Al

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization
International Bureau

(43) International Publication Date

(10) International Publication Number

19 July 2001 (19.07.2001) PCT WO 01/52218 Al

(51) International Patent Classification’: GO08G 5/00, 1. [—/US]; 12702 Lime Kiln Road, Highland, MD 20777
GO1S 13/87 (US).

(21) International Application Number: ~PCT/US01/00813  (74) Agent: BAUER, Richard, P.; Suite 1600, 525 West Mon-

(22) International Filing Date: 11 January 2001 (1 1.01.2001)

(25) Filing Language: English
(26) Publication Language: English
(30) Priority Data:

09/480,859 11 January 2000 (11.01.2000) US

(71) Applicant (for all designated States except US): SOLIP-
SYS CORPORATION [US/US]; Suite 200, 6100 Chevy
Chase Drive, Laurel, MD 20707 (US).

(72) Inventors; and

(75) Inventors/Applicants (for US only): FURST, David, L
[US/US]; 8044 Red Jacket Way, Jessup, MD 20794 Us).
ABRAMS, Michael, L. [US/US]; 9052 Bellwart Way,
Columbia, MD 21045 (US). MACKENZIE, Robert, C.
[US/US]; 8355 Glen Mar Road, Ellicott City, MD 21043
(US). TISSUE, Eric, B. [US/US]; 1687 King Richard
Road, Eldersburgh, MD 21784 (US). CITRIN, Warren,

roe Street, Chicago, IL 60661-3693 (US).

(81) Designated States (national): AE, AG, AL, AM, AT, AU,
AZ,BA, BB, BG, BR, BY, BZ, CA, CH, CN, CR, CU, CZ,
DE, DK, DM, DZ, EE, ES, FI, GB, GD, GE, GH, GM, HR,
HU, D, IL, IN, IS, JP, KE, KG, KP, KR, KZ,L.C, LK, LR,
LS, LT, LU, LV, MA, MD, MG, MK, MN, MW, MX, MZ,
NO, NZ, PL, PT,RO,RU, SD, SE, SG, SL, SK, SL, TJ, TM,
TR, TT, TZ, UA, UG, US, UZ, VN, YU, ZA, ZW.

(84) Designated States (regional): ARIPO patent (GH, GM,
KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZW), Eurasian
patent (AM, AZ, BY,KG, KZ,MD, RU, TJ, TM), European
patent (AT, BE, CH, CY, DE, DK, ES, FL, FR, GB, GR, IE,
IT, LU, MC, NL, PT, SE, TR), OAPI patent (BE, BJ, CF,
CG, CI, CM, GA, GN, GW, ML, MR, NE, SN, TD, TG).

Published:

with international search report

before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments

[Continued on next page]

(54) Title: METHOD AND SYSTEM FOR SHARING VEHICLE TELEMETRY DATA AMONG A PLURALITY OF USERS

OVER A COMMUNICATIONS NETWORK

OO (57) Abstract: In an Integrated Air Traffic Control System, apparatus, method, and software for sharing vehicle telemetry informa-
= {ion between a plurality of sensors of different types and a plurality of users of different types utilizes a communications network
coupling together the plurality of sensors and the plurality of users. A plurality of sensor processor devices are respectively coupled
to the plurality of sensors, each sensor processor device being configured to receive vehicle telemetry information from its associated
~< sensor, and to convert the receive vehicle information into common vehicle data of a type common to the plurality of users. A plural-
ity of user processor devices are respectively coupled to the plurality of users, each user processor device being configured to receive
a demand signal from its associated user and to transmit it to said communications network when it determines that its associated
user has a predetermined vehicle profile which requires improvement. Each of the plurality of sensor processor devices receives the
demand signal from the communications network and transmits its common vehicle data to the communications network when it
determines that its associated sensor can provide vehicle information which improves the vehicle information profile.

©
=



wo 01/52218 A1 I IR0 0 G

For two-letter codes and other abbreviations, refer to the "Guid-
ance Notes on Codes and Abbreviations” appearing at the begin-
ning of each regular issue of the PCT Gazette.



WO 01/52218 PCT/US01/00813

METHOD AND SYSTEM FOR SHARING VEHICLE TELEMETRY DATA AMONG A PLURALITY
OF USERS OVER A COMMUNICATIONS NETWORK

BACKGROUND OF THE INVENTION

1. Technical Field

The present invention relates to a system for sharing vehicle telemetry data between a plurality
of sensors of different types and a plurality of users of different types. More particularly, the
present invention relates to a system whereby vehicle telemetry information is shared on an "as
needed" basis in order to reduce the communications bandwidth required among the various
sensors and users. Preferably, communications among the various sensors and users is carried
out in a common data format to enhance system integrity and, again, reduce bandwidth
requirements.

2. Related Art

At present, there is a need to share vehicle telemetry data in systems containing different types of
sensors and different types of users. For example, in an Integrated Air Traffic Control system, it
is vital that vehicle speed, course, and altitude information be sensed and transmitted to the
various users in a time-critical fashion. However, such an Air Traffic Control system may use
different types of sensors such as radar, lidar, infrared, acoustic, wind shear, and other sensors ;
and may have different types of information users, such as the aircraf, the control tower, weather
service offices, airline control centers, etc. Moreover, there may be different versions of sensors
in the system; for example, newer radar systems may have been installed and used in conjunction
with older radar systems. These different types of sensors will transmit different kinds of data in
different data formats.

On the user side, each user has need for different data at different times and from different
sensors. For example, the aircraft pilot needs wind shear information, as well as radar and lidar
telemetry data regarding other aircraft. The control tower needs this information for all aircraft,
and needs to integrate all sensed information into a common display or situation picture. The
wind shear information needs to be updated at a different frequency than the radar information.

At present, each sensor broadcasts its data to the entire system at a selectable interval, and all
users receive all data. In addition, certain users may request special updates from selected
sensors. However, as the number of sensors and the number of users within the system
increases, a communications bandwidth problem arises which may lead to system breakdown or,
at the least, late reception of vital data. For example, an aircraft may receive delayed other-
vehicle course and speed information because of an incoming wind shear update.



WO 01/52218 2 PCT/US01/00813

The above-noted problems are exacerbated because of the different data formats used by the
various sensors and users. The conmunications network (radio or land-line) may simply be
expanded to provide increased bandwidth, but this is expensive, time-consuming, and has to be
carried out for each incremental increase in number of sensors and/or users.

Thus, what is needed is a vehicle telemetry system which can control the flow of information
from the various sensors to the various users without increasing the bandwidth of the system.
Such a system should allow sensors and users to be added to the system or removed from the
system without affecting the stability or integrity of the information flow within the system.

SUMMARY OF THE INVENTION

It is an object of the present invention to overcome the problems noted above and to provide a
flexible, reduced-bandwidth information-sharing system that can selectively provide users with
accurate and timely vehicle telemetry information from different sensor sources.

According to one aspect of the present invention, apparatus for sharing vehicle telemetry
information between a plurality of sensors of different types and a plurality of users of different
types includes a communications network coupling together the plurality of sensors and the
plurality of users. A plurality of sensor processor devices is respectively coupled to the plurality
of sensors, each processor device configured to receive vehicle telemetry information from its
associated sensor, and to convert the receive vehicle information into common vehicle data of a
type common to the plurality of users. A plurality of user processor devices is respectively
coupled to the plurality of users, each processor device configured to receive a demand signal
from its associated user and to transmit it to said communications network when it determines
that its associated user has a predetermined vehicle profile which requires improvement. Each of
said plurality of sensor processor devices receiving the demand signal from said
communications network and transmitting its common vehicle data to the communications
network when it determines that its associated sensor can provide vehicle information which
improves said vehicle information profile.

According to another aspect of the present invention, a system for communicating vehicle track
information, over a communications network, among a plurality of platforms (each of which has
(i) a sensor and (ii) an operational unit which requires the vehicle track information), includes a
first processing structure, coupled to a first one of said platforms, for processing vehicle track
data from its associated first sensor and providing it to its associated first operational unit. The
first processing structure provides a first current observation related estimate based on (i) the
vehicle track data from the first sensor and (ii) reporting needs of the associated first operational
unit or reporting needs received over the communications network. The first processing
structure transmits the reporting needs to the communications network when it determines that
its associated first operational unit requires an update to a stored first vehicle track profile. A
second processing structure is coupled to a second one of said platforms and processes vehicle
track data from its associated second sensor and provides it to its associated second operational
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unit. The second processing structure provides a second current observation related estimate
based on (i) the vehicle track data from the second sensor and (ii) reporting needs of the
associated second operational unit or reporting needs received over the communications network.
The second processing structure transmits a reporting need to the commurications network when
it determines that its associated second operational unit requires an update to a stored second
vehicle track profile. Each said processing structure develops a fusion algorithm combined track
by fusing together (i) current observation related estimates received over the communications
network and (ii) current observation related estimates provided by that processing structure.

According to a further aspect of the present invention, a method of distributing vehicle track data
over a communications network to a plurality of users each of which comprises a sensor and an
operational unit, includes the steps of: (i) sensing a vehicle track with a first sensor of a first user;
(i1) generating, at the first user, a first current observation related estimate based on the sensed
vehicle track and reporting needs; (iii) transmitting the first current observation related estimate
to the communications network when it is determined that the first current observation related
estimate will improve a predetermined vehicle track profile; (iv) receiving, at the first user, a
second current observation related estimate generated by a second user and transmitted over the
communications network; (v) fusing, at the first user, the first current observation related
estimate and the second current observation related estimate to provide a fusion algorithm
combined track; and (vi) providing the fusion algorithm combined track to a first operational
unit,

According to still another aspect of the present invention, one or more computer-readable
storage mediums containing one or more computer programs for causing one or more computers
to distribute vehicle track data over a communications network to a plurality of users each of
which comprises a sensor and an operational unit, causes the one or more computers to perform
the steps of: (i) sensing a vehicle track with a first sensor of a first user; (ii) generating, at the
first user, a first current observation related estimate based on the sensed vehicle track and
reporting needs; (iii) transmitting the first current observation related estimate to the
communications network when it is determined that the first current observation related estimate
will improve a predetermined vehicle track profile; (iv) receiving, at the first user, a second
current observation related estimate generated by a second user and transmitted over the
communications network; (v) fusing , at the first user, the first current observation related
estimate and the second current observation related estimate to provide a fusion algorithm
combined track; and (vi) providing the fusion algorithm combined track to a first operational
unit.

BRIEF DESCRIPTION OF THE DRAWINGS

The structure and functions of the present invention will be more readily understood from the
following detailed description of the presently preferred exemplary embodiment when taken in
conjunction with the following Drawings.
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Figure 1 is a schematic representation of the apparatus according to a first embodiment of the
present invention.

Figure 2 is a functional depiction of the exchange of CORE and FACTs (to be described below)
among the Data Sources and the Data Users in the embodiment of Figure 1.

Figure 3 is an information flow diagram showing the interaction between the key functions
within a Data Source in the embodiment of Figure 1.

Figure 4 is a functional depiction of the comparing operation for deciding whether or not to
report a CORE to the communication network.

Figure 5 is a notional depiction of the DCN/DM structure and functions to be described below.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

1. Introduction

The present invention will now be described with respect to an air vehicle telemetry-sharing
system that senses, transmits, and shares vehicle course, speed, and altitude data among a
plurality of sensors and a plurality of users. However, the present invention is also applicable to
systems which acquire and share telemetry information from other vehicles, such as land
vehicles, sea surface vehicles, sub-sea vehicles, space vehicles, or a combination of these
vehicles.

In Figure 1, the telemetry data of an aircraft 20 is detected by a radar 1, by a radar 2, by an
infrared sensor 4, and by a radar 3 which is mounted in a second aircraft 6. In this embodiment,
each sensor has a corresponding user to which it provides the telemetry data sensed by the
associated sensor. For example, radar 1 may be an airport radar which radios the sensed
telemetry data to an associated user 11 which may comprise one or more processors in the
Control Tower which provide information to the Air Traffic Control staff. The radar 2 may
comprise a newer-style radar directly coupled to a user 21 processor which monitors telemetry
data for an airline. Infrared sensor 4 may provide sensed telemetry data over a landline to a
processor of user 41 which supplies information to a weather network. The aircraft 6 has an
aircraft radar 3 which supplies sensed telemetry data to the flight control computers onboard the
aircraft. The user 31 thus comprises the aircrew of aircraft. All users and sensors are in
communication with each other over a communications network 50 which may comprise one or
more landline, radio, satellite, microwave , etc. links. As will be developed below, the
communication network 50 is expandable and flexible.

According to the present invention, bandwidth in the communication network 50 is conserved
since each sensor’s telemetry data will be transmitted to the communications network only when
that data can improve the telemetry information available to the network users. On the other
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hand, users will only request telemetry information from the communication network when the
information available on the network is superior to that obtained locally.

2. System Qverview

The embodiment of Figure 1 presents an architecture for an extensible, evolvable, multi-level
sensor data fusion system that creates a distributed data base from multiple sensors. The data is
fused because it combines vehicle track state data (e.g., position and rate measurements) from
multiple radar or other multi-dimensional sensors. These sensors may be located at multiple
sites. The data base is distributed because each sensor and/or user stores both the vehicle
information it acquires and the vehicle information it obtains from the other sensors/users over
the communications network. For example, the sensor measurements are processed locally, and
resulting information is exchanged over a communications network comprising one or more data
distribution networks. The networks can be limited in bandwidth, but typically should have
transmission delays that are on the order of the measurement period of the sensors, or smaller, to
derive the best performance from the process.

The architecture provides the capability for multi-level data exchange to create a vehicle track
picture that is in a common frame of reference called the “Common Frame Track Picture”. The
Common Frame Track Picture is shared by all “Data Sources” (each of which may comprise one
or more sensors that may be associated with one or more processors) and “Data Users”(each of
which include one or more processors for processing the telemetry data) in a set of data
distribution networks. Each Data User requests, over the communications network, the level of
track accuracy it needs (e.g., vehicle speed within plus or minus 5 feet per second) according to
track identity (e.g., which aircraft), type (e.g., aircraft size), category (e.g., commercial), status
(e.g., landing), geographic location (e.g., in the landing pattern), etc. These requests are mapped
to the Data User’s “Reporting Needs” for each vehicle track. The Data Sources then provide,
over the communications network, the level of data appropriate to the requesting Data User to
support the requested Reporting Needs. This requesting and supplying of information on an “as
needed” basis controls the growth in distribution bandwidth requirements to a level that can be
supported in large, widely distributed multi-level user networks. The functional components of
the system are structured to allow single-point additions of or changes to Data Sources and Data
Users. The addition of new sources and users does not affect the computational complexity of
the existing network components for a given number of supported tracks. This de-coupled
component structure is designed in such a way that existing components need no modification
for new components to use and contribute to network data.

Components of widely distributed multi-level Data User networks may not have bandwidth
available to share a set of identical complete vehicle track data throughout the networks at the
accuracy required by the most demanding Data Users. However, they can share highly accurate
track data requested by specific users while supporting other levels of track accuracy according

to Data User requests. In this approach, Data Users request data by track identity, type, category,
geographic location, at the situation awareness level, the planning level, or the maneuvering

level. Data are accumulated, condensed, registered, and distributed as needed in a common
geodetic coordinate frame with corresponding ellipsoidal covariance information. These
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messages are called “Current Observation Related Estimates” (CORE). The CORE fusion
function (to be described below) at each Data User assembles the Common Frame Track Picture
from this low bandwidth data witout the need for source location or sensor identity information.

Figure 2 depicts the exchange of CORE and FACTs. CORE are created from sensor
measurement data at each Data Source 11 and 21, and distributed in a common recognizable
form throughout the low-latency network for use by CORE fusion functions 12 and 22. Network
data distribution is managed by Distribution Processing 13 and 23. CORE fusion functions 12
and 22 create Fusion Algorithm Combined Tracks (FACTS) for use by local platform functions
that need vehicle track states. These functions are part of the Data Users and Data Sources.

Figure 3 is an information flow diagram showing the interaction between the key functions
within a Data Source and with a CORE Fusion and Distribution Processing function. The Data
Source includes all functions necessary to support a sensor’s interaction with CORE Fusion and
with a distribution network. The Data Source’s primary function is to create CORE from its
corresponding sensor’s data based on identified Reporting Needs. CORE are distributed through
a network to CORE Fusion utilities at each network node where they update the corresponding
FACTs. FACT states are sent to the Data Sources for use in the creation of CORE and the
association of sensor data.

Local Reporting Needs are selected according to operational doctrine, request, track resolution
requirements, registration requirements, and local sensor surveillance volume. This selection is
done by the Reporting Need Selection function (RNS). These Reporting Needs (RNs) are
distributed throughout the network to pull the necessary track data. Angular sensor bias and
sensor localization are estimated by the Geodetic Registration Information Processing (GRIP)
function. GRIP combines various levels of registration solutions, depending on the available
registration data sources, such as navigational instrument (NAV) data (including local platform
GPS and reference track GPS), local sensor data, remote Registration CORE, and remote CORE
used to form FACTORs (FACTs on Remote CORE). Sensor measurement data are corrected for
angular bias as a function of relative vehicle-sensor position using accumulated data in the
Sensor Position Angular Correction Estimate file (SPACE). Correlation, Association, and
Tracking (CAT) validates the association of measurement data to a Sensor Measurement
Association & Resolution Track file used for local hypothesis testing and gating. Resulting
unambiguous Associated Measurement Reports (AMRs) are sent to Parametric Adaptive Curve
Estimation (PACE) where they are used to detect and estimate significant vehicle accelerations
and maneuvers. Then the AMRs are sent to Adaptive Curve Estimation (ACE) where they are
used to form straight trajectory and maneuvering vehicle hypotheses as Local Estimates for each
Reporting Need. ACE selects the best hypotheses at the addition of each measurement. The
hypotheses selected by ACE is used by the State Testing and Adaptive Reporting (STAR)
function to determine if a CORE should be created from the selected Local Estimate. In STAR
the corresponding FACT covariance is predicted to the current time and used to determine the
immediate need for sensor data. The value of distributing a CORE produced from the Local
Estimate is calculated. The immediate need and the added value are compared (to be described
in greater detail below) to determine if a CORE is to be produced. The manner of comparison
ensures that a CORE is produced only if it is needed and if the Local Estimate will currently
offer the greatest improvement of all sources in the network. A Local Estimate is registered in a
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geodetic frame using the own-unit localization vector from the GRIP function to create a
corresponding CORE. When a CORE from a registered sensor is distributed, the corresponding
Local Estimates are cleared. Therefore, a series of CORE for any vehicle has independent
sensor-related covariances.

CORE are most often distributed as 6-state estimates. However, 9-state and 3-state CORE are
distributed for certain conditions and vehicle dynamics. The Data Fusion process uses these
types of CORE to improve the FACT state. That improved state is available to local node Data
Users and Data Sources. Data Sources then use the updated FACT in the STAR reporting
decision and in CAT correlation and measurement association.

De-coupling in the structure of the CORE Fusion Process results in large part from the de-
coupling of the registration and fusion processes. Localization and alignment occur in the Data
Source. Data are then distributed in a geodetic frame using full covariance information, thus
they are readily interpreted by all users without knowledge of the source location or type.
Registration occurs at multiple levels simultaneously to ensure a robust solution. Registration
results from all available data are combined to provide the most accurate solution.

STAR selects the data that will most efficiently fulfill the selected Reporting Needs (RN).
Through an examination of the FACT rate error, thresholds for the Local Estimate (LE) data are
determined. Since other contributing nodes use the same FACT, the knowledge that the local
Data Source’s LE can be used to create and distribute a CORE means that the local source has
the best current contribution. If another unit had a better contribution, then it would have been
distributed and the FACT accuracy would have induced a stricter threshold on local LE data,
thereby preempting its distribution.

Figure 4 depicts the operation of the STAR reporting decision. The quantity in the left box
represents the magnitude of the predicted FACT rate error in its largest dimension. The quantity
in the right box represents what would be the magnitude of the FACT rate error in its largest
dimension if a CORE were distributed based on the Local Estimate. This is the improved FACT
error. The predicted FACT rate error is compared against two thresholds determined by the
requested Reporting Needs. If above the upper threshold, then a CORE is sent to reduce FACT
error. Typical operation is below this threshold. Errors below the lower threshold indicate that
no unit should send CORE, as the FACT is very accurate. Instead, ACE continues to accumulate
sensor data in the form of Local Estimates with lower variances. Between these two thresholds,
the improved FACT error (quantity on the left) is computed and subtracted from the predicted
FACT error (quantity on the right). The difference is compared against a subsequent threshold to
determine if a CORE should be sent. It is this latter comparison that ensures that STAR
distributes the most valuable data, thereby preempting the prolific distribution of lower value
data, thus conserving communication bandwidth. In fact, this algorithm reduces computational
and data distribution complexity by a full computational order. It thereby enables networks to
meet otherwise unattainable specifications for network size and track capacity, accuracy, and
concurrency. It also provides a greater flexibility in the selection of appropriate data distribution
equipment by driving bandwidth requirements down to the realm of commercial radios.
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The magnitude of the predicted FACT rate error ellipsoid’s largest dimension at the time of the
Local Estimate is calculated by predicting the FACT to the time of the LE, and determining the
largest eigenvalue of the rate covariance. The magnitude of the FACT rate error ellipsoid’s
largest dimension if a CORE were distributed is calculated by computing the filtered rate error
that results from updating the FACT with the CORE and determining the largest eigenvalue of
that rate covariance.

CORE from all sources are fused in the CORE Fusion functions at each network segment by a
robust vehicle-oriented filter that produces the FACTs. CORE Fusion also can fuse FACT data
and connect networks by correlating FACT data from different networks operating at different
Reporting Needs.

This CORE Fusion Process allows functions to be allocated to software components in a variety
of ways, as best suits the system application.

3. Structure and Software

The features of the present invention may be incorporated into existing sensor and user
processors as software updates and/or processor enhancements. Also, it is envisaged that
additional processors, which have the herein-described functionality incorporated therein, may
be added to existing systems at the sensor side and/or at the user side. It is believed that once
this system gains widespread acceptance, all hardware created for vehicle telemetry purposes
will have this functionality built-in. Accordingly, the functions described herein may be
incorporated as software only, hardware only, or a combination of software and hardware. The
software may be encoded in any known medium such as hard discs, floppy discs, firmware,
hardware, optical media, etc.

Where structure is depicted or described as being coupled, such coupling may be by metal or
optical wire , RF communication, microwave, etc., either directly or indirectly through one or
more other links. The processors described herein may be one or more singular, isolated
processors, distributed processors, shared processors, co-located processors, remote processors,
or any other processor architecture able to sense and share vehicle telemetry data.

While the hardware components according to the present invention are readily apparent from
existing and predictable vehicle telemetry detecting technology, the software design represents a
new paradigm in information detection and sharing. This is termed the Distributed Component
Network/Dynamic Middleware (DCN/DM) paradigm. The DCN/DM provides an architectural
framework that directly addresses desired system characteristics. Rather than decompose the
system based on functional areas such as detect/control/maneuver, the present invention is
premised on an object-based decomposition of the system into its distinct elements such as
control, sensor, or Digital Information Link (DIL) forwarder/router. These element objects are
then coupled with supporting objects and networked together as building blocks for more
complex structures. These blocks are bound together through a middleware “glue”, which
ensures component independence. The objective is a framework, based on common
components, which can be easily tailored to meet unique system requirements.
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The nature of air traffic control system design is unique in that it is required to combine
information from widely varying sources into a single, unambiguous data set. This middleware
is defined as Dynamic Middleware (DM). DM is collection of standard utilities including Data
Conditioner, CORE Synthesis, Visualization (Operational Display Framework [ODF]), and
Messaging. A notional DCN/DM structured segment is shown in Figure 5.

The principal components within a DCN segment involved in sensor data processing and data
fusion are as follows:

1)

2)

3)

4)

5)

Sensor Server 14 manages correlation, association, and tracking for the local sensor.
Processing is optimized for the specific sensor. The server 14 provides the Data
Conditioner 15 with Associated Measurements (AMRSs) as well as new tracks. The
server 14 may be developed by the sensor element owner because the domain knowledge
of the server is highest at the source.

Each Data Conditioner function 15 provides generic interface for exchange of sensor
information with element servers. It also provides needs/accuracy-based data
distribution. Finally ech data conditioner accumulates and distributes AMRs as Current
Observation-Related Estimates (CORE) to local and remote CORE Synthesis utilities,
based on needs expressed by the end user and the resulting improvement in the network
track state.

CORE Synthesis function 16 fuses CORE data with the network track state into a Fusion
Algorithm Combined Track (FACT) for use by element servers and Data Conditioners.

Visualization functions at the user and/or sensor processors may provide a standard utility
for display of FACT data. An internet browser-based design would allow element-
specific display requirements to be provided by the element developer as plug-ins, or
accessed directly from the server using mainstream technology such as the Hypertext

Transfer Protocol (HTTP).

Messaging functions within the communications network 5 and each processor operate to
distribute local CORE, receive remote CORE, and receive remote reporting needs.

4. Sensor Servers

Each sensor server will be programmed to carry out the following functions:

4.1 Measurement Conversion (MC)

4.1.1 Measurement Conversion Overview

The measurement conversion function transforms a measurement in sensor spherical coordinates
to a measurement in the WGS84 coordinate system, a universal common coordinate system. To
compute the converted measurement, MC requires as input the measurement in spherical
coordinates (range, bearing, and elevation), the sensor’s estimated geodetic location (latitude,
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longitude, and altitude), the nort1-pointing bias estimate, and the uncertainties associated with
these quantities. The MC algorithm below gives the computation of the converted measurement
with a correction for the estimated north-pointing bias. This is the measurement specified as the
input to Adaptive Curve Estimat.on (ACE). Parametric Adaptive Curve Estimation (PACE)
requires the converted measuremen: without the bias correction. In this case, the algorithm
below with B = o = 0 will give the correct input. In addition, the uncorrected measurement
converted to the sensor’s local coordinate system is an intermediate product of computing the
PACE input. This local converted measurement is currently a specified input for the GRIP
function.

4.1.2 Measurement Conversion Function

The MC algorithm assumes that, at a given measurement time, there is an estimated sensor
position in WGS84 Geodetic coordinates (latitude, longitude, altitude) available along with the
measurement error matrix in local coordinates. Another function will be needed to interpolate or
extrapolate the sensor position estimate to the measurement time.

4.1.2.1  Measurement Conversion Inputs:

Tm: Sensor measurement time in seconds.

R: Range measurement on track in meters.

B: Bearing measurement on track in radians.

E: Elevation measurement on track in radians.

or: Range measurement error in meters.

op: Bearing measurement error in meters.

ok: Elevation measurement error in meters.

. ¢: Estimated sensor WGS84 Geodetic Latitude in radians at time Tpp.

A: Estimated sensor WGS84 Geodetic Longitude in radians at time Ty,

10. H: Estimated sensor WGS84 Geodetic altitude in meters at time Tp,.

11. Rq: Sensor position estimate covariance matrix (3x3) in the local (sensor-centered) coordinate
system.

12. B: Estimated north-pointing bias in radians.

13. op: Standard deviation of estimated north-pointing bias.

0PN U B W

4122  Measurement Conversion Outputs

1. Xwaosss: Converted measurement X coordinate in WGS84 coordinates.
2. Ywagsss: Converted measurement Y coordinate in WGS84 coordinates.
3. Zwgsss: Converted measurement Z coordinate in WGS84 coordinates.
4. Rwosss: Converted measurement covariance matrix (3x3).

4.1.2.3 Measurement Conversion Equations
In developing the converted measurement, the following calculations are performed.
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1. Correct the bearing measurement by subtracting the north-pointing bias estimate; compute
the variance of the corrected bearing estimate.

B=B-p
2 2 2
C,=0;+0,

2. Transform the measurements into the local (sensor-centered) coordinate system.

X, = Rsin BcosE
Y, = RcosBcosE
Z, =RsinE

Further, in local coordinates, the measurement covariance matrix is given by

R, =J-0*(R,B,E)-J”

where
o 0 O
c’(RBEy=| 0 o} 0
0 0 o}

sin BcosE RcosBcosE - RsinBsinE
J=|cosBcosE —RsinBcosE - RcosBsinE
sin £ 0 RcosE

3. Transforming from local coordinates to WGS84 coordinates uses the estimated sensor
position. Add the uncertainty in the measured local origin to R..

R =R, +R,

4. Now get the measurement in the WGS84 coordinate frame; define
e = First eccentricity of the WGS84 ellipsoid,

a = Equatorial radius of the Earth;

p = Effective radius of curvature of the Earth at the latitude ¢.

Then,
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a
Xyosus =(Z, + p+H)Cos¢CosA-Y, SingCosd - X, Sind
Yiosu =(Z, + p+H)Cos¢ SinAd - Y, Sing SinA + X, CosA
Zyosss = (Z, +(p(1-€*)+ H))Sing + Y, Cos¢

5. The measurement error covariance matrix is given by the following,.
Ryygsss =J'RL -JT
where

—sinA -—singcosA cos@cosd
J=| cosA -—singsinA cosgsin A
0 cos¢ sin ¢

4.2 Correlation, Association and Tracking (CAT)

TBD PLEASE SUPPLY THIS INFORMATION.

5. Data Conditioner

The Data Conditioner function 15 operates to condition the data flow between the Data User and
Data Source processors and the communication network 5. The following functions are
performed by the data conditioner:

5.1 Parametric Adaptive Curve Estimation (PACE)

5.1.1 PACE Overview

The PACE component or parametric adaptive curve estimation, which performs multiple tasks
associated with vehicle maneuver detection, is described in detail in the following sections. The
primary function of PACE is to indicate when a maneuver is in progress and indicate the onset
time of the maneuver. A second function of PACE is to generate an estimate of acceleration for
use in determining the g-values to be used in the filter estimates. A third function of PACE is to
notify ACE when an extended maneuver is in progress. The functions of PACE may be
overridden by information sent by the sensor server to the Data Conditioner. In other words,
when the sensor or sensor server has a maneuver detection scheme optimal to the characteristics
of the sensor and can provide one or more of the PACE output data, the generic PACE
component of the Data Conditioner defers to the sensor server data.
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5.1.1.1 Maneuver Detection

Based on the AMR history, PACE maintains a six-state estimate of the vehicle in WGS-84
coordinates with a finite memory filter. Assuming between m and 2m measurements are
maintained in the filter memory, when 2m measurements have been accumulated, the first m
measurements are erased from the filter’s memory. The measurements in the finite memory
filter could also be referred to as a sliding window of measurements. The distribution of each
new measurement residual is tested and, depending on the results of the test, the filter is either
updated with the measurement or the measurement is stored for later use. The measurement
residual is the difference between the measurement and the predicted position of the vehicle at
the time of the measurement. If some number, n, of consecutive measurements fail the residual
test, a vehicle maneuver is declared. Note that the filter is extrapolated from a time prior to the n
measurements that declare a maneuver and the n measurements have not been used to update the
filter. Updating the filter with the measurements that declare the maneuver could possibly delay
the declaration of the maneuver. For a non-maneuvering vehicle, the measurement residuals
have a normal distribution with a mean of 0 and a covariance matrix that is the sum of the
covariance of the measurement and the covariance of the predicted state. After a vehicle has
begun a maneuver, the measurement residuals begin to fall outside of this distribution. Thus, the
maneuver hypothesis tests the distribution of n consecutive residuals.

The numbers n and m may vary depending on the characteristics of the sensor such as update
rate and measurement accuracy. PACE has been simulated with a sensor update rate of one
measurement per second and performs well when three consecutive failures are required with
between 20 and 40 measurements in the filter memory.

A false declaration occurs because of random statistical fluctuations in the innovation sequence.
Thus, even a straight-line trajectory may induce a false maneuver detection if n consecutive
residuals are large; however, since the random system noise is assumed to be zero-mean
Gaussian noise, it is far less likely that these large residuals will be on the same side of the
straight line trajectory. On the other hand, if a trajectory is truly curved and the system model is
assuming a straight-line trajectory, then consecutive residuals are very likely to be on the same
side of the assumed straight-line trajectory. However, if the trajectory has a change in speed but
not a change in direction, the residuals are not as likely to fall on the same side of the trajectory.
Thus, a sign test may accept the null hypothesis when there is in fact a maneuver. In order to
detect both a change in direction as well as a change in speed, the current implementation of
PACE does not employ a sign test.

Similarly, because of the random fluctuations in the AMR sequence, there may be up to n-1
consecutive measurements that do not pass the residual test before there is a measurement that
does pass the residual test. When this occurs, the measurements that did not pass the residual
test along with the measurement that did pass are used to update the filter. Because of errors due
to miscorrelation, further system analysis may reveal that the measurements that do not pass the
residual test should not be filtered.
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The statistic for testing the distribution of the residuals is a chi-squared test using the complete
covariance matrix. Since the residuals in X, y and z are likely to be correiated and the error
ellipse may not be aligned with the x, y and z axes, the chi-squared test takes advantage of all the
available information. For the non-maneuvering hypothesis, the probability of a false detection
is the probability that all n residual tests have a false detection; thus, for the hypothesis test to
have a confidence level of x percent, the individual residual tests must have a confidence level of

y =1-¢""™"" percent. The residuals are tested with the chi-squared value, z*(3,3). Section
5.1.2 below includes the equations and an algorithm summary for the statistical test.

After a maneuver has been detected, the filter is reinitialized using the last n+1 measurements.

At least the last n measurements are in a maneuvering state as indicated by the residual tests.
The measurement prior to the last n measurements may or may not have occurred prior to the
onset of the maneuver; however, for regularly updated sensors with relatively small update
periods, the measurement can be included in the filter reinitialization. If there is a large time
period between the last measurement and the n consecutive measurements that declared the
maneuver, the measurement should not be used in the filter reinitialization. While the onset of
the maneuver occurred sometime prior to the n consecutive measurements that declared the
maneuver, the estimated onset time, output by PACE and stored in the LEARN file, is defined as
the time corresponding to the first of the n consecutive measurements.

5.1.1.2 Maneuver End Detect

During a maneuver, the filter estimates a straight line through the measurements in the maneuver
and the measurements used in the residual test fall to one side of the filter’s predicted state
estimate. The measurements will continue to fail the residual test until the filter memory consists
of non-maneuvering data. When n consecutive measurements have passed the residual test, the
end of the maneuver is declared. Since the oldest measurements in the filter’s memory may have
occurred during the maneuver and may subsequently trigger a false maneuver detect, the filter
memory is cleared afier the end of the maneuver is declared.

Since maneuvers are usually of short duration, the maneuver end detect test needs to be based on
a statistically significant number of measurements without degrading the response time to the
end of the maneuver. Afier a maneuver is declared, the filter is reinitialized and p

measurements, n<p<m, are accumulated before testing for the end of the maneuver is begun.
Similar to the test for detecting the maneuver, n consecutive residuals must pass the residual test
before the end of the maneuver is declared. For maneuvers of short duration, this test will
overestimate the time at which the maneuver ended due to the number of measurements needed
to initialize the filter. In the present model, at least p-1 measurements must be received after a
maneuver is declared before the end of the maneuver can be detected. For longer maneuvers,
PACE is less likely to declare the end of the maneuver too soon.

There are some scenarios where PACE may not accurately estimate the behavior of a vehicle.
For example, when a maneuver begins shortly after a previous maneuver has ended, PACE may
estimate them as one maneuver. This could happen if the second maneuver begins before the
end of the first maneuver is detected. On the other hand, PACE may have a delay in detecting
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the second maneuver if the maneuver begins while PACE is reinitializing the filter following the
end detect of the first maneuver. The delays in detecting the end of a maneuver and in detecting
subsequent maneuvers are another consideration in determining appropriate lengths for the
sliding window. While it is unlikely that the end of a maneuver would be declared too soon,
there are scenarios where it is possible such as when a vehicle takes a turn in the opposite
direction of its current turn. To avoid oscillating between a maneuvering state and a non-
maneuvering state during a long maneuver, the FACT processing compensates for early end
detects by delaying the return of the FACT to a non-maneuvering state.

A sliding window filter must have a reasonable number of measurements in its window to
perform statistical tests but at the same time fade out measurements of the maneuvering
hypothesis so that it can detect the end of the maneuver. An advantage of the current
implementation of PACE is that the filter does not remember old data. Operating the filter over a
sliding window of measurements allows the estimate to be determined by the most recent
measurements. On the other hand, an apparent disadvantage of the above implementation of
PACE is the inability to quickly detect the end of the manevuer. However, the fewer the
measurements used to initialize a filter, the more false detects there will be following
initialization. Thus, the trade-off is longer maneuvers versus fewer false detects, both maneuver
begin detects and maneuver end detects.

5.1.1.3 Implementation of the finite memory filter

In a finite memory filter, the measurements are processed like they are in the regular Kalman
filter with a g-value of 0. However, old measurements are periodically dropped from the filter
estimate. If the desired length of the sliding window is r measurements, then the filter is
initialized and updated as usual with a g-value of 0. When r measurements have been
accumulated, the filter estimate is stored as (¢,,%,,P,), representing the time, state and
covariance of the filtered estimate respectively. The filter continues to be updated until 2*r
measurements have been accumulated. At this point, the first r measurements are deleted from
the filter memory according to the following equations:

Alr r -1a -1

xgr) = P2(r)(P2r|2r Xorr _sz x2r|r)
e q -

(Pz(r)) : = 1)2r|2r - P2r|r

J‘EM, =®2r,r)x,

P, =®Q2r,r)-F,- o™ (2r,r)

The filter is then updated with £{”and P as its initial conditions. After accumulating the first
r measurements, the filter estimate is conditioned on the last r to 2r measurements.
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5.1.2 PACE Algorithm
5.1.2.1 Inputs

AMR in WGS-84, measurement accuracy

Filtered state maintained by PACE

A matrix of measurements

Maneuver flag

Critical value for residual test

Number of consecutive failures to declare a maneuver

Current number of measurements in the sliding window

Length of the sliding window with the non-maneuvering hypothesis
Length of the sliding window with the maneuvering hypothesis

WO h W~

W

.1.2.2 Outputs

the filtered state updated by PACE

the updated matrix of measurements

the updated maneuver flag

the updated number of measurements in the sliding window
maneuver onset time

LNhW -~

5.1.2.3 PACE Equations

Statistical Distance Computation for the k™ measurement:
d* = (m, "Hr%k)r(Rk +HkﬁkHZ)_](mk 'kak)

where
m, = k"™ measurement vector in WGS-84 x, y and z

%, = predicted state estimate at the time of the k™ measurement
R, = measurement error rotated into WGS-84 x, y and z
b,

= predicted error covariance of the state at the time of the k™ measurement

This is a chi-squared random variable with three degrees of freedom.

5.1.2.4 PACE Pseudocode

1. Let rindicate the current size of the sliding window. If the vehicle is not maneuvering, r =m
and if the vehicle is maneuvering, r = p. Set the maneuver onset time to the default value.

2. Store the new measurement in the measurement matrix.

3. If a filter estimate of the first r measurements has not been stored
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1) Ifthe current state estimate has not been initialized and there are two or more
measurements stored, initialize and update the state estimate. Delete the measurements
from the measurement matrix.

2) Else
a) Update the state estimate with the new measurement.

b) If the current number of measurements in the sliding window is r then store the state
estimate as the filtered estimate of the first r measurements. Delete all but the new
measurement from the measurement matrix.

Else ... test the residual

1) Calculate the statistical distance of the new AMR.

a) Extrapolate the filter to the time of the new AMR and extract the position terms from
the state and the covariance.

b) The residual is the difference between the measured position and the predicted
position.

c) The covariance of the residual is the sum of the predicted covariance and the sensor
measurement covariance in WGS-84.

d) Calculate the test statistic.

2) Ifthe vehicle is non-maneuvering (as indicated by the maneuver flag)

a) If the test statistic is greater than the critical value for the test then
(1) The AMR failed the residual test.

(2) Increase the number of consecutive failures by one (this number could be
indicated by the value of the maneuver flag since other processes in the DC may
need to know how likely it is that a maneuver has begun)

(3) If the number of consecutive failures is less than n then
(a) Not enough failures to declare a maneuver.

(b) The AMR is not used to update the filter.

(4) Else there were enough consecutive failures to declare a maneuver.

(a) Store the measurement in the measurement matrix.

(b) Set the maneuver onset time to the time of the first measurement stored in the
measurement matrix (this corresponds to the measurement prior to the n
consecutive measurements that declared the maneuver).

b) Else the AMR passed the residual test
(1) Set the number of consecutive failures to zero.

(2) Update the filter with all the measurements stored in the measurement matrix
except the first measurement (the first measurement corresponds to the last
measurement to update the filter, the others are measurements that did not pass
the residual test).

(3) Clear the measurement matrix except for the new AMR.

3) Else the vehicle is maneuvering ... test for the end of the maneuver
a) If the test statistic is less than the critical value for the test

(1) Increase the number of consecutive successes by one (this number could also be
indicated by the value of the maneuver flag since other processes in the DC may
need to know how likely it is that a maneuver has ended)

(2) If the number of consecutive successes is n
(a) Set the maneuver flag to non-maneuvering.
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(b) Need to (1) delete from the filter’s memory any measurements that may have
occurred durin;j the maneuver and (2) expand the size of the window to m
before further residual testing begins; update the filter with the measurements
stored in the measurement matrix and delete the first p measurements from the
filter’s memory with the equations given above. It is unlikely that more than
the first p measurements are of the maneuvering hypothesis. If, after the
measurements stored in the measurement matrix are filtered, the number of
measurements in the sliding window will exceed 2p, the first p measurements
will be deleted as a result of updating the finite memory filter. Note that to
minimize numerical error when there are fewer than 2p measurements in the
filter estimate, the filter should be updated before the first p measurements are
deleted. Finally, to expand the size of the window, delete the stored filtered
estimate.

b) Else ... the vehicle is still maneuvering
(1) Set the number of consecutive successes to zero.
(2) Update the filter with all the measurements stored in the measurement matrix
except for the first measurement as it corresponds to the last measurement used to
update the filter.

5.2 Adaptive Curve Estimation (ACE)

5.2.1 ACE Overview

Adaptive Curve Estimation maintains the local track state estimate stored in the LEARN file. A
local track estimate in the LEARN file comprises a sequence of state estimates along with the
corresponding sequence of converted measurements. Maintaining a sequence of measurements
allows the computation of nine-state estimates only when they are needed which results in
significant computational savings over continuously maintaining and updating a nine-state
estimate. Maintaining the sequence of updated estimates permits the processing of estimates that
are not in time order. This could happen in the case of a Link Data Conditioner (LDC) where
measurements from two or more sensors are feeding into the single LDC. In practice, a large
number of measurements could be used in forming the current LEARN file estimate. To prevent
unlimited growth of the sequence of measurements and updates, only the N most recent for some
number N are saved.

When a measurement arrives out of time order, it is inserted into the measurement list in the
correct slot such that the list is time-ordered. ACE then begins with the state estimate previous
to the out-of-order-measurement and updates the state estimate by filtering the sequence of
measurements from the out-of-order measurement on to the most recent measurement.

Along with the LEARN file, inputs to ACE include sensor measurements registered and
converted into geodetic coordinates and track maneuver information from the PACE function.
Upon receiving an AMR, ACE checks the number of AMRs accumulated in the measurement
sequence. If there have been no AMRs accumulated, ACE saves the AMR as the first
measurement on the list. If there is only one saved AMR, ACE uses the old AMR along with the
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measurement on the list. If there is only one saved AMR, ACE uses the old AMR along with the
new one to initialize a six-state estimate on the track. If there is more than one old AMR on the
list, ACE uses the new AMR to update the six-state estimate via a Kalman Filter update. The Q
matrix used is constructed by selecting between a high and a low q value depending on the
maneuver indication by PACE: the high q value is used when PACE indicates that the track is
maneuvering and the low q value is used otherwise.

If the PACE function indicates that a maneuver has been detected for a track that was previously
not maneuvering, then ACE will respond by counting the number of stored AMRs with times
before the maneuver start time estimated by PACE. If there are at least three of these AMRs on
the list, then ACE uses them to develop a nine-state estimate on the track. The three oldest
measurements are used to initialize the nine-state estimate and then subsequent measurements

are used to update the estimate via the Kalman Filter update function. If there are not enough
AMRs prior to the maneuver start time, take the next AMRs on the list to get the three needed for
initialization. If there are only one or two AMRs total on the list, then ACE must accumulate
more measurements before initializing the nine-state estimate.

ACE must also operate on the LEARN file estimate in response to updates of the FACT estimate
by CORE Synthesis. If STAR decides to send a six-state CORE generated from the LEARN file
estimate, then ACE wipes-out the current LEARN file estimate by setting the saved
measurement and update lists to all zeros. Subsequent AMRs are used to reinitialize a new
LEARN estimate on the track. Similarly, if STAR decides to send a nine-state CORE, then the
AMRs that were used to construct the CORE must be deleted from the list. Any remaining
AMRs in the measurement file are used to initialize a new LEARN file estimate on the track.
Update of the FACT by a nine-state CORE results in similar processing. In this case, ACE
wipes-out the track’s update file and also deletes AMRs from the measurement file if their times
are before maneuver start time sent with the nine-state CORE.

5.2.2 ACE Algorithm

5.2.2.1 ACE Inputs

1. New converted measurement: time, X, Y, Z in WGS84 rectangular coordinates, and upper
triangular portion of the 3x3 matrix of measurement errors rotated into the WGS84
rectangular frame.

2. Current state estimate from the LEARN file. This comprises two sets of data:

* State Estimate Sequence List: a data structure containing up to some number, N, of the
most recent updated track estimates (time, X, VX, Y, VY, Z, VZ, and the upper triangular
portion of the 6x6 covariance matrix, P. Note: the State Estimate Sequence only has to
be maintained if the possibility of AMRs arriving out of time order is allowed. If AMRs
are always in time order, the history of state estimates is not needed.

* AMR Sequence List: a data structure containing the N converted measurements in
WGS84 Cartesian coordinates (time, X, Y, Z, and the upper triangular portion of the 3x3
measurement covariance matrix, R) corresponding to the updates in the State Estimate
Sequence List.

Q values: high and low g-values for six-state filter along with the nine-state filter q-value,

4. PACE information: maneuver indication and maneuver start-time estimate.

w
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Flag indicating that this is a new maneuver (first maneuver detection).

6. Flag indicating that the last six-state estimate on vehicle j sent to STAR was used to update
the FACT entry for vehicle j.

7. Flag indicating that a nine-state CORE updated the FACT entry for vehicle j.

5.2.2.2 ACE Outputs

1. Updates of the LEARN file estimate either incorporating the new measurement information
or adjusting for a nine-state or local six-state update of the FACT estimate.

2. Ifneeded (if this is the first update following a maneuver detection by PACE), a nine-state
estimate at the maneuver start time.

5.2.2.3 ACE Pseudocode

For a new AMR, perform the following steps:
1. IF (Number_of AMRs_Accumulated == N)
* Drop the oldest AMR and state estimate and shift the remaining AMRs and estimates
down on the list.
END IF
2. Add the new AMR to the next open slot in the AMR list.
3. IF (Number_of AMRs_Accumulated == 2)
® Initialize the six-state estimate (gives two estimates, one for each AMR) and add the
estimates to the State Estimate Sequence list.
ELSE IF (Number_of AMRs_Accumulated > 2)
* IF (PACE_Maneuver_Flag == Maneuvering)
* Q_Value=Q High.
ELSE
* Q_Value=Q Low.
END IF
= Update current State Estimate using Kalman Filter update and add the update to the
State Estimate Sequence list.
ELSE
* This is the first AMR on the list, so do nothing.
END IF
4. IF (PACE_New_Maneuver_Flag = New_Maneuver)
* Find N, the number of AMRs in the AMR list with time <
PACE_Maneuver_Onset_Time.
* IF (N; <3) AND (Number ARMs _on_AMR List > 3)
. Nt =3,
END IF
s F(N.23)
* Initialize a nine-state estimate using the first 3 AMRs.
* Clear PACE_New_Maneuver_Flag.
» ForI=4..N;LOOP
» Update the nine-state estimate using AMR number I and the Kalman Filter
update.
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END LOOP

» OUTPUT (nine-state estimate: time, position, velocity, acceleration, and 9x9
covariance matrix, P).

ELSE

s  Keep PACE_New_Maneuver_Flag = New_Maneuver and continue to
accumulate AMRs.

END IF

END IF

If the FACT has been updated by a local six-state estimate, perform the following steps:
1. Delete all entries from the AMR and State Estimate lists.

If the FACT has been updated by a local nine-state estimate, perform the following steps:

1. Find N,, the number of AMRs in the AMR list that were used in constructing the nine-state

estimate

Delete all entries from the State Estimate list.

Drop AMRs numbered 1 to N; and shift the remaining AMRs down on the list.

LET N, = Number of AMRs remaining on the AMR list.

IF (N, > 2)

* Initialize a six-state estimate using the first 2 AMRs.

* ForI=3...N,LOOP
= Update the six-state estimate using AMR number I and the Kalman Filter update.
END LOOP

END IF

nwhwb

If the FACT has been updated by a remote nine-state estimate, perform the following steps:
Find N,, the number of AMRs in the AMR list with time < PACE_Maneuver_Onset_Time.
Delete all entries from the State Estimate list.
Drop AMRs numbered 1 to N; and shift the remaining AMRs down on the list.
LET N, = Number of AMRs remaining on the AMR list.
IF (N.>2)
= Initialize a six-state estimate using the first 2 AMRs.
= ForI=3...N,LOOP
* Update the six-state estimate using AMR number I and the Kalman Filter update.
END LOOP
END IF

nhwh -

5.2.3 ACE Initialization

5.2.3.1 ACE Initialization Overivew

As specified above, two measurements are required to initialize a six-state estimate and three
measurements are required to initialize a nine-state estimate. If the required number of
measurements is available for initialization, the initialization routine is accomplished through a
weighted least squares estimate [Arthur, Gelb. Applied Optimal Estimation. (The M.L.T. Press:
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Cambridge, Massachusetts. 19741 ISBN: 0-262-57048-3]. This type of initialization has been
shown to improve convergence raes in a Kalman Filter.

5.2.3.2 ACE Initialization Algorithm

5.2.3.2.1 ACE Initialization Inputs

1. Alist of AMRs of length two for a six-state estimate and of length three for a nine-state
estimate.

5.2.3.2.2 ACE Initialization Qutputs
1. Alist of State Estimates at the times of the AMRs in the input list.

5.2.3.2.3 ACE Initialization Equations

Let t;, x;, yi, z, and R;, be, respectively, time, components, and covariance matrix of AMR i, for i
=1,2. Also let x,, P, be the initialized state estimate and covariance at time t;. Then the following
are the equations for a six-state initialization.
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The initialization for the nine-state estimate is similar. Let t;, x;, yi, zi, and R;, be, respectively,
time, components, and covariance matrix of AMR i, fori=1,3. Also let %,, P, be the initialized
state estimate and covariance at time t;. Then the following are the equations for a nine-state
initialization.
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5.2.4 ACE Update

5.2.4.1 ACE Update Overview

After a new AMR has been added to a Measurement list that had at least two previous AMRs,
the Update function updates the State Estimate list by incorporating the new measurement
information with the previous state information using a Kalman Filter. The same set of Kalman
Filter equations is used for updating both six- and nine-state estimates; the differences between
six- and nine-states are in the structure of the matrices in the equations. The equations and
matrices are given in the following algorithm description.

5.2.42 ACE Update Algorithm

5.2.4.2.1 ACE Update Inputs

1. AMR Sequence List with new AMR added.

2. State Estimate Sequence List.

3. Q value to be used in constructing the Q matrix used in computing the predicted error
covariance matrix.

5.2.4.2.2 ACE Update Outputs
1. Updated State Estimate Sequence List with the update for the new AMR added.

ACE Update Equations

1. The Generalized Kalman Filter Algorithm [Arthur, Gelb. Applied Optimal Estimation. (The

M.LT. Press: Cambridge, Massachusetts. 1974) ISBN: 0-262-57048-3] is provided in Table 1.
The (+) sign indicates a filtered quantity while the (-) sign indicates a predicted quantity. These

equations are used for both six-state and nine-state estimate updates.

Table 1. Generalized Kalman Filter Algorithm

System Model x,=®, -x_ +w,_;w, ~N©OQ,)

Measurement Model m,=H,-x, +v,; v, ~N(O,R,)

Predicted State Estimate ()=, X, (+)

Predicted Error Covariance | p(9)=®, -, ,(+)- &, +0,,

. . 1
Gain Matrix Kk=P/¢(“)'H[[Ht‘Pk(")'HkT+er
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Filtered State Estimate x®H=x0 +K,[m, -H, -i,(—)]

Filtered Error Covariance P,(+)=[I-K,-H,]P.(-)

Six-State Update Matrices:

1. State Vector:

*
1

NN e KK

2. Covariance Matrix:

(6} o, o0, 0, 0. O,]
Oy Oi O, Oy O Oy
2
p|%9 % O, Oy On O
o, Oy O, O, O, O,
o, 0, 0, 0, Ol o,
0, 0y 0, 0, O, O
3. Transition Matrix:
(1 AT 0 0 0 O]
0O 1 0 0 O O
0 0 1 AT 0 O
b=
0 0 01 0 O
0 0 0 0 1 AT
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4. Plant Noise Matrix:
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where

. AT% AT%

“|AT % AT?

5. Measurement Vector:
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6. Measurement Covariance Matrix:
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7. Measurement Matrix:

1 00 00O
H=|0 01 0 00
000010

Nine-State Update Matrices

1. State Vector:

PCT/US01/00813
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2. Covariance Matrix:
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4. Plant Noise Matrix:

qs% 0 0
=0 g9 O
0 0 g8
where

'AT;% AT% AT:A'
9=|AT A AT A AT A
AT% AT% AT?

5. Measurement Vector:

3
[
N e X

6. Measurement Covariance Matrix:

2
o, O, O

xy xz

_ 2
R =\o, o, O,
2
0. O, O,

7. Measurement Matrix:

B
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o O O
o O ©
S = O
o O O
S O O
- O O
O O O
O O O

5.2.5 Update SFACT

5.2.5.1 Update SFACT Overview

The SFACT estimate is a fusion of the current CORE and FACT estimates that is sent to the
Sensor Server for use by the Correlation, Association and Tracking (CAT) function. It is one of
the pieces of information stored in the Sensor Measurement Association & Resolution Track
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(SMART) file in the Sensor Server. The SFACT estimate is updated in response to one of two
events:

* Alocal CORE estimate is sent to STAR for testing.
* A CORE (local or remote) is received by CORE Synthesis and used to update the FACT
estimate.

When either of these two events occur, the Update_SFACT function produces the new SFACT
estimate to be sent to the Sensor Server using the same fusion algorithm as in CORE Synthesis.

Note that the SFACT covariance calculation is the same is the same set of equations used in
computing the Filtered_Test_Value in STAR. Le., STAR is also computing the SFACT
covariance matrix. Thus computing the covariance matrix in Update FACT and then passing it
into STAR as input can save computation. Since Update_SFACT may have to be modified once
the CAT function has been specified, we will not change the STAR inputs for now.

5.2.5.2 Update SFACT Algorithm

5.2.5.2.1 Inputs

Current FACT estimate (time, state, and covariance) on a track.

Current CORE estimate (time, state, and covariance) on the track.

Flag to indicate that the vehicle is maneuvering.

Flag indicating that the SFACT is being updated as a result of a new CORE, a new FACT
update by a local CORE, or a new FACT update by a remote CORE.

bl S

5.2.5.2.2 OQutputs

1. Updated SFACT estimate (time, state, covariance) for the track after fusion of the FACT and
CORE estimates.

5.2.5.2.3Pseudocode

1. IF Event_Flag == FACT Update_By Local CORE

* Let SFACT (time, state, covariance) = FACT (time, state, covariance).
ELSE

* Fuse CORE and FACT estimates according to the equations given in the CORE Synthesis
description below.

* Let SFACT (time, state, covariance) = Fused (time, state, covariance).
END IF

5.3 State Testing and Adaptive Reporting (STAR)

5.3.1 STAR Overview

State Testing and Adaptive Reporting is responsible for determining the value of the state
information in a CORE relative to the improvement in the FACT estimate on the track that
would result from updating with the CORE. If STAR determines that the CORE will improve
the composite track estimate in the FACT, then the CORE will be distributed across the network.
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A nine-state CORE is generated whenever PACE first detects that a track has begun to
maneuver. The nine-state CORE is needed by CORE Synthesis to increase the FACT estimate
from six to nine states. Thus, if the FACT estimate is six-states, then STAR distributes a nine-
state CORE to the network without any testing. The real problem for STAR is to determine when
to distribute a six-state CORE.

The decision whether or not to send a six-state CORE is based on a test of the accuracy of the
FACT estimate with the CORE information versus the accuracy of the FACT estimate predicted
without the CORE information. Thus STAR begins the evaluation by predicting the FACT
estimate to the time of the current CORE. From the predicted covariance matrix, a submatrix
corresponding to the rate-only variances and covariances is extracted; the square root of the
maximum eigenvalue of this submatrix is the Predicted_Test_Value. If the
Predicted_Test_Value is less than some threshold (STAR_Lower_Threshold), then the FACT is
more than accurate enough without the CORE information, so the immediate decision is not to
send the CORE. If the Predicted_Test_Value exceeds some threshold

(STAR _Upper_Threshold), then the FACT does not have acceptable accuracy and thus the
immediate decision is to send the CORE without further testing.

If the predicted test value falls between the lower and upper threshold values, then a test is
performed to determine if a significant improvement in the FACT accuracy will result from
sending out the CORE. First, the FACT covariance matrix is updated with the CORE
covariance. Similar to the above, from the updated covariance matrix, a submatrix corresponding
to the rate-only variances and covariances is extracted; the square root of the maximum
eigenvalue of this submatrix is the Filtered_Test_Value. The steps in computing the
Predicted_Test_Value and Filtered_Test_Value are given in the Equations section below.

Once the Filtered_Test_Value has been computed, the difference D = Predicted_Test_Value -
Filtered_Test_Value is taken. If D is greater than some threshold (STAR_Test_Threshold), then
the CORE provides a significant improvement in the accuracy of the FACT estimate and thus the
CORE will be distributed to the network. If D is less than the STAR_Test_Threshold, then the
CORE does not provide a significant improvement in the FACT accuracy and it will not be
distributed.

If the vehicle has been identified as maneuvering, different considerations apply. For the
maneuvering vehicle, the test value for the predicted state is going to be large and will usually
exceed the upper threshold. If we perform the normal STAR processing for a vehicle flagged as
maneuvering, then every data conditioner will send out every CORE that it forms. That is not
necessarily a bad thing when the vehicle makes a short-duration maneuver, but probably more
data than is needed. It will definitely result in too many CORE when the vehicle is performing
an extended maneuver. For this reason, when the vehicle has been flagged as maneuvering,
STAR will test each CORE as it is generated and not automatically send any CORE without
testing. Le., upper_limit = co. (We do this only when the track is maneuvering; we still want to
send the CORE without testing when the maneuver is first detected.)
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5.3.2 STAR Algorithm

5.3.2.1 STAR Inputs

Current FACT estimate (time and covariance only) on a track.

. Current CORE estimate (time and covariance only) on the track.
Flag to indicate that the vehicle is maneuvering.

STAR upper and lower test thresholds for the track.

EERENPS

5.3.2.2 STAR Outputs

1. Flag to indicate that the STAR test passed and that the CORE should be sent-out to update
the FACT estimates across the network.
2. Test values used in the STAR test (for analysis only).

5.3.2.3 STAR Equations

The following is an outline of the steps and equations used in assessing the value of the rate
information that is contained in the CORE. The form of the F, Q, and H matrices depend on the
number of states in the FACT and CORE estimates. For the details, see CORE Fusion in the
CORE Synthesis specification.

Predicted_Test_Value
Step 1: Obtain the error covariance matrix P,_,, , from the FACT.

Step 2: Compute the predicted error covariance matrix P,,,_, using

T
Pk/k 1 = Fk/k lPI( Vk- le/k 1 +Ql:
Step 3: Extract the predicted rate covariance matrix V,,,_, from P,,, ,.
Step 4: Determine the largest eigenvalue 4,, ,of V,, .

Step 5: The rate accuracy without the CORE (Predicted_Test_Value) is given by ,/2., el -

Filtered_Test Value
Step 1: Obtain the error covariance matrix R, from the CORE.

Step 2: Compute the gain G, using G, = P,‘,,‘_,Hi(H,,P,‘,,‘_,H,f +R,,)_'.
Step 3: Compute the filtered error covariance matrix P,,, using
T
P, =(1-G,H,)P,, (I-G,H,) +G,R,GI.
Step 4: Extract the filtered rate covariance matrix V,,, from P, , .
Step 5: Determine the largest eigenvalue 4,,, of V,,, .

Step 6: The rate accuracy with the CORE (Filtered_Test_Value) is given by /4, .

The decision made by STAR as to send the CORE or to continue accumulating is based on a
comparison of the rate accuracy with the CORE and the rate accuracy without the CORE.

5.3.2.4 STAR Pseudocode



WO 01/52218 34 PCT/US01/00813

IF (Number CORE_States == 9) AND (Number_FACT_States == 6)
1. LET Send_CORE_Flag = Send.
ELSE
1. Determine Q Matrix based on Number FACT_States and PACE_Maneuver_Flag.
2. Determine Predicted_Test_Value as in Equations above.
3. IF (Number FACT_States == 9)
* LET STAR Upper_Limit = o0
*» LET STAR Test_Limit = (Predicted_Test_Value - STAR_Lower_Limit) / 4.
ELSE
» LET STAR Test_Limit = (STAR_Upper_Limit - STAR_Lower_Limit) / 3.
END IF
4. IF (Predicted_Test_Value > STAR_Upper_Limit)
* LET Send_CORE_Flag = Send.
ELSE IF (Predicted_Test_Value < STAR_Lower_Limit)
s LET Send_CORE_Flag = Do_Not_Send.
ELSE
»  Determine H Matrix based on Number_FACT_States and
Number_CORE_States.
» Determine Filtered Test_Value as in Equations above.
* LET D =Predicted _Test_Value - Filtered_Test_Value.
» IF (D> STAR_Test_Limit)
*» LET Send CORE_Flag = Send.
ELSE
s LET Send CORE_Flag = Do_Not_Send.
END IF
END IF
END IF

5.4 Geodetic Registration and Information Processing (GRIP)

5.4.1 GRIP Overview

GRIP is the component that estimates the local sensor’s position and the local sensor’s angular
bias errors. Registration, which is the process of estimating angular bias error, is accomplished
by comparing state estimates consisting of unregistered local only data to state estimates
consisting of registered remote only data. GRIP accumulates the stream of unregistered AMRs
and uses the maneuver detection likelihood output from PACE to develop track state estimates
on vehicles that are good candidates for registration. The local track state estimate is compared
to the RFACT that CORE Fusion creates by fusing the CORE received from remote platforms.
Four levels of registration are performed depending on the data available from remote sources.
For the first three levels of registration, the sensors are assumed to have accurate estimates of
their own position from GPS measurements and other NAV sources.

Level 1 registration is performed when the local sensor has measurements on a vehicle that is
reporting its GPS measurements as CORE to the TCN network. Such a vehicle is referred to as a
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reference vehicle. The local sensor’s RFACT on the reference vehicle may consist of CORE
from remote sensor measurements on the reference vehicle but, because the GPS measurements
on the vehicle are generally more accurate than sensor measurements, CORE developed from the
reference vehicle’s GPS data will dominate the local sensor’s RFACT.

Level 2 registration is performed when the local sensor is receiving CORE on mutually measured
vehicles from other sensors that are already registered. If the local sensor’s CORE are
dominating the FACT on one (or more) of the vehicles and the local sensor’s RFACT error
becomes large, then the distribution of remote CORE may be induced by changing the reporting
need on the track or raising the local STAR thresholds.

Level 3 registration is performed when the local sensor is unregistered and is not receiving
CORE on mutually measured vehicles from registered sources. This situation occurs when TCN
is first turned on and there are no reference vehicles in the network that are contributing CORE
based on ownship position data. In order to obtain accurate initial bias estimates, the
unregistered sensors must exchange data on mutually measured vehicles without corrupting the
network FACT states with unregistered data.

A simple implementation, outlined below, to initialize GRIP is to use the existing DC algorithms
to exchange unregistered CORE. Unregistered CORE are formed initially with ACE and
exchanged by the DC because the FACT does not exist. To avoid corrupting the FACT with
unregistered data and yet use the exchanged data to register, CORE Fusion fuses unregistered
CORE with the RFACT but not with the FACT. An initial bias estimate may be obtained with
the first unregistered CORE that is received for a mutually measured vehicle. When ACE
receives a registered AMR for the first time, it reinitializes its state estimate so that the
unregistered data in the current state estimate is not exchanged as registered data. CORE Fusion
fuses subsequent registered CORE with the FACT and reinitializes the RFACT. Then, after the
sensors are registered, both the FACT and the RFACT are uncorrupted by unregistered data. In
the transition from exchanging unregistered data to registered data, valuable track state data may
be lost in ACE unless AMRs received prior to the initial bias estimate are corrected and
refiltered. More importantly, though, the RFACT used in the initial bias estimate is formed from
a single CORE that was itself formed from two measurements, the minimum number required to
send out a CORE. Thus, the RFACT is not a very accurate state estimate from which to register
and initial errors in the bias estimate are propagated to the state estimates and some delay is
incurred before the system converges to the true bias estimate and state estimates.

A more complicated implementation (but the recommended implementation) is to exchange
registration CORE formed from measurements that are collected and processed during the period
before the TCN network is turned on. Usually the local sensors are collecting data prior to
turning on the network. Thus, the local sensor will have a history of AMRs from which it could
create a more accurate registration CORE to exchange with other unregistered sensors in the
network. The registration CORE can be formed and exchanged by the GRIP sensor components
so that the ACE, FACT and RFACT estimates are not corrupted by unregistered data.
Registration CORE is a least squares estimate of position based on the AMRs received on a
vehicle over a given time period. The covariance between the position terms in the WGS-84
Cartesian coordinate frame is estimated from the residual errors. The registration CORE is
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exchanged with other unregistered sensors that are also measuring the vehicle and can contribute
in the dimension of the angular bias error. Since more than two AMRs are used to develop the
registration CORE, exchanging registration CORE reduces the variance on the initial bias
estimate, which settles the bias estimates more quickly. The bias variance in the angular
dimensions is overestimated in the registration CORE so that the dimension of uncertainty is
clearly identified for other sensors using the registration CORE.

Level 4 registration is performed when the local sensor does not have GPS but it does have
CORE from registered sensors for vehicles that the local sensor is measuring. The local sensor’s
translational biases are estimated along with its angular biases using local data sources and
remote CORE from registered sensors that do have GPS.

For any level of registration, the angular biases are estimated by comparing the differences in the
angular dimension between the local track state estimates and the RFACT estimates relative to
the local sensor’s tangent plane. Consider the simplest case of estimating the bearing bias of one
sensor with measurements on one vehicle. Assume that the sensor’s GRIP processor has an
estimate of the sensor location and has received uncorrected AMRs on the vehicle. In addition,
the sensor’s CORE Fusion has received one or more registered CORE on the vehicle from a
remote location and formed an RFACT on the vehicle. GRIP initializes and updates a local track
state estimate of the vehicle with the uncorrected AMRs. Both the local track state and the
RFACT, maintained in WGS-84 Cartesian, are converted to Cartesian coordinates in the local
sensor’s tangent plane. Assuming the time of the RFACT is prior to the time of the local state
estimate, the RFACT is extrapolated to the time of the local track state estimate. The sensor’s
bearing bias is estimated as the difference between the bearing of the local estimate and the
bearing of the RFACT relative to the local sensor’s tangent plane. The bias variance is the sum
of the bearing error of the local estimate and the bearing error of the RFACT. Note that the
bearing error of both the local and remote state estimates include the error accumulated by using
the local sensor’s geodetic location to convert the state estimates into the local sensor’s tangent
plane.

The remote CORE could have been received from either a reference vehicle reporting its own
GPS location or another sensor with measurements on the mutual vehicle. The reference vehicle
filters the GPS measurements of its ownship position and sends the measurements out as CORE
according to TCN doctrine. CORE Fusion forms the RFACT with remote CORE and excludes
local CORE so that the RFACT is not correlated with the local state estimate of the vehicle.

GRIP also filters the GPS measurements of the sensor’s location. The estimated error of a
sensor’s location should be included in covariance transformations to and from the sensor’s local
frame of reference. A sensor is said to have GPS if it has current GPS measurements of its own
location. Whenever GPS measurements are temporarily unavailable, the navigational biases of
the sensor’s location must be estimated. In the model, it seems reasonable to simulate the GPS
measurements by filtering the estimate of the sensor’s position in WGS-84 Cartesian and then
converting the estimate to geodetic for (lat, lon, alt) coordinates rather than filter in geodetic
coordinates. In practice, however, other NAV sources should be included in the sensor’s
location estimate and the filter coordinate frame may depend on the available GPS receiver. In
the simulation, the sensor GPS measurements are not filtered; however, for a more accurate
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representation of the system, they should be. The sensor GPS measurements should not be sent
out as CORE unless the sensor is a reference vehicle in the DCN network.

The bias estimates of the sensors in a network improve as more sensors in the network have
more tracks in common. If multiple sensors have measurements on a vehicle, then the sensor
with the best geometry with respect to the vehicle and the other sensors should be contributing
more data to the FACT and, consequently, more data to the RFACTSs of the other sensors. When
a group of sensors has multiple tracks in common, each sensor’s GRIP processor has a bias
estimate associated with each of its track state estimates. Each sensor’s bias estimate is a
weighted sum of the bias estimates associated with each of its track state estimates. Depending
on the geometry of the sensors and the vehicles, Level 1 registration will in general provide more
accurate bias estimates than Level 2 registration. Bias estimates on vehicles from any level of
registration are weighted together so that the more accurate bias estimates are weighted more
heavily than the less accurate estimates. The bias weighting is described more fully in the
algorithm description. Though not implemented in the simulation, the sensor bias should be
maintained for immediate use rather than calculating the bias upon receipt of a query. After each
sensor measurement is processed and the bias for that vehicle estimated, the old contribution of
that vehicle can be subtracted from the weighted sensor bias and variance and the new
contribution of that vehicle added.

The GRIP processor estimates the vehicle track states with a Converted Measurement Kalman
Filter that approximates curved trajectories with linear trajectories. In GRIP, the vehicles are
tracked over fairly long periods of time without resetting the filter. For constant altitude vehicles
following WGS-84 geodesic paths, the errors in the linear approximations can accumulate and

the effects of the accumulated errors can be noticeable, depending on the g-value selection of the
GRIP local state filter. By approximating the centripetal acceleration of the vehicle and adding
those acceleration terms to the predicted state, the pseudo-acceleration caused by the curvature of
the earth may be accounted for in the linear Kalman filter. However, for large enough g-values,
the error from the curvature of the earth is absorbed as white noise in the filter processing.

Since the bias estimate obtained from data on a maneuvering vehicle is likely to be inaccurate,
only bias estimates which are likely to have been calculated from data prior to the onset of a
maneuver should be used to correct the unaligned AMR stream. PACE outputs a flag indicating
the number of consecutive measurement residuals that have failed the maneuver test hypothesis.
As this number increases, the more likely it is that a maneuver began near the time of the first
measurement in the sequence of failures. Any bias estimates using that first measurement or any
measurements since then should not be used to correct the AMR stream until the possibility of a
maneuver is eliminated. Thus, a history of bias estimates is stored and the most accurate bias
estimate is used in correcting the AMR stream. When a maneuver is detected in a track state
estimate, bias calculations using the current state estimate are suspended until the vehicle is no
longer maneuvering. While bias calculations are suspended, the maneuver can be estimated with
a high q-value in the filter equations. There may be lags that appear in the bias estimates;
however, if the lag in the local state and the lag in the RFACT are approximately the same, the
bias can still be estimated accurately. During the maneuver, a local state estimate on the vehicle
from a time prior to the onset of the maneuver is used to estimate the bias.
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The g-values selected for GRIP ar: slightly different than for ACE due to the differing goals of
the components. In ACE, a manenver must be followed with as little lag as possible but in GRIP
it is desirable for the variance of tte bias estimate to be in a steady state whenever the bias itself
is not changing. Since the bias is reflected in the differences between two lagging state estimates
on the maneuvering vehicle, the mancuver can be followed in the GRIP filtered state without
using quite as much noise input, i.e. using a smaller g-value.

As the geometry between sensors and a moving vehicle changes during the period when the
sensors are mutually measuring the vehicle, the variance of the bias estimate on a vehicle is
likely to change. The bias estimate obtained when the sensor and vehicle geometry was near 90°
is more accurate than the bias estimate obtained when the sensors and vehicle are aligned. Thus,
the bias obtained during a period of good geometry should be used during periods of poor
geometry. On the other hand, old data should be discarded since the bias could change
periodically or be slowly varying. Thus, the most accurate state within a recent time interval
should be used to estimate the bias, i.e. for registration purposes the most recent data is not
necessarily the most accurate data. In general, the most accurate bias estimate will be the one
following an update to the RFACT, i.e. when the extrapolation error is the smallest, the state is
most accurate. Thus, it may be more practical to update the local GRIP filter each time an AMR
is received but only update the bias estimate when an RFACT update is received. Since the bias
estimate should be updated regularly, the RFACT should also be updated regularly using
adjustments to the reporting need on the track and the STAR thresholds that will induce other
sensors to report on the track.

5.4.2 GRIP Algorithm

5.42.1 GRIP Inputs

Unaligned AMR in WGS-84 Cartesian.

A matrix of measurements.

GPS measurement in Geodetic, corresponding to the time of the AMR.
A matrix of GPS measurements.

Filtered state maintained by GRIP.

The matrix of RFACTs on the vehicle

A matrix of bias estimates and a row indicator

Number of consecutive measurements that have failed the PACE residual test, onset time and
new maneuver flag from PACE

9. Number of consecutive failures to declare a maneuver

10. Q-value to use in the GRIP filter when the vehicle is not maneuvering
11. Q-value to use in the GRIP filter when the vehicle is maneuvering

e A

5.4.2.2 GRIP Outputs

1. Updated matrix of measurements

2. Filtered state maintained by GRIP

3. Updated matrix of GPS measurements
4, Updated matrix of bias estimates



WO 01/52218 39 PCT/US01/00813

5. Updated row indicator.

5.423 GRIP Pseudocode
For each measurement m of a vehicle by a sensor:

1. Form=1,
1) Store the measurement.
2. Form=2,

1) Store the measurement.
2) Initialize the filtered state estimate.
3) Ifthereis a RFACT available for the vehicle, calculate the bias estimate.
4) Store the bias estimate.
3. Form>2,
Store the measurement.
Update the filtered state estimate.
Get the most recent RFACT.
Calculate the bias estimate and store.
Update the row indicator as follows:

1)
2)
3)
4)
3)

a)

b)

If the most recent bias estimate is more accurate than the previous bias estimate and
the current number of consecutive failures of the PACE residual test is 0, than replace
the current row indicator with the row number of the most recent bias estimate.

If the time of the previous bias estimate has exceeded the age threshold, find the most
accurate bias estimate since then that was not estimated with maneuvering data.
(check if a maneuver occurred following the estimate and what the number of
consecutive failures of the PACE residual test was at the time of the measurement)
Update the row indicator with the row number of that bias estimate.

For a track state estimate (x, W,z zj in a sensor’s local frame of reference, the bearing b and

bearing variance o are

To calculate the bias estimate, given a local state estimate and an RFACT on a vehicle:
Convert the local state estimate and the RFACT from WGS-84 Cartesian to local
coordinates and add the GPS error to the covariance matrices.

Extrapolate the RFACT to the time of the local state estimate.

Calculate the bearing 3, and bearing variance o of the local state estimate and the

1)

2)
3)

4

bearing b, and bearing variance o’ the RFACT.
The bias estimate is the difference between the bearing of the local estimate and the
bearing of the remote estimate bias = b, —b,. The bias variance estimate is the sum of

the bearing error variances of the local and remote estimates o, = o} +02.
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To weight bias estimates, suppose there are n bias estimates available, denoted by &,,i =1,....n

1
o?
with error variance o?,i = 1,...,n. The weighting factor for the i, biasis w, = - '1 .
; o}
. .. = . . . < 1
Then the weighted biasis 5 = ) w,b, and the weighted variance is o* = Y w’o? = — 1
P p
i=1 O-iz

5.5 Reporting Need Selection

TBS PLEASE PROVIDE THIS INFORMATION
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6.0 CORE Synthesis
The CORE Synthesis component receives COREs from both Sensor Data Conditioners (SDCs)

and Link Data Conditioners (LDCs). CORE Synthesis is responsible for maintaining three
composite track state estimates that are distributed within the local segment. The first, called the
Fusion Algorithm Combined Track (FACT), is a composite of all of the CORE estimates on the
track that have been distributed by the Data Conditioners on the network. The second estimate,
called the Remote FACT (RFACT) estimate, is constructed the same as the FACT but uses only
CORE:s which are generated by Data Conditioners from remote platforms. The third estimate,
called the Alignment FACT (AFACT), uses only COREs from the local platform sensor that has
been designated the “primary” sensor.

The same fusion algorithm is used to update each of the three FACT estimates. Thus in the
CORE Fusion specification below, only the FACT update is specified. Replace “FACT” and
“CORE” by “RFACT” and “Remote CORE” or “AFACT” and “Primary Sensor CORE” to get
the specification for the other two cases.

6.1 CORE Relations Test

TBD  PLEASE PROVIDE THIS INFORMATION

6.2 CORE Fusion

6.2.1 Core Fusion Overview

FACT estimates are 6 or 9 states. The CORE estimates which update them aren=3, 6, or 9
states with a full nxn matrix of variances and covariances. Table 2 outlines how the FACT is
updated as a function of the number of states in each estimate.

Table 2. FACT Update Function

N(FACT,)) | N(CORE) | N(FACTy) Update

6 3 6 Update with 3x6 H matrix.

6 6 6 Update with H = Is.

6 9 9 Update with the least squares fit described in
the Equations section below.

9 3 9 Update with 3x9 H matrix.

9 6 9oré6 Update with 6x9 H matrix; if no 9 state CORE
have been received for a while, test to see if we
can drop the acceleration estimates.

9 9 9 Update with H = Is.
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6.2.2 CORE Fusion Algorithm

6.2.2.1 Inputs

Current FACT estimate (time, state, and covariance) on a track.

Current CORE estimate (time, state, and covariance) on the track.

Flag to indicate that the vehicle is maneuvering.

Time of the last FACT fusion with a maneuvering CORE.

Number of non-maneuvering CORE since last maneuvering CORE fusion.

NhWN =

6.2.2.2 Outputs
1. Updated FACT estimate (time, state, covariance) for the track after fusion with CORE

estimate.
2. Updated time of the last FACT fusion with a maneuvering CORE.
3. Updated number of non-maneuvering CORE since last maneuvering CORE fusion.

6.2.2.3 Equations

For all the cases except N(FACT,) = 6 and N(CORE) = 9, the covariance is updated using the
same equations as in computing the Filtered_Test_Value in the STAR function description
above. In these cases, the fused FACT state is computed by the following equations.

Let

¥ = FACT_Estimate
P =FACT_Covariance
Z = CORE_Estimate
R = CORE_Covariance
AT = Teops ~ Truer

Then the CORE Fusion equations are as follows.

- -~
Xeiker = Fypea Xy g6

Prier = FoppaPeoyinFiia + O,
G, = Pklk—lH: (HkPk/HH{ +R, )_1
Pop=U-G,H,)P,, (- Gka)T + GkRkG:
Xew = e/ia +G (2, - H, %, 1)

For a six-state FACT estimate, the F and Q matrices have the following form.

Transition Matrix:
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1 AT 0 0 0 0]
01 0 0 0 O
F [0 0 1AT 0 0
Y 1Tl 00 001 0 0
0 0 0 0 1 AT
0 0 0 0 0 1|
Plant Noise Matrix:
qgs 0 O
0.=10 g8 O
0 "0 g¢q9
where
AT/ AT?
o
AT 2
A AT

PCT/US01/00813

In the case of a nine-state FACT estimate, these matrices have the following form.

Transition Matrix:
1 AT %AT’ 0 0 0 0 0
0 1 AT 0 0 0 0 0
0 0 1 0 0 0 0 0
0 0 0 1 AT lAT2 0 0

Foo- 2

e I N 0 0 1 AT 0 0
0 0 0 0 o0 1 0 o0
0 0 0 0 0 0 1 AT
0 0 0 0 0 0 0 1
0 0 0 0 0 0 0 0

Plant Noise Matrix:
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qgd8 0 0
Q=0 g8 0
0 0 g9

where

’AT% AT% AT%’
9= AT% AT;% AT%
_AT A AT A AT? |

The H matrix depends on the number of states in both the FACT and the CORE estimate; the
following are the H matrices for each of the cases.

1. N(FACTg) = 6 and N(CORE) = 3:

2. N(FACTo) = 6 and N(CORE) = 6: Hy = I, the 6x6 identity matrix.

3. N(FACTo) = 9 and N(CORE) = 3:

100000000
H,={0 00100000
00000O0T1O0O

4. N(FACTo) = 9 and N(CORE) = 6:

100000000
010000000
000100000
H, =
000010000
000000100
00000001 0]
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5. N(FACTo) = 9 and N(CORE) = 9: H, = I, the 9x9 identity matrix.

In the case where N(FACT,) = 6 and N(CORE) = 9, the new FACT estimate is computed using
the following least squares technique.

The FACT and CORE can be modeled mathematically as
z=Hx+e¢
where

= 6_state_ FACT _estimate

= 6_state FACT covariance
9_state CORE _estimate

=9 _state CORE_covariance
T oore

-1, FACT

and H is given by the following:
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1 0 0 00 0 00 0]
01 0 00 0 OO0 O
00 0 1 0 0 OO0 o
00 0 01 0 00 0
00 0 00 0 1 O O
00 0 00 0 01 O

TZ
1T7000000

H=/0 1 T 00 0 00 0
001 00 0 0O O

T2
0001T7000
00 0 01 T 0O0 O
00 0 00 1 00 O

TZ
0000001T7
00 0 00 0 01 T
00 0 00 0 00 1

If @ is given by the following

F O3x3 03X3
®= 0, F 0,
o3x3 03x3 F
where
~ -
L I
2
F=|0 1 T
0 0 1
| i

Then the updated FACT state and covariance matrix is given by the following:

i =OH'Q'H)'H'Q'z
P =dH'Q'H) D

6.2.2.4 Pseudocode
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Suppose that Time_Limit and Update_Limit are predefined constants that determine when a
FACT state will be changed from maneuvering to non-maneuvering. Time_Limit refers to the
time since the last update by a maneuvering CORE and Update_Limit refers to the number of
consecutive non-maneuvering received.

1. IF Maneuver_Flag == Maneuvering
» Let Time_Since_Last Hi Q=CORE_Time.
*  Let Number_Of Low_Q=0.
ELSE
s Time_Since Last_Hi_Q does not change.
* Let Number_Of Low_Q = Number_Of Low_Q + 1.
END IF

2. Fuse the CORE with the FACT according to the equations above; note that the case
N(CORE) ==9 A N(FACT) == 6 requires a different set of equations from the other cases.

3. Let AT = CORE_Time - Time_Since Last Hi_Q.

4. TF N(CORE) =6 AN(FACT)==9
= IF AT > Time_Limit A Number_Of Low_Q > Update_ Limit
» Let the FACT change from a nine-state estimate to a six-state estimate.
ELSE
s Keep the FACT at nine-states
END IF
END IF

6.3 Distribution Processing

TBS PLEASE PROVIDE THIS INFORMATION

The individual components shown in outline or designated by blocks in the drawings are all
well-known in the vehicle telemetry arts, and their specific construction and operation are not
critical to the operation or best mode for carrying out the invention.

While the present invention has been described with respect to what are presently considered to
be the preferred embodiments, it is to be understood that the invention is not limited to the
disclosed embodiments. To the contrary, the invention is intended to cover various
modifications and equivalent arrangements included within the spirit and scope of the appended
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claims. The scope of the following claims is to be a corded the broadest interpretation so as to
encompass all such modifications and equivalent structures and functions.
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What is claimed is:

1. Apparatus for sharing vehicle telemetry information between a plurality of sensors of
different types and a plurality of users of different types, comprising:

a communications network coupling together the plurality of sensors and the plurality of
users;

a plurality of sensor processor devices respectively coupled to the plurality of sensors,
each processor device configured to receive vehicle telemetry information from its associated
sensor, and to convert the receive vehicle information into common vehicle data of a type
common to the plurality of users; and

a plurality of user processor devices respectively coupled to the plurality of users, each
processor device configured to receive a demand signal from its associated user and to transmit it
to said communications network when it determines that its associated user has a predetermined
vehicle profile which requires improvement;

each of said plurality of sensor processor devices receiving the demand signal from said
communications network and transmitting its common vehicle data to the communications
network when it determines that its associated sensor can provide vehicle information which
improves said vehicle information profile.

2. Apparatus according to Claim 1, wherein the predetermined vehicle profile comprises
a fused vehicle profile including vehicle information updates from each of said plurality of
Sensors.

3. Apparatus according to Claim 2, wherein each of said plurality of user processor
devices assembles its own fused vehicle profile.

4. Apparatus according to Claim 1, wherein each of said plurality of sensor processor
devices determines whether its associated sensor can provide vehicle information which
improves said vehicle information profile by comparing and error of the predetermined vehicle
profile with an error of an improved vehicle profile which would result if the vehicle information
of the associated sensor was incorporated into the predetermined vehicle profile.

5. Apparatus according to Claim 4, wherein each of said plurality of sensor processors
compares the error of the predetermined vehicle profile with a first threshold and a second
threshold, (i) if said error of the predetermined vehicle profile is above the first threshold, the
vehicle information of the associated sensor is transmitted to the communications network, and
the predetermined profile is improved, (i) if said error of the predetermined profile is below the
second threshold, the vehicle information of the associated sensor is not transmitted to the
communications network, and the predetermined vehicle profile is not improved, (iii) if said
error of the predetermined vehicle profile is between the first and second thresholds, an
improved error of the predetermined vehicle profile is calculated based on vehicle information
from the associated sensor and the improved error is compared to a third threshold to determine
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whether the associated sensor can provide vehicle information which improves said vehicle
information profile.

6. Apparatus according to Claim 5, wherein each of said plurality of sensor processor
devices converts the received vehicle information into a common coordinate system.

7. Apparatus according to Claim 1, wherein each of said plurality of user processors
transmits a demand signal which is based on vehicle track, geographic location, and the
predetermined vehicle profile.

8. Apparatus according to Claim 1, wherein the plurality of sensors are respectively co-
located with the plurality of users.

9. Apparatus according to Claim 8, wherein said plurality of sensors are selected from
among a group consisting of radar sensors, infrared sensors, laser sensors, and audio sensors.

10. Apparatus according to Claim 1, wherein a second plurality of sensors and a second
plurality of sensor processor devices are integrated into the apparatus without degrading
performance of said plurality of sensor processor devices and said plurality of user processor
devices.

11. Apparatus according to Claim 1, wherein one of said plurality of sensor processor
devices receives vehicle information from the associated sensor of another of said plurality of
sensor devices.

12. Apparatus according to Claim 1, wherein one of said user processor devices requires
a different predetermined vehicle profile for the same vehicle than another of said plurality of
user processor devices.

13. Apparatus according to Claim 12, wherein said vehicle profile comprises a
performance profile for one of an airborne vehicle, a space vehicle, a land vehicle, a sea vehicle,
and a sub-sea vehicle.

14. A system for communicating vehicle track information, over a communications
network, among a plurality of platforms each of which has (i) a sensor and (ii) an operational
unit which requires the vehicle track information, said system comprising:

first processing structure, coupled to a first one of said platforms, for processing vehicle
track data from its associated first sensor and providing it to its associated first operational unit,
said first processing structure providing a first current observation related estimate based on (i)
the vehicle track data from the first sensor and (i) reporting needs of the associated first
operational unit or reporting needs received over the communications network, said first
processing structure transmitting reporting needs to the communications network when it
determines that its associated first operational unit requires an update to a stored first vehicle
track profile;
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second processing structure, coupled to a second one of said platforms, for processing
vehicle track data from its associated second sensor and providing it to its associated second
operational unit, said the second processing structure providing a second current observation
related estimate based on (i) the vehicle track data from the second sensor and (ii) reporting
needs of the associated second operational unit or reporting needs received over the
communications network, said second processing structure transmitting a reporting need to the
communications network when it determines that its associated second operational unit requires
an update to a stored second vehicle track profile; and

each said processing structure developing a fusion algorithm combined track by fusing
together (i) current observation related estimates received over the communications network and
(i) current observation related estimates provided by that processing structure.

15. A system according to Claim 14, wherein each said processing structure transmits its
current observation related estimate to the communications network when it determines that the
vehicle track data from its associated sensor is responsive to a reporting need received over the
communications network.

16. A system according to Claim 14, wherein each current observation related estimate
includes data with respect to a common coordinate system.

17. A system according to Claim 14, wherein each said processing structure issues
reporting needs comprising vehicle track identity.

18. A system according to Claim 14, wherein each said processing structure provides its
fusion algorithm combined track to its associated operational unit.

19. A system according to Claim 14, wherein each said processing structure transmits a
current observation related estimate to the communications network when a predetermined error
rate of the fusion algorithm combined track exceeds a predetermined threshold.

20. A system according to Claim 14, wherein each said processing structure transmits a
current observation related estimate to the communications network when its associated sensor
detects that the vehicle has changed direction.

21. A system according to Claim 14, wherein each current observation related estimate is
unattributable to said first sensor or to said second sensor.

22. A method of distributing vehicle track data over a communications network to a
plurality of users each of which comprises a sensor and an operational unit, comprising the steps
of:

sensing a vehicle track with a first sensor of a first user;

generating, at the first user, a first current observation related estimate based on the
sensed vehicle track and reporting needs;
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transmitting the first current observation related estimate to the communications network
when it is determined that the first current observation related estimate will improve a
predetermined vehicle track profile;

receiving, at the first user, a second current observation related estimate generated by a
second user and transmitted over the communications network;

fusing , at the first user, the first current observation related estimate and the second
current observation related estimate to provide a fusion algorithm combined track; and

providing the fusion algorithm combined track to a first operational unit.

23 a method according to Claim 22, further comprising the steps of:
sensing a vehicle track of the same vehicle with a second sensor of a second user:;

generating, at the second user, a second current observation related estimate based on the
sensed vehicle track and the reporting needs;

transmitting the second current observation related estimate to the communications
network when it is determined that the second current observation related estimate will improve
the predetermined vehicle track profile;

receiving, at the second user, the first current observation related estimate generated by
the first user and transmitted over the communications network;

fusing , at the second user, the first current observation related estimate and the second
current observation related estimate to provide a second fusion algorithm combined track; and

providing the second fusion algorithm combined track to the second operational unit.

24. A method according to Claim 23, wherein the first and the second current
observation related estimates each comprises a common coordinate system.

25. A method according to Claim 24, wherein each of the first and second users
transmits reporting needs to the communications network.

26. A method according to claim 25, wherein the reporting needs of the first user are
different than the reporting needs of the second user.

27. A method according to Claim 23, wherein each said user determines whether its
associated sensor can provide vehicle information which improves the predetermined vehicle
profile by comparing an error of the predetermined vehicle profile with an error of an improved
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vehicle profile which would result if the vehicle data of the associated sensor was incorporated
into the predetermined vehicle profile.

28. A method according to Claim 23, wherein said first sensor and said second sensor are
different sensor types.

29. A method according to claim 23, wherein said first user and said second user are
disposed in different geographic locations.

30. A method according to Claim 23, wherein the first user requires a different
predetermined vehicle profile for the same vehicle than the second user.

31. A method according to Claim 23, wherein in the first sensor and the second sensor
are each capable of detecting a vehicle selected from the group consisting of an airborne vehicle,
a space vehicle, a land vehicle, a sea vehicle, and a sub-sea vehicle.

32. A method according to Claim 22, wherein the current observation related estimate
comprises data in the WGS 84 coordinate system.

33. One or more computer-readable storage mediums containing one or more computer
programs for causing one or more computers to distribute vehicle track data over a
communications network to a plurality of users each of which comprises a sensor and an
operational unit, the one or more computers being caused by the one or more computer programs
to perform the steps of:

sensing a vehicle track with a first sensor of a first user;

generating, at the first user, a first current observation related estimate based on the
sensed vehicle track and reporting needs;

transmitting the first current observation related estimate to the communications network
when it is determined that the first current observation related estimate will improve a
predetermined vehicle track profile;

receiving, at the first user, a second current observation related estimate generated by a
second user and transmitted over the communications network;

fusing , at the first user, the first current observation related estimate and the second
current observation related estimate to provide a fusion algorithm combined track; and

providing the fusion algorithm combined track to a first operational unit.
34. One or more computer-readable recording mediums according to Claim 33, further

comprising one or more computer programs which cause the one or more computers to perform
the steps of:
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sensing a vehicle track of the same vehicle with a second sensor of a second user;

generating, at the second user, a second current observation related estimate based on the
sensed vehicle track and the reporting needs;

transmitting the second current observation related estimate to the communications
network when it is determined that the second current observation related estimate will improve
the predetermined vehicle track profile;

receiving, at the second user, the first current observation related estimate generated by
the first user and transmitted over the communications network;

fusing , at the second user, the first current observation related estimate and the second
current observation related estimate to provide a second fusion algorithm combined track; and

providing the second fusion algorithm combined track to the second operational unit.
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