an extended 
Kalman ?lter that is used to combine the measure 
ments and maintain ongoing estimates of location and 
orientation of tracking device 100, as Well as to maintain an 
estimate of the uncertainty in those estimates. 

[0038] Referring to FIG. 2, processor 130 includes a 
central processing unit (CPU) 200, such as an Intel 80486 
microprocessor, program storage 220, such as read-only 
memory (ROM), and Working storage 230, such as dynamic 
random-access memory CPU 200 is also coupled to 
an input/output interface 210 Which provide an interface to 
IMU 140 and the URM 110. Input/output interface 210 
includes digital logic that provides digital interfaces to IMU 
140 and the URM 110. 

[0039] IMU 140 provides a serial data stream 201 encod 
ing inertial measurements. Input/output interface 210 con 
verts this serial data to a parallel form 212 for transfer to 
CPU 200. Each URM 110 accepts a serial signal 211 that is 
used to drive an IR light emitting diode 510 to broadcast the 
IR control signals to ultrasonic beacons 122 (FIG. 1). 

[0040] Input/output interface 210 accepts address infor 
mation from CPU 200 identifying one or more ultrasonic 
beacons and provides the serial signal to each of the URM 
110 Which then impose the serial signal on an IR transmis 
sion (e.g., by amplitude modulation). The same serial signal 
is provided to all the URMs 110, Which concurrently broad 
cast the same IR signal. Each URM 110 provides in return 
a logical signal 202 to input/output interface 210 indicating 
arrivals of ultrasonic pulses. Input/output interface 210 
includes timers that determine the time of ?ight of ultrasonic 
pulses from the beacons, and thereby determines range 
estimates to the beacons. These range estimates are provided 
to CPU 200. 
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[0041] An implementation of a tracking algorithm is 
stored in program storage 220 and executed by CPU 200 to 
convert the measurements obtained from input/output inter 
face 210 into position and orientation estimates. CPU 200 is 
also coupled to ?xed data storage 240, Which includes 
information such as a predetermined map of the locations of 
the ultrasonic beacons, and the locations of the microphones 
of the URM 110. Processor 130 also includes a communi 
cation interface 260 for coupling CPU 200 With other 
devices, such as a display device 280 that modi?es its 
display based on the position and orientation of tracking 
device 100. 

[0042] Operation of the system can be understood by 
referring to FIG. 3, a tWo-dimensional vieW of the room 
shoWn in FIG. 1 (from above). The sequence of open circles 
and arroWs 310a-e represent the actual location and orien 
tation of tracking device 100 at each of a sequence of time 
steps. Based on prior measurements, and on inertial mea 
surements at the ?rst time step, ?lled circle and arroW 312a 
represent the estimate by tracking device 100 of the location 
and orientation of the tracking device at the ?rst time step. 
At the next time step, tracking device 100 moves to position 
310b, and based on a neW inertial measurement, tracking 
device 100 updates its position estimate to 312b. This is 
repeated for the next time step With actual position 310c and 
estimated position 312c. 

[0043] After reaching position 310b, tracking device 100 
sends an IR command addressed one of the ultrasonic 
transducers 122, illustrated by dotted line 320. After receiv 
ing the IR command (With essentially no delay), ultrasonic 
transducer 122 transmits an ultrasonic pulse, illustrated by 
Wave 324. Wave 324 reaches tracking device 100 some time 
later, at actual location 330. Based on the time of arrival, 
tracking device 100 estimates that it Was at position 332 
When Wave 326 reached it. 

[0044] At the next time step, tracking device 100 ?rst 
estimates its position 312d based on an inertial measure 
ment. Using range information related to the separation of 
the location of ultrasonic transducer 122 and location 332 
and a measured time of ?ight of the ultrasonic Wave, 
tracking device 100 computes a re?ned position estimate 
312d’. The process repeats using inertial measurements at 
true position 3106 and estimated position 3126. 

[0045] In general, both an inertial measurement and an 
ultrasonic measurement can be used at each time step, 
although ultrasonic measurement can be made less fre 
quently. At each time step, both location and orientation 
(attitude) is updated. The ultrasonic pulses can provide 
information related to both location and orientation through 
the use of multiple microphones that are displaced relative 
to one another. 

[0046] Referring to FIG. 4, inertial measurement unit 
(IMU) 140 includes three angular rate sensors (e.g., micro 
machined vibrating rotation sensors or small rotating gyro 
scopes) 420a-c, and three linear acceleration sensors 410a-c. 
The sensors are arranged to lie along three orthogonal axes 
that remain ?xed in the frame of reference of tracking device 
100. Each acceleration sensor provides a signal that is 
generally proportional to the acceleration along the corre 
sponding axis, and each angular rate sensor provides a signal 
that is generally proportional to the rate of rotation about the 
corresponding axis. 
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[0047] As the orientation of inertial measurement unit 140 
changes, the signals such as the acceleration signals corre 
spond to changing directions in the ?xed (navigation) ref 
erence frame of the room. Inertial measurement unit 140 
also includes a signal interface 430 Which accepts the signals 
411 from each of the six accelerometers and angular rate 
sensors, and transmits a serial data stream 413 Which mul 
tiplexes digital representations of the acceleration and angu 
lar rate signals. As is discussed further beloW, the accelera 
tion and angular rate signals are imperfect, and may exhibit 
additive bias and scaling inaccuracies. These scaling and 
bias inaccuracies may depend on the motion of the device. 

[0048] Referring to FIG. 5, each ultrasonic measurement 
unit 110 includes an infra-red (IR) light-emitting diode 
(LED) 510 that is driven by IR signal generator 512. Signal 
generator 512 accepts serial signal 211 from input/output 
interface 210 (FIG. 2) and drives IR LED 510 to transmit 
that signal to one or more ultrasonic beacon 122. The 
address of an ultrasonic beacon to Which a range is desired 
is encoded in serial signal 211. Each ultrasonic beacon 122 
includes an IR sensor 540 Which, if there is a suf?ciently 
short unobstructed path betWeen ultrasonic range measure 
ment unit 110 and that ultrasonic beacon, receives the IR 
signal Which is then decoded by IR signal decoder 542. This 
decoded signal includes the address information transmitted 
by the ultrasonic range measurement unit. Control circuitry 
560 receives the decoded IR signal, and determines Whether 
that ultrasonic beacon is indeed being addressed, and if so, 
signals a pulse generator 552 to provide a signal to an 
ultrasonic transducer 550 Which generates an ultrasonic 
pulse. The pulse passes through the air to ultrasonic range 
measurement unit 110 Where a microphone 520 receives the 
ultrasonic pulse and passes a corresponding electrical signal 
to a pulse detector 522 Which produces a logical signal 
indicating arrival of the pulse. This pulse detection signal is 
passed to input/output interface 210 (FIG. 2). As discussed 
beloW, the time of ?ight is not a perfectly accurate mea 
surement of range. Error sources include timing errors in 
detection of the pulse, acoustic propagation rate variations, 
for example due to air temperature or air ?oW, and non 
uniform in different directions propagation of the ultrasonic 
Wave from the ultrasonic beacon. 

[0049] Input/output interface 210 includes circuitry (i.e., a 
programmable logic array) Which implements logical com 
ponents shoWn in FIG. 6. An IMU data buffer 630 accepts 
serially encoded acceleration and angular rate data 413 from 
IMU 140, and provides the six acceleration and rotation 
measurements 631 as output to CPU 200. Input/output 
interface 210 also includes a beacon address buffer 610. 
CPU 200 (FIG. 2) provides an address of the ultrasonic 
beacon to Which a range should be measured. Beacon 
address buffer 610 stores the address and provides that 
address in serial form to each of the URMs 110. At the same 
time that the address is transmitted by each of the URM 110 
(and received by the ultrasonic beacons 122), three counters 
620a-c are reset and begin incrementing from Zero at a ?xed 
clocking rate (e.g., 2 MHZ). When each URM 110 detects 
the ultrasonic pulse from the beacon, the corresponding 
pulse detection signal is passed to the corresponding counter 
Which stops counting. The counts are then available to CPU 
200 as the measurements of the time of ?ight of the 
ultrasonic pulse from the ultrasonic beacon to each URM 
110. 














