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TRACKING, AUTO-CALIBRATION, AND MAP-BUILDING SYSTEM

Cross-Reference to Related Applications

[01] This application claims the benefit of U.S. Provisional Application No. 60/402,178, filed
August 9, 2002, titled “Localization, Auto-Calibration, and Map-Building,” the contents of

which are incorporated herein by reference.

Background

[02] This invention relates to tracking, navigation, pose estimation, localization, auto-

calibration, scene modeling, structure-from-motion and/or map-building based on sensor inputs.

[03] Tracking or navigation systems often make use of measurements from sensors to aid in
determining a location (“localization”) or an orientation (attitude and heading) or a pose
(position and orientation) of an object such as a person, a vehicle or a robot as it navigates in an
environment, such as within the bopnds ofa building. A variety of types of sensors are available
for such systems, including sensors that measure a relative location between a sensor and a
target. An example of such a sensor/target combination is an acoustic emitter (target) and a
microphone array (sensor) that can determine a direction of arrival of an acoustic signal
broadcast from the emitter. Different types of sensors measure different aspects of the relative
pose of a sensor and a target, such as a range, direction, or relative orientation. Different sensors
may have different measurement characteristics that affect the mapping between the relative pose
of a sensor and a target and the measurement values provided by the sensor. These

characteristics can include uncertainty or noise characteristics of the measurement values.

[04] Systems have been developed that use Kalman Filtering techniques to incorporate
information in sensor measurements to track the position or orientation of an object, typically
also using information about the dynamic characteristics of the object. The implementation of
such Kalman Filtering techniques is often complex, and typically requires detailed knowledge of

the measurement characteristics of the specific sensors used in tracking the object.

[05] Some navigation systems perform simultaneous localization and mapping (SLAM), also

known in the field of computer vision as structure-from-motion (SfM). The mapping aspect
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relates to determining the locations of fixed landmarks or beacons in the environment while at
the same time using sensor measurements from those fixed landmarks to assist in localization of
the object. As an example, when a robot navigates an uncharted territory, such as in a Mars
rover mission, or in an underground mining or undersea operation, the robot may determine its
location relative to the surrounding environment. If a compiet.e map of the terrain is not
available in advance, the robot may observe landmarks, build a map based on the landmark
observations, and determine its location on the map that it has constructed so far. The landmarks

may be man-made markers or natural features of the terrain.

[06] As another example, an automated factory may use robots to move materials and
products among different locations. Beacons, such as ultrasound emitters, or graphic markers
having special patterns, may be placed at various locations in the factory. The robots may have
sensors, such as ultrasound receivers, laser range finders, cameras, or pattern recognition
devices, for determining their positions relative to reference points in the factory environment.
The locations of the reference points may not bé known in a@d\{ance, so the robots may update
their maps of the factory based on inputs &om the sensors, and navigate through the factory

based on their updated maps.

[07] It may be desirable to also perform automatic calibration of sensors during the ongoing
process of localization of the object. For example, various types of sensors may have different
types of calibration parameters, such as measurement biases and scale factors. Examples of
calibration parameters are focal lengths or distortion parameters of a camera lens, or alignment
of a camera relative to the vehicle carrying it. The Kalman Filter implementation may estimate
the sensor calibration parameters using a common infrastructure that is used to determine the
location of the vehicle. As with the locaiizationland mapping approaches, the characteristics of
the calibration parameters are typically reflected in the implien_lentation of the Kalman Filter

techniques. Some systems combine localization, mapping, and auto-calibration.

Summary

[08] In a general aspect, the invention features a navigation or motion tracking system in
which components associated with particular sensors are decoupled from a tracking component

that takes advantage of information in the sensor measurements. The architecture of this system
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enables development of sensor-specific components independently of the tracking component,
and enables sensors and their associated components to be added or removed without having to
re-implement the tracking component. In a software implementation of the system, sensor-
specific software components may be dynamically incorporated into the system and the tracking
component is then automatically confi gured to take advantage of measurements from the

corresponding sensors without having to.modify the tracking component.

[09] In general, in one aspect, the invention features a mc}thpd for tracking an object that
includes coupling a sensor subsystem to an estimation subsystem. The sensor subsystem enables
measurement related to relative positions or orientations of sensing elements. Configuration data
is accepted from the sensor subsystem, andthe estimation system is configured according to the
accepted configuration data. The method includes repeatedly updating a state estimate, including
accepting measurement information from the sensor subsystem, and updating the state estimate

according to the accepted configuration data and the acceptea measurement data.

[010] This and other aspects of the invention may include one or more of the following

features.

[011] Coupling the sensor subsystem to the estimation subsystem includes coupling software

modules each associated with one or more of the sensing eléments.

[012] Each of the software modules provides a software interface for receiving information
related to an expected sensor measurement and providing measurement information that depends

on the received information.

[013] Each of the software modules implements calculations.that are independent of a

representation of the state in the estimation subsystem.
[014] The state estimate characterizes an estimate of a location of the object.

[015] The state estimate characterizes configuration information for one or more sensing

elements fixed to the object.

[016] The configuration information for the one or more sensing elements fixed to the object
includes information related to position or orientation of the sensing elements relative to the

object.
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[017] The configuration information for the one or more sénsing elements fixed to the object

includes operational parameters for the one or more sensing elements.

[018] The state estimate characterizes configuration information for one or more sensing

elements fixed in an environment of the object.

[019] The configuration information for one or more sensing elements fixed in the environment

of the object includes a map of the locations of the sensing elements.

[020] Repeatedly updating the state further includes providing to the sensor subsystems
information related to an expected sensor measurement, and wherein accepting the measurement
information from the sensor subsystem includes accepting information related to an actual sensor

measurement.

[021] Providing the information related to an expected sensor measurement includes providing

information related to a relative geometric configuration of two of the sensing elements.

[022] Providing information related to a relative geometric configuration of the two of the
sensing elements includes providing information characterizing a relative location of the sensing

elements.

[023] Accepting the information related to an actual sensor measurement includes accepting
information enabling the estimation subsystem to calculate a difference between the actual

measurement and the expected measurement.

[024] Accepting the information related to an actual sensor measurement includes accepting

information for correlating measurements and geometric relationships between sensing elements.

[025] The information for correlating measurements and geometric relationships between
sensing elements includes a mapping between a relative pose of the sensing elements and a

sensor measurement.

[026] The mapping between the relative pose of the sensing elements and the sensor

measurement characterizes a linear mapping,

[027] Accepting the information related to an actual sensor measurement includes accepting

information characterizing an uncertainty in the actual measurement.
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[028] The information characterizing the uncertainty in the actual measurement includes

parameters of a statistical distribution of an error of the actual measurement.

[029] Repeatedly updating the state further includes selecting a pair of sensing elements for

measurement, and providing an identification of the selected pair to the sensing subsystem.

[030] Selecting the pair of sensing elements includes selecting the elements according to an

expected utility of a measurement associated with the elements to the updating of the state.

[031] Repeatedly updating the state further includes updating the state according to the

accepted information related to an actual sensor measurement.

[032] Repeatedly updating the state further includes updating the state according to accepted

measurements from inertial sensors.

[033] Updating the state estimate includes applying a Kalman Filter approach.
[034] Each of the sensing elements includes at least one of a-sensor and a target.
[035] The target includes an active device that interacts with the sensor.

[036] The target includes at least one of a man-made signal reflector and a natural feature of an

environment.

[037] The object is selected from a group consisting of a vehicle, a robot, a person, a part of a
person, a flying object, a floating object, an underwater moving object, an animal, a camera, a
sensing apparatus, ahelmet, atool, a piece of sports equipment, a shoe, a boot, an article of
clothing, a personal protective equipment, and a rigid object having a dimension between 1

nanometer to 109 meters.

[038] The state estimate includes information related to a position or an orientation of the

object relative to a reference coordinate frame.

[039] In general, in another aspect, the invention features a tracking system includes an
estimation subsystem, and a sensor.subsystem coupled to the estimation subsystem. The sensor
subsystem is configured to provide.configuration data to the estimation subsystem and to provide

measurement information to the estimation subsystem for localizing an object. The estimation
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subsystem is configured to update a location estimate for the object based on configuration data

and measurement information accepted from the sensor subsystem.

[040] This and other aspects of the invention may include one or more of the following

features.

[041] The sensor subsystem includes one or more sensor modules, each providing an interface

for interacting with a corresponding set of one or more sensing elements.

[042] The interface enables the sensor module to perform computations independently of an

implementation of the estimation subsystem.

[043] The interface enables the estimation subsystem to perform computations independently of

an implementation of the sensor modules.

[044] The tracking system also includes a navigation subsystem to navigate the object in an

environment based on the location estimate for the object.

[045] In general, in another aspect, the invention features a sensor module that includes 2
sensor interface for communicating with a measurement sensor, and a communication interface
for communication with an estimation system. The sensor module is configured to receive
information related to an expected sensor measurement over the communication interface,
receive a measurement signal over the sensor interface, and provide measurement information

based on the measurement signal over the communication interface.

[046] This and other aspects of the invention may include one or more of the following

features.

[047] The sensor module is configured to provide information over the communication

interface related to an uncertainty in the measurement information.

[048] The received information related to an expected sensor measurement includes a predicted

pose of a sensing element relative to the measurement sensor.

[049] In general, in another aspect, the invention features a method that includes enumerating a
set of sensing elements available to a tracking system that includes an estimation subsystem that

estimates a position or orientation of an object, and providing parameters specific to the set of
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sensing elements to the tracking system to enable the estimation subsystem to be configured

based on the parameters specific to the subset of sensing elements.

[050] This and other aspects of the invention may include one or more of the following

features.

[051] The method includes generating a sequence of candidates of pairs of sensing elements
selected from the set of sensing elements, the sequence based on an expected utility of a

measurement associated with the elements to the estimation subsystem.

[052] The method includes selecting a pair of sensing elements from the sequence of
candidates, the selected pair of sensing elements being ready to make a measurement at the time
of selection of the pair or at a predefined time after the time. of selection of the pair, the selected

pair having a highest expected utility of a measurement among the sequence of candidates.

[053] The set of sensing elements includes at least one sensor and at least one target, the sensor

making a measurement with respect to the target.
[054] The target includes a natura] feature in an environment.

[055] In general, in another aspect, the invention features a method that includes computing an
estimate of a pose of a target element relative to a sensor element based on an estimate of a pose
of a tracked object relative to an environmént having affixed thereto either the sensor element or
the target element. The computing of thé estimate of the pose of the target element relative to
the sensor element is also based onan estimate of a pose of the affixed element relative to the
tracked object and the other element relative to the environment. The method also includes
computing an estimate of a measurement of the target made by the sensor based on the estimate
of the pose of the target relative to the sensor, making an actual measurement of the target by
using the sensor, computing a deviation between the actual measurement and the estimated
measurement, and generating a new estimate of the pose of the tracked object based on the

deviation.

[056] This and other aspects of the invention may include one or more of the following

features.
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[057] The method also includes computing a first observation matrix that characterizes a
linearized model of a function relating the measurement made by the sensor to the pose of the

target relative to the sensor.

[058] The method also includes computing a second observation matrix that characterizes a
linearized model of a function relating the pose of the target relative to the sensor to the estimate

of the pose of the tracked object relative to the environment.

[059] The also includes computing an observation matrix that characterizes a linearized model
of a function relating the measurement made by the sensor to the pose of the tracked object
relative to the environment by comioining the first observation matrix and the second observation

matrix.

[060] In general, in another aspect, the invention features a method that includes estimating a
first value associated with a pose of a first sensing element relative to a second sensing element.
The first sensing element is fixed to an environment and the second sensing element is fixed to
an object being tracked, One of the first and second sellsing elements is a sensor and the other is
a target. The method includes estimating a second value associated with a pose of the second
sensing element relative to the first seﬁsing- element, determining which of the first and second
sensing elements is the sensor, and generating an innovation of a measurement of the target made

by the sensor based on the first value when the second sensing element is the sensor.

[061] This and other aspects of the invention may include one or more of the following

features.

[062] The method also includes generating the innovation based on the second value when the

first sensing element is the sensor.

[063] Estimating the first value and estimating the second value are performed by a process

ignorant of which of the first and second sensing elements is a sensor.

[064] In general, in another aspect, the invention features a method that includes estimating a
calibration parameter of a sensing element that is either a sensor or a target, the sensing element
being fixed either to an environment or to an object being tracked. The method includes

determining whether the sensing element is the sensor or the target, assigning the calibration
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parameter as a sensor calibration parameter when the sensing element is a sensor, and generating
an innovation of a measurement of a target made by the sensing element based in part on the

sensor calibration parameter.

[065] This and other aspects of the invention may include one or more of the following

features.

[066] The method also includes assigning the calibration parameter as a target calibration
parameter when the sensing element is a target, and generating an innovation of a measurement

of the sensing element made by a sensor based in part on the target calibration parameter.

[067] Estimating the calibration parameter is performed by a process ignorant of whether the

sensing element is a sensor or a target.

[068] In general, in another aspect, the invention features a method of using multiple sensors in
a tracking system. The method includes providing an estimation subsystem, coupling one or
more sensor modules to the estimation subsystem, each associated with a different set of one or
more sensors. The method includes configuring the tracking system, which includes providing
configuration information from each of the sensor modules to the estimation subsystem
regarding the characteristics of the sensors associated with the sensor module, and configuring
the estimation subsystem using the provided configuration 1nformat10n The method includes
maintaining estimates of tracking parameters in the estimation subsystem, including repeatedly
passing data based on the estimates of the tracking parameters from the estimation subsystem to
one or more of the sensor modules, receiving from the one or more sensor modules at the
estimation subsystem data based on measurements obtained from the associated sensors, and the
data passed to the sensor modules, and combining the data received from the one or more sensor
modules and the estimates of the tracking parameters in the estimation subsystem to update the

tracking parameters.

[069] This and other aspects of the invention may include one or more of the following
features.

[070] The data passed from the estimation subsystem to one or more of the sensor modules

includes an estimate of the pose of a target relative to a sensor that was calculated by the
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estimation subsystem using an estimate of the pose of a tracked object relative to a frame of

reference fixed to an environment.

[071] The data passed from the estim'ation subsystem to one or more of the sensor modules
does not include the estimate of the pose of the tracked object relative to the frame of reference

fixed to the environment.

[072] Providing the estimation subsystem includes providing a module that is configurable to

use different sets of sensor modules coupled to it.

[073] Maintaining estimates of the tracking parameters in the estimation subsystem includes

using a stochastic model in the estimation subsystem.

[074] Using a stochastic model includes implementing some or all of a Kalman filter in the

estimation subsystem.

[075] Implementing some or all of the Kalman filter includes updating error estimates using

linearized models of the sensor system. -

[076] Implementing some or all of the Kalman filter includes implementing a distributed
Kalman filter, wherein each of a plurality of components of the distributed Kalman filter is

associated with a different subset of the sensor modules.

[077] One of the components of the distributed Kalman filter is associated with a subset of

sensor modules consisting of sensor modules that are affixed to a tracked object.

[078] One of the components of the distributed Kalman filter is associated with a subset of

sensor modules consisting of sensor modules which are affixed to an environment.

[079] One of the components of the distributed Kalman filter is not associated with any sensor

modules.

[080] Implementing the distributed Kalman filter includes ‘implementing a Federated Kalman
Filter.

[081] Providing configuration information from the sensor modules includes providing

information characterizing a type of a sensor associated with a sensor module.

-10-
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[082] Providing configuration information from the sensor modules includes providing
information characterizing a position or an orientation of a sensor associated with a sensor

module.

[083] Providing configuration information from the sensor modules includes providing
information characterizing one or more calibration parameters of a sensor associated with a

sensor module.

[084] In general, in another aspect, the invention features a machine-accessible medium, which
when accessed results in a tracking or navigation system that tracks or navigates, respectively, an
object, performing operations that includes enumerating a set of sensing elements available to the
tracking or navigation system, where the sensing elements available to the tracking or navigation
system includes at least one of an inside-out sensor and an outside-in sensor. The inside-out
sensor is fixed to the object and makes meésurements with respect to a target fixed to an
environment. The outside-in sensor is fixed to the environment and makes measurements with
respect to a target fixed to the object. The machine-accessible medium, when accessed, results in
the tracking or navigation system configuring an estimation module of the tracking or navigation
system based on an enumeration of the set of sensing elements available to the tracking or
navigation system so that the estimation module can process measurement information from
either inside-out sensors, outside-in sensbrs, ora combination of inside-out and outside-in
sensors depending on the sensors available. The machine-a¢c¢ssible medium, when accessed,
results in the tracking or navigation system repeatedly updating an estimated pose of an object
based on measurements from the set of sensing elements available to the tracking or navigation

system.

[085] This and other aspects of the invention may include one or more of the following

features.

[086] The sensing elements available to the tracking or navigation system include range
sensors, and configuring the estimation module includes configuring the estimation module so
that the estimation module can process measurement information from either inside-out sensors,

outside-in sensors, range sensors, or any combination of the above sensors.
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[087] The sensing elements available to the tracking or navigation system include inertial
sensors, and configuring the estimation module includes configuring the estimation module so
that the estimation module can proéess measurement information from either inside-out sensors,

outside-in sensors, inertial sensors, or any combination of the above sensors.

[088] The sensing elements available to the tracking or navigation system include dead
reckoning sensors, and configuring the estimation module includes configuring the estimation
module so that the estimation module can process measurement information from either inside-

out sensors, outside-in sensors, dead reckoning sensors, or any combination of the above sensors.

[089] In general, in another aspect, the invention features a tracking or navigation method that
includes receiving sensor configuration information indicating a set of sensing elements
available to a tracking or navigation systém, and configuring a data processing module of the
tracking or navigation system based on the sensor configuration information to selectively
perform one of (a) receiving data from at least one inside-out bearing sensor, and updating an
estimated pose of an object based on data received from the inside-out bearing sensor, (b)
receiving data from at least one outside-in bearing sensor, and updating an estimated pose of an
object based on data received from the outside-in bearing sensor, and (c) receiving data from at
least one inside-out bearing sensor and at least one outside-in bearing sensor, and updating an
estimated pose of an object based on data received from the oﬁtside-in bearing sensor and the

inside-out bearing sensor.

[090] This and other aspects of the invention may include one or more of the following

features.

[091] The tacking or navigation method also includes configuring the data processing module
to selectively perform one of (d) receiving data from at least one range sensor, and updating an
estimated pose of an object based on data received from the range sensor, () receiving data from
at least one range sensor and at least one inside-out bearing sensor, and updating an estimated
pose of an object based on data received from the range sensor and the inside-out bearing sensor,
(f) receiving data from at least one range sensor and at least-one outside-in bearing sensor, and
updating an estimated pose of an object based on data received from the range sensor and the

outside-in bearing sensor, and (g) receiving data from at least one range sensor, at least one
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outside-in bearing sensor, and at least one inside-out bearing sensor, and updating an estimated
pose of an object based on data received from the range sensor, the inside-out bearing sensor,

and the outside-in bearing sensor.

[092] In general, in another aspect, the invention features an apparatus that includes an
estimation module to estimate a pose of an object based on measurement data from sensing
elements, the estimation module coﬁﬁgured to enable selective performance of (a) receiving data
from at least one inside-out bearing sensor, and updating an estimated pose of an object based on
the data received from the inside-out béaring sensor, (b) receiving data from at least one outside-
in bearing sensor, and updating an estimated pose of an object based on the data received from
the outside-in bearing sensor, and (c) receiving data from at least one inside-out bearing sensor
and at least one outside-in bearing sensor, and updating an estimated pose of an object based on

the data received from the outside-in bearing sensor and the inside-out bearing sensor.

[093] In general, in another aspect, the invention features an apparatus that includes an
estimation module to estimate a pose of an object based on measurement data from sensing
elements, the estimation module cqnﬁgured to enable selective performance of one of (a)
updating an estimate of the position or orientation of the object relative to an environment, (b)
updating an estimate of the position or orientation, relative to the object, of at least one sensing
element fixed to the object, and (c) updating an estimate of the position or orientation, relative to

the environment, of at least one sensing element fixed in the environment.

[094] In general, in another aspect, the invention features a computer program that is capable of
performing any combination (i.e., one, two, three, four, five, ..., etc.) of a set of functions, and
selects which function or functions to perform at runtime based on configuration information. In
this aspect of the invention, the set of functions can feature any subset of the following: (i)
receive data from one or more inside-out bearing sensors; (ii) receive data from one or more
outside-in bearing sensors; (iii) receive data from one or more range sensors; (iv) receive data
from one or more inertial or dead reckoning sensors; (v) receive data from one or more inside-
out bearing sensors and one or more outside-in bearing sensors; (vi) receive data from one or
more bearing sensors and one or more range sensors; (vii) update an estimate of the position or
orientation of a tracked object relative to-a reference coordinate frame; (viii) update estimates of

the position or orientation relative to the tracked object of one or more sensors or targets affixed
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to the tracked object; (ix) update estimates of the position or orientation relative to the reference
coordinate frame of one or more sensors or-targets fixed in the reference coordinate frame; (x)
update estimates of calibration parameters of one or more sensors; and (xi) update estimates of

size or color or amplitude or frequency or pattern or category of one or more targets.
[095] Implementations of the invention may include one or more of the following features.

[096] The configuration information is obtained from configuration files stored on a computer

readable medium accessible to the computer program.

[097] The configuration information describing a particular sensor is obtained from a

nonvolatile electronic memory device physically attached to said sensing device.

[098] The computer program is capable of performing more than one of the functions in groups

(1) to (vi).

[099] The computer program is capable of performing more than one of the functions in groups
(vii) to (xi).

[0100] The computer program is capable of simultaneously performing more than one of the

functions in groups (i) to (vi).

[0101] The computer program is capable of simultaneously performing more than one of the

functions in groups (vii) to (xi).

[0102] The computer program is capable of simultaneously performing one or more of the

functions in groups (i) to (vi), and one or more of the functions in groups (vii) to (xi).
[0103] Aspects of the invention may include one or more of the following features.
[0104] The system is implemented in whole or in part in software.

[0105] The system provides an application programming interface to a software application that

makes use of tracking or mapping data.

[0106] The application programming interface to the application does not necessarily expose the

details of the sensor configuration.
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[0107] Sensor modules are implemented in software.

[0108] The sensor modules each provides an application programming interface that is used by

the system to communicate with the sensor modules.

[0109] The sensor module application programming interface does not depend on the specific

characteristics of the set of sensors associated with that sensor module.

[0110] The sensor modules are implemented as dynamically loaded software modules.
[0111] The sensor modules are automatically detected by the system.

[0112] The sensor modules provide sensor parameters to a central estimation subsystem.

[0113] The sensor parameters include parameters that identify a basic type of a sensor, such as 2-

D bearing, 1-D bearing, range, etc.

[0114] The sensor parameters include parameters that identify a specific type of a sensor, such as

make and model, etc.

[0115] The sensor parameters are provided according to the IEEE 1451.2 Smart Transducer
Interface standard.

[0116] The sensor module provides measurement related parameters for the sensors.
[0117] The measurement-related parameters include parameters of an observation model.

[0118] The parameters of an observation model include an observation matrix suitable for a
Kalman Filter.

[0119] The estimation subsystem automatically configures a Kalman Filter using the provided

sensor parameters.

[0120] The estimation subsystem repeatedly provides state-related information to the sensor

modules.
[0121] The state-related information includes location information.

[0122] The location information includes location information related to a location of a target

relative to a sensor.
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[0123] The location information includes location information related to a fixed location in an

environment.
[0124] The state-related information iﬁcludes bias parameter information,

[0125] The sensor modules repeatedly accept the state-related information and combine that
information with sensor measurement informatién, and pass the combined information to the

estimation subsystem.

[0126] The combined information includes innovation data for the Kalman Filter.
[0127] The estimation subsystem implements an Extended Kalman Filter.

[0128] The estimation subsystem implements a distributed quman Filter.

[0129] The distributed Kalman Filter includes separate components associated with different sets

of one or more sensing elements.
[0130] The distributed Kalman Filter includes a Federated Kalman Filter.

[0131] The estimation subsystem includes a sensor fusing module for combining information

from different sets of sensors.

[0132] The estimation subsystem includes a localization filter.

[0133] The estimation subsystem includes a mapping filter.

[0134] The estimation subsystem includes a simultaneous lécalization and mapping filter.

[0135] The estimation subsystem inclqdes an auto-calibration filter.

[0136] The estimation subsystem includes a simultaneous localization and auto-calibration filter.

[0137] The estimation subsystem includes a simultaneous localization, auto-calibration, and

mapping filter.

[0138] The estimation subsystem includes a selector for selecting one of the localization, and

auto-calibration, and mapping related filters.
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[0139] The system independently switches between simultaneous tracking and auto-calibration,

simultaneous tracking and mapping, tracking only, efc.
[0140] The estimation subsystem performs auto‘-calibrationAduring an initial interval.

[0141] The estimation subsystem performs auto-calibration while in a pre-surveyed area for

which map information is available.

[0142] The estimation subsystem stops performing auto-calibration after the initial interval, or

after it leaves the pre-surveyed area.

[0143] Aspects of the invention enable a framework in which a user can rapidly implement a
wide variety of user-configurable multi-sensor fusion systems for tracking, auto-calibration,
auto-mapping, or any combination of the above. Advantages of one or more aspects of the

invention may include one or more of the following:

[0144] Sensor versatility: The architecture allows use of various combinations of types and
qualities of sensors -- inside-out, outside-in, mixed, with or without inertial or dead-reckoning

S€nsors.

[0145] Plug and track functionality: The architecture allows users to configure systems by

plugging together self-identifying and self-describing smart sensor modules.

[0146] Scalability: The architecture enables deployment of systems with large numbers of

tracked vehicles and/or large maps.

[0147] Flexibility: The architecture permits implementation of systems with one on-board
processor per vehicle, or tracking systems in which a regional processor tracks all vehicles in the

area.

[0148] Algorithm versatility: The architecture defines interfaces between modules to allow
individual modules to be updated to take advantage of the newest large-scale simultaneous

localization and mapping algorithms. The architecture allows the use of sub-map partitioning,

[0149] Function versatility: The navigation system may switch between simultaneous tracking
and auto-calibration, simultaneous tracking and map-building; tracking only, or simultaneous

tracking and map-building and auto-calibration.
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[0150] Object-oriented design: The architecture facilitates reuse of the modules (e.g., PSE

drivers or update filter modules) when the top-level navigation system design is changed.

[0151] Other features and advantages of the invention are apparent from the following

description, and from the claims.

Description of Drawings

[0152] FIG. 1 shows a vehicle navigating an environment.

[0153] FIGs. 2 and 3 are block diagrams of a navigation systetn.

[0154] FIG. 4 shows different frames of reference.

[0155] FIG. 5 shows an overall architecture of a navigation system.

[0156] FIG. 6 is a block diagram of a measurement management unit.

[0157] FIG./7 is a block diagram of software modules of the navigation system.

[0158] FIG. 8 shows a file directory structure used by the navigation system.

[0159] FIG. 9 shows a flow diagram of logic performed by a configuration manager program.

[0160] FIG. 10 shows a block diagram of an architecture for a multiple vehicle navigation

system.
[0161] FIG. 11 illustrates applications of the navigation system.

[0162] FIG. 12 shows a distributed Kalman filter.

Description

1 System overview

[0163] Referring to FIGs. 1 and 2, a navigation system 90 tracks or navigates a vehicle 100 in an
environment (or “galaxy”) 106, such as within a factory building. Navigation system 90 (see
FIG. 2) includes sensors 103 that provide measurement data and a data processing unit 190 that

processes data provided by the sensors. The navigation system 90 builds a map of the
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environment, calibrates the sensors, and determines the locat1on of the vehicle in the galaxy
frame of reference. The navigation system 90 tracks the pos1t10n and the orientation (together
referred to as the 6-dimensional “pose”) of vehicle 100 based on both inertial measurements as
well as sensor measurements between sensing devices or targets in the vehicle 100 and sensing

devices or targets that are fixed in the environment 106.

[0164] The terms “environment” and “galaxy” is used interchangeably in the description below.
The environment can be one, two, or three dimensional. For example, environment 106 may be
a track that winds through a factory. Environment 106 may be a land mass, an ocean floor, a
factory floor, a room, a building, a town, an airspace, an ocean body, or an underground tunnel.
Environment 106 may be moving relative to earth. For example, the environment may be the
interior of an aircraft carrier or a space surrounding a space ;sh.uttle orbiting the earth. Vehicle
100 may be, for example, a land vehicle, a water vehicle, an aircraft, a spacecraft, a robot, a
person, a part of a person, a flying object, a floating object, an underwater moving object, aﬁ
animal, a camera, a weapon, a handheld object, a sensing apparatus, a helmet, a tool, a medical
instrument, a display, a piece of sports equipment, a shoe, a boot, an article of clothing, a
personal protective equipment, or some other obj ect. The terms vehicle and navigation are used
for simplicity, but should not be construed to limit the scope of the invention, which is equally
intended for tracking any object for any purpose. Therefore, the terms “navigation system” and
“tracking system” will be used interchéngeably in the description below, as will the terms

“yehicle” and “tracked object”.

[0165] The pose of the vehicle is estimated in a fixed frame of reference in environment 106,
which is referred to as the galaxy frame of reference or the navigation frame of reference (“N-
frame™). In one version of the system, the galaxy frame of reference is an inertial frame of
reference. Inertial sensors 104, which are part of an inertial measurement unit (IMU), provide

measurements for inertial tracking of the vehicle by an inertial navigation subsystem.

[0166] Navigation system 90 makes use of two general classes of sensor measurements. One
class of sensor measurements, called interoceptive measurements, are used for dead reckoning.
Interoceptive measurements are made within the vehicle, without reference to any elements
external to the vehicle. This class includes inertial measurements (e.g., from linear or angular

accelerometers or from gyroscopes) and relative displacement measurements (e.g., from wheel
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encoders or optical flow sensors). In the discussion below, one or more inertial measurement

units (IMUs) provide the dead-reckoning measurements to the navigation system. However, the
system architecture has been designed to. support the substitution of other interoceptive sensors,
so the abbreviation IMU may also be interpreted as “interoceptive measurement unit” where the

context permits.

[0167] A second class of sensor measurements, called exteroceptive measurements, provide
measurements between elements on the vehicle and elements external to it. Within this class,
some measurements are relative to the reference frame (“earth referenced” measurements), such
as GPS, altimeter, compass, and gravitometer measurements. Other sensor measurements are
related to pairs of sensors and targets that are fixed to the vehicle and targets or sensors fixed in

the environment (“map-referenced” measurements).

[0168] The sensors and targets fixed to the vehicle or fixed in the environment are collectively
referred to as “pose sensing elements” (PSEs). The PSEs fixed to the vehicle 100 are referred to
as “mobile” PSEs (MPSEs) 102 and the PSEs ﬁxed in the ei;vjronment 106 are referred to as
“fixed” PSEs (FPSEs) 108. Sensor measurements generally relate to measurements between
pairs of PSEs (indicated by the dashed lines), one MPSE and one FPSE, and depend on aspects
of the relative (6-dimensional) pose of the two PSEs.

[0169] As introduced above, PSEs generally fall into two groups: sensors and targets. Examples
of sensors include cameras and microphones. Examples of targets include target images (e.g., a
bulls-eye) and acoustic beacons (sound emitters). It is not necessary that the sensor PSEs be
fixed to the vehicle and targets fixed in the environment. For example, sensors may also be fixed
in the environment such as tracking cameras fixed in a factory environment that track

movements of vehicles moving on the factory floor.

[0170] Targets may be active or passive. An example of an aétive target is an ultrasound
speaker that emits ultrasound signals. An example of a passive target is a circular marking -
pasted on the ceiling of a room, or a naitural landmark such as a corner of a building, or rocks in a

terrain.

[0171] For earth-referenced sensors (such as a GPS receiver), the sensor is an MPSE, with no

specific target FPSE being associated with measurements by that sensor.
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[0172] In various vehicle configurations, a wide variety of sensors and targets may be used.
Navigation system 90 is modularized and configurable such that different sensors and targets can
be selected for a particular vehicle without neceésarily having to re-implement and re-test the
implementation of the navigation system. The architecture provides a “plug and track”
capability in which sensors and targets and their associated software drivers can be “plugged”
into the navigation system 90, which then makes use of the sensors and targets in tracking the
vehicle. For example, an acoustic sensor such as a directional microphone may be “plugged”
into the navigation system, and range and directionality characteristics of the microphones are

automatically used by the navigation system 90 in tracking the vehicle 100.

[0173] Navigation system 90 also has the capability of automatically determining values of
PSEs’ intrinsic calibration parameters as well as estimating the extrinsic calibration parameters
(poses) of PSEs (and optionally the IMUs) in a parent frame of reference (B-frame for MPSEs
and N-frame for FPSEs). Examples of sensor intrinsic calibrajcion parameters are camera lens
distortion parameters or additive biases or scale factor error parameters in a range measuring
system. The term “auto-calibration” is.generally used in the discussion below to include
estimating the intrinsic and/or extrinsic parameters of mobile sensors or targets relative to the
vehicle, while the term “mapping” is generally used in the discussion below to include
estimating the intrinsic or extrinsic parameters of fixed sens’org or targets relative to the
environment. This is slightly different from common usagé, in which estimating the calibration
parameters of sensors, even those fixed in the environment, would usually be called calibration

rather than mapping.

[0174] When an MPSE is installed on vehicle 100, the information on the pose of the MPSE
relative to the vehicle is not necessarily provided to the systém or may be manually entered to
limited accuracy by a user. While in auto-calibration mode, as the navigation system processes
sensor inputs using that MPSE, the pose of the MPSE is updated. Such updating can also
compensate for changes in pose of an MPSE, for example, because of a shifting of the MPSE

during use of the vehicle.
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2 Pose Sensing Elements (PSEs)

[0175] The navigation system 90 supports a wide variety of types of sensors to be used in
tracking and navigation applications, each sensor having a different performance, operating

environment, range, size, cost, update rate, and penetration capability.

[0176] As introduced above, PSEs provide two types of measurements. One type of
measurements can be described as “map-point-referenced discrete update observables.” Such
measurements are made with respect to point references in the environment, and contribute
directly to the environment mapping process. For example, ultrasonic sensors, Lidar (Light
Detection And Ranging), radar, and raw GPS “pseudorange” data can be used to measure
ranges. Laser scanners, linear CCD (charge coupled device) sensors, and phased array sensors
can be used to measure one-dimensional beaﬁng angles. Injag_ing sensors, PSD (position
sensitive device) sensors, quadcells, and pan/tilt servos can be used to measure two-dimensional
bearing angles. Doppler radar and phase-coherent acoustic sensors can be used to detect raﬁge
rates. TDOA (time difference of arrival) RF or acoustic sensors and radar can be used to
measure range differences. Active source magnetic trackers and electric field trackers can be

used to measure dipole field components.

[0177] A second type of measurements provided by PSEs can be described as “earth-referenced
discrete update observables.” Such measurements are made with respect to physical properties
of the environment. For example, processed GPS signals and altimeters can be used to measure
Cartesian positions or aspects thereof. Magnetiq compasses and gyrocompasses can be used to
measure headings. Magnetometers and gravitometers can be used to measure fields that vary by

location in the environment.

[0178] In the description below, when performing a bearing angle measurement, the “sensor” is
defined as the device at the fulcrum of the bearing angle, even if it is actually a source rather than
a detector of a signal. Thus, in the case where a.laser scanner (or other light projector) and a
photodetector are used to measure a bearing angle, the “sensor” is the laser, and the “target” is
the photodetector. For an “inside-out” measurement, the sensor is attached to the vehicle and the
target is fixed in the environment. For an “outside-in” measurement, a sensor fixed in the

environment observes a target fixed to the moving vehicle.
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[0179] For map-point referenced PSEs, a measurement z;; between a particular MPSE j and
FPSE i depends on the relative pose >‘ij of the sensor and the target. In general, this
relationship takes the form of a non-linear function zjj = A4j(;;) . In general, this function

depends on the characteristics of the sensor and may depend on the characteristics and/or the

identity of the target. The function /;(A;;) is referred to as the observation function of the
sensor. The value >‘ij is measured in the sensor’s frame of reference. This sensor-target pose,

)‘ij depends on the poses of the MPSE relative to the vehicle, the FPSE relative to the galaxy,

and the vehicle relative to the galaxy.

[0180] The pose >‘ij can be expressed using a number of different representations of the 6-

degrees of freedom in the pose. In the present version of the system, the Cartesian coordinates x,
y and z of the target in the sensor’s frame of reference represent translation, and a 3x3 rotation
matrix which transforms vectors from the target’s frame of reference to the sensor’s frame of

reference represents orientation. Another potenﬁally useful representation of the pose Ajj
between the i™ FPSE and the j MPSE is expressed as Nj=(0;8;.0;.9;.k;,t;) . Here 6, is the
angle between the FPSE principal axis and a line connecting the FPSE and the MPSE, and lij is
the length of the line. The azimuthal angle ¢; of this line is measured around the i FPSE’s
principal axis (forward or x-axis) using a right Hand rule and the FPSE’s y-axis as the starting
mark. Angles @ j,¢ ; are a symmetrically defined off-axis angle and azimuthal angle of the |
departing ray from the j™ MPSE. The final term, ;7 » is the twist of the imaginary rigid pole

connecting the centers of the two PSEs about a swivel joint in the pole center, where the twist of
each pole half relative to its PSE is fixed by imagining that the pole flattens out like a canoe
paddle at the end, and the intersection of this blade with the PSE’s y-z plane lies along the y-axis.
The advantage of this unusual pose representation is that it is symmetrical — to reverse the -

direction of reference and find the inverse pose, just switch indices i and j.
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[0181] For earth-referenced sensors, such as GPS sensors, there is no specific FPSE involved in
the measurement. In this case, the subscript 7 is ignored and the pose of the MPSE is relative to

a fixed point in the galaxy frame of reference.

[0182] To provide a simple example of a sensor measurement, Suppose a Sensor measures a

separation of the MPSE and FPSE according to the equation z; = lij.'3 . In this case, the

observation function takes the form A, ((9,. g 0, ¢ I ¢t )) - l,.j_3 . More complex

ij i
observation functions arise when the sensor measurement depends on more than simply the

absolute separation of the sensor and target. Also, note that in general, the observation Zjj isa

vector-valued quantity.

[0183] The system makes use of an observation model in which the measured observation is

assumed to be corrupted by an additive oBservation 10ise as zj; = hyj(Ajj) + vij. When the
observation is vector-valued, the cdmponents of the observation noise Vjj may be correlated, and
the covariance of this noise is a matrix< Rij ()\ij) which, as-is noted, may depend on the relative
pose of the sensor and the target.

[0184] In operation, it is useful to linearize the observation model about an “operating point”
(e.g., an estimated pose )A\ij ) in the form zij =Hj ()A\ij) )‘ij +vyj. (With a 6-dimensional

representation of the pose, and an m-dimensional observation, the observation matrix has 6

columns and m rows.) It is also useful to compute the difference between the expected

measurement based on the estimated pose, 2;: = h--(X- 1), and the actual sensor measurement.
] EUANY

This difference, 6z=2z;; —Z;;, is referred to as the “innovation” in the measurement.

[0185] As discussed more fully below, a sensor and its associated components are responsible
for accepting an estimated pose 3\1-~ , computing the matrices Hij (Xij) and Rij(xij) that depend
on this estimated pose, making an actual measurement z;, and computing the innovation

zi; — Iy (Xij) . Note that these operations and computations may be very specific to the sensor,
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and the computations may involve considerations of complex non-linear characteristics of the

sensors.

[0186] As introduced above, the navigation system may also estimate intrinsic calibration (bias)
parameters for the PSEs. In such a case, the observation function is extended to include these

arguments as zjj = /;(Aj5,K;,K;) , where k; and k; are vectors of calibration parameters for the

FPSE i and MPSE ; respectively. The observation model is extended to include the calibration

parameters:

3 Tracking system architecture

[0187] Referring to FIG. 2, sensors 103 include PSE devices and active targets 105 and IMU
104. Measurements by PSEs are made between pairs of PSEs, one PSE functioning as a sensor
and the other PSE functioning as a target. In one example, the PSE sensor is fixed on vehicle
100 and the PSE target is fixed in the environment 106. In another example, the PSE sensor is
fixed in the environment 106 and the PSE target is fixed on vehicle 100. In another example,
where multiple vehicles are used, the PSE sensor is fixed in one vehicle and the PSE target is
fixed in another vehicle. Measurements by‘PSEs allow the navigation system 90 to determine

the vehicle’s position relative to the environment or relative to other vehicles.

[0188] The interoceptive sensors (iﬁertial or other dead-reckoning sensors) in IMU 104 make
measurements without reference to anything outside the vehicle. For instance, integration of
inertial measurements allows navigatidn system 90 to determine the vehicle’s position relative to
the vehicle’s position at a prior time. If the vehicle’s position in the galaxy frame of reference is
known at the prior time, then the inertial measurements allow the navigation system 90 to make
an estimate of the current location of the vehicle 100 in the galaxy frame of reference. Thus,
when measurements between pairs of PSEs are not possible, such as when vehicle 100 navigates
through a portion of the environment Where PSEs in the environment are all blocked by

obstacles, navigation system 90 can still keep track of the location (including orientation, and
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possibly other state variables of the vehicle such as velocity. or. rotation rate) of the vehicle based

on the inertial measurements.

[0189] In the data processing unit 190, sensor-specific modeling is separated from the generic
sensor fusion algorithms used to update system states. Specifically, sensor specific computations
are isolated in PSE drivers 120. A meta-driver 122 provides an interface between the PSE

drivers 120 and a sensor fusion core 200, which does not need to include sensor-specific aspects.

[0190] The PSE drivers 120 provide interfaces to PSE devices 105. PSE drivers 120 are
software modules, which may be written by manufacturers of PSE devices 105 independently of
the specific implementation of the sensor fusion core, and are implemented as shared object
library files, such as “.dll” (dynamip link library) files under Windows or “.so” files under Unix.
As will be described in more detail below, PSE drivers 120 include information and interfaces
that are specific to the PSE devices 105, and data and code needed for computation of the
linearized observation matrices, observation noise covariance matrices, and expected sensor

measurements and/or innovations as described above.

[0191] Data processing unit 190 includes a sensor fusion che_(SFC) 200 that processes
information from sensors 103. SFC 200 includes a state update module 214 that updates a
vehicle state 202, a vehicle map 204, and an environment map 206. The vehicle state includes
estimates of the location and/or orientation of vehicle 100, as well as other relevant state
variables for the vehicle, which is denoted as a vector x. The vehicle map 204 includes a map
(i.e., the poses) of MPSESs in the vehicle’s frame of reference (B-frame), denoted as a vector

M of the stacked pose vectors m; of the individual MPSEs . The environment map 206 includes
a map containing poses of FPSEs in thfa galaxy frame of reference (N-frame), denoted as a vector

F of the stacked poses f; of the individual FPSEs. The overall state is denoted as the stacked

vector X = (xT,MT, FT)T.

[0192] In versions of the system that estimate calibration parameters k; for PSE;, each individual

FPSE “vector” f; is composed of a position, orientation, and intrinsic parameter (bias) fields:

- 26-



WO 2004/015369 PCT/US2003/025194

P
4 fZ
=17 |=|" |,
£k
gk | L

where fil stands for the combined pose states and f,-k stands for the bias state. Similar notation
is used for MPSE;.

[0193] The vehicle state 202, vehicle map 204, and environment map 206 are stored in a
memory. The term “vehicle state”, depending on context, will refer either to the state of the
vehicle or a portion of the memory storing the vehicle state. Likewise, the term “vehicle map”,
depending on context, will refer either to a map of the MPSEs on the vehicle or a portion of the
memory storing the vehicle map. The term “environment map”, depending on context, will refer
either to a map of the FPSEs in the environment or a portion of the memory storing the

environment map.

[0194] Data processing unit 190 includes a meta-driver 122 that is used as a bridge between PSE
drivers 120 and SFC 200. By dividing data processing unit 190 into portions specific to PSE
devices 105 and a portion specific to updating the states of the navigation system 90, the
navigation system can be easily reconﬂggréd depending on the latest versions of device drivers
and/or update algorithms. The meta-driver 122 allows PSE devices 105 and PSE drivers 120 to
be designed without knowledge of the inner workings of the SFC 200, and SFC 200 can be
designed without knowledge of the specific details of the PSE devices 105 and PSE drivers 120.
The details of the meta-driver 122 will be described below.

[0195] Referring to FIG. 3, the state update module 214 of the SFC 200 includes a dynamic
reference unit (DRU) 220 for processing interoceptive measurement data and a sensor processing
module 222 for incorporating exterbceptive measurement data. DRU 220 processes inertial and
other dead-reckoning measurements from IMU 104, while sensor processing module 222
processes measurements from PSE devices 105. The DRU 220 and sensor processing module
222 in combination updates the vehicle state 202, vehicle map 204, and environment map 206
using an iterative process. In operation, the DRU 220 may make use of multiple measurements

from the IMU 104 between uses of measurements from the PSE devices 105. As described more
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fully below, SFC 200 periodically (e.g., once each time an exteroceptive measurement datum is

available) uses a PSE sensor measurement to update the state of the system.

[0196] DRU 220 processes inertial measurements from IMU 104 and maintains the vehicle state
202. Sensor processing module 222 controls and processes PSE sensor measurements based on
an estimate of the vehicle’s state from the DRU 220, and determines adjustments to be made to
the vehicle state 202, based on measurements from PSE sensors 105, which it passes in a
feedback arrangement back to the DRU 220. The sensor processing module 222 maintains the
vehicle map 204 and the environment map 206 which it uses in determining the amount of

adjustment.

[0197] In navigation system 90, measurements from IMU 104 are made at constant intervals,
e.g., 180 times per second. Measurements from PSE devices 105 are made whenever possible
(i.e., when at least one measurement can be performed betWeen a pair of PSEs). At each
iteration, zero or one measurement requests between sensors and targets are sent to the meta-
driver, and during the same iteration, zero or one PSE sensor measurements resulting from a
previous request may be received from the meta-driver and used to update the state of the
system. However, the limitation of one request and one result received per cycle is not intrinsic

to the architecture, and may be increased to a ]afger number in a future implementation.

[0198] In addition to maintaining an estimate of the vehicle state, the DRU 220 calculates and
provides the state transition matrix ® y, and the procéss noise covariance matrix Qy, to the
sensor processing module which uses them to update an estimate of a covariance Py, of the
estimation error of this vehicle state estimate. The term Py, will be referred to as the vehicle
error covariance. The sensor processing module 222 uses the covariance and provides time
updates to the covariance based on the‘ mairices® y and Q, on each iteration. It also providels

measurement updates to the covariance on each iteration in which a measurement is received and

processed.

[0199] The sensor processing module 222 includes a measurement management unit (MMU)
304 and an update filter 306. MMU 304 selects pairs of PSEs for measurements by taking into
account the location of the vehicle, as well as a utility of different measurements that might be

made. For instance, when the vehicle is at different locations, different pairs of PSEs may be in
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range of one another and of the pairs of PSEs that could be used, different pairs may be able to
provide more useful information based on the characteristics of the sensors and/or the geometry
of their relative locations. MMU 304 éommunicates with PSE driver 120 through meta-driver
122 to obtain the measurements from PSE devices 105 and corresponding sensor parameters, and

provides processed sensor measurements and sensor parameters to the update filter 306.

[0200] When the navigation system 90 is powered up, MMU 304 or another component called
sfShell, to be described later, calls the meta-driver 122 and requests that the meta-driver
enumerate the sensing hardware. Meta-driver 122 loads available PSE drivers, such as 308 and
309, from a driver database 310. The PSE drivers are currently implemented as “.d11” files and
assigned names having a format that allows the meta-driver 122 to detect them. The term “PSE
drivers 120” refers to the PSE drivers collectively. o

[0201] Meta-driver 122 then requests that each PSE driver 120 enumerate the PSE devices 105
that are available to navigation system 90 through that PSE driver and collect configuration
information from those sensors. One PSE driver may control one or more than one PSE devices.
Each PSE driver may control one or more types of PSE devices. For example, PSE driver 308
may control ultrasonic sensors and emitters, and PSE driver 309 may control laser range finders.
Each PSE driver contains interfaces to, and possibly some information about parameters related
to the PSE devices. The PSE devices may also store information about themselves. Meta-driver
122 receives the configuration information from PSE drivers 120, compiles the information and
outputs a hardware configuration file “HW.cfg.’; The hardware configuration file lists all of the

PSE devices available and their configuration information.

[0202] In one example, the PSE driver is written by the manufacturer of the PSE sensor
associated with the PSE driver. A PSE driver may also control PSE devices made by different

manufacturers.

[0203] By using meta-driver 122 to enumerate the PSEs available upon power-up of navigation
system 90, the navigation system is able to automatically reconfigure itself and continue to °
perform accurate map building and navigation when PSE devices or IMUs are added or removed

from the system. This capability is referred to as “plug-and-track”.
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[0204] During initialization, navigation system 90 reserves states in the state vectors processed
by the update filter 306 to accommodate thé states of the PSE devices that are found during the
enumeration process. During active tracking, navigation system 90 can also add new states (e.g.,
when new PSE devices are found) or delete states (e.g., whén PSE devices are determined to be

unavailable).

[0205] By using the meta-driver 122, even though the existence of available PSE device 105 are
relied upon in the calculation of inputs to update filter 306, the implementation of the sensor
fusion core 200 is separated from the implementation of the devices 105, and thus it is possible
to replace one type of sensor 105 with another without the need to redesign any components of
the sensor fusion core 200. When the PSEs are added or removed from the system, the meta-
driver 122 enumerates the PSEs connected to the system, and the SFC 200 accommodates them
automatically, even if the new PSEs have structurally different measurement models or

triggering policies compared to previous ones.

[0206] When navigation system 90 starts the process of traékihg the location of vehicle 100, it
first acquires an initial vehicle pose estimate in a process called acquisition, to be described later,
and then enters tracking mode. In tracking mode, MMU 304 communicates with meta-driver 120
to determine which PSE pairs (including target and sensor) are available to make measurements
during the next measurement cycle. MMU 304 selects a pair of PSEs from among the pairs of
PSEs that are available to make measurements. MMU 304 makes the selection based on an
“information gain” that represents the utility (or usefulness) of a measurement by the pair of

PSEs to navigation system 90.

[0207] After MMU 304 selects the pair of PSEs that can make a measurement having the highest
information gain, the MMU sends a message to meta-driver 122 to cause a PSE driver to trigger
a measurement by the pair of PSEs. The actual measurement is generally available after a

number of cycles due to the speed at which measurements can be made.

[0208] In choosing the pair of PSEs for making a measurement, MMU 304 first generates a
“wishlist” of pairs of PSEs. The wishlist lists all of the pairs of PSEs consisting of a sensor
which is available to the MMU and ready and a target which the MMU calculates to be within

the sensing range of the sensor.
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[0209] The MMU 304 sends the wishlist to an arbiter that is part of meta-driver 122. The arbiter
identifies which pairs of PSEs on the wishlist are available to initiate a measurement in the next
cycle. A particular pair may be marked by the arbiter as unavailable either because the pair of
PSEs are still performing a measurement from a previous cycle or because the sensor or target is
shared with one or more other vehicles. For shared dévices, the arbiter tries to select a sensor-
target pair which provides the highest information gain to as many of the requesting SFCs as
possible. The arbiter sends a message to each reduesting I\/LMU, indicating that the MMU is
allowed to request a measurement using that chosen pair in the next cycle. In the next cycle, the
MMU sends a message to the meta-driver to cause a PSE driver corresponding to the selected
pair of PSEs to trigger a measurement. The actual measurement may take many cycles to
complete. Therefore, in each cycle, the MMU typically receives a measurement that it requested
a number of cycles earlier. The sensor processing module 222 includes an update filter 306 to
compute the amount of adjustment that needs to be made to the vehicle state 202, vehicle map

204, and environment map 206 after each measurement is made by a PSE sensor.

[0210] In the current version of the navigaﬁon system, the update filter 306 implements a
complementary extended Kalman filter (CKF). The complementary extended Kalman filter
estimates errors in the underlying states. The underlying stétes themselves are maintained
outside of the CKF. Underlying states of the vehicle are maintained in the DRU. Underlying
states used for intrinsic and extrinsic parameters of sensors and targets attached to the vehicle or
to the galaxy are maintained in a vehicle map management module and galaxy map management
module respectively. The CKF is decomposed into several separable modules by making use of
a distributed Kalman filtering strategy called the Federated Kalman filter, which is modified to

fit the complementary extended Kalman filter architecture.

[0211] The communication between sensor processing module 222 and meta-driver 122 is in the
sensor’s frame of reference. The sensor précessing module 222 has available to it the current
vehicle state (including pose), the vehicle map and environment map. The vehicle pose together
with the vehicle map determine the poses of the MPSEs in the, global frame of reference.
Therefore, the sensor processing module has sufficient information to compute the relative pose
of any pair of an MPSE and an FPSE. .
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[0212] The complementary extended Kalman filter computes incremental updates 6X of

underlying system states X = (xT,MT, FL )T based on the innovations in the sensor
measurements. To perform the computation, update filter 306 uses knowledge of the observation

matrices that are linearized at the “operating point” (i.e., estimated system state X)) and the

observation noise covariance matrix R.

[0213] Navigation system 90 is designed so that linearization of the nonlinear measurement
model equations are performed by the PSE drivers 120, and sensor processing module 222
performs the linear computations associated with the CKF. In this way, sensor processing
module 222 can be implemented without knowledge of the characteristics of the PSE devices
105. The PSE devices can be designed without knowledge of the specific details of the sensor
processing module 222. PSE devices 105 and drivers 120 also do not have to know their

positions and orientations relative to vehicle 100 or the galaxy 106.

[0214] Navigation system 90 is designed so that update filter 222 performs computations with
coordinates expressed in the galaxy frame of reference, whereas PSE drivers 120 perform
computations with coordinates expfessed in the PSE sensor frame of reference. Update filter 306
operates in the galaxy frame of reference allowing navigation system 90 to determine the
location of vehicle 100 in the galaxy frame of reference. In order to allow PSE devices 105 to be
designed independently, each PSE sensor 105 operates in its own frame of reference. The MMU
304 provides the coordinate transformations that are necessary to allow measurements processed
by PSE drivers 120 to be used by dpdate filter 306, and to allow pose predictions made by update
filter 306 to be used by PSE drivers 120. The following provides a more detailed description of

the coordinate transformations.

[0215] FIG. 4 shows relative poses among galaxy 106, vehicle 100, and PSEs 338. The figure
shows a measurement between a j-th MPSE (MPSE;) 109 and an i-th FPSE (FPSE;) 107. A

galaxy frame of reference (N-frame) 330 is fixed relative to galaxy 106. A vehicle frame of
reference (B-frame) 332 is fixed relative to vehicle 100. An MPSE frame of reference (j-frame)

334 is fixed relative to the MPSE; 109 and an FPSE frame of reference (i-frame) 336 is fixed
relative to the FPSE;. The pose of vehicle 100 relative to the N-frame 330 is denoted as x. The
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pose of FPSE; 107 relative to the N-frame 330 is denoted f;. The pose of MPSE; 109 relative to

the B-frame 332 is denoted m;. The pose of MPSE; 109 relative to FPSE; 107 is denoted as A

The measurement made between MPSE; 109 and FPSE; 107 is denoted Zjj -

[0216] So far we have discussed a measurement between the j-th MPSE and the i-th FPSE
without specifying which is the sensor and which is the target. In the case of an inside-out
measurement, the MPSE is a sensor and the FPSE is a target. In this case, the sensor frame or s-
frame is the j-frame, and the target frame or t-frame is the i-frame. In that case we denote the

pose of the target relative to the sensor, by Ay = )‘ji . This pose may be represented, for example,

by a translation vector and rotation matrix {_rj _)l-J , CiJ } For an outside-in measurement, the s-

frame is the i-frame and the t-frame is the j-frame, so Ay = >‘ij = >‘ji_1 where the inverse pose

oo T
may be calculated by inverting the rotation matrix to get C;- = (CZJ ) and reversing the

translation vector and expressing it in the i-frame: x;_, ji = Cj. ( T __)l-j ) For the symmetric 6-

parameter representation of relative pose described earlier, reversing the pose referencing

direction is achieved by switching the indices i and j.

[0217] PSE drivers 120 are designed to make measurements of targets relative to the S-frame of
sensors, so that a PSE does not have to know whether it is attached to the vehicle or the galaxy,
or know its pose relative to either one in order to make a measurement. This simplifies the

design of PSEs and their drivers.

[0218] During tracking, MMU 304 computes a prediction A ji of the pose of FPSE; 107 relative

to MPSE; frame of reference 334. This involves combining the estimates of %, m;, and f;. The
MMU then inverts this pose if necessary in order to obtain the sensor-target relative pose
prediction A ¢ as described in the previous paragraph. This is the sensor-target pose prediction

sent by the MMU to the PSE driver 120. The PSE driver performs its computations in the sensor

frame of reference 334, ignorant of actual values or estimates of x, m j>or f;. The PSE driver
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120 estimates the predicted measurement Zg (which is a function % of the relative pose

prediction A_;, the bias k¢ of the PSE sensor, and the bias k of the PSE target), and produces a

St>
measurement error covariance matrix R which characterizes the expected degree of measurement

noise in the planned measurement. PSE driver 120 sends to MMU 304 the predicted

measurement Z,

i> Ry O‘ij) , and the sensor-specific component of the observation matrix

_oh(y)

H
Ao

[0219] MMU 304 then uses the chain rule to convert the partial observation Jacobian Hj, into
the final observation matrices Hy, Hyy, an(f Hf needed by the Kalman filter in the update filter

306 to update x, m;, and f;, respectively. Because of the cross-correlation matrices Py and Pep

maintained in the update filter, this also allows the navigatién .system to update estimates for the

poses of other sensors my, J' # j,and targets f;r, i #i.

[0220] MMU 304 then obtains an actual measurement from the meta-driver 122, and passes the

innovation, the R matrix, and the final H matrices to the update filter 306 for processing.

[0221] Some sensors function in a way that a prior knowledgé of the relative position of the
target can make the measurements more accurate. For example, when a camera is used as a
sensor, having knowledge of an estiméte of the target location allows the camera to be aimed at
the target so that the target is near the center of the camera’s field of view where there is less
distortion, thus providing more accurate information on the location of the target. The estimated
pose of the target relative to the camera sensor that is provided by the MMU 304 to the PSE
driver 120 can be used for such adjustment of the field of view.

3.1 Meta-driver with loadable sensor dﬁvers

[0222] The meta-driver 122 provides uniform access for the SFC 200 to obtain information
related to the PSEs. The meta-driver 122 is implemented as ah application programming
interface (API) that supports a number of function calls.
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3.1.1  Discovery of device drivers and devices

[0223] One function call (e.g., stMetaEnumerate()) invokes the enumeration process and returns
a list of PSEs available to navigation system 90. The meta-driver 122 searches driver database
310 and loads PSE drivers (e.g., 308 and 309). Meta-driver 122 invokes each PSE driver to
enumerate its PSEs. Each PSE driver is responéible for managing a particular type of PSEs
(which can include different sub-types of PSEs, and can be .ma‘tde by different manufactures).
The PSE drivers check the vehicle hardware to determine which PSE devices of its particular
type(s) are connected to the vehicle. Each PSE driver reports back to the meta-driver 122, and
the meta-driver 122 returns with a hardware configuration list that lists all of the PSEs available

to the navigation system 90.

[0224] During enumeration, a handle which consists of a driver ID number and device ID
number) is given to each PSE. For example, if there are 1000 PSEs on the ceiling of a room and
6 PSEs on the object being tracked, there would be 1006 handles. Meta-driver 122 would
enumerate 1006 PSEs and furnish as much information about them as it was able to obtain from

their respective PSE drivers 120.

3.1.2  Plug and track feature

[0225] A key feature of the navigation system 90 is the separation of modules specific to PSEs
and modules specific to updating the states and maps. A separation between the PSEs and the
update filters is desirable because there are different kinds of PSEs, each having different
measurement characteristics. The measurement characteristilcs. affect how the measurements are
used in the update process. Due to the separation, PSEs can be designed without knowledgé of
the updating process. The modules specific for updating can be designed without knowledge of
the PSE characteristics. A new PSE can be "plugged" into the na\lfigation system and the

navigation system will be able to recognize and use the new PSE.

3.2 Overall operation

[0226] At any given time, the tracking system 90 (or navigation system) is in one of three
primary modes of operation: initialization, acquisition, or tracking. When system 90 powers up,

it starts in initialization mode, which includes the enumeration and self-configuration procedures
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described above. Once a valid system configuration has been achieved and stored in the requisite
configuration files as described in the software architecture section later, the system moves into
acquisition mode. In this mode, the goal is to find out the approximate location or pose of the
vehicle in the galaxy. This initial pose estimate allows the system 90 to enter the tracking update

loop, which involves a recursive estimation filter that uses an approximate initial guess of states.

[0227] When the acquisition procedurés have found an initial estimate of the vehicle pose, the
estimate x(0) is transferred into the DRU aﬁd the system enters tracking mode, in which it
iteratively executes the tracking update loop. The system 90 remains in this tracking mode until
some conditions occur, such as when the vehicle loses track of its location or pose information.
This may happen when all of the exteroceptive measurements fail (for example, due to occlusion
of line-of-sight sensors, or because the vehicle is out of range of all the FPSEs) for a prolonged
period of time. If there is a prolonged periéd of time without external measurements, the vehicle
pose estimate maintained in DRU 220 by dead—;eckoning may drift to the extent that it becomes

unusable. In that case, the system 90 returns to the acquisitié)n.mode.

[0228] The decision to re-acquire may be made automatically by the MMU 304 based on the
pose estimation error covariance Py, or the recent history of measurement returns and
acceptance/rejection of measurement data or both. Alternatively, a command may be sent by a
user to the system 90 to force it to re-acquire. The system 90 can transmit the diagonal elements
of Py, to a host application, along with its pose estimates % . This allows the user to take into
account the system’s own degree of uncertainty about its current pose, along with other factors

outside of the system 90, in deciding to force the system to re-acquire.

3.2.1 Initialization

[0229] Initialization includes the plug-and-track procedures: that have already been discussed, by
which the meta-driver identifies the IMUs and PSE devices that are present and stores
configuration files that will be used by the SFC 200 to govern its operation, including acquisition
and tracking. The details of how the configuration files are created, and how the system obtains
user input to fill in missing information that could not be obtained by the meta-driver during
enumeration, are discussed more fully below in the section on software architecture.

Initialization occurs on power-up of the system 90. A command can also be sent to force the
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system 90 to re-initialize, such as in the event that PSE devices are added or removed while the

system 90 is running.

3.2.2  Acquisition

[0230] During acquisition, a scheduler in the MMU 304 sends requests for measurements to the
meta-driver 122, and but instead of instructing a sensor to make a measurement to a specific
target, MMU 304 asks the sensor to scan its operating volume and report all targets that it can
identify. In one example, the scheduler continues to send scan‘requests to each sensor in turn
until enough measurements are returned to perform an acquisition. While this scanning sequence
is in process, each returned measurement is saved to a memory stack inside of an acquisition
module within the MMU 304. On each cyéle, an algorithm within the acquisition module
analyzes the set of measurements that have been returned recently, and determines whether the

set of measurements is sufficient to solve for the vehicle pose..

[0231] For example, four 2D bearing measurements from inside-out bearing sensors (such as
cameras) on the vehicle to known targéts in the environment is sufficient to solve a 4-point pose-
recovery algorithm (PRA) known in the computer vision literature as the perspective n-point
problem. Alternatively, measurements from two outside-in cameras at known poses in the
environment to a single target on the vehicle are sufficient to triangulate the position of that
target.va the position of three targets on the vehicle can be measured (e.g., by using 3
measurements from each of two outside-in cameras), then the orientation of the vehicle can be
deduced from the position of the three known MPSE targets. In a similar example, three range
measurements from an acoustic emitter on the vehicle to three non-collinear acoustic receivers
on the ceiling can be used to tri-laterate the position of the emitter MPSE. Also, combinations
may be used, such as one outside-in camera measurement combined with one range

measurement, or a combination of inside-out and outside-in measurements.

[0232] Depending on the set of measurements returned, the acquisition module invokes an
appropriate PRA routine, such as triangulation, trilateration, solution of the perspective-n-point
problem, or a combination algorithfn. The PRA routine returns a failure condition (e.g., because
the measurements given to the PRA routine were not sufficiently consistent to produce a high-

confidence pose estimate), or returns a presumably valid initial vehicle pose estimate x(0).
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[0233] If the PRA routine fails to determine the pose of the target, the MMU 304 remains in
acquisition mode and continues to scan for more measurements. If the PRA routine succeeds,
the MMU 304 sends the estimate x(0) to the DRU and switches the system into tracking mode.
In order to initialize an complementary filter in update filter 306, the DRU 312 calculates an

initial uncertainty for the vehicle state estimate, Pyy(0), based on the confidence reported by the
PRA routine, and sends Py, (0) to update filter 306. One example of causing the update filter
306 to initialize its Py to Py, (0) is to send a (P, Qy ) message to the update filter with &

set to a matrix of all zeros, and Qy set to Py, (0) .

3.2.3  Tracking update loop

[0234] In the tracking mode, the navigation system 90 repeatedly makes measurements and
updates an estimate of a location of vehicle 100 in an iterative process. Each iteration may have

a duration of, e.g., 1/180 second.

[0235] Within the primary system mode called tracking, the SFC can operate in a number of
tracking modes. In a first mode of operation, ndvigation syStem 90 performs simultaneous
localization and map-building (SLAM), and updates vehiclé state 202 and environment map 206
in the iterative process. In a second mode of operation, navigation system 90 performs
simultaneous localization and calibration (SLAC), and updates-vehicle state 202 and vehicle map
204 in the iterative process. In a third mode of operation, navigation system 90 performs
simultaneous localization, mapping, and calibration, and updates the vehicle state 202, vehicle
map 204, and the environment map 206 in the iterative procésé. In a fourth mode of operation,
navigation system 90 performs localization only (LO) by using existing vehicle map 204 and
environment map 206, and does not uﬁdate.the maps; only estimates of the vehicle state 202 are

updated.

[0236] The update filter 306, DRU.220, and MMU 304 forf_n a feedback loop for updating the
system states, as summarized in the following steps.
a) The DRU 220 updates and stores its estimate of the vehicle state (x) using inputs from
IMU 104. DRU 220 generates ® y 'and Qy, which represent the error propagation

during a measurement cycle and sends them to update filter 306.
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b) The update filter 306 updates Pxy based on ® 4 and Qy, and sends Pxy to MMU 304.

¢) MMU 304 interacts with meta-driver 122 and receives a measurement z from which it
forms innovation &z , partial Jacobians H in the sensor frame of reference, and R. MMU
304 converts the partial Jacobians into observation rhatrices H in the galaxy frame of
reference and sends them along with R and the innovation to update filter 306.

d) Update filter 306 generates an incremental update, 6X, of the system state X based on
0z, H’s, and R. Update filter sends 8x to DRU 200.

e) The DRU 220 computes an updated estimate of the vehicle state x.

f) etc.

[0237] FIG. 5 summarizes the sensor fusion core architecture described above. SFC 200 includes
MMU 304, DRU 220, an environment map manager 310 that maintains environment map 206, a

vehicle map manager 314 that manages the vehicle map 204, and update filter 306. The update

filter 306 may be a centralized complementary Kalman filter that updates 6x, SM, SF, Pxx, PxM,
Pxr, Pvix, Pry. PFF, and Py

[0238] The underlying states of the navigation system 90 are maintained by the DRU 220 (which
maintains the vehicle state x), the vehicle map manager 314 (which maintains the vehicle map,
M), and the environment map manager 310 (which maintaiils the environment map, F). The
update filter 306 estimates errors in the underlying MPSE poses and biases, and sends the
corrections vector 6M back to the vehicle map manager 314, which applies the corrections to

the appropriate MPSE fields with appropriate translation of orientation format.

[0239] The update filter 306 sends error correction vector 6F back to the environment map
manager 310, which applies the corrections to the appropriate FPSE fields. Update filter 306
sends error correction vector 6x to the DRU, which applies the corrections to update the vehicle

state x.

[0240] The following describes an example of the data that is passed between the modules in a

measurement cycle during active tracking.
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[0241] At the start of the measurement cycle, the IMU 104 sends (660) a measurement to the
DRU 220. DRU 220 may access IMU data through the meta-driver 122, or through a separate
IMU meta-driver, or access directly. DRU 220 integrates the measurement and updates the

vehicle state x. The DRU 220 also calculates a state transition matrix ® y and process noise

matrix Qy , which are sent (665) to thé update filter 306. Based on ® 4 and Qy, the update

filter 306 updates the error covariance Py using Py (k +1) = ® 5 (k)Pyy () 5 (6) +Qy (),
where k represents the time step. Update filter 306 sends (6‘,70.) Pxx to MMU 304, which uses

Py to calculate the innovation covariance matrix S.

[0242] As will be described in detail below, measurement matrices Hy, Hmj , and Hfi are

partitioned into generic and model-specific parts, keeping the generic operations inside the
MMU 304 and pushing the sensor/target details out into the.P.SE drivers 120. As aresult, the
architecture is extensible by outside parties. A sensor manufacturer who understands its own
product and can model its output, but knows nothing of Kalman filtering or SLAM theory, can
follow some instructions and write a sensor driver that would enable the sensor to work with the
sensor fusion core and be optimally fused with the inertial sensors and any other sensors that are

attached.

[0243] The MMU 304 exchanges a sequence of messages with the meta-driver 122 (shown as
600, 605, 610, 615, 625, and 635, which will be described in more detail below in FIG. 6), and
eventually receives a measurement z from the meta-driver 122. MMU 304 computes an
innovation 6z, which is the difference between the actual measurement z and the measurement
that the PSE driver 120 would have predicted h(}) based on the estimate of the relative pose A

of the PSE sensor and PSE target. The innovation may be the result of 2 measurement request
that was made several cycles earlier, because a measurement may take several cycles to

complete.
[0244] The MMU 304 also receives linearized measurement Jacobians H,, Hks ,and Hy A

(which are linearized about the operating points Xst , ﬁs ,and ﬁt .) and the noise covariance R of
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the observation noise. MMU 304 converts Hy, , Hy, > and Hy, ; (which are in the sensor frame
of reference) into Hy , Hmj » Hy, , Hy, , and ij (which are in the galaxy frame of
reference). MMU 304 sends (675) 6z, Hy , Hmj , Hg, , Hy, , ij and R to the update filter
306.

[0245] Based on 6z, Hy , Hmj , Hg , Hg,, ij and R, the update filter 306 updates 6x,

oM, 6F , Pxyx, PxM, PxF, PMx, PMM, PMF PFx, PFM, and Pgg. The update filter 306 sends
0x to the DRU 220, sends 6M and {Ppym} to the vehicle map manager 314, and sends 6F and
{Pgr} to the environment map manager 310. The notation {Pgf} refers to the set of {Pg1£y,

Pr2£2, ...} each of which is an individual 3x3 (or 6x6 for full PSE pose auto-calibration/auto-

mapping) pose uncertainty of one PSE. Based on 6 M, the vehicle map manager 314 updates M.
Based on 0F , the environment map manager updates F. Based on 6x, the DRU 220 updates the

vehicle state x.

[0246] The sequence in which the matrices or variables are updated is not critical. Each
component of the SFC 200 uses the most current information it can get to update the variables

that it maintains.

[0247] FIG. 6 shows a sequence of messages that are passed among the update filter 306, MMU
304, meta-driver 122, and PSE driver 120.

[0248] Step 600: MMU 304 makes a wishlist of PSE pairs based on what PSEs are available and
within range of each other, MMU 304 calculates the information gain B for each PSE pair based
on an algorithm that determines the marginal benefit of the measurement to the vehicle. For
example, a measurement having a lower measurement noise covariance may have a higher
information gain than a measurement having a higher measurement noise covariance. In one
instance, a measurement from a laser range finder may have a higher information gain than a
measurement from an ultrasonic range finder, because using a laser is intrinsically more accurate
than using ultrasound. In another instance, 'where the ultrasonic range finder is much closer to its

target than the laser range finder to its corresponding target, the measurement from the ultrasonic
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range finder may have a higher information gain. In another instance, where navigation system
90 needs information about a range that is in the forward direction of vehicle 100, a PSE sensor
having a lower accuracy and pointed in the forward direction may produce a measurement
having a higher information gain than a measurement made by a more accurate sensor pointing
in the sideways direction. Thus, the information gain may depend on both the type of the sensor

and the circumstances of the measurement.

[0249] The optimal selection of which sensor-target pair to process on the current cycle is
difficult to make independently without considering all possible sequences of measurements and
comparing the results which would be achieved at the end of the sequence. This results in a
complex scheduling problem. An example of a suboptimal but efficient algorithm is to optimize
the marginal benefit of an individual selection assuming the past selections have already been
made, and the current selection will be the 1ast. The marginal benefit will be the decrease in
some risk function associated with the tracking quality, for example the trace of the vehicle state

estimation error covariance Pyy . This would require obtaining the measurement matrices Hj; and

R;; for each candidate sensor—target’pair from the meta-driver and calculating the benefit of that

measurement pair using:

B,(H

ij> o §oxx

R.)=tracel? H(H.P H7+R.) H.P
i) =trace{P ,]( i P H y) P -

[0250] Different choices of the risk function would lead to different expressions for marginal
benefit. To reduce the amount of computation, some ad hoc.or heuristic algorithm may be used
for the benefit function, such as giving higher benefit to sensor-target pairs that differ more from
recently used sensor-target pairs in terms of location, direction or measurement model.
Additionally the benefit score of each sensdr—target pair may be modified to take account of
detection probability, for example by doWn—Weighting targets which recently failed to be
detected or returned unusable measurements and which may therefore still be occluded (or
poorly lit, or inoperative).

MMU 304 sends the wishlist, including sensor and target device handles and benefit score for
each pair, to the arbiter 352 of the meta-driver 122.

[0251] Step 605: If there is only one vehicle, the meta-driver 122 ignores gain B, and returns

indicators showing which PSEs are available.
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If there are multiple vehicles, the arbiter 352 of the meta-driver 122 looks at the requests
for shared hardware from all of the MMUs, and select a pair of PSEs that will result in the
highest information gain for all of the vehicles. The meta-driver 122 returns an indicator
showing which shared PSE pair is available. The meta-drivér i22 also marks all the privately
held PSE pairs available unless they are busy.

[0252] Step 610: Based on the indicatoré sent back from the arbiter 352, the MMU 304 selects
an MPSE j and an FPSE i to make the measurement (e.g., by selecting the pair on the wishlist
having the highest information gain among those the arbiter indicated are available). MMU 304

makes an estimate of the pose S\ij based on estimates (X, ﬁl;‘ K ]Z ) of the poses of the vehicle,

MPSEj, and FPSE;.

[0253] The notations mﬁ-‘ and f JZ refer to the poses of the MPSEj and FPSE;, respectively. The

notations m’;- and f 5‘ refer to the biases (or calibration parameters) of the MPSE; and FPSE;,

respectively.

[0254] Before MMU 304 sends the estimate of fhe pose (and optionally, calibration vectors) to
the library server 354, MMU 304 uses the (i, j) tags which identify the measurement pair in the
SFC to look up the (“drvld,” “devldSensor,” and “devIdTarget”) tags which identify the pair in
the meta-driver by determining which PSE driver (identified by the “drvId” tag) will be
controlling the measurement, which PSE is the sensor (identified by the “devIdSensor” tag), and
which PSE is the target (identified by the “devIdTarget” tag).

[0255] MMU 304 then performs a switch process to convert Xij (relating to the pose of MPSE;

with respect to FPSE;) into Xst (relating to the pose of the target relative to the sensor). By

using the MMU 304 to perform this switch process, the PSE driver 120 can be designed without
knowledge of whether the measurement is inside-out or outside-in. The PSE driver 120 is
designed to trigger a sensor to make a measurement of a target. The PSE driver 120 can be

ignorant of whether the sensor is fixed to vehicle 100 and the target fixed to environment 106, or
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whether the sensor is fixed to environment 106 and the target fixed to vehicle 100. This allows
greater flexibility in the design and deployment of the PSE devices (and their associated

hardware drivers).

[0256] MMU performs the switch process as follows. If FPSE; is a sensor (such as in an

fik ; ﬁt = ﬁllj‘? . IfFPSE; is a target (such as in an

1l

outside-in measurement), then Xst = 5‘ij , kg

o S8 ko=mk kL —fk
inside-out measurement), then A =N ke=mj; k;=1".

MMU 304 also computes the partial Jacobian components of the pose A, (x,m /*,£*) with

. O O\
respect to X, mj.‘ and f7 (ie., Ay = asl A =3 s}t{ . and
X |2 mX §4 g m4| . o
X, m A R ,mjl’fil
a)‘st : . .
Af ¥ = YA ), which the MMU 304 saves in a stack in the memory to be used later
P e 2 g

A

(in step 620 below). MMU 304 sends Ag; and the (drvId, devIdSensor, devlidTarget) tags to the
model library server 354 of the meta-driver 122. If auto-calibtation or auto-mapping is

performed, the MMU 304 also sends k g and lA{t to the meta-driver 122.

[0257] Step 615: Based on the drvId numbér, the model library server 354 of the meta-server

122 calls the model lookup function from the appropriate PSE driver 120 and passes in Xst .
Based on Ay, the model lookup function of the PSE driver 120 computes Zg,H) , Hy , and

Hj,, using:

2y = h(}\‘st )s

_0h(})
A

2
A

A

H)

_ohy| g
kg |r

kg
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_oh)

H .
ki k4 ﬁt

The model lookup function of PSE driver 120 also computes the measurement noise matrix

R()\,). These calculations involve the specific nonlinear observation model % and noise

characteristics of the sensor device, and these calculations are handled in the specific PSE driver

written to deal with that type of sensor device.

[0258] Model library server 354 receives Zgt,H) , Hy_, Hy, and R from the PSE driver 120
and returns them to the MMU 304. The terms H), Hks , Hy ¢ each represents portions of the

observation matrix in the sensor’s frame of reference, and each includes information on how the
measurement will depend on sensor-target pose, sensor biases, and target biases, respectively

(linearized in the vicinity of the current estimates of those parameters).

[0259] Step 620: The values Hj, 'Hks , Hg ¢ ist ,and R prqvided by model library server 354
are associated with the (drvld, devldSensor, devIdTarget) tags. Also, the partial Jacobians Hj, ,
Hy  , Hy, are in the sensor frame of reference. The MMU 304 converts H) , Hy_, Hy, into
the galaxy frame of reference by using the chain rule to combine the partial Jacobians from the

model lookup with the saved Jacobians (A, A

- 7 and A £ 4 ), and using a second switch

process:

Hy=H, Ay;

)‘st

if FPSE; is a sensor (outside-in measurement), then

H, =[ 1, ka]z[H)\StAfx Hks}
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if FPSE; is a target (inside-out measurement), then

H, =|Hyy ka}-__LH'}‘stAfX HkJ.

(The i, j subscripts were omitted in the above equations.)

[0260] The MMU 304 then computes innovation covariance matrix S using:

S=HP HJI+H_P, H,T +HfPffoT+R' The innovation covariance represents the degree of

uncertainty in how closely the actual measurement will match the prediction, due to a
combination of measurement noise (with uncertainty R) and uncertainty in the prediction
(resulting from uncertainties Pyx , Pmm and Pg in the vehicle pose, MPSE pose and FPSE pose).
It will be used in step 630 to calculate a search window or a range about the estimated

measurement that the sensor should search for the target.

[0261] The MMU 304 places Hy , Hmj , Hfi , and R and S (which will be needed again for
;(2 acceptance testing when the measurement result comes back, as described later) in the stack
along with (i, j) tags to keep track of which PSE pairs are associated with the measurement
matrices.

[0262] Step 622: A previous measurement Zg of (sensor s’ and target ¢') is sent from a PSE

driver 120 to the meta-driver 122, and queued by the meta-driver 122.

[0263] Step 625: The MMU 304 sends (drvId, devIdSensor'? devIdTarget) tags, innovation

covariance matrix S, and estimated measurement Zg; to the meta-driver 122 and requests a

measurement.

[0264] Step 630: The meta-driver 122 forwards the request for a measurement by the PSE pair
identified by the (drvId, devldSensor, devldTarget) tags to the appropriate PSE driver 120 as
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designated by the drvId value. It also sends the predicted measurement 2y and the innovation
covariance S. PSE driver 120 uses S to compute a measurement search region about Zy , and

then performs the measurement, returning only targets within this search region.

[0265] Step 635: The meta-driver 122 sends the measurement currently available, zgy, along

with its (drvId’, devidSensor’, devidTarget’) tags to the MMU 304. The measurement z can
sometimes represent a set of measurement results, because a sensor may find several targets
within the search area (a.k.a. range gate), makes measurements with respect to every one of

them, and returns all of the measurement results.

[0266] Step 640: The MMU 304 performs data association to select the most probable

measurement result from the set, converts (s', t') to (i’, j'), and matches the measurement zj-

with the Hx' R Hmj, s Hfi, , and R’ and S’ stored in the stack. The MMU 304 also computes the

innovation ézj; = Zjry —Zjry . And it applies a ;(2 acceptance test to the innovation using the

innovation covariance S’ to make sure the measurement is not an outlier before feeding it to the

update filter 306.

Step 645: The MMU sends (i, j”) tags, innovation b‘z’irjf , measurement matrices Hy Hmj, ,

Hfi' , and noise covariance R’ to the update filter 306. Optionélly, MMU 304 sends a timestamp

that represents when the measurement actually occurred. The update filter 306 can use the
timestamp to effectively backtrack and apply the measurement in the update filter 306 at the

right moment in the recent past.

[0267] Step 650: A number of cycles after the meta-driver requested a measurement from a PSE
driver 120, the PSE driver 120 sends back the measurement zg; , which is subsequently sent to

the MMU 304.
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3.2.4 Dynamic Reference Unit

[0268] At initialization of navigation system 90, DRU 220 or meta-driver 122 searches for
interoceptive sensor drivers, and invokes the interoceptive sensor drivers to determine whether
there are interoceptive sensors, such as inertial sensors, wheel encoders and dead-reckoning

Sensors.

[0269] Based on the type of interoceptive sensors available, DRU 220 determines whether
tracking is desired in two-dimensional or three-dimensional. sﬁace, and chooses an appropriate
integration algorithm and error model. DRU 220 then asks each inertial sensor driver for a
number of standard parameters appropriate to the integration model. Information about an IMU
may include, for example, white noise and random walk amplitudes, root-mean-square initial
uncertainty estimates for gyro and acceleration biases, ramps, misalignments, scale factors,
nonlinearities, etc. Based on the sizes of these initial uncertéiﬁties, the DRU 220 decides
whether to create estimable states in the state vector for each parameter. If DRU 220 does create
states, it will cause the states to be estimated and corrected by update filter 306 simply by

modeling their effects in the state transition matrix ® 4 and process noise matrix Q,, and setting

appropriate initial uncertainties for the states in PXX(O).

[0270] In one example, IMU 104 may use smart sensor modules that are compatible with an
IEEE 1451.2 interface, which specifies a transducer electronic data sheet (TEDS) resident in an
EEPROM of the sensor that identifies to the sensor driver the types of sensors present, and
provides calibration data. In this situation, DRU 220 queries the sensor driver to obtain factory
calibration data about the inertial sensor stored iﬁ the TEDS. Based on this data, DRU 220

compensates for sensor biases, scale factors, and misalignments.

[0271] When non-IEEE 1451.2 compliant inertial sensors are used, the sensor driver emulates

the TEDS with user-supplied files.

4 Software architecture and multi-vehicle tracking support

[0272] The PSEs are represented by a class of PSE objects, which may be sensors or targets.
Each PSE object has the following attributes:
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(1) Pose (location and orientation) relative to the map of the environment or vehicle to
which the PSE is attached.
(2) Pose uncertainty.
(3) Bias parameters vector k. This is used in the auto-calibration process.
(4) k-vector uncertainty.
(5) Basic type, which may be one of the following:
RS (range sensor)
RT (range sensor target)
2DBS (2-D bearing sensor)
2DBT (2-D bearing target)
1DBS (1-D bearing senéor)
1DBT (1-D bearing target)
RRS (range rate sensor)
RRT (range rate sensor target)
DS (dipole field component sensor). -
DT (dipole target or source)

(6) Specific type, which includes the manufacturer name and model number. (This is
used by the scheduler to look up infomaatiqn about what other device types it can measure to,
which ones it cannot be used simultaneously with, max update rate, response time, field of view
(FOV) and range limitations, approximate resolution, etc.). .

(7) Unique identifier (such as a HW device serial number, or barcode of a vision fiducial
target)
(8) Color.

(9) Size. (Identifier, color, and size attributes may be used differently by different specific
types of devices. For example, a fiducial may use the size field to represent the
diameter of the targét, while a smart camera imay use it to represent the FOV, and

an architectural corner feature may ignore it.)

(10) Driver number (of the PSE driver that enumerated it and controls or uses it).
(11) Device handle (assigned by the driver on enumeration and used to access this PSE

through its PSE driver. This is relevant for actively controlled-hardware devices.)
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(12) Status (ready, busy, etc.).
(13) Membership (attached to galaxy [0] or to a particular vehicle [n])

[0273] In the present version of the system, SFC 200, meta-driver 122, and PSE drivers 120
shown in FIG. 2 are implemented as software dynamic link library (“.d11”) files.

[0274] When a particular PSE is used in a measurement, function calls are made to the “.dl1”

library corresponding to the appropriate PSE driver 120.

[0275] FIG. 7 shows a block diagram of the software drivers of the tracking/navigation system
90.

Sensor Fusion Shell (“sfShell.dII”)

[0276] Tracking system 90 includes a sensor fusion shell (“sfShell.d1”’) 412 that provides a
unified access API for an application program 424 to obtain tracking data from one or more
sensor fusion cores (“sfCore.dlI”) 200.. As an example, application program 424 may use the
outputs of navigation system 90 to control the movements of vehicle 100. In this example, the
navigation system residing on the vehicle requires data about the pose of a single vehicle (itself)
and needs to instantiate one sensor fusion core 200. In anothe? example, a tracking system 90
may be used to track the poses of 15 limb segments on a hufnan dancer for character animation.
Since this application requires tracking poses of 15 separate “vehicles”, all on the same computer
and all reporting data to the same animation program, the sensor fusion shell would invoke 15
separate instances of the sensor fusion core .dll 200. The sensor fusion shell 412 also provides a
unified access for a configuration manager (“sfCfgMgr.exe”) 416 (described in more detail

below) to control the configuration of the SFCs operating under a given shell.

[0277] In describing the software modules, the terms “sensor fusion core” and “sfCore.d11” will

be used interchangeably. The same applies to other software modules.

[0278] At start-up, the application program 424 opens the sensor fusion shell 412. The sensor
fusion shell 412 opens the meta-driver (“stMeta.dll”) 122, and causes it to enumerate all the

sensor and target devices currently available. If necessary, the sensor fusion shell 412 invokes
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the configuration manager 416 to clarify the configuration df each SFC, such as which
sensor/target data will be controlled by and available to which SFCs.

[0279] For hardware devices private to the SFCs, the sensor fusion shell 412 passes pointers to
the sfMeta.dll functions (122) into each SFC to allow the SFCs to directly access the hardware
drivers over which the SFCs have exclusive control. For shared hardware devices, the sensor
fusion shell 412 passes pointers to shell functions that mediate between SFCs and invoke the
sfMeta.dll functions in turn.

[0280] For a simple single-vehicle self—tracking configuration, an SFC 200 may be operated
stand-alone without any shell. In this case, it invokes the meta-driver 122 directly instead of
through the shell 412 . The meta-driver 122 provides hardware arbitration functions to mimic
those in the shell, so that downwarci interfaces of the SFC 200 are identical whether accessing
the meta-driver 122 through shell functions or directly. This option is reserved to allow future
embedded operation of the SFC 200 in mobile robots with limited memory resources or which

may not be running an operating system which supports shared libraries like “.dlls”.
Meta-driver

[0281] A meta-driver 122 provides a unified access API for accessing device drivers 120.
Device drivers 120 include drivers that control PSEs or interoceptive measurement units. As
illustrated, a single device driver (e.g., 402) may control both PSEs (e.g., 406) and IMUs (e.g.,
408).

[0282] The meta-driver 122 comm{lnicafes with two types of drivers. One type of drivers
control local hardware devices that are used by vehicles (or equivalently SFCs) running on the
same computer on which the local device drivers reside. This type of drivers are provided as
dynamic link library (“.d11”) files 402. Each .dll file 402 may control a number of PSEs 406 or a
number of IMUS 408 or a combination. Another type of drivers control hardware that is
potentially shared by SFCs running on remote computers. This type of drivers are called
regional hardware drivers 404, and are provided as separate executable files, which may be
running on the local machine or on a remote machine. For regional drivers, the meta-driver 122

communicates with the drivers through a socket interface.

Local drivers
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[0283] Local drivers implemented as “.dl1” files (402) provide the mechanism to allow third-
party developers to extend the functionality of the tracking system by adding new devices
(sensors or active targets) to be fused with the IMU 104 and/or with other devices already
supported. To support a new devic;:, the developer writes a “.dIl” file conforming to the
application programming interface (API) described later in this document, names it with a name

in the format “sfDrvINNN*.d11”, and places the driver in the appropriate directory.

[0284] In this naming convention, “NNN” represents a three-digit integer from 001 to 999, and
is a number not already in use. The author is responsible for checking the directory for existing
.dll files and picking a driver number not already taken. If the first 8 characters of a name are not
“sfDrvINNN,” then the file is ignored and not used as a driver, even if it is a valid .dll file. Extra
characters after the first 8 are ignored and may be used by the developer to add a descriptive title

to the driver, for example “sfDrv002_isenseSerialSmartCameras.dll.”

[0285] Each driver may access one or mbre devices (i.e. sensor or active target PSEs or IMUs).
At startup, each driver is asked to enumerate all of the deviées that the driver controls, and give
each device a unique integer handle that will be persistent from boot-up to boot-up. Then, for
each listed device, the meta-driver requests a hardware description record which specifies as
many of the PSE attributes as it can. The PSE driver may try to obtain this information from a
transducer electronic data sheet (TEDS) or non-volatile memory that is physically located in the
hardware device, or from a driver-specific configuration ﬁlé; or using any other mechanism. It
may be difficult to obtain some of the attributes values. For example, pose relative to the vehicle

or the galaxy may only be available for factory assembled fixed device clusters.

[0286] The meta-driver 122 compiles ali the lists of information about each device from each

driver into one master list and outputs it to a hardware configuration file “HW.cfg” 410.

[0287] The drivers provide a hardware abstraction layer so that the SFC 200 does not need to
know how the devices are interfaced to the computer, or where the signal processing is
performed. For example, one driver méy communicate with a network of IEEE 1451.2 smart
sensor modules over CAN bus or Ethernet. Each of these modules contains its own processor
with nonvolatile memory that contains all the self-descriptive information listed above. The

driver implements the code to use the calibration data containéd in the transducer electronic data
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sheet (TEDS) to perform sensor compensation. Another driver may access a few smart cameras
through the serial ports. This driver is responsible for checking on the available serial ports to see
which if any has a smart camera attached. The image processing and sensor compensation may

be performed in firmware on the smart cameras.

[0288] As another example, consider a driver that controls a network of acoustic emitter beacons
through proprietary ISA bus hardware. As yet another example, there may be a driver that
accesses a number of ordinary video cameras (e.g., cameras that do not process the images) over
a firewire or USB bus. This driver then includes all the image processing and lens compensation
code in its “.dll” file. For these drivers, the meta-driver does not need to know which port the
hardware is physically attached to, or Whether the information describing the device originated
from the device or from a configuration file read by the driver. This is abstracted by the drivers
and an integer device handle is returned, so that each device after initialization can be accessed

using just a driver number and device number.

Sensor Fusion Core (“sfCore.dI1””)

[0289] Each SFC 200 makes function calls to the standard function pointers passed in by the
“sfShell.dll” 412 that will be used by “sfShell.dl1’412 and/or “sfMeta.dll” file 122 to initialize
the hardware, lookup model information, initiate measureménts, refrieve measurement data, and
perform arbitration. During its measurement scheduling process, each SFC 200 is required to
provide “sfShell.dll” file 412 with a "wish list" of PSEs for its next scheduling cycle. That list is
used by the hardware mediator 418 to determine which of the PSEs may actually be scheduled
for update.

Meta Driver (“‘sfMeta.dll™)

[0290] Meta driver 122 is the access point to all the hardware devices, local and regional. The
SFC 200 receives function pointers from “sfShell.dl1” 412 to enable the SFC 200 to obtain data
from hardware devices. Hardware devices are marked exclusive or shared between SFCs. A
regional hardware is considered shared. If a hardware device is exclusive, then SFC 200 will be
able to obtain the data directly from the meta driver 122 usiﬁg‘the function pointer. If a hardware
device is shared, then is it the responsibility of “sfShell.dll” 412 to obtain the data from meta
driver 122. Calls made from SFCs 206 simply retrieve the data from “sfShell.dlI” 412.
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[0291] FIG. 8 shows an example of a directory structure of the driver files and configuration
files that will be described below.

Configuration Files

[0292] The sensor fusion core 200 uses seven files to control its operation:

1)
2)
3)
4)
3)

6)

HW.cfg

Hardware configuration file (“HW.cfg”).

Default vehicle PSE conﬂguration file (“defaultVehiclePSEs.cfg”).

Default galaxy PSE configuration file (“defaultGalaxyPSEs.cfg”).

Auto-calibrated vehicle configuration file (“autoVehiclePSEs.cfg”).

Auto-mapped galaxy configuration file (“autoGalaxyPSEs.cfg”).

System parameter configuration file (“sysPar.cfg”).

Device type rule configuration file (“typeRules.cfg”).

[0293] The hardware configuration file (“HW.cfg”) 410 is a flat file that is output by the meta-

driver 122 when it completes initializa'tion.‘ “HW.cfg” 410 contains a compilation list with one

line for each device found. The line contains the driver number and device number (to be used

thereafter by the meta-driver 122 to access the device) and other descriptive information about

the device arranged in the following order:

Coll | Col2 | Col3 Col 4-6 Col 7-9 Col 10- | Col19-21 | Col22-31
18

Driver { Device | Status/ X,y z ‘X, v,z Rotation | Rotation K

# # membership | translation | uncertainty | matrix | uncertainty | parameters

32-41 Col 42 Col 43 Col 44 T Col 45 Col 46

K param Basic Specific Serial number | Color * |"Size

uncertainty | Type type
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[0294] If certain fields of information can not be obtained from the device drivers, they are filled
in with a question mark in the “HW.cfg” file, which causes the configuration manager program

to prompt the user to fill in this missing data.

defaultVehiclePSEs.cfe & defaultGalaxyPSEs.cfg

[0295] Configuration files “defaultVehiclePSEs.cfg” 420 and “defaultGalaxyPSEs.cfg” 420 are
flat files in the same format as “HW.cfg” 410. Files 420 show which PSEs belong to the galaxy
and which PSEs belong to the vehicle. Each line from “HW.cfg” 410 is copied to one of files
420, and the missing fields (indicated by “?”’) are filled in with valid data. The files 420 do not
change unless the hardware conﬁgliration changes. Pose refinéments or new PSEs discovered by
the SFC 200 while the SFC is running are saved to “autoVehiclePSEs.cfg” and
“autoGalaxyPSEs.cfg” files 422.

autoVehiclePSEs.cfg & autoGalaxyPSEs.cfg

[0296] Configuration files “autoVehiclePSEs.cfg” 422 and :“autoGalaxyPSEs.cfg” 422 are flat
files in the same format as “defaultVehiclePSEs.cfg” 420 and “defaultGalaxyPSEs.cfg 420.”
Non-zero lines present in these files override the corresponding lines in the default files. If they
do not correspond to any lines in the default files, they are treated as additional PSEs. The new
information obtained by the SFC 200 duﬁng auto-calibration or auto-mapping is saved into the
files 422. Thus, if something goes wrong with tﬁe auto-mapping process, or the user wishes to
start mapping again in a different room, he may delete either or both of the files 422, and the
system will start tracking next time using the defaults files 420, which still retain the original
hardware configuration information that was created by the “sfcfgMgr.exe” 416 program using

data from the “HW.cfg” file 410 and user input if needed.

sysPar.cfg

[0297] A configuration file “sysPar.cfg” 422 is a text file containing <name = “value”> pairs,
comments and section delimiters. This' file is used to override default system parameters that
govern how sfc.exe behaves. For example, a user can add a line such as ~ StartupGalaxyMap =
“defaultGalaxyPSEs.cfg”
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to over-ride the normal behavior, which is to combine all the lines of “defaultGalaxyPSEs.cfg”

420 and “autoGalaxyPSEs.cfg” 422, using the values from the latter where there is a conflict.

Other parameters that may be set in this file include prediction, perceptual post-filter modes,

genlock parameters, simulation modes, and parameters that govern how the system decides when

to switch between SLAC, SLAM, and LO.

typeRules.cfg

[0298] A configuration file “typeRules.cfg” uses <name = “value”> pairs and lists the rules

associated with each specificType of device that are needed by the scheduler to schedule that

type of device. Some of these rules are:

ey
@)

€)

4)
®)

(6)

™)
(®)

basicType membership.

Compatibility list (which speciﬁéTypes of taig@ts are detectable by a given
specificType of sensor or vice versa. Since the specificType identification
numbers are non-overlapping with the basicType numbers, one may list a
basicType, and that will tell the scheduler that all specificTypes belonging to that
basicType can be scheduled.)

Conflict list (which specificTypes or basicTypes can not be scheduled at the same

time as this specificType).
Max repetition rate.

FOV and or range limitations, or how to calculate them from the identifier,.color

and size attribute fields.

Approximate resolution (used by the scheduler to decide which sensor/target pair
will yield maximum information gain). A more exact expression for resolution
depehding on the specific loéation of the target relative to the sensor is
implemented by the model response function of the driver dll when it returns an R

matrix for use in the Kalman filter.
Uncertainties of the 10 K-parameters.

Formulas for how to apply the K-parameters to compensate sensor biases.
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[0299] SpecificTypes are intended to become officially registered (e. g., through a registration
web page that can be set up to allow third party developers to submit a set of type rules for a new
specific type, and then receive a unique specificType ID code that is not already used by
anyone.) This allows a developer to put a new device on the market and have it become
compatible with future users of the architecture (and current users, who has to re-load the master
“typesRules.cfg” file from the web-page in order to use the new devices). This registration
process allows a new device to declare itself incompatible or compatible with certain older
devices that are already registered in the database. A small number of user specificType codes
are reserved so that a developer can perform in-house testing of new device types before

registering them.

Operation of sfCfeMer.exe and interaction with sensor fusion system

[0300] When the navigation system boots up, a sensor fusion shell program “sfShell.dII” begins
by asking the meta-driver 122 to query all the local drivers 402 and regional drivers 404 for
status. The drivers go out and find all the connected hardware (e.g., PSEs 406 and IMUs 408),
and return enumerated lists of devices that the meta-driver 122 concatenates into a master list
and outputs as the file “HW.cfg” 410. The program sfShell.dll then invokes the configuration
manager program “sfCfgMgr.exe,” which ensures that the “default*.cfg” and “auto*.cfg” files
are updated, consistent with the actual .hardware devices, and represent a viable tracking
configuration. When these criteria are met, program “sfCfgMgr.exe” returns a success signal to
the program “sfShell.dIl,” which then proceeds to invoke the appropriate number of instances of
sfCore.dll and cycle through them t‘o acquire measurements and track locations of vehicles 100.
If the criteria cannot be met, program “sfCfgMgr.exe” returns a failure signal to abort the
program sfShell.dll, and issues an error message to the user to help with identification and

correction of the problem.

[0301] Note that sfCfgMgr.exe is drawn as a standalone executable interfaced to sfShell.dll
through a socket interface. This allows it to be invoked and run on a remote computer from the
sensor fusion system itself. This capability could be very useful because the configuration
manager 416 requires a GUI to obtain from the user any missing configuration information that
could not be resolved by analyzing the information in HW.cfg. Since the tracking system 90

data processing unit 190 may be running on an eémbedded computer with minimal or no user
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interface capabilities, the ability to configure it from a remote computer such as a PC would be
very useful. Alternatively, part of the configuration management logic could be implemented
within the sfShell.dll program (orA a .dll loaded by it), and the user-interface components of it
may be implemented in a separate program. Thfs might allow the portion running in sfShell to

make its best guess about configuration if or when the user cannot be consulted.

[0302] Referring to FIG. 9, a flow diagram illustrates a process 430 implemented by
“sfCfgMgr.exe™:

[0303] Step 431: the program “sfCfgMgr.exe” is started.

[0304] Step 432: the program “sfCfgMgr.exe” determines whether “HW.cfg” has changed, as
compared to the “lastGoodHW.cfg.” If not, skip to step 456.

[0305] Step 434: If “HW.cfg” has changed, then determine whether any new lines have been
added. Ifnot, skip to step 446.

[0306] Step 436: If new lines have been added, then determiné whether the new lines match
inactive PSE lines in “defaultVehiclePSEs.cfg” or “defaultGalaxyPSEs.cfg” or
“autoVehiclePSEs.cfg” or “autoGalaxyPSEs.cfg”? If yes, then in step 438, re-activate the lines
in the default configuration files and/or the auto configuration files where they appear. Then skip
to step 446.

[0307] Step 440: If new lines do not match inactive PSE lines in the default files, determine
whether there is enough information in the new lines to automatically assign the new lines to a

vehicle or the galaxy. If yes, then skip to step 444.

[0308] Step 442: If there is not enough information in the new lines to automatically assign the
new lines to a vehicle or the galaxy, open a graphical user interface (GUI) to ask the user to

assign membership of new devices and fill in missing pose or other information.

[0309] Step 444: Copy new lines to “defaultVehiclePSEs.cfg” or “defaultGalaxyPSEs.cfg”
depending on whether the new PSE has been identified as belonging to the galaxy or to a vehicle.

[0310] Step 446: Determine whether any lines have been subtracted from “HW.cfg.” Ifnot, skip
to step 450.
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[0311] Step 448: If there are lines that have been subtracted from “HW.cfg,” set status inactive

in default and auto configuration files for any lines that were subtracted in “HW.cfg.”

[0312] Step 450: Determine whether there are enough active PSEs available in the default or
auto configuration files to track. Ifnot, then in step 452, tell the user to add additional hardware

and abort with failure condition.
[0313] Step 454: Copy “HW.cfg” to “lastGoodHW.cfg.”
[0314] Step 456: Return control to calling program with success condition.

[0315] When the system is used for the first time, there are “sysPar.cfg” and “typeRules.cfg”
configuration files. When the program “sfShell.dll” starts, it asks its meta-driver 122 to find all
the existing “sfDrvINNN*.d11” drivers 402, and in turn ask each driver to enumerate all the
hardware it can find that is physically connected and responding. The complete list is output to
the file “HW.cfg” 410. The program “sfShell.d1l” then invokes the program “sfCfgMgr.exe.”
Because “HW.cfg” 310 has changed (relative to the non-existent or empty “lastGoodHW.cfg”),
the “sfCfgMgr.exe” program will attempt to automatically create the files
“defaultVehiclePSEs.cfg” and “defaultGélaxyPSEs.cfg,” using information obtained from the
drivers about how each sensor or target device is disposed r¢lative to the vehicle or the galaxy (in
general, this is possible when the user has plugged in factory assembled stations that‘contain this

information in their EEPROM descriptors).

[0316] If the information in the devices is not sufficient, the “sfCfgMgr.exe” program prompts
the user to fill in the required information, and then creates the default files. If the resulting
default configuration is deemed valid, the “sfCfg.Mgr.exe” program then passes control back to
the calling program. Since there are no auto files to override the default files, the SFC 200 will

begin tracking using the information in the default files.

[0317] After the SFC starts tracking, the.default files contain the approved, fully-assembled
hardware description for the configuration. Typically, this information does not need to change
unless the user re-assembles the veﬁicle or the active FPSEs in the galaxy. Information about
passive fiducial arrays (or natural features) is automatically generated by the auto-mapping
function of the SFC and stored in the “autoGalaxyPSEs.cfg” file without harming the default

files. If the user wishes to take the same vehicle to a new location and begin auto-mapping, he
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can delete or rename the “autoGalaxyPSEs.cfg” file. Likewise, if he wishes to re-calibrate the
vehicle, he can delete the “autoVehiclePSEs.cfg” file..

5 Using the system for simulation

[0318] An advantage of the described software system is that it can be used to perform Monte

Carlo simulation and covariance analysis of a contemplated tracking configuration before

developing or installing any actual hardware. The software can be used to decide what types of

new devices to develop and what perfdrmance specifications they require for any given

application and device layout.

[0319] A simulation is performed by using the following process:

(M
@
€)

Add a line <mode = “simulated”>in “sysPar.cfg” file.
Add a line of the form <simIMUtype = “imulC2”> in “sysPar.cfg” file.

Manually construct the files “defaultVehiclePSEs.cfg” and
“defaultGalaxyPSEs.cfg” to represent the “tﬁuef’ configuration of PSEs to be
simulated. Unlike normal operation where “defaultGalaxyPSEs.cfg” might
contain just a seed map, in simulation mode, it contains the full list of the PSEs
that might be used during the course of the entire simulation. To inform the
simulation that only the first 4 PSEs are pre-known for an auto-mapping
experiment, give those 4 low covariance values, and give the others high
covariance values, The covariances will be ign-ored by the sensor/target meta-
driver, which will treat the pose values in the default files as absolute truth for the
purpose of creating simulated measurements. However, the SFC will add random
errors to the PSEs proportional to covariance values when it initializes its internal
data store maps, anq it will pay attention to the covariances in deciding which
PSEs it can schedule. As it adds new PSEs to the “known” portion of the map, it
will save the reduced covariances and refined pose estimates into the
“autoGalaxyPSEs.cfg” ﬁle, which can be compared afterwards to the
“defaultGalaxyPSEs.cfg” file to determine how closely the auto-mapping process

converged to the true PSE positions.
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(4)  Copy a mat-file containing the desired simulated trajectory data to the directory

where the SFC resides and name it “trajectory.mat.”

[0320] The currently supported IMU types include, e.g., “imul00”, “imulC2,” “imulT2,”
“imuCommercial,” “imuTactical,” “imuNavigation,” “imuStrétegic,” “imuPerfect,” “imuNone,”
and “imuCustom.” If “imuCustom” is selected, then many additional parameters defining
simulated IMU performance are added to the “sysPar.cfg” file. The non-custom types already
contain pre-defined combinations of parameters (e.g. angle random walk, bias random walk,
initial bias uncertainty, scale factor uncertainty, etc.) which are used to simulate the performance

of different grades of IMU.

[0321] In the simulation mode, the “sfShell.dll” program skips the startup steps of asking the
meta-driver to enumerate hardware and output the concatenated list of devices to the file
“HW.cfg” and invoking “sfCfgMgr.exe” file. Thus, it proceeds immediately to acquisition and
tracking using the user-generated “default*.cfg” files. In the simulation mode, if any hardware
devices are connected, they are ignored. The drivers are paésed an exact sensor-target pose
(which is calculated in the MMU using vehicle pose data that comes from the “trajectory.mat”
file) and exact true poses of the MPSE and FPSE (which come from the
“defaultVehiclePSEs.cfg” and “defaultGalaxyPSEs.cfg” files respectively) and told to provide

simulated data (by adding biases and noise).

[0322] In the normal mode, the initial vehicle and galaxy PSE maps are loaded into internal data
store memory by first reading in all lines from the default files, and then reading in the auto files
if they exist and overwriting the data from the default files. Therefore, both auto files are deleted
before running a simulation, since they contain PSE pose values which no longer match the truth
values defined in the default files. To simulate an ordinary tracking experiment with no auto-

mapping or auto-calibration, the PSE covariances in the default files are set to zero.

6  Alternative system architectures

[0323] Tracking system 90 can be used to track a single vehicle or multiple vehicles. Multiple
vehicles can be used to track different parts of an object, such as body parts of a person. Multiple

vehicles may also be used to track a group of people or robots or objects in a common
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environment. Multiple vehicles can also increase the speed and accuracy of map building since

more data is available from the sensors of multiple vehicles to collaboratively construct the map.

Where multiple vehicles are tracked, the states of different vehicles can be updated centrally or
the processing may be distributed between multiple SFCs running on the same data processing
unit or separate data processing units. In a centralized multi-vehicle navigation system, one SFC
receives sensor inputs from all vehicles, performs tracking and auto-calibration, and map
building for all vehicles. States of multiple vehicles are appended to the state vector of the single

SFC and propagated through the update filter to create an optimal algorithm for collaborative
mapping.

[0324] Referring to FIG. 10, in a fully distﬁbuted multi-vehicle system, the navigation system
utilizes multiple vehicles 470 in which each vehicle has its own data processing unit 190, with its
own hardware drivers 476 (which could include a meta-driver.122, local drivers 402 and/or
regional drivers 404) and SFC 200 to perform its tracking and possibly auto-calibration or auto-
mapping. Each vehicle 470 builds its own private environment map 474 representing the portion
of the environment 106 it sees. Each vehicle has hardware drivers 476 that collect data from
PSEs private to the vehicle, and possibly also from PSEs that are shared among vehicles through
an infrastructural hardware driver 480 which communicates: with each vehicle 470 during the

enumeration process to notify the vehicles what shared PSEs are available.

[0325] Each vehicle 470 has a measurement scheduler 478 that schedules which PSEs to use for
each measurement cycle. A regional scheduler mediator 482 communicates with the

measurement scheduler 478 of each vehicle to resolve confliets in utilizing shared PSEs.

[0326] The private environment maps 474 developed by one vehicle 470 may or may not be
shared or merged with the private environment maps 474 developed by other vehicles 470. A
regional map reconciliation filter 484 feconciles the private environment maps based on a
number of factors. For example, if certain PSE position estimates from one vehicle are known to
be more accurate, either because its sensors are more accurate or because it is located at a more
favorable geometric location with r.espect to certain targets, the private environment map from
that vehicle or a portion of the private environment map relating to those certain targets may be

given more weight in the map—mcrging process. The position estimates and associated
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covariances for a given PSE providéd by different vehicles indy be fused using the information
fusion form of Kalman filter update equations, such as given in section 2.4 of the appendix. If the
fused map or portions of it are redistributed to the vehicles after a merge, algorithms should be
designed to avoid potential filter divergence problems that could result from violation of the

Kalman filter assumption of uncorrelated measurement noise.

[0327] In an alternative distributed system architecture, each vehicle has its own SFC to update
its own states, but multiple SFCs are running on one data processing unit 190, as illustrated in
FIG. 7. This data processing unit may be physically connected to one of the vehicles, or it may a

separate computer receiving data by equivalent connections from all the vehicles.

[0328] In an alternative distributed system architecture, the :re_sponsibility of central command
may transfer from one vehicle to another. Each vehicle independently stores the system states,
and under certain circumstances, such as when the vehicle currently serving as central command
malfunctions or when it loses communication with other vehicles, another vehicle takes over and

assumes the responsibility of the central command.

[0329] In an alternative distributed system architecture, each vehicle has its own SFC and
storage that stores the system states. Depending on circumstances, one or more vehicles may
serve as central commands that actively receives sensor inputs from other vehicles and updates
the states for itself and other vehicles. The vehicles not acting as central commands pass their
sensor inputs to the central commands, receive the system states returned from the central

commands, and store the system states in a local storage.

[0330] Initially, when all of the vehicles are within communication range, one vehicle may serve
as the central command. As the vehicles navigate the environment and roam farther and farther
away from each other, one or more vehicles may break off communication. When a vehicle
breaks off communication with the central command, the vehicle activates its SFC and uses its
own SFC to proceed with the task of localization, calibration, and map building. The central
command, after noticing that a fellow vehicle has broken off communication, can either treat the
sensors from the fellow vehicle as unavailable, or may reconfigure its update filter to reflect the

changes.
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[0331] When the fellow vehicle regains communication with the central command, a fusion
process may be performed in which the sysfem states of the fellow vehicle is fused with the
system states of the central command, and then the fellow vehicle cedes the responsibility of

updating the system states to the central command.

[0332] Because the navigation system implements an enumeration process to determine
availability of sensors and a self-configuration process to set up the vehicle and environment
maps according to sensor configurations, there is much flexibility in how the multiple vehicles
cooperate to obtain the most accurate measurements. For example, the central command may
dispatch “sentries” to navigate closer to a target in order to obtain more accurate measurements
of the target. The sentry may send back data to be fused with data owned by the central
command, or the sentry may simply become another target that can be used as a navigation

reference point.

[0333] In this architecture, each vehicle has a sensor fusion core (SFC) associated with it to
perform its tracking and auto-calibr‘ation, and to build its own private version of the part of the
map it sees, which may or may not be shared or merged with map fragments developed by other
vehicles. The SFC may either be a dedicated processor running on-board the vehicle, or just a
process or thread running inside a server somewhere. Each SFC has a DRU containing the
vehicle state, a vehicle map containing pointers to all the PSEs attached to the vehicle, and an
environment map containing pointers to all the environment-fixed PSEs the vehicle is currently

using.

[0334] The following describes an example of how a multi-vehicle navigation system determines
which pair of PSEs to use for measurement in each measurement cycle. In a first scenario, only
one measurement is made during each cycle. Referring to FIGs. 3, 6, and 8, the MMUs 304 in
all the SFCs 200 send their wishlists to an arbiter 418, which can be part of sfShell 412. For any
hardware which is not under the direct control of the local sfShell, the arbiter may in turn consult
a regional mediator 482 Having recei\.fed wish lists from all vehicles in the current cycle, the
arbiter picks a pair of PSEs that are available to make a measurement in the next cycle so that the
measurement will result in the highest overall information gain to the navigation system 90,

taking all vehicles into consideration.
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[0335] On the next cycle, the arbiter sends a message to the MMU 304 in each of its SFCs,
indicating that the MMU 304 is allowed to make a measurement using the selected pair of PSEs.
In turn, the MMU 304 sends a message to the meta-driver t6 setup a PSE driver corresponding to
the selected pair of PSEs to perform a measurement. Once all the SFCs have made a request to
setup the same measurement (as they have been directed to do by the arbiter) the sfShell sends a
trigger command to the meta-driver to initiate the actual hardware measurement process. The
actual measurement may take many cycles to complete. Therefore, in each cycle, the MMU 304
typically receives a measurement that it requested a number of cycles earlier. For shared
measurements, the measurement is requested by multiple vehicles, completed once by the meta-
driver, then the same result is rétumed'to all the requesting vehicles to utilize in their respective

update filters.

[0336] In the second scenario, different vehicles are allowed to make different measurements
simultaneously as long as the measurement by one vehicle does not interfere with measurements
by other vehicles. Each MMU 304, in addition to generating a wishlist of shared PSEs, alsov
generates a wishlist of private PSEs. The term “private” means that the PSE is not shared by
SECs of other vehicles.

[0337] An example of a shared PSE is an ultrasound emitter whose chirps can be received by
microphones on multiple vehicles. When there are multiple ultrasound emitters in close range,
typically only one emitter is allowed to chirp at a time so as to prevent interference from the
multiple emitters. Each microphone has its own timer and can determine the distance to the
emitter by measuring a time difference between the trigger of the chirp and the reception of the

chirp.

[0338] When one or more PSE are shared among SFCs, it is necessary to arbitrate among the
needs of the SFCs to determine which PSE will result in a measurement having the highest
overall benefit to the navigation system. For example, when there are two ultrasound emitters,
the first emitter may be closer to a first vehicle but far away from a second vehicle. The second
emitter may be farther to the first vehicle than the first emitter; but the average distance to both
vehicles may be smaller than that of the first emitter. Thus, triggering the second emitter may
result in a measurement having a higher overall information gain to the navigation system. Of

course, the benefit of a measurement also depends on the level of need in the vehicles, so if one
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vehicle as a large pose estimation error covariance in a particular direction, the arbiter may
schedule a beacon in that direction, even if there are other beacons which could provide slightly

higher information gain to a larger number of vehicles.

[0339] The MMUs 304 send the shared and private wishlists to the arbiter on each cycle. For
each PSE pair on the private wishlist, the arbiter immediately marks it available if it is not busy,
thus allowing it to be scheduled on ‘the current cycle. For the shared wishlist, however, it waits
until it has received the shared wishlists from all vehicles at the end of the cycle, then makes a
decision, and returns that decision to the vehicles in the next cycle. Thus, on each cycle, the
MMU will be authorized to use any of its private PSEs that are not busy, or to use the selected
pair involving shared hardware from what it requested last cycle. The MMU can choose either
one of its private PSE pairs or the shared pair, whichever yields highest information gain for its
own vehicle. However, if the shared pair yields almost as much gain as the best private pair, it
may choose the shared pair because it knows that opportunity will only be available for a very
limited time. The shared device will now bé activated as long as at least one vehicle decides to
request a pair involving it. On a given cyéle, some vehicles may choose to ignore the authorized
shared measurement opportunity and schedule private measurements using different non-
interfering sensors. Different vehicles can be making different measurements using different
sensors at the same time, as long as they do not interfere with each other. The arbitration process

is designed to prevent vehicles from scheduling measurements that may interfere.

[0340] As an example, a navigation system may be used to track body parts of a person in a
room where a number of ultrasound speakers are installed on the ceiling. During the tracking
process, only one ultrasound speaker may be triggered to chirp at a time. A first vehicle to be
tracked may be placed on the person’s‘head, a second vehicle to be tracked may be placed on the
person’s hand, and a third vehicle to be tracked may be placed on the person’s leg. The vehicles
contain microphones to measure the ultrasound chirps. Thg MMU of each vehicle generates a
wishlist of pairs of PSEs (each pair'including a speaker and a microphone). In generating the
wish list, the MMU assigns a selfish information gain value (i.e. the gain for its own vehicle) to

every combination of speaker-microphone pair.

[0341] At the kth cycle, the MMUs of the vehicles send their wishlists to the arbiter 418. The

arbiter responds by specifying a pair of PSEs which includés a shared speaker that was selected
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based on the wishlists submitted at the (k-l)ﬂ1 cycle. During the kth cycle, the arbiter gathers the

wishlists from the MMUs and uses an algorithm to decide which speaker will maximize the

information gain of as many vehicles as possible on the (k+41)th cycle. In this example, only one
speaker chirps, and one microphone in each vehicle makes a measurement. At the (k+1)th cycle,

the arbiter sends messages to tell the MMUs which speaker will chirp and which microphones

- have been granted permission to measure the chirp. After all of the MMUs send setup messages
to ultrasonic hardware driver preparing it to chirp the same speaker and measure the time of
flight to their different respective microphones, the sfShell will send a trigger message to the
ultrasonic hardware driver. The driver then simultaneously chirps the speaker and starts the
counters in all the microphones that have been setup for the measurement. A number of cycles

later, the ultrasonic hardware driver returns the measurement results to the MMUs.

7 IMU and DRU automatic configuration

[0342] The DRU is responsible for predicting the estimate of vehicle pose forward at each time
step, and providing the time varying linearized ¢ and Q matrices to the update filter 306 that it
will use to propagate forward the covariance matrix P,, representing the uncertainty in the
vehicle pose estimate. The DRU may propagate the predicted pose based on inputs from

interoceptive sensors or without any sensor inputs.

[0343] If there are no sensor inputs to the DRU, the pose prediction will be based on some
assumed dynamical process model of the object being tracked. Two popular such process models
are the constant velocity model driven by white-noise acceleration, or the constant acceleration

model driven by white-noise jerk.

[0344] If the enumeration process has identified the existen@e_of any interoceptive sensors, it
will also obtain parameters from the TEDS in the sensors describing what type of sensors they
are and what measurement characteristics they possess, and save all these parameters into an
IMU.cfg file. This file is read by the DRU and allows it to configure itself in an appropriate
mode to perform the pose propagation by integrating the measurements received from the
sensors on each cycle. The parameters describing the stochagtip model of the interoceptive

sensors are used by the DRU to formulate the appropriate matrices ® and Q. For example, if
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the interoceptive sensors identify themselves as a standard IMU providing measurements of AQ
and Av on each cycle, then the DRU will implement inertial integration equations for updating
the pose estimate and implement for ® a state transition métﬂx representing the propagation of
pose and velocity errors as a result of inertial sensor errors, and it will calculate Q based on such
IMU parameters as gyro angle random walk, bias random walk, initial bias uncertainty, scale
factor uncertainty, misalignment uncertainty, and all the equivalent parameters for accels. On the
other hand, for odometry sensors, there would be different integration equations implemented, a
different state transition matrix gen'erated, and different stochastic parameters required to

generate the process noise matrix.

8  Apvplications of tracking, auto-calibr_ation and map-building system

[0345] Referring to FIG. 11, navigation system 90 can be used in many applications, such as to
navigate a forklift 500 in a factory énvironment, to track a helicopter 502 or a soldier 504 in a
battle field, or to track a person 506 in an indoors environment. An inside-out measurement can
be used in which a sensor 508 attached to person 506 makes a measurement with respect to a
target 510. An outside-in measurement can be used in which a sensor 512 attached to the

environment makes a measurement with respect to a target 514 attached to a person 516.

[0346] In some applications, the primary goal of the systerﬁ is‘ to provide a means of navigation
or tracking. If auto-mapping‘is used at all in such an application, it is done to provide a refefence
map for the purpose of the tracking. The map may be discarded after the tracking or navigation
activity is complete, or it may be saved for future tracking or navigation activities in that
environment. These types of applications are frequently discussed in the robotics literature under
names like simultaneous localization and map-building (SLAM) or concurrent mapping and

localization (CML).

[0347] In other applications, the map itself may be the primary product of interest. For example,
a camera may be moved through a building, finding existing natural features such as corners and
adding them to the map as PSEs. The map repreéentation could be augmented to include
information about lines connecting the corners together. Eventually a 3D model of the building
will be formed which can be converted into a CAD model for as-built documentation and use in

architectural planning. If the camera captures images and stitches together fragments of images
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to create texture maps which can be associated with the polygons in the CAD model, the result
would be a virtual reality (VR) model of the environment, created rapidly and either
automatically or semi-automatically with minimal user interaction. These types of applications,
where the goal is more to capture the 3D structure of the environment rather than track a
vehicle’s motion, are often discussed in fhe computer vision literature under names like

structure-from-motion or scene modeling.

9  Alternative embodiments

[0348] 1t is to be understood that the foregoing description is intended to illustrate and not to
limit the scope of the invention, which is defined by the scope of the appended claims. Other

embodiments are within the scope of the following claims. .

[0349] For example, referring to FIG. 12, the update filter 306 can be a distributed Kalman filter,

such as a Federated Kalman filter, that includes a number of filter components. Update filter 306

may include a SLAC filter (which stores-and updates 6x, M, Pyx, Pxy, and Pyiv), @ SLAM
filter (which stores and updates 6x,.0F, Pyy, Pxp, and PFF);, and an LO filter (which stores and

updates 0x and Pxx ).

[0350] The SLAC filter 364 estimates errors in the underlying MPSE poses and biases, and
sends the corrections vector M back to the vehicle map manager 314, which applies the

corrections to the appropriate MPSE fields with appropriate translation of orientation format.

[0351] Similarly, the SLAM filter 362 sends error correction estimates back to the environment
map manager 310, which applies the corrections to the appropriate FPSE fields with appropriate

translation of orientation format.

[0352] The LO filter 360 is used when the user or the navigation system 90 decides that both
auto-calibration and mapping are done, and turns off the SLAC filter 364 and SLAM filter 362.

Any one, two or three of the filters may be active at a given time.

[0353] Because each of the three local filters in this federated filter bank is a reduced-order

Kalman filter which leaves out certain states that were present in the full-order centralized filter,
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techniques such as a Schmidt-Kalman filter algorithm or just “bumping up” the noise assumed in
the measurement model should be used to assure stability and best performance. To facilitate

this, during the incorporation of a measurement between FPSE; and MPSE;, the SLAM filter 362
sends Py, (error covariance of FPSEy) to LO filter 360 and SLAC filter 364 and the SLAC filter

364 sends Py,.m. (error covariance of MPSE;) to LO filter 360 and SLAM filter 362.
meJ il

[0354] When more than one of the local filters 360, 362, and 364 are running in parallel, the

fusion filter 366 is used after all the local filters have completed their measurement updates to

fuse their individual estimates of vehicle pose error (SXSLAM, PyxxSLAM) , (5xSLAC,
PxxSLAC), and (3xLO, PxxL.O) into a fused estimate (dxFused, PyxFused). Then dxFused is

sent to the DRU to correct the vehicle pose-states, and PyxFused is sent back to each of the local

filters to perform the fusion reset equations of the federated filter algorithm. The fusion reset
equations in the SLAM filter result.in another correction SF being sent to the environment map
manager, and likewise for the SLAC filter. Further details and references concerning the

federated filter and distributed Kalman filtering are in the appendix.

[0355] In order to accommodate large galaf(y maps, there may be many SLAM filters within the
distributed filter bank, each responsible for updating a submap or portion of the entire map.
These submaps may be disjoint or overlapping. One, several, or all of the SLAM submap filters
may be active at a given time. For example, the environment map could be partitioned into
rooms, and when the vehicle is in a particular room, only the SLAM filter which updates PSEs in
that room is active. When the robot transitions from one room to another, the federated filter
fusion reset equations are used to transfer the vehicle state estimate covariance matrix into the
new room’s SLAM filter, and update the stale PXF and PFF matrices in the new filter based on
the change in Pxx which has occurred compared to the stale Pxx matrix left in the new SLAM
filter since the last time it was active. This map transition process is similar in effect to the
submap transition algorithm of Leonard and Feder. For smoother transitions as the robot moves
between submaps, there may be several submap SLAM filters around the robot active at any
given time, and as the robot moves forward, submaps behind it de-activate and ones in front

activate.
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[0356] If there will be a maximum of N submap filters active at any given time, then the bank of
filters in the federated filter implementation would only need to contain N SLAM filters. When

" the vehicle moves, the SLAM filter corresponding to the submap behind it de-activates first and
transfers its latest information into the environment map manager. Then, a group of PSEs in the
area the vehicle is approaching are transferred from the environment map manager into the now

vacant SLAM filter memory store.

[0357} Data processing unit 190 can either reside in vehicle 100 or be located outside of vehicle
100. Measurements from sensors 102 and IMU 104 may be transmitted wirelessly to a server
computer located at a base station, the server computer updates the vehicle states, vehicle maps,
and environment maps based on the m‘easurements, and sends the updated vehicle states, vehicle
maps, and environment maps back to vehicle 100 for storage in 2 memory in vehicle 100. The
vehicle states, vehicle maps, and environment maps may alsp be stored at the base station, so
vehicle 100 has little on-board computation power, and only carries sensors 102, IMU 104,
communication devices, and perhaps motor control mechanism for controlling the movement of
vehicle 100.

[0358] A vehicle with higher processing power may be used with vehicles with less processing
power. The vehicle with less processing power sends measurement data to the vehicle with
higher processing power, which up&ates the vehicle states, vehicle maps, and environment maps,
and sends the updated information back to the vehicle with less processing power. In this way,
lower cost navigation robots can be used with a more expensive navigation robot to explore a

terrain.

[0359] The term “vehicle” can mean any object, from as small as an atom to as large as a planet.
In a multi-vehicle system used to track movements of a peréori, a vehicle can be a tracker
mounted on the person’s head, and another vehicle can be a second tracker mounted on the

person’s wrist.

[0360] The auto-calibration process may also refine calibration parameters provided by the

manufacturers of the sensors, where the calibration paramet:erg have limited accuracy.

[0361] The pose of a target relative to a sensor does not necessarily have to be expressed as

\; =(6,,4,,6,,0;,1;,t;) . Other representations may be used as well. For example position of
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target relative to sensor may be specified using Cartesian or: pqlar or other coordinate systems.
Orientation may be expressed with euler angles, quatefnions, rotation matrices, or rotation
vectors. For some PSEs, orientation parameters may not be important, in which case no
corresponding filter states need be allocated. For example, for a circular fiducial mark, the
orientation is only used to determine visibility, and perhaps to calculate a centroid correction for
perspective distortion. It should suffice to enter an approximate orientation and not update the
orientation during the iterative measurement cycles. By corhp.arison, for a camera, because the
aim of camera lens is important, the orientation are included in the state vector so that
measurements from the camera can be interpreted, and if auto-calibration is desired the extended

Kalman filter can refine the alignment.

[0362] The pose of the vehicle relative to the galaxy, the FPSEs relative to galaxy, or the MPSEs
relative to the vehicle may also be expressed in different formats or with fewer than 6 degrees of
freedom. For example, in 2D navigation problems it is common to express the robot pose using

just x, y and heading.

[0363] Various methods of auto-calibration may be used. In one implementation, navigation
system 90 gathers information from a number of measurements from different sensors, and
determines whether measurement values from a particular MPSE have a high percentage that are
consistently offset from an estimated measurement value computed based on measurements from
other sensors. The navigation system 90 calculates an estimate of the pose of the particular
MPSE relative to the vehicle so that, using the estimated pose, the measurement values from that
particular sensor more closely match the estimated measurement values based on measurements
from other sensors. The auto-calibration parameters may be initialized to very accurate values
through precise mechanical alignment fixtures, and then no auto-calibration are performed, or
they may be initialized to approximate values and then refined by the real-time iterative auto-
mapping process described above. Alternatively, they may be estimated by a batch process after

collecting a certain amount of data.,

[0364] When an MPSE is first installed on vehicle 100, instead of having a user manually enter
the MPSE pose information, the MPSE may communicate with other sensors upon initialization

of the navigation system 90 to compute an initial estimate of its pose relative to the vehicle. The
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initial pose estimate is subsequently calibrated by the navigation system 90 using measurements

from other sensors.

[0365] The navigation system 90 may automatiqally calibrate measurement biases inherent in the
MPSEs. For example, a specification sheet of an ultrasound range finder may specify that
readings from the range finder are to be deducted by a preset value. Due to manufacturing
tolerances, the readings may actually have to be deducted by a different value. Such biases may

be calibrated using the method described above for calibrating poses of the MPSEs.
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Abstract

This paper discusses the design of a very general
architectural framework for systems that involve tracking
the motion of users by fusing dead-reckoning sensors such
as an inertial navigation system with aiding sensors such
as sonar or computer vision which correct the motion
tracking system by making measurements o external
landmarks while simultaneously constructing a map of the
positions of those landmarks. The goals of the architecture
are to permit easy "plug-and-track" user configuration of a
wide variety of sensor combinations including IMUs, GPS,
range sensors, inside-out bearing sensors, outside-in
bearing sensors, elc., and to provide compatibility with
muliiple sensor networking standards, distributed sensor
fusion algorithms, and implementation strategies. A
decentralized Kalman filter based on Carlson's Federated
filter algorithm is used to decouple the auto-mapping,
auto-calibration and tracking filters to produce a more
flexible and modular architecture.

1. Introduction and motivation

There is an enormous range of applications that require
measuring the position and/or orientation of moving
objects. This is usually called navigation or localization
when a person, robot or vehicle determines it’s own
position, and called tracking when an outside system
monitors the position or orientation of moving objects, as
with air traffic control, missile detection radar, wildlife
tracking, and human motion capture.

Other applications require creating a2 map of an
environment or at least surveying the locations of certain
landmark points in the environment. This may range from
large scale aerial photogrammetry and GIS to more local
surveying and architectural as-built documentation, all the
way down to 3D modeling of small products.

In an increasing range of applications, including
augmented reality (AR) and mobile robotics, there is
interest in both tracking (or navigating) the moving entity
and mapping it’s surrounding environment. In both
applications, the map-building is necessary in support of the
tracking function because the tracking operates by making
relative measurements between the vehicle and certain
reference points in the environment. (From here on, we will
use the term vehicle to refer to the moving object, even if it
is an HMD or hand-held stylus.) In AR applications, the
environment map is also needed for the purpose of
registering the virtual objects to the real world.

When navigating in a previously uncharted territory with
no GPS availability, such as Mars rover missions,
underground mining or undersea operations, often the only
means of navigating is to make use of landmark
observations, and the map of the landmarks is not available
in advance. This has led to extensive research on the topic
of simultaneous localization and map-building (SLAM) by
the robotics community. Given the extreme difficulty and
expense of specialized surveying to obtain landmark
locations in preparation for tracking or navigation activities,
SLAM is likely to become the predominant approach to
both tracking and environment modeling in AR, robotics,
and other potentially large markets which rely heavily on
3D tracking and modeling and are currently held back by
the lack of practical means for performing these functions
with high accuracy on a large scale.

Although most theoretical research on SLAM algorithms
is relatively unconcerned with the specific types of sensors
used, every application requires different types of sensors
adapted for the operating environment and performance
requirements of the application. Each specific sensor will
have it’s own measurement mode! with unique distortions
and biases that must be included in the tracking filter
algorithms for maximum accuracy. Thus we are really
interested not just in SLAM, but in simultaneous tracking,
anto-calibration, and environment mapping (STACEM) for
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hybrid multisensor/multitarget systems. Although SLAM
is a much better acronym, the word “localization” seems to
connote position on a 2D map, which is the typical
example used in SLAM research. The term “tracking” will
be used from here on to remind the reader that we are
primarily targeting 6-DOF position and orientation
tracking, although the proposed architecture must also
support lower-dimensional problems.

1.1 Structure of centralized KF solution to SLAM

Smith, Self and Cheeseman (1987) introduced a solution
to the SLAM problem based on an Extended Kalman Filter
(EKF). For a map with N fiducial points, the state vector
consists of the vehicle state X augmented with the
position states of all the fiducials:

T
],

x=[x £

where f; is the position of the i beacon in the map. The

estimation error covariance matrix associated with this
augmented state vector has the structure

P, P P,

xx xfy xfy xfy

Pflx Pl’,i‘, Pr,r, fify

P = Pr,x szf, Pr,r, [X ™
P, fyx P fyfy P, (A PfN fy

in which the diagonal blocks represent the covariance
matrices of the vehicle position estimate and all the
fiducial position estimates. The off-diagonal blocks
represent the cross-covariances between the vehicle and
each fiducial, and between each fiducial and all the other
fiducials. These cross-covariances are essential to the
stochastic mapping approach. If they are ignored (i..
treated as zero), each successive measurement will be
incorrectly interpreted as new independent information and
the filter will diverge. On the other hand, provided that the
full covariance matrix is maintained, and updated together
with the state vector using the standard EKF procedures,
the optimal stochastic mapping algorithm has been shown
to perform very well in many applications.

Because the fiducials are assumed to have constant
position, the state transition and process noise matrices for
the EXF time update step will have diagonal structure:

Q®
Yoo aw= ’
I 0

®@,(k)

(1.1)
k)=
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which reduces the computational load of the time update
from the usual ON®) to O(N). During each measurement
update cycle, the vehicle makes a measurement to one of

the fiducials, say f;, which is used in the standard EKF
measurement update procedures to update the mean
estimates X and f;, and the full covariance matrix P. This

updating of P requires O(N?) operations and becomes the
rate limiting step for large N.

1.2 Limitations of centralized EKF approach

The ceniralized EKF algorithm summarized above is
optimal, but it tends to constrain the architecture of systems
that use it. The Kalman filter must be specifically designed
for a certain set of sensors. The measurement function h
depends on the type of sensor and how it is positioned on
the vehicle. The measurement noise matrix R must be tuned

as a function of X and f; to provide a level of noise

representative of the sensor performance, bumped up
appropriately to account for unmodeled biases, of which
there are always some. By sensor biases we mean any
constant” parameters that affect the measurement, even in
complex nonlinear ways, such as camera lens distortion
parameters. A given type of sensor also has its own
requirements or rules governing the frequency with which it
can acquire data or how to trigger it’s sources, so a fairly
specific measurement scheduler and data screening
algorithm are also coupled to the KF implementation.
Because the details of every sensor are relied upon in the
design of the Kalman filter, it is usually not a
straightforward task to replace one type of sensor with
another. Any time the hardware is changed, the filter must
be retuned at a minimum, and reprogrammed if the sensor
has a structurally different measurement model or triggering
policy. The reprogramming and revalidation effort can be
significant if new states need to be added to reflect new or
different types of bias terms.

The stochastic mapping formulation is intended to address
the problem of recursive map-building, not sensor
calibration, and no explicit provisions are made for sensor
bias states. Either all the sensors must be calibrated by other
means in the factory and their biases compensated before
the measurements enter the Kalman filter, or the bias states
can be appended to the vehicle state vector. In the latter
case, the designer must decide which bias states to include,
and the filter will always be estimating these parameters,
even after they become sufficiently well estimated that no
further gains can be made. The user cannot reconfigure the
system with more or fewer sensors, because that would
change the dimension of the vehicle state vector and require
reprogramming the function which generates the matrices
(k) and Q,(k)-
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Finally, the algorithm as described is designed for
tracking a single vehicle in a fairly limited area.
Additjonal vehicle states could be appended to the state
vector, and that would indeed lead to an optimal algorithm
for collaborative mapping. Unfortunately, this would mean
that the tracking code for all the vehicles would have to
run on the same computer, which might be a problem if
each vehicle requires its own on-board navigation
processor. New fiducials can be added to the map as the
vehicle enters a new area, but the computational burden is
O(N?), and after a few hundred fiducials the system may
slow down to an unacceptable update rate.

1.3 Goals of this work

This paper presents preliminary design notions for an
architecture that tries to overcome some of these
limitations and provide a framework in which to develop
an extremely wide variety of user-configurable
multisensor/multitarget  sensor  fusion systems for
applications which require tracking, auto-calibration, auto-
mapping or any combination of these.

The goals of the architecture are

e Sensor versatility: allow fusion any combination
of types, quantities and qualities of sensors,
including inside-out, outside-in or a mixture.

e “Plug & track™ allow user to configure systems
by plugging together self-identifying and self-
describing smart sensor modules.

e Permit implementation of either navigation
systems with on-vehicle processing per vehicle,
or tracking systems in which a regional
processor tracks all the vehicles in the region.

e  Scalability: enable systems with large numbers
of tracked vehicles and/or large maps.

e Algorithm versatility: provide a top-down
architectural specification which defines the
interfaces between modules, but allows the
designers of the individual modules freedom to
choose specific sensor fusion algorithms and to
later change those algorithms without changing
other modules. In particular, the architecture
shall neither force nor prevent the use of
algorithms based on sub-map partitioning.

e Function versatility: at any time (even while
running) the system may switch its function

between simple tracking only (STO),
simultaneous tracking and auto-calibration
(STAC), simultaneous tracking  and

environment mapping (STEM), or simultaneous
tracking, auto-calibration, and environment
mapping (STACEM)
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o  Object-oriented design: facilitate re-use of the
modules even if the top-level system architecture
needs to change.

In order to achieve some of these goals the stochastic
mapping algorithm is recast from its standard form as
presented in Section 1.1 into a complimentary EKF
formulation with explicit states for intrinsic and extrinsic
parameters of sensors and targets attached to the vehicle and
those attached to the map. This is done in Section 2.3 based
on a sensor/target object extraction made in Section 2.1 and
2.2. In section 2.4, the sensor fusion process for a given
vehicle is decomposed into several separable modules by
making use of a distributed Kalman filtering strategy called
the Federated filter (Carlson, 1990) modified to fit our
complimentary EKF architecture. All of the sensor and
configuration specific modeling is separated out from the
generic sensor fusion algorithms into two modules called
the DRU and MMU. Section 3 discusses the hooks that are
being planned to allow future expansion of the architecture
to handle multi-vehicle and multi-submap systems. Section
4 highlights a few of the options for how the modules can
be put together to form different types of systems.

This paper only provides a conceptual outline of a
proposed sensor fusion architecture. The work is still
ongoing and there are many details left to fill out. The goals
are extremely ambitious, and much research and
experimentation with distributed sensor fusion algorithms is
required in order to design an architecture that has enough
flexibility to handle most of the promising algorithms.

1.4 Related work

Klinker et al (2000) present a high-level architecture for
AR systems that track their position by combining data
from infrastructure-based sensors and wearable sensors. The
block diagram shows some sensor fusion being done on
each user’s wearable computer, while other parts of the
sensor fusion are accomplished on a room computer, with
data passed across a wireless LAN. The paper is focused on
AR system architecture and does not provide detail on the
architecture of the sensor fusion subsystem. Conversely,
Welch (1997) discusses Kalman filtering for tracking and
auto-mapping, but does not strive for a generalized
architecture. There is a huge body of literature on SLAM, a
few examples of which will be cited below, mostly striving
to find a scalable algorithm for large maps. The plug-and-
play features based on self-describing sensor modules are
closely related to the Smart Transducer Interface of the
IEEE 1451.2 standard (IEEE, 1997).

2. Sensor Fusion Core Architecture

2.1 The sensor/target abstraction
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There are a huge variety of different sensors used in
tracking and navigation applications, based on almost all
known electromagnetic, acoustic, and mechanical
principles. Each  sensor has different performance,
operating environments, range, size, cost, update rate,
penetration capabilities, and so on which make it more or
less suitable for various applications. From the sensor
fusion algorithm’s point of view, however, most sensors
belong to one of a few basic categories according to the
type of measurement observable they produce:
Dead-reckoning _continuous observables
e Angular rate (e.g. gyros)

e Linear acceleration (e.g. accelerometers)

¢  Relative displacement (wheel encoder, optical flow)

e Relative direction (steering encoder, optical flow)

Map-point-referenced discrete update observables

o Range (e.g. ulirasonic TOF, RF TOF, Lidar, radar,
raw GPS, depth cameras, pull~string encoder)

e 1D Bearing (e.g. spinning laser scanner, linear CCD,
1-D phased array)

e 2-D Bearing (e.g. imaging sensors, servoed pan/tilt
beam tracker, scanning radar)

o Range rate (Doppler radar, phase-coherent acoustic)

Range difference (¢.g. TDOA acoustic or radar)

Dipole field component (e.g. active source magnetic

tracker, electric field tracker)

Earth-referenced discrete update observables

L

L]

Cartesian position (e.g. cooked GPS, altimeter)
Heading (c.g- magnetic compass, dual-antenna GPS
heading system, gyrocompass)

Speed (optical flow, airspeed, waterspeed sensors)

e Direction (c.g. optical flow)

o Homogeneous field (magnetometers, gravitometers,)

We will assume that the sensor types listed under dead-
reckoning are used for that purpose, and therefore enter
into the Kalman filter as known control inputs in the time-
update equations. Although this usually gives the best
results, some authors have used these types of observables
as Kalman filter measurements instead, and the
architecture does not prevent them from being used as
earth-referenced update observables instead. These will be
called internal sensors, and their processing is handled
separately in the Dynamics Reference Unit (DRU). The
rest of the observables are treated as measurements and
their data is fetched and interpreted by the Measurement
Management Unit (MMU).

The map-point-referenced observables are the most
common, and only these types of measurements actually
contribute to the environment mapping process. All these
observables make a measurement between two points; call
them a sensor and a target. For convenience we will define
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the sensor for a bearing angle measurement to be the device
at the fulcrum of the bearing angle measurement, even
though in the case of the laser scanner and related structured
light projectors, this means the “sensor” is the light
projector, and the “target” is the photodetector. Each

measurement, Z,, is a function of the pose A, between a
particular sensor, s, and target, t, as well as the biases
Kk, associated with the sensor and the biases K, associated
with the target:

zsl = hst ()"st’ks’kt) (12)

For an inside-out measurement, the sensor is attached to
the vehicle and the target is fixed in the environment, while
for an outside-in measurement a sensor fixed in the
environment observes a target fixed to the moving vehicle.

2.2 The main object classes: PSEs, maps, filters

The environment map consists of a collection of sensors
and targets, each having a pose with respect to the
environment map coordinate reference frame, also called
the navigation frame or n-frame. Likewise the vehicle has a
number of sensors and targets rigidly attached to it, each
with a pose relative to the vehicle frame, called the body-
frame or b-frame. We define a class of objecis called pose-
sensing endpoints (PSEs) that may be sensors or targets of
any type. Every PSE has the following attributes:

¢ Position of it’s center of measurement, relative to
the parent map to which it is attached.

¢  Orientation relative to parent map.
e Bias parameters vector k.

e Basic type. One of the following:
o  2DBS (2-D bearing sensor)
: 1DBS (1-D bearing sensor)
BT (bearing sensor target)
RS (range sensor)
RT (range sensor target)
RRS (range rate sensor)
RRT (range rate sensor target)
DT (dipole target or source)
o DS (dipole field component sensor)

*  Specific type. Mfg. and model number, which is
used by the MMU to look up all the detailed
information such as range , update rate, etc.

o Status (ready, busy, etc.)

The position of the PSE is always important, since it is
impossible to make use of a measurement between two
points without knowing where the points are. The
orientation parameters may not all be important for certain
PSEs. They are all important for bearing sensors, but the
other types generally have circular symmetry about the
principal axis, which means the roll is irrelevant to the
measurement process. For ideal omnidirectional range

000 O0O0O0O0
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sensors, even the principal axis direction is unimportant.
When these attributes are non-critical, their values can be
set approximately, and no corresponding filter states need
be allocated. For example, for a circular bull’s-eye fiducial
mark, the principal axis vector is only used to determine
whether the mark is visible or is too slanted relative to the
view vector, and perhaps to calculate a correction for
centroid offset due to perspective distortion. Since this is a
second order correction, it should suffice to enter [oo1y*
for all the fiducials mounted on the ceiling pointing down.

The PSEs are the atomic objects in this architecture.
Each vehicle has a Sensor Fusion Core (SFC) associated
with it to perform it’s own tracking and auto-calibration,
and to build it’s own private version of the part of the map
it sees, which may or may not be shared or merged with
map fragments developed by other vehicles. The SFC may
either be a dedicated processor running on-board the
vehicle, or just a process or thread running inside a server
somewhere. Each SFC has a DRU containing the vehicle
state, a vehicle map containing pointers to all the PSEs
attached to the vehicle, and an environment map
containing pointers to all the environment-fixed PSEs of
which the vehicle is so far aware.

2.3 Complementary EKF for estimating tracking,
calibration and mapping errors

We now introduce some expanded notation to handle full
STACEM with a complementary filter.  The
complementary filter (e.g. Brown & Huang, 1993)
implements the extended Kalman filter (EKF) by using an
ordinary linear Kalman filter to estimate errors in the
underlying states of interest. A linear model for the
propagation of error states is obtained by perturbation
analysis from the nonlinear dynamics model of the
underlying system. The underlying states are not part of
the filter, and may be stored and propagated separately. In
the proposed architecture, the underlying states consist of
the vehicle states X which are stored in the DRU, the states

M=[mlr m,’ mMT]T of the M mobile PSEs

(MPSEs) that are stored in the vehicle map manager, and
T

F= [flT £, fMT:] of the N fixed PSEs

(FPSEs) that belong to the environment map manager.
Although the vehicle map “state vector® M and
environment map “state vector™ F have been written
using stacked vector notation, they are actually more likely
implemented as arrays of pointers to PSE objects, each of
which stores the actual state information (position,
orientation, biases) in three separate fields of a structure.
Which format is used internally to store the orientation
depends on the PSE class implementation, but access
methods must be provided to return the principal and
secondary axis vectors, since these are used by the MMU
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for measurement selection and prediction. Another method
is provided which allows the PSE to update its underlying
orientation representation with an incremental rotation
vector returned from the complementary KF. Each

individual PSE “vector” f; is composed of position,

orientation and intrinsic parameter (bias) fields:

fiﬂ
f=(f? = fiz
Ay

where £ stands for the combined pose states.

(1.3)

Correspondirfg to the underlying system “state vector”
T

X=[xT Y FT] there is an estimation error state

vector 8X=[5xT sMm” SFT]Twhich is a real vector

and serves as the state vector of the complementary KF
which maintains the covariance matrix

Pxx PxM PxF
Pax =\ Pux Pum  Pur
P, Pry P

In general, boldface lowercase letters represent vectors
and boldface uppercase letters represent matrices, but we
have made an exception using the uppercase X, M, and F to
represent stacked vectors. Further abusing notation, write
X =X ®5X, where the circle around the plus sign reminds

us that X (the “true” values of the underlying states) and X
(the estimated values of the underlying states) are not really
vectors, or if the they are, they are not of the same
dimension as §X (due to the fact that underlying orientation
requires at least 4 parameters to represent without a
singularity, whereas §X contains just the three parameters
of the small-angle error rotation vectors, in order to avoid
redundant states in the Kalman filter). The position,
orientation and bias components of each individual PSE
error vector are stacked:

sp=[of o] - o]
o]
of = ﬁfl*” = l: ;;kj]
ot 4

and these are all real vectors this time. Corresponding
notation applies to the MPSEs.

Now consider the time update of the complementary
Kalman filter (CKF). As in Section 1.1, both the MPSE
states and the FPSE states are assumed constant, so the
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simplified @ and Qmatrices of Eq. (1.1) hold, and the

computation time is linearly related to the number M of
MPSEs and the number N of FPSEs:

Sx(k +1) = 5x(k) + @ (k)5x(k)
P (k+)=@_ ()P, (B)®, (k)" +Q, (k)
Jor j=l.,M:
P, (k+1)=®, ()P, (k)
P, (k+1)=P, "(k+1)
end
for i=L.,N:
er, (k+D)= q’x(k)er, (9]
P, (k+1)=P, (k+1)
end
Note that to perform these operations, the CKF does not
need to know anything about the structure or physical
meaning of the underlying states X or even the error state
vector X that it is estimating, It just needs to be handed
the matrices @ (k) and Q(k) which encapsulate
everything that needs to be known about the performance
and configuration of the inertial or dead-reckoning sensors,
the integration algorithms applied to them and associated
error propagation models, and the current vehicle pose and
dynamics. This is why the calculation of @ (k) and
Q, (k) is left to the DRU, which already has all this source
information available because it has the job of reading the
dead-reckoning sensor driver and integrating the rate and
acceleration information to keep track of the current
vehicle state.
For the measurement update step, it is assumed that on
each measurement cycle the MMU obtains one map-point-
referenced measurement Z; between the i FPSE and the

j® MPSE or one earth-referenced measurement
Z,; between the j® MPSE and the “world”. The MMU
calculates and delivers the innovation v, =%, -2, which

is a vector of measurement dimension m=1,2 or 3. The
MMU also calculates and delivers the three Jacobians
which form the only nonzero entries in the linearized
measurement matrix:

H,=[H, 0 - 0 H, 0 - 0 H 0 - 0
_ (=) _0(z) (=)
H, "~ 8(x,) H,, = a(om,) 5, "a(a;,)

with which the CKF computes its Kalman gains and
updates its covariance matrix:
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~ r T
Pxx me, me,,, Pxf, Pxf,, -‘ H_‘ T
P, mx Pm,mI mym,, myf P, myfy ‘
: : : i 1 :
my
P"‘M" P'“M'“x P‘“M‘“M oy P"‘Mflv
Pio  Pim, Pro,  Prg Bre, :
: : : : : HflT
LPfo Pf Ny Pf)v‘"u wafl PfoN J L :
[P H+P, H, +P HT ]
Pm,xHxT +Pmlm_,Hm,T + Pm,l‘,Hf,T
_PfoHxT + Pme!HmJT + Pfo,Hf,T i

S, =H,PH +R, =HB, +R,
=HP H' +H,}’m]Hm]T +HP H, +
H,P, B +H,P H "+H, P H Ty
HP B +HZP H, +HPH 4R,
K,= B,jS,j"
P () = (1=K, H) )P DA -K,H)) +K,R K,
—Pa()-BK, -(BX, ) +K,SK,/
Finally, the CKF can update it’s states:
3x(+) = 8x()+K, v,
FM(+H)=8M(-)+K,"v,
§F(H) =5F()+K,"v,
where

K, . K", K/f the

partitions of the Kalman gain matrix. At any time, normally
after each measurement cycle is complete, the CKF can
transfer §x, 5M, and oF to the DRU, the vehicle map
manager and the environment map manager respectively to

correct the underlying states, and then reset its own error
state estimates to zero. )

represent appropriate

2.4 Federated filtering algorithm for decoupling
mapping and auto-calibration

The preceding section introduced the notation for a
complementary Kalman filter that performs simultaneous
tracking, auto-calibration and map-building. The centralized
filter produces theoretically optimal results, but it limits the
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flexibility of the architecture. The auto-calibration process
and auto-mapping process are intertwined through the
cross-correlations P, and cannot be used separately one

at a time. In practice it may be desirable to first perform
the auto-calibration of the vehicle’s sensors using a small
pre~surveyed map, then to freeze the vehicle map after it
has converged below some small covariance level, and
then set out to map the larger space using the pre-
calibrated vehicle. Once the whole environment of interest
is mapped it may even be beneficial to turn off the
mapping and just use the system for real time tracking.
These things are cumbersome with the centralized filter, A
second drawback of the centralized filter is that the
computation cost of the measurement update is
proportional to the square of the total number of states. If
the number of auto-calibration parameters is high (for
example, the UNC Hi-Ball sensor has 26 views, each with
10 internal and 6 external parameters, totaling 416 states)
then decoupling this from a similar sized map (about 138
LEDs) would almost halve the computation. Most
importantly, the centralized filter does not scale well with
large map sizes N. To overcome this, the architecture
should facilitate the use of SLAM strategies based on
breaking the map into smaller submaps (e.g. Leonard &
Fedder, 2000). The first step is to remove the auto-
mapping states from the SLAM filter so that they don’t
have to be replicated in each submap.

The proposed architecture exploits the Federated Kalman
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filter algorithm (Carlson, 1990) to provide distributed and
fault-tolerant filters for aircraft navigation systems. In the
original application, there was no environment map, just a
vehicle with an INS and a handful of earth-referenced
sensors (GPS, baro-altimeter, SAR, radar altimeter, etc).
Each sensor has a few bias states, and the centralized filter
stacks them all up together with the vehicle INS states in the
centralized state vector:

X ¥ KK KT

In a federated system, separate local filters (LFs) are

created for each of the three sensors, with state vectors:
T 7 7

X =|:x,7 kxT] X =[sz sz] Xim =[x3T kar:’
Because there are redundant copies of the vehicle state
vector x in each LF, the total information about x has to be
split up amongst the LFs. This is done by multiplying
Pxx(0) by a factor y (in this case y = 3) and initializing all
the LFs with this inflated covariance. Each LF then
performs a time update, using Qg =7 Q, and then
processes the measurement from only its own sensor.
Finally, a master filter (MF) fuses the common states of all
the LFs together using the information fusion form of KF
update:

_ - - “Iy-1
Pres = Poum +Posrs +Pusrs )

centralized

-1a

a “la “a -1
Re = Py puced Pzt Xpm1 + Poirr Xz + Prges Xys)

v
environment 5fnew, Pﬂnm: Iduleln -
map manager 5F, (Pe) 5
WA H
y " Frearty, simul. tracking & env. mapping filter 8%, Pux >
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Figure 1: Block diagram of the vehicle-level sensor fusion core (SFC) architecture showing data flow during
tracking. Blocks which maintain state information show the names of their internal states in a data store icon.
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At this point all the information about x has been
transferred into the MF, whose covariance Pppcs

represents the true system covariance, while all the
information about each sensor’s biases remains in its own
LF. To start the next cycle, the vehicle information from
the MF gets split up and distributed back to the LFs using
Carlson’s Fusion Reset equations. If the master filter has
dimension less than the centralized filter, as in the version
just described, there will be some loss of optimality, but in
the examples shown in Carlson’s papers the difference is
not noticeable.

In the Federated filter, each measurement is processed by
just one LF. However, the STACEM problem posed in
Section 2.3 has an extra complication. If the STAC
process is assigned to one LF and the STEM process to
another LF, then each measurement will depend on states
in both filters. We solve this by using the Principle of
Measurement Reproduction (Tupysev, 1998), which states

that a measurement z=Hx+v, V~N (O,R) is

exactly equivalent to two repetitions of the measurement,
each with twice the original noise:
0

EHE MO

Thus, each measurement is sent to all the LFs, and each
LF multiplies the measurement noise matrix by y so that
the information in the measurement is divided up between
the LFs. Each LF then acts independently, as if the
measurement it received were just for it, and bumps up it’s
noise to account for states not included within itself, just as
it would if it were an ordinary stand-alone filter tuned to
account for unmodeled states by standard reduced-order
KF design methods.

Figure 1 summarizes the architecture described above.
The underlying states are maintained in the dynamics
reference unit, the vehicle map manager, and the
environment map manager. The STAC filter estimates
errors in the underlying MPSE poses and biases, and sends
the corrections vector 8M back to the vehicle map
manager, which bears responsibility for applying the
corrections to the appropriate PSE fields with appropriate
translation of orientation format. In like fashion, the STEM
filter sends error correction estimates back to the
environment map manager. A third LF for simple tracking
only (STO filter) has been added, so that if the user or the
system decides that both auto-calibration and mapping are
substantially completed, both the STAC and STEM filters
can be turned off. Any one, two or three of the LFs may be

“active at a given time, with y set to the number active.
Figure 1 only shows what data is passed between the
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modules during active tracking, Much of the flexibility of
the architecture stems from how it detects hardware and
initializes itself, which will be touched on briefly in the
following sections.

2.5 Dynamic Reference Unit (DRU) and Internal
Sensor Driver

At initialization, the DRU queries the internal sensor
driver to find out what kind of dead-reckoning sensors are
available, if any. Most probably, the answer will be either
1) nothing, 2) an IMU, 3) a pair of differential IMUs, or 4) a
set of wheel encoders. Based on the answer, the DRU
automatically determines whether tracking is desired in 3D
or 2D, and chooses an integration algorithm with the
appropriate number of states. Next, the DRU asks the driver
for initial uncertainty specifications of a number of standard
parameters appropriate to the integration model. For
example, if it is an IMU, these would include rms initial
uncertainty estimates for gyro bias, gyro bias ramp, gyro
misalignments, gyro scale factors, gyro quadratic
nonlinearities, etc. and corresponding accel parameters. If
the driver is unable to obtain this information from the IMU
itself because it is an off-the-shelf device not specifically
designed for compatibility with this architecture, then the
driver will try to retrieve it from a file, and if that doesn’t
exist it will query the user and create the file. Based on the
sizes of these initial uncertainties, the DRU decides whether
to create KF states to estimate them in order to apply
improved fine compensation in addition to the
compensation already done in the IMU or the driver.

If smart sensor modules are specifically designed for use
with this architecture, they may use an IEEE 1451.2
interface, which specifies a transducer electronic data sheet
(TEDS) be resident in EEPROM on the transducer that can
tell the application what type of sensors are present and
provide calibration data. The driver then passes along to the
DRU the part of the information it needs, and compensates
for sensor biases, scale factors and misalignments for which
factory calibration data is stored. For non IEEE 1451.2
sensor interfaces, the driver emulates this process,
delivering to the DRU compensated run-time data and
initialization uncertainty information.

Finally, during acquisition after initialization, the DRU
obtains the initial pose estimate from the MMU over tlie
dotted line connection in Figure 1. It also obtains a list of
any shared bias states that affect all the external
measurements of a given type, such as room temperature for
ultrasonic systems, and adds these states to X .

2.6 Measurement Management Unit (MMU) and
external sensor/target meta-driver

Here is where we really exploit the sensor/target
abstraction of Eq. (1.2) to partition the work of preparing
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the measurement matrices H, Hyy, and Hy into generic and
model-specific parts, keeping the generic operations inside
the MMU and pushing the sensor/target details out into the
driver, The result is that the architecture is extendible by
outside parties: a- sensor -manufacturer who understands
their own product and can model its output, but knows
nothing of Kalman filtering or SLAM theory, could follow
some instructions and write a driver that would enable the
sensor to work with the sensor fusion core and be
optimally fused with the inertial sensors and any other
aiding sensors that are attached. The goal is that this would
be accomplished just by loading a driver and plugging in
the sensor — truly Kalman filter design for dummies! The
key to this partitioning was to invent a symmetrical and
very sensor-friendly representation of the relative 6-DOF
pose between the i" FPSE and the j" MPSE:

)'ii =(9is¢,-,9js¢july:ty) 1.4)
Here &, is the angle between the FPSE principal axis and
the line of length Zij connecting the FPSE and the MPSE.

¢,. is the azimuthal angle of this line around the FPSE’s
principal axis (forward or x-axis), using a right hand rule
and the FPSE’s y-axis as the starting mark. @, and @, are a
symmetrically defined off-axis angle and azimuthal angle
of the departing ray from the MPSE. t,j is the twist of the
imaginary rigid pole connecting the centers of the two
PSEs about a swivel joint in the pole center, where the
twist of each pole half relative to its PSE is fixed by
imagining that the pole flattens out like a canoe paddle at

the end, and the intersection of this blade with the PSE’s y-
z plane lies along the y-axis.
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Figure 2: Measurement Management Unit

Figure 2 illustrates at a high level the functionality of the
MMU. The first task of the MMU is to decide which
measurements to request from the driver. The measurement
scheduler consults the sensor/target status server in the
meta-driver during initialization to find out what types of
sensors exist with what capabilities, repetition rates,
triggering protocols etc. It also obtains initial bias parameter
vectors and uncertainties from any sensors that can produce
a self-describing TEDS, and transmits the information to the
vehicle and environment map managers for map
initialization. During tracking, after receiving the vehicle
map and the nearby portion of the environment map, it
checks the server to see which sensors are busy or ready,
which may in turn cause the local status server to consult
with a regional status server if there are sensor or active
target resources that are shared with other vehicles. It may
also check with a local or regional geometric reasoning
module provided by the application to predict which
sensor—target pairs are likely to be occluded, suggest good
places to look for natural features, etc. Having culled down
the number of possible measurements that are available, it
evaluates them using the current vehicle state and
covariance information to see which will produce the
greatest information gain (selfishly for this vehicle) and thus
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selects the i® FPSE and the j MPSE. It passes their
underlying state information to the generic pose predictor
which calculates the relative pose in the form of Eq. (1.4)
and then takes advantage of the symmetry to swap theta
and phi of the sensor into the first position. This predicted
sensor-target pose is sent to the driver which selects the
appropriate manufacturer-specific measurement model and
calculates the measurement prediction and the noise
matrix, taking into account all the fine details of the sensor
and it’s its uncompensated distortions known only by the
manufacturer or the engineer who modeled the sensor and
wrote its driver. The driver also returns Jacobians with
respect to the pose parameters, evaluated at the predicted
values. In the MMU, these get combined by the chain rule
(i.e. matrix multiplication of Jacobians) with the generic
parts of the Jacobians, A_, A A, 10 produce the H

matrices needed by the complementary Kalman filters.
Finally, the MMU calculates range gates (or image
windows for a camera) for the predicted measurement, and
sends them to the hardware driver to fetch an actual
measurement, It performs nearest-neighbor data
association (or a more sophisticated algorithm if needed)
on the set of sensor returns, and sends the innovation to the
KF for processing.

3. Multi-Vehicle Coordination Architecture

3.1 Distribution of computation to vehicle filters

Diagram of multiple vehicles communicating with a
coordination center to coordinate use of shared
infrastructural sensor/target resources, and to share map
info.

Warning about map fusion introducing non-independent
information. Possible workaround using Covariance
Intersection (CI).

3.2 Implementation Options
Distributed versus Centralized Implementations
Hardware Implementations
Software Implementations
Mixed Implementations
Timing and Synchronization Issues

4. Conclusions and future work

A broad-brush outline has been presented for a new
sensor fusion architecture that is being designed to
facilitate rapid development and reconfiguration of
systems that perform tracking, auto-calibration, and auto-
mapping using a variety of different types of sensors fused
together.
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We are working on developing a vision-aided inertial
tracker for see-through AR systems based on this
architecture,. which we plan to demonstrate at ISAR2001 as
a practical complement to this paper if it is accepted.

Beyond that; there is much more theoretical work left to
do to fill in the details of the architecture and achieve some
of its loftier goals, including scalable mapping algorithms.
The federated filter has been selected as a nice framework
for experimentation with algorithms that involve a group of
submaps of which only a subset are active at a time.
However, more work is required to identify the most
efficient yet consistent algorithms for swapping the active
set of submaps, or to find algorithms for combining and
repartitioning submaps dynamically. Also, future work must
address the issues of how to merge the submaps generated
by different vehicles at a regional coordination node, even
though they may not be based exclusively on independent
information sources, and how to re-integrate these merged
maps back to the vehicles.
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What is claimed is:

1. A method for tracking an object comprising:

coupling a sensor subsystem to an estimation subsystem, said sensor subsystem enabling

measurement related to relative locations or orientations of sensing elements;
accepting configuration data fr(_)m the sensor subsystem;
configuring the estimation system according to the accepted configuration data;
repeatedly updating a state estimate, including

accepting measurement informaﬁon from the sensor subsystem, and

updating the state estimate according to the accepted configuration data and the
accepted measurement data.

2. The method of claim 1 wherein coupling the sensor subsystem to the estimation
subsystem includes coupling software modules each associated with one or more of the sensing

elements.

3. The method of claim 2 wherein each of the software modules provides a software
interface for receiving information related to an expected sensor measurement and providing
measurement information that depends on said received information.

4. The method of claim 3 wherein each of the software modules implements
calculations that are independent of a representation of the state in the estimation subsystem.

5. The method of claim 1 wherein the state estimate characterizes an estimate of a
location of the object.

6. The method of claim 1 wherein the state estimate characterizes configuration
information for one or more sensing elements fixed to the object.
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7. The method of claim 6 wherein the configuration information for the one or more
sensing elements fixed to the object includes information related to position or orientation of said

sensing elements relative to the object.

8. The method of claim 6 wherein the configuration information for the one or more
sensing elements fixed to the object includes operational parameters for the one or more sensing

elements.

9. The method of claim 1 wherein the state estimate characterizes configuration
information for one or more sensing elements fixed in an environment of the object.

10. The method of claim 9 wherein the configuration information for one or more sensing
elements fixed in the environment of the object includes a map of the locations of said sensing

elements.

11. The method of any of claims 1 through 10 wherein repeatedly updating the state
further includes:

providing to the sensor subsystems information related to an expected sensor
measurement; and

wherein accepting the measurement information from the sensor subsystem includes
accepting information related to an actual sensor measurement.

12. The method of claim 11 wherein providing the information related to an expected
sensor measurement includes providing information related to a relative geometric configuration
of two of the sensing elements.

13. The method of claim 12 wherein providing information related to a relative geometric
configuration of the two of the sensing elements includes providing information characterizing a

relative location of said sensing elements.

14. The method of claim 11 wherein accepting the information related to an actual sensor
measurement includes accepting information enabling the estimation subsystem to calculate a
difference between the actual measurement and the expected measurement.
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15. The method of claim 11 wherein accepting the information related to an actual sensor
measurement includes accepting information for correlating measurements and geometric

relationships between sensing elements.

16. The method of claim 15 wherein the information for correlating measurements and
geometric relationships between sensing elements includes a mapping between a relative pose of
the sensing elements and a sensor measurement.

17. The method of claim 16 wherein the mapping between the relative pose of the sensing
elements and the sensor measurement characterizes a linear mapping.

18. The method of claim 11 wherein accepting the information related to an actual sensor
measurement includes accepting information characterizing an uncertainty in the actual

measurement.

19. The method of claim 18 wherein the information characterizing the uncertainty in the
actual measurement includes parameters of a statistical distribution of an error of the actual
measurement.

20. The method of claim 1 wherein repeatedly updating the state further includes:
selecting a pair of sensing elements.for measurement; and

providing an identification of the selected pair to the sensing subsystem.

21. The method of claim 20 wherein selecting the pair of sensing elements includes
selecting said elements according to an expected utility of a measurement associated with said
elements to the updating of the state.

22. The method of any of claims 11 through 19 wherein repeatedly updating the state
further includes:

updating the state according to the accepted information related to an actual sensor
measurement.

- 87-



WO 2004/015369 PCT/US2003/025194

23. The method of claim 20 wherein repeatedly updétihg the state further includes:

updating the state according to accepted measurements from inertial sensors.

24. The method of any of claims 1 through 23 wherein updating the state estimate
includes applying a Kalman Filter approach.

5. The method of claim 1 wherein each of said sensing elements comprises at least one

of a sensor and a target.

6. The method of claim 25 wherein the target comprises an active device that interacts
with the sensor.

27. The method of claim 26 wherein the target comprises at least one of a man-made
signal reflector and a natural feature of an environment.

28. The method of claim 1 wherein the dbj ect is selected from a group consisting of a
vehicle, a robot, a person, a part of a person, a flying object; a floating object, an underwater
moving object, an animal, a camera, a sensing apparatus, a helmet, a tool, a piece of sports
equipment, a shoe, a boot, an article of clothing, a personal protective equipment, a rigid object
having a dimension between 1 nanometer to 109 meters.

29. The method of claim 1 wherein the state estimate comprises information related to a
position or an orientation of the object relative to a reference coordinate frame.

30. A tracking system comprising:
an estimation subsystem; and

a sensor subsystem coupled to the estimation module and configured to provide
configuration data to the estimation module and to provide measurement
information to the estimation module for localizing an object;

wherein the estimation module is configured to update a location estimate for the object
based on configuration data and measurement information accepted from the
sensor subsystem.
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31. The system of claim 30 wherein the sensor subsystem includes one or more sensor
modules, each providing an interface for interacting with a corresponding set of one or more
sensing elements.

32. The system of claim 31 wherein the interface enables the sensor module to perform
computations independently of an implementation of the estimation subsystem.

33. The system of claim 31 wherein the interface enables the estimation subsystem to
perform computations independently of an implementation of the sensor modules.

34. The system of claim 30, further comprising a navigation subsystem to navigate the
object in an environment based on the location estimate for the object.

35. A sensor module comprising:

a sensor interface for communicating with a measurement sensor;

a communication interface for communication with an estimation system;
wherein the sensor module is cbnﬁgured to

receive information related to an expected sensor measurement over the
communication interface,

receive a measurement signal over the sensor interface,

provide measurement information based on the measurement signal over the
communication interface.

36. The sensor module of claim 35 wherein the sensor module is configured to provide
information over the communication interface related to an uncertainty in the measurement
information.

37. The sensor module of claim 35 wherein the received information related to an
expected sensor measurement includes a predicted pose of a sensing element relative to the
measurement Sensor.
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38. A method comprising:

enumerating a set of sensing elements available to a tracking system that includes an
estimation subsystem that estimates a position or orientation of an object; and

providing parameters specific to the set of sensing elements to the tracking system to
enable the estimation subsystem to be configured based on the parameters specific
to the subset of sensing elements.

39. The method of claim 38; further comprising generdting a sequence of candidates of
pairs of sensing elements selected from the set of sensing elements, the sequence based on an
expected utility of a measurement associated with said elements to the estimation subsystem.

40. The method of claim 39, further comprising selecting a pair of sensing elements from
the sequence of candidates, the selected pair of sensing elements being ready to make a
measurement at the time of selection of the pair or at a predefined time after the time of selection
of the pair, the selected pair having a highest expected utility of a measurement among the
sequence of candidates. .

41. The method of claim 38 wherein the set of sensing elements comprises at least one
sensor and at least one target, the sénsor making a measurement with respect to the target.

42. The method of claim 41 wherein the target comprises a natural feature in an
environment. '

43. A method comprising; -

computing an estimate of a pose of a target element relative to a sensor element based on
an estimate of a pose of a tracked object relative to an environment having affixed
thereto either the sensor element or the target element,

the computing of the estimate of the pose of the target element relative to the
sensor element further based on an estimate of a pose of the affixed
element relative to the tracked obj ect and the other clement relative to the
environment;
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computing an estimate of a measurement of the target made by the sensor based on the
estimate of the pose of the target relative to the sensor;

making an actual measurement of the target by using the sensor; and

computing a deviation between the actual measurement and the estimated measurement;
and

generating a new estimate of the pose of the tracked-object based on the deviation.

44, The method of claim 43, further comprising computing a first observation matrix that
characterizes a linearized model of a function relating the measurement made by the sensor to
the pose of the target relative to the sensor.

45. The method of claim 44, further comprising computing a second observation matrix
that characterizes a linearized model of a function relating the pose of the target relative to the
sensor to the estimate of the pose of the tracked object relative to the environment.

46. The method of claim 45, further comprising computing an observation matrix that
characterizes a linearized model of a function relating the measurement made by the sensor to
the pose of the tracked object relative to the environment by combining the first observation
matrix and the second observation matrix.

47. A method comprising:

estimating a first value associated with a pose of a first sensing element relative to a
second sensing element, the first sensing elefnént fixed to an environment and the
second sensing element fixed to an object being tracked, one of the first and
second sensing elements being a sensor and the other being a target;

estimating a second value associated with a pose of the second sensing element relative to
the first sensing elen|1ent; '

determining which of the first and second sensing clements s the sensor; and

generating an innovation of a measurement of the target made by the sensor based on the

first value when the second sensing element is the sensor.
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48. The method of claim 47, further comprising generating the innovation based on the
second value when the first sensing element is the sensor.

49. The method of claim 47 wherein estimating the first value and estimating the second
value are performed by a process ignorant of which of the first and second sensing elements is a

s€nsor.

50. A method comprising

estimating a calibration parameter of a sensing element that is either a sensor or a target,
the sensing element being fixed either to an environment or to an object being
tracked;

determining whether the sensing element is the sensor or the target; and

assigning the calibration parameter as a sensor calibration parameter when the sensing
element is a sensor, and generating an innovation of a measurement of a target

made by the sensing element based in part on the sensor calibration parameter.

51. The method of claim 50, further comprising assigning the calibration parameter as a
target calibration parameter when the sensing element is a target, and generating an innovation of
a measurement of the sensing element made by a sensor based in part on the target calibration
parameter.

52. The method of claim 50 wherein estimating the calibration parameter is performed by
a process ignorant of whether the sensing element is a sensor or a target.

53. A method of using multiple sensors in a tracking system comprising:
providing an estimation module;

coupling one or more sensor modules to the estimation module, each associated with a
different set of one or more sensors;

configuring the tracking system, including

providing configuration information from each of the sensor modules to the
estimation module regarding the characteristics of the sensors associated
with the sensor module, and
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configuring the estimation module using the provided configuration information;

maintaining estimates of tracking parameters in the estimation module, including

repeatedly

passing data based on the estimates of the tracking parameters from the estimation
module to one or more of the sensor modules,

receiving from said one or more sensor modules at the estimation module data
based on measurements obtained from the associated sensors, and the data
passed to the sensor modules, and

combining the data received from said one or more sensor modules and the
estimates of the tracking parameters in the estimation module to update
the tracking parameters.

54. The method of claim 53 wherein the data passed from the estimation module to one
or more of the sensor modules includes an estimate of the pose of a target relative to a sensor that
was calculated by the estimation module using an estimate of the pose of a tracked object relative
to a frame of reference fixed to an environment.

55. The method of claim 54 wherein the data passe(i from the estimation module to one
or more of the sensor modules does not include the estimate of the pose of the tracked object
relative to the frame of reference fixed to the environment.

56. The method of claim 53 wherein providing the estimation module includes providing
a module that is configurable to use different sets of sensor modules coupled to it.

57. The method of claim 53 wherein maintaining estimates of the tracking parameters in
the estimation module includes using a stochastic model in the estimation module.

58. The method of claim 57 wherein using a stochastic model includes implementing
some or all of a Kalman filter in the estimation module.

59. The method of claim 58 wherein implementing some or all of the Kalman filter -
includes updating error estimates using linearized models of the sensor system.
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60. The method of claim 58 wherein implementing some or all of the Kalman filter
includes implementing a distributed Kalman filter, wherein each of a plurality of components of
the distributed Kalman filter is associated with a different subset of the sensor modules.

61. The method of claim 60 wherein one of the components of the distributed Kalman
filter is associated with a subset of sensor modules consisting of sensor modules that are affixed
to a tracked object. '

62. The method of claim 60 wherein one of the components of the distributed Kalman
filter is associated with a subset of sensor modules consisting of sensor modules which are
affixed to an environment.

63. The method of claim 60 wherein one of the components of the distributed Kalman
filter is not associated with any sensor modules.

64. The method of claim 60 wherein implementing the distributed Kalman filter includes
implementing a Federated Kalman Filter.

65. The method of claim 53 wherein providing configuration information from the
sensor modules includes providing information characterizing a type of a sensor associated with
a sensor module.

66. The method of claim 53 wherein providing configuration information from the
sensor modules includes providing information characterizihg' a position or an orientation of a
sensor associated with a sensor module.

67. The method of claim 53 wherein providing configuration information from the
sensor modules includes providing information characterizing one or more calibration
parameters of a sensor associated with a sensor module.

68. A machine-accessible medium, which when accessed results in a tracking or
navigation system that tracks or navigates, respectively, an object, performing operations
comprising:
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enumerating a set of sensing elements available to the tracking or navigation system, the
sensing elements available to the tracking or navigation system including at least one of an
inside-out sensor and an outside-in sensor, the inside-out sensor being fixed to the object and
makes measurements with respect to a target fixed to an environment, the outside-in sensor being
fixed to the environment and makes measurements with respect to a target fixed to the object;

configuring an estimation module of the tracking or navigation system based on an
enumeration of the set of sensing elements available to the tracking or navigation system so that
the estimation module can process measurement information from either inside-out sensors,
outside-in sensors, or a combination of inside-out and outside-in sensors depending on the
sensors available; and

repeatedly updating an estimated pose of an object based on méasurements from the set
of sensing elements available to the tracking or navigation system.

69. The machine-accessible medium of claim 68 in which the sensing elements available
to the tracking or navigation system include range sensors, and configuring the estimation
module includes configuring the estimation module so that the estimation module can process
measurement information from either inside-out sensors, outside-in sensors, range sensors, or

any combination of the above sensors.

70. The machine-accessible medium of claim 68 in which the sensing elements available
to the tracking or navigation system include inertial sensors, and configuring the estimation
module includes configuring the estimation module so that the estimation module can process
measurement information from eithier inside-out sensors, outside-in sensors, inertial sensors, or

any combination of the above sensors.

71. The machine-accessible medium of claim 68 in which the sensing elements available
to the tracking or navigation system include dead reckoning sensors, and configuring the
estimation module includes configuring the estimation module so that the estimation module can
process measurement information from either inside-out sensors, outside-in sensors, dead
reckoning sensors, or any combination of the above sensors.

72. A method comprising:
receiving sensor configuration information indicating a set of sensing elements available
to a tracking or navigation system,
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configuring a data processing module of the tracking or navigation system based on the

sensor configuration information to selectively perform one of

(a) receiving data from at least one inside-out bearing sensor, and updating an
estimated pose of an object based on data received from the: inside-out bearing sensor,

(b) receiving data from at least one outside-in bearing sensor, and updating an
estimated pose of an object based on data received from the outside-in bearing sensor, and

(c) receiving data from at least one inside-out bearing sensor and at least one
outside-in bearing sensor, and updating an estimated pose of an object based on data received
from the outside-in bearing sensor and the inside-out bearing sensor.

73. The method of claim 72 further comprising configuring the data processing module to
selectively perform one of

(d) receiving data from at least one range sensor, and updating an estimated pose of an
object based on data received from the range sensor,

(e) receiving data from at least one range sensor and at least one inside-out bearing
sensor, and updating an estimated pose of an object based on data received from the range sensor
and the inside-out bearing sensor,

() receiving data from at least one range sensor and at least one outside-in bearing
sensor, and updating an estimated pose of an object based on data received from the range sensor
and the outside-in bearing sensor, and

(g) receiving data from at least one range sensor, at least one outside-in bearing sensor,
and at least one inside-out bearing sensor, and updating an estimated pose of an object based on
data received from the range sensor, the inside-out bearing sensor, and the outside-in bearing

sensor.

74. An apparatus comprising.
an estimation module to estimate a pose of an object based on measurement data from
sensing elements, the estimation module configured to enable selective performance of
(a) receiving data from at least one inside-out bearing sensor, and updating an
estimated pose of an object based on the data received from the inside-out bearing sensor,
(b) receiving data from at least one outside-in bearing sensor, and updating an
estimated pose of an object based on the data received from the outside-in bearing sensor, and
(c) receiving data from at least one inside-out beanng sensor and at least one
outside-in bearing sensor, and updating an estimated pose of an object based on the data received
from the outside-in bearing sensor and the inside-out bearing sensor.
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75. An apparatus comprising:

an estimation module to estimate a pose of an object based on measurement data from
sensing elements, the estimation module configured to enable selective performance of one of:

(2) updating an estimate of the position or orientation of the object relative to an
environment, _

(b) updating an estimate of the position or orientation, relative to the object, of at least
one sensing element fixed to the object, and

(c) updating an estimate of the position or orientation, relative to the environment, of at
least one sensing element fixed in the environment.
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