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Figure 4

Receive, At Location Engine, A Plurality Of Signals Whose 401
Values Are Evidence Of The Location Of Wireless Terminal 201 -
At Different Times

l

Generate Baseline Hypotheses For The Location Of Wireless |, 402
Terminal 201 At Different Times

'

Generate Alternative Hypotheses For The Location Of Wireless [/ 403
Terminal 201 At Different Times

:

Generate A Measure Of Distance From Each Initial Hypothesis |, — 404
To Each Corresponding Alternative Hypothesis

l

Generate Snapped Alterative Hypotheses For Each Alternative |/ 405
Hypothesis

'

Generate Weighted Directed Graph Based On Initial 406
Hypotheses, Alternative Hypotheses, And Snapped Alternative @
Hypotheses

l

Generate Estimates For The Location Of Wireless Terminal And | — 407
Transmit Them To Location Client
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Figure 8
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ESTIMATING THE LOCATION OF A
WIRELESS TERMINAL DESPITE
APPARENTLY REASONABLE BUT
MISLEADING OR ERRONEOUS EMPIRICAL
DATA

FIELD OF THE INVENTION

[0001] The invention relates to radio navigation in general,
and, more particularly, to generating an accurate estimate of
the location of a wireless terminal despite apparently reason-
able but misleading or erroneous data.

BACKGROUND

[0002] FIG. 1 depicts a diagram of the salient components
of wireless telecommunications system 100 in accordance
with the prior art. Wireless telecommunications system 100
comprises: wireless terminal 101, cellular base stations 102-
1, 102-2, and 102-3, Wi-Fi base stations 103-1 and 103-2,
wireless switching center 111, assistance server 112, location
client 113, and Global Positioning System (“GPS”) constel-
lation 121. Wireless telecommunications system 100 pro-
vides wireless telecommunications service to all of geo-
graphic region 120, in well-known fashion.

[0003] The salient advantage of wireless telecommunica-
tions over wireline telecommunications is the mobility that is
afforded to the user of the wireless terminal. On the other
hand, the salient disadvantage of wireless telecommunica-
tions lies in that fact that because the wireless terminal is
mobile, an interested party might not be able to readily ascer-
tain the location of the wireless terminal.

[0004] Such interested parties might include both the user
of the wireless terminal and remote parties. There are a vari-
ety of reasons why the user of a wireless terminal might be
interested in knowing his or her location. For example, the
user might be interested in telling a remote party where he or
she is or the user might seek advice in navigation.

[0005] In addition, there are a variety of reasons why a
remote party might be interested in knowing the location of
the user. For example, the recipient of an 9-1-1 emergency
call from a user might be interested in knowing the location of
the wireless terminal so that emergency services vehicles can
be dispatched to the user.

[0006] There are many techniques in the prior art for esti-
mating the location of a wireless terminal. The common
theme to these techniques is that location of the wireless
terminal is estimated based on the electromagnetic (e.g.,
radio, etc.) signals—in one form or another—that are pro-
cessed (i.e., transmitted or received) by the wireless terminal.
[0007] In accordance with one family of techniques, the
location of a wireless terminal is estimated based on the
transmission range of the base stations with which it is com-
municating. Because the range of a base station is known to be
N meters, this family of techniques provides an estimate for
the location that is generally accurate to within N meters. A
common name for this family of techniques is “cell identifi-
cation” or “cell ID.”

[0008] There are numerous tricks that can be made to the
basic cell ID technique to improve the accuracy of the esti-
mate for the location, and numerous companies like Ericsson,
Qualcomm, and Google each tout their own flavor. The prin-
cipal disadvantage of the family of cell ID techniques is that
there are many applications for which the accuracy of the
estimate for the location it generates is insufficient.
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[0009] In accordance with a second family of techniques,
the location of a wireless terminal is estimated by analyzing
the angle of arrival or time of arrival of the signals transmitted
by the wireless terminal. A common, if somewhat inaccurate,
name for this family of techniques is called “triangulation.”
[0010] There are numerous tricks that can be made to the
basic triangulation technique to improve the accuracy of the
estimate for the location, and numerous companies like
TruePosition each tout their own flavor. The principal disad-
vantage of the triangulation techniques is that there are many
applications for which the accuracy of the estimate for the
location it generates is insufficient.

[0011] Inaccordance with a third family of techniques, the
location of a wireless terminal is estimated by areceiverin the
wireless terminal that receives signals from satellites in orbit.
A common name for this family of techniques is “GPS.”
[0012] There are numerous tricks that can be made to the
basic GPS technique to improve the accuracy of the estimate
for the location, and numerous companies like Qualcomm
each tout their own flavor. The principal advantage of the GPS
techniques is that when it works, the estimate for the location
can be accurate to within meters. The GPS techniques are
disadvantageous in that they do not work consistently well
indoors, in heavily-wooded forests, or in urban canyons.
[0013] In accordance with a fourth family of techniques,
the location of a wireless terminal is estimated by pattern
matching one or more location-dependent traits of one or
more electromagnetic signals that are processed (i.e., trans-
mitted and/or received) by the wireless terminal. Common
names for this family of techniques include “Wireless Loca-
tion Signatures,” “RF Pattern Matching,” and “RF Finger-
printing.”

[0014] The basic idea is that some traits of an electromag-
netic signal remain (more or less) constant as a signal travels
from a transmitter to a receiver (e.g., frequency, etc.) and
some traits change (e.g., signal strength, relative multi-path
component magnitude, propagation delay, etc.). A trait that
changes is considered a “location-dependent™ trait. Each
location can be described or associated with a profile of one or
more location-dependent traits of one or more electromag-
netic signals. A wireless terminal at an unknown location can
observe the traits and then attempt to ascertain its location by
comparing the observed traits with a database that correlates
locations with expected or predicted traits.

[0015] There are numerous tricks that can be made to the
basic Wireless Location Signatures technique to improve the
accuracy of the estimate for the location, and numerous com-
panies like Polaris Wireless each tout their own flavor. The
principal advantage of the Wireless Location Signatures tech-
nique is that it is highly accurate and works well indoors, in
heavily-wooded forests, and in urban canyons.

[0016] All of these techniques rely on empirical data as
their basis, and the accuracy of these techniques suffer when
some or all of the data is misleading or erroneous. Typically,
it is easy to identify and disregard data that is clearly unrea-
sonable. For example, if one datum indicates that a wireless
terminal is inside of the Sun, that datum is clearly erroneous
and can be disregarded. In some cases a reasonable estimate
for the location of the wireless terminal can be generated with
the remaining data, and sometimes it cannot.

[0017] In contrast, it is difficult to identify data that is
apparently reasonable, but misleading or erroneous. For
example, if one datum in a set of data suggests a wireless
terminal is on a lake near a highway, the datum appears
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reasonable, but it might or might not be erroneous. For
example, the datum might be entirely correct because the
wireless terminal is on a boat on the lake. Alternatively, the
datum might be erroneous because the wireless terminal is in
a car on the highway next to the lake. In either case, it is not
easy to know whether using that datum is improving or
degrading the overall accuracy of the estimate.

[0018] Unfortunately, apparently reasonable, but errone-
ous or misleading empirical data is commonly used as the
basis for estimating the location of a wireless terminal, and,
therefore, a technique is needed that ameliorates or eliminates
the effect of such data.

SUMMARY OF THE INVENTION

[0019] The present invention enables an estimate of the
location of a wireless terminal to be generated without some
of the costs and disadvantages of techniques for doing so in
the prior art. For example, some embodiments of the present
invention are adept at discounting the contribution of appar-
ently reasonable but erroneous or misleading data.

[0020] For example, the illustrative embodiment of the
present invention receives data that is evidence of the location
of'a wireless terminal at each of a plurality of different times.
The illustrative embodiment then generates an initial hypoth-
esis for the location of the wireless terminal at each time
assuming that all of the data is correct and equally probative.
Next, the illustrative embodiment generates an alternative
hypotheses for each initial hypothesis on the assumption that
each proper subset of datum is erroneous. This is accom-
plished by underweighting or discarding each datum in the
proper subset.

[0021] For example, if the set of data for time t(1) is {A, B,
C}, then the initial hypothesis for time (1) is based on an
equal weighting of A, B, and C. Because the set comprises
three datum, there are six non-empty subsets of datum: {A},
{B}, {C}, {A, B}, {A, C}, and {B, C}. Each alternative
hypothesis for time t(1) can be generated by using the data in
each of the non-empty subsets and by underweighting or
discarding the data not included in the subset.

[0022] These alternative hypothesis can be “snapped” or
moved to a nearby road or transportation path, or they can be
left alone.

[0023] Finally, the illustrative embodiment generates the
estimate for the location of the wireless terminal at each time
in a time frame by determining which combination of initial
hypotheses and alternative hypothesis is the most self-consis-
tent during the entire time frame.

[0024] The illustrative embodiment comprises:

[0025] receiving, at a location engine, a first signal value
whose value is evidence of the location of the wireless
terminal at time t(1);

[0026] receiving, at the location engine, a second signal
value whose value is evidence of the location of the
wireless terminal at time t(1);

[0027] receiving, at the location engine, a third signal
value whose value is evidence of the location of the
wireless terminal at time t(2);

[0028] generating, at the location engine, a first hypoth-
esis for the location for the wireless terminal at time t(1)
based on the first signal value having first weight and the
second signal value having second weight, wherein the
first weight is greater than the second weight;

[0029] generating, at the location engine, a second
hypothesis for the location for the wireless terminal at
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time t(1) based on the first signal value having third
weight and the second signal value having fourth
weight, wherein the third weight is less than the fourth
weight;

[0030] generating, at the location engine, a first hypoth-
esis for the location for the wireless terminal at time t(2)
based on the third signal value; and

[0031] generating, at the location engine, an estimate for
the location of the wireless terminal at time t(2) based
on:

[0032] the first hypothesis for the location for the
wireless terminal at time t(1),

[0033] the second hypothesis for the location for the
wireless terminal at time t(1), and

[0034] the first hypothesis for the location for the
wireless terminal at time t(2); and

[0035] transmitting, from the location engine, the esti-
mate for the location of the wireless terminal at time t(2)
for use by a location-based application;

[0036] wherein the first weight, the second weight, the
third weight, and the fourth weight are all real non-
negative numbers.

BRIEF DESCRIPTION OF THE DRAWINGS

[0037] FIG. 1 depicts a diagram of the salient components
of wireless telecommunications system 100 in accordance
with the prior art.

[0038] FIG. 2 depicts a diagram of the salient components
of wireless telecommunications system 200 in accordance
with the illustrative embodiment of the present invention.
[0039] FIG. 3 depicts a block diagram of the salient com-
ponents of location engine 214 in accordance with the illus-
trative embodiment.

[0040] FIG. 4 depicts a flowchart of the salient processes
performed in accordance with the illustrative embodiment of
the present invention.

[0041] FIG. 5 depicts a road map of geographic region 220
that indicates the four initial hypotheses from Table 2.
[0042] FIG. 6 depicts a road map of geographic region 220
that indicates the nine alternative hypotheses generated in
task 403.

[0043] FIG. 7 depicts a road map of geographic region 220
that indicates the nine snapped alternative hypotheses gener-
ated in task 403.

[0044] FIG. 8 depicts the weighted directed graph that cor-
responds the initial hypotheses and snapped alternative
hypotheses generated in task 406.

[0045] FIG. 9 depicts the minimum weight path through the
weighted directed graph depicted in FIG. 8.

[0046] FIG. 10 depicts the road map of geographic region
220 that indicates the final refined hypotheses of the location
of wireless terminal at time t, for all t.

DETAILED DESCRIPTION
[0047] Overview
[0048] FIG. 2 depicts a diagram of the salient components

of wireless telecommunications system 200 in accordance
with the illustrative embodiment of the present invention.
Wireless telecommunications system 200 comprises: wire-
less terminal 201, cellular base stations 202-1, 202-2, and
202-3, Wi-Fi base stations 203-1 and 203-2, wireless switch-
ing center 211, assistance server 212, location client 213,
location engine 214, and GPS constellation 221, which are
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interrelated as shown. The illustrative embodiment provides
wireless telecommunications service to all of geographic
region 220, in well-known fashion, hypothesizes the location
of wireless terminal 201 within geographic region 220 at
different times, and uses those hypotheses in a location-based
application.

[0049] In accordance with the illustrative embodiment,
wireless telecommunications service is provided to wireless
terminal 201 in accordance with the air-interface standard of
the 3"/ Generation Partnership Project (“3GPP”). After read-
ing this disclosure, however, it will be clear to those skilled in
the art how to make and use alternative embodiments of the
present invention that operate in accordance with one or more
other air-interface standards (e.g., Global System Mobile
“GSM,” UMTS, CDMA-2000, IS-136 TDMA, IS-95
CDMA, 3G Wideband CDMA, IEEE 802.11 Wi-Fi, 802.16
WiMazx, Bluetooth, etc.) in one or more frequency bands. As
will be clear to those skilled in the art, a wireless terminal is
also known as a “cell phone,” “mobile station,” “car phone,”
“PDA,” and the like.

[0050] Wireless terminal 201 comprises the hardware and
software necessary to be 3GPP-compliant and to perform the
processes described below and in the accompanying figures.
For example and without limitation, wireless terminal 201 is
capable of:

[0051] a. measuring one or more location-dependent
traits of each of one of more electromagnetic signals
(transmitted by cellular base stations 202-1, 202-2, and
202-3 and Wi-Fi base stations 203-1 and 203-2) and of
reporting the measurements to location engine 214, and

[0052] b. transmitting one or more signals and of report-
ing the transmission parameters of those signals to loca-
tion engine 214, and

[0053] c. receiving GPS assistance data from assistance
server 212 to assist wireless terminal 201 in acquiring
and processing GPS ranging signals.

[0054] Wireless terminal 201 is mobile and can be at any
location within geographic region 220 at any time. Although
wireless telecommunications system 200 comprises only one
wireless terminal, it will be clear to those skilled in the art,
after reading this disclosure, how to make and use alternative
embodiments of the present invention that comprise any num-
ber of wireless terminals.

[0055] Cellular base stations 202-1, 202-2, and 202-3 com-
municate with wireless switching center 211 via wireline and
with wireless terminal 201 via radio in well-known fashion.
As is well known to those skilled in the art, base stations are
also commonly referred to by a variety of alternative names
such as access points, nodes, network interfaces, etc.
Although the illustrative embodiment comprises three base
stations, it will be clear to those skilled in the art, after reading
this disclosure, how to make and use alternative embodiments
of the present invention that comprise any number of base
stations.

[0056] In accordance with the illustrative embodiment of
the present invention, cellular base stations 202-1, 202-2, and
202-3 are terrestrial, immobile, and within geographic region
220. Itwill be clear to those skilled in the art, after reading this
disclosure, how to make and use alternative embodiments of
the present invention in which some or all of the base stations
are airborne, marine-based, or space-based, regardless of
whether or not they are moving relative to the Earth’s surface,
and regardless of whether or not they are within geographic
region 220.

29 <
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[0057] Cellular base stations 202-1, 202-2, and 202-3 com-
prise the hardware and software necessary to be 3GPP-com-
pliant and to perform the processes described below and in the
accompanying figures. For example and without limitation,
cellular base stations 202-1, 202-2, and 202-3 are capable of:
[0058] a. measuring one or more location-dependent
traits of each of one of more electromagnetic signals
(transmitted by wireless terminal 201) and of reporting
the measurements to location engine 214, and
[0059] b. transmitting one or more signals and of report-
ing the transmission parameters of those signals to loca-
tion engine 214.
[0060] Wi-Fi base stations 203-1 and 203-2 communicate
with wireless terminal 201 via radio in well-known fashion.
Wi-Fibase stations 203-1 and 203-2 have a shorter range than
cellular base stations 202-1, 202-2, and 202-3, but have a
higher bandwidth. The location of Wi-Fi base stations 203-1
and 203-2 is only known to within approximately 30 meters
by detecting their signals through drive testing. Wi-Fi base
stations 203-1 and 203-2 are terrestrial, immobile, and within
geographic region 220.
[0061] Wi-Fibase stations 203-1 and 203-2 are capable of:
[0062] c. measuring one or more location-dependent
traits of each of one of more electromagnetic signals
(transmitted by wireless terminal 201) and of reporting
the measurements to location engine 214, and
[0063] d. transmitting one or more signals and of report-
ing the transmission parameters of those signals to loca-
tion engine 214.
[0064] Wireless switching center 211 comprises a switch
that orchestrates the provisioning of telecommunications ser-
vice to wireless terminal 201 and the flow of information to
and from location engine 214, as described below and in the
accompanying figures. As is well known to those skilled in the
art, wireless switching centers are also commonly referred to
by other names such as mobile switching centers, mobile
telephone switching offices, routers, etc.
[0065] Although the illustrative embodiment comprises
one wireless switching center, it will be clear to those skilled
in the art, after reading this disclosure, how to make and use
alternative embodiments of the present invention that com-
prise any number of wireless switching centers. For example,
when a wireless terminal can interact with two or more wire-
less switching centers, the wireless switching centers can
exchange and share information that is useful in estimating
the location of the wireless terminal. For example, the wire-
less switching centers can use the IS-41 protocol messages
HandoffMeasurementRequest and HandoftMeasurementRe-
quest2 to elicit signal-strength measurements from one
another. The use of two or more wireless switching centers is
particularly common when the geographic area serviced by
the wireless switching center is small (e.g., local area net-
works, etc.) or when multiple wireless switching centers
serve a common area.
[0066] In accordance with the illustrative embodiment, all
of the base stations servicing wireless terminal 201 are asso-
ciated with wireless switching center 211. It will be clear to
those skilled in the art, after reading this disclosure, how to
make and use alternative embodiments of the present inven-
tion in which any number of base stations are associated with
any number of wireless switching centers.
[0067] Assistance server 212 comprises hardware and soft-
ware that is capable of performing the processes described
below and in the accompanying figures. In general, assistance
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server 212 generates GPS assistance data for wireless termi-
nal 201 to aid wireless terminal 201 in acquiring and process-
ing GPS ranging signals from GPS constellation 221. In
accordance with the illustrative embodiment, assistance
server 212 is a separate physical entity from location engine
214; however, it will be clear to those skilled in the art, after
reading this disclosure, how to make and use alternative
embodiments of the present invention in which assistance
server 212 and location engine 214 share hardware, software,
or both.

[0068] Location client 213 comprises hardware and soft-
ware that uses the hypothesis for the location of wireless
terminal 201—provided by location engine 214—in a loca-
tion-based application, as described below and in the accom-
panying figures.

[0069] Location engine 214 comprises hardware and soft-
ware that generates one or more hypotheses of the location of
wireless terminal 201 as described below and in the accom-
panying figures. It will be clear to those skilled in the art, after
reading this disclosure, how to make and use location engine
214. Furthermore, although location engine 214 is depicted in
FIG. 2 as physically distinct from wireless switching center
211, it will be clear to those skilled in the art, after reading this
disclosure, how to make and use alternative embodiments of
the present invention in which location engine 214 is wholly
or partially integrated with wireless switching center 211.
[0070] In accordance with the illustrative embodiment,
location engine 214 communicates with wireless switching
center 211, assistance server 212, and location client 213 via
a local area network; however it will be clear to those skilled
in the art, after reading this disclosure, how to make and use
alternative embodiments of the present invention in which
location engine 214 communicates with one or more of these
entities via a different network such as, for example, the
Internet, the Public Switched Telephone Network (PSTN), a
wide area network, etc.

[0071] In accordance with the illustrative embodiment,
wireless switching center 211, assistance server 212, location
client 213, and location engine 214 are physically located
within geographic region 220. It will be clear to those skilled
in the art, however, after reading this disclosure, how to make
and use alternative embodiments of the present invention in
which some or all of wireless switching center 211, assistance
server 212, location client 213, and location engine 214 are
physically located outside of geographic region 220.

[0072] Location Engine 214

[0073] FIG. 3 depicts a block diagram of the salient com-
ponents of location engine 214 in accordance with the illus-
trative embodiment. Location engine 214 comprises: proces-
sor 301, memory 302, and local-area network transmitter/
receiver 303, which are interconnected as shown.

[0074] Processor 301 is a general-purpose processor that is
capable of executing operating system 311 and application
software 312, and of populating, amending, using, and man-
aging Location-Trait Database 313, as described in detail
below and in the accompanying figures. For the purposes of
this specification, a “processor” is defined as one or more
computational elements, whether co-located or not and
whether networked together or not.

[0075] Forthe purposes ofthis specification, the “Location-
Trait Database” is defined as a database that associates one or
more location-dependent traits of electromagnetic signals
processed (i.e., transmitted and/or received) by wireless ter-
minal 201 with each of a plurality of locations. In general, the
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Location-Trait Database is what enables location engine 214
to convert observed location-dependent traits into an estimate
for the location of wireless terminal 201. It will be clear to
those skilled in the art how to make and use processor 301.

[0076] Memory 302 is a non-volatile memory that stores:
[0077] a. operating system 311, and

[0078] b. application software 312, and

[0079] c. Location-Trait Database 313.

It will be clear to those skilled in the art how to make and use
memory 302.

[0080] Transmitter/receiver 303 enables location engine

214 to transmit and receive information to and from wireless
switching center 211, assistance server 212, and location
client 213. In addition, transmitter/receiver 303 enables loca-
tion engine 214 to transmit information to and receive infor-
mation from wireless terminal 201 and cellular base stations
202-1 through 202-3 via wireless switching center 211. It will
be clear to those skilled in the art how to make and use
transmitter/receiver 303.

[0081] Operation of the Illustrative Embodiment

[0082] FIG. 4 depicts a flowchart of the salient processes
performed in accordance with the illustrative embodiment of
the present invention.

[0083] At task 401, location engine 214 receives signals
from wireless switching center 211 whose values are evi-
dence of the location of wireless terminal 201 at different
times. Each signal radiates from a different source (e.g., cel-
lular base stations 202-1, 202-2, and 202-3, Wi-Fi base sta-
tions 203-1 and 203-2, wireless terminal 201, etc.). Table 1
depicts three signals, S(1), S(2), and S(3), and the values of
those signals at times t(1), t(2), t(3), and t(4).

TABLE 1

Nine signals whose values are evidence of the location of wireless
terminal 201 in geographic region 220 at four different times.

time Signal S(1) Signal S(2) Signal S(3)
t(1) Sv(1,1) SV(1,2) Not Available
t(2) SV(2, 1) SV(2,2) SV(2,3)
t(3) SV(3,1) Not Available SV(3,3)
t(4) Not Available SV(4,2) SV(4,3)

In the signal value SV(t, j), t represents the time for which the
signal is evidence, and j represents the source of the signal.
[0084] Inaccordance with the illustrative embodiment, the
value of each signal is a signal-strength measurement made
by wireless terminal 201 of a radio signal transmitted by one
of cellular base stations 202-1 and 202-2 and Wi-Fi base
station 203-1. It will be clear to those skilled in the art,
however, after reading this disclosure, how to make and use
alternative embodiments of the present invention in which the
value of each received signal is a measurement of any loca-
tion-dependent trait of an electromagnetic signal that is evi-
dence of the location of wireless terminal 201. For example
and without limitation, each signal can be:
[0085] 1i. evidence of the propagation delay—in either

one-direction or round-trip—between wireless terminal

120 and another entity (e.g., a cellular base station, a

GPS satellite, a Wi-Fi base station, etc.), or

[0086] ii evidence of the time difference of arrival of a

signal transmitted by wireless terminal 201 and two

other entities (e.g., a cellular base station, a GPS satel-

lite, a Wi-Fi base station, etc.), or
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[0087] iii. evidence of the angle of arrival of a signal
transiting between wireless terminal 201 and another
entity (e.g., a cellular base station, a GPS satellite, a
Wi-Fi base station, etc.), or

[0088] iv. evidence that wireless terminal 201 can
receive and decode a signal from another entity (e.g., a
cellular base station, a GPS satellite, a Wi-Fi base sta-
tion, etc.), or

[0089] v. evidence that an entity (e.g., a cellular base
station, a GPS satellite, a Wi-Fi base station, etc.) can
receive and decode a signal from wireless terminal 201,
or

[0090] vi. evidence of any location-dependent trait (e.g.,
signal strength, rake receiver coefficients, phase delay,
etc.) of an electromagnetic signal that is processed by
wireless terminal 201, or

[0091] vii. any combination of i, ii, iii, 1V, v, or Vi.

[0092] In accordance with the illustrative embodiment,
three signals are received for time t(2) but only two signals are
received for times t(1), t(3), and t(4) because signal value
SV(1, 3), SV(@3, 2) and SV(4, 1) were not measured or
reported. It will be clear to those skilled in the art, however,
after reading this disclosure, how to make and use alternative
embodiments of the present invention in which any number of
signals are received and used for each moment of time.
[0093] In accordance with the illustrative embodiment, all
of the signals are evidence of the same type of physical
quantity (i.e., received signal strength), but it will be clear to
those skilled in the art, after reading this disclosure, how to
make and use alternative embodiments of the present inven-
tion in which the type of physical quantity represented varies
(e.g., three signal-strength measurements are received for one
moment, one signal-strength measurement and two time-dif-
ference of arrival measurements are received for the next
moment, etc.). In accordance with the illustrative embodi-
ment, there is signal data available for four moments of time,
but it will be clear to those skilled in the art, after reading this
disclosure, how to make and use alternative embodiments of
the present invention in which data is available for any num-
ber of moments.

[0094] At task 402, location engine 214 generates an “ini-
tial” hypothesis for the location of wireless terminal 201 at
each of times t(1), t(2), t(3), and t(4). Each hypothesis and
each estimate of the location of wireless terminal 201 is a
latitude-longitude pair.

[0095] Each initial hypothesis for the location of wireless
terminal 201 is a hypothesis that does not discount the pro-
bative value of any signal value. In other words, all of the
signals that are evidence of the location of wireless terminal
201 at one time are accorded equal probity for the purposes of
creating the initial hypotheses. In practice, this is achieved by
weighting each signal value SV(t, j) with weight W(t, j, 0),
wherein W(t, j, 0) are equal and non-negative real values for
all t and all j.

[0096] In accordance with the illustrative embodiment,
location engine 215 generates the initial hypotheses using the
signals received at task 401 and the technique of wireless
location signatures. The wireless location signatures tech-
nique is well-known to those skilled in the art and is taught,
for example, in U.S. Pat. No. 7,257,414 B2, which is incor-
porated by reference. It will be clear to those skilled in the art,
after reading this disclosure, how to make and use alternative
embodiments of the present invention in which the initial
hypotheses are generated using:
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[0097] 1. wireless location signatures, or

[0098] ii. triangulation, or

[0099] iii. trilateration, or

[0100] iv. cellular-base-station cell identification, or
[0101] v. Wi-Fi-base-station cell identification, or

[0102] vi. any combination of'i, ii, iii, iv, and v.

[0103] At time t(2), the initial hypothesis is based on three

signals, but at times t(1), t(3), and t(4) the initial hypotheses
are based on only two signals. Table 2 depicts the values of
each of the four initial hypotheses.

TABLE 2

The initial locations of wireless terminal 201 in geographic region 220 at
four different times.

time Initial Hypothesis

t(1) TH(1)
t(2) TH(2)
t(3) TH(3)
t(4) TH(4)

[0104] FIG. 5 depicts a road map of geographic region 220
that indicates the four initial hypotheses from Table 2. In the
map the initial hypothesis for the location of wireless terminal
201 at time t(1) is depicted by a bull’s-eye with the identifier
TH®).

[0105] Therefore, the initial hypothesis IH(1) for wireless
terminal 201 at time t(1) is on West Street, just south of Left
Street. The initial hypothesis IH(2) at time t(2) is between Top
Street and North Street, just east of West Street. The ambigu-
ity of whether wireless terminal 201 was on Top Street or
North Street at time t(2) is undesirable because a known
drug-dealer operates on Top Street and it would be advanta-
geous to know whether the operator of wireless terminal 201
might be involved with the drug dealer or not. The illustrative
embodiment of the present invention resolves that ambiguity
beginning in task 403 below. The initial hypothesis IH(3) for
wireless terminal 201 at time t(3) is between Lakeside Road,
North Street, and East Street. The initial hypothesis TH(4) at
time t(4) is unambiguously on Lakeside Road.

[0106] Inaccordance with the illustrative embodiment, the
initial hypotheses are used as is, but it will be clear to those
skilled in the art, after reading this disclosure, how to make
and use alternative embodiments of the present invention in
which one or more of the initial hypotheses are “snapped” or
repositioned to one or more roadways or other transportation
paths in the vicinity of the initial hypothesis.

[0107] Referring again to FIG. 4, at task 403 location
engine 214 generates additional “alternative” hypotheses for
the location of wireless terminal 201 at each time for which
two or more signal values are available. Each alternative
hypothesis is also a hypothesis for the location of wireless
terminal 201.

[0108] In accordance with the illustrative embodiment,
location engine 214 uses the same location technique to gen-
erate the alternative hypotheses as it did to generate the initial
hypotheses in task 402. It will be clear to those skilled in the
art, however, after reading this disclosure, how to make and
use alternative embodiments of the present invention in which
the candidates hypotheses are generated using an alternative
method, such as:

[0109] 1. wireless location signatures, or
[0110] 1ii. triangulation, or
[0111] iii. trilateration, or
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[0112] iv. cellular-base-station cell identification, or
[0113] v. Wi-Fi-base-station cell identification, or

[0114] vi. any combination of'i, ii, iii, iv, and v.

[0115] In accordance with the illustrative embodiment,

each alternative hypothesis for a given time is generated by
discounting as unreliable exactly one signal value. For
example, when there are N>1 signal values available for a
given time, there are N alternative hypotheses generated for
that time. When there is only one signal available for a given
time, no alternative hypotheses are generated because the one
signal value cannot be discounted with respect to itself.

[0116] It will be clear to those skilled in the art, however,
how to make and use alternative embodiments of the present
invention in which there are a different number of alternative
hypotheses generated for a given time (e.g., 1, 2, 3, N-1,
2V_2, N, etc.). For example, it will be clear to those skilled in
the art, after reading this disclosure, how to make and use
alternative embodiments of the present invention in which
each alternative hypothesis for a given time is generated by
discounting as unreliable every combination of signal values.
This would generate 2”-2 alternative hypotheses. Further-
more, some alternative embodiments of the present invention
could discount each signal value by a continuous value, which
would generate up to N! alternative hypotheses.

[0117] In practice, the illustrative embodiment generates
each alternative hypothesis AH(t, k) for the location of wire-
less terminal 201 at time t by weighting each signal value
SV(t, j) with weight W(t, j, k), wherein W(t, j, k) is a non-
negative real value for all times i, all signals j, and all hypoth-
eses k. It will be clear to those skilled in the art, after reading
this disclosure, how to make and use alternative embodiments
of'the present invention in which some or all of the discounted
signal’s values have a weight of zero (0).

[0118] Table 3 depicts signals SV(1, 1) and SV(1, 2) and
their associated weights for the purposes of generating alter-
native hypotheses AH(1, 1) and AH(1, 2).

TABLE 3

The weights and their relationships for generating the alternative

hypotheses at time t(1).

Alternative Signal Signal Signal Weight

Hypothesis SV(1, 1) SV(1,2) SV(1,3) Relationship

AH(1, 1) W(l,1,1) W(l,2,1) Not W(l,1,1)<
Available  W(1,2,1)

AH(1, 2) W(l,1,2) W(l,2,2) Not W(l,1,2)>
Available  W(1, 2,2)

Not Applicable Not Applicable Not Not Not Applicable

Applicable Available
[0119] Table 4 depicts signals SV(2, 1), SV(2, 2), and

SV(2, 3) and their associated weights for the purposes of
generating alternative hypotheses AH(2, 1), AH(2, 2), and
AH(2, 3).
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TABLE 4

The weights and their relationships for generating the alternative
hypotheses at time t(2).

Alter-
native
Hy- Signal Signal Signal Weight
pothesis  SV(2,1) SV(2,2) SV(2,3) Relationship
AH(2,1) W(2,1,1) W(2,2,1) W(2,3,1) W(2,1,1)<W(2,2,1)
W(2,1,1)<W(2,3,1)
W(2,2,1)=W(2,3,1)
AH(2,2) W(2,1,2) W(2,2,2) W(2,3,2) W(2,2,2)<W(2,1,2)
W(2,2,2)<W(2,3,2)
W(2,1,2)=W(2,3,2)
AH(2,3) W(2,1,3) W(2,2,3) W(2,3,3) W(2,3,3)<W(2,1,3)
W(2,3,3)<W(2,2,3)
W(2,1,3)=W(2,2,3)
[0120] InTable 4, W(2, 2, 1)=W(2, 3, 1), W(2, 1, 2)=W(2.

3,2), and W(2, 1, 3)=W(2, 2, 3), but it will be clear to those
skilled in the art, after reading this disclosure, how to make
and use alternative embodiments of the present invention in
which some or all of these relationships are not true in order
to partially discount some signal values. For example, W(2, 2,
D<W(2,3,1), W(2,1,2)<W(2,3,2),W(2, 1,3)<W(2, 2, 3),
W(2, 2, 1)>W(2, 3, 1), W(2, 1, 2)>W(2, 3, 2), and W(2, 1,
3)>W(2,2,3).

[0121] Table 5 depicts signals SV(3, 1) and SV(3, 3) and
their associated weights for the purposes of generating alter-
native hypotheses AH(3, 1) and AH(3, 3).

TABLE 5

The weights and their relationships for generating the alternative
hypotheses at time t(3).

Alternative Signal Signal Signal Weight

Hypothesis SV(3,1) SV(3,2) SV(3,3) Relationship

AH(3, 1) W, 1, 1) Not W(3,3,1) WG, 1L, 1)<
Available) W(3,3,1)

Not Applicable Not Applicable Not Not Not Applicable
Available  Applicable

AH(3, 3) W3, 1,3) Not W(3,3,3) W, 1,3)>
Available W(3,3,3)

[0122] Table 6 depicts signal values SV(4, 2), and SV(4, 3)

and their associated weights for the purposes of generating
alternative hypotheses AH(4, 2), and AH(4, 3).

TABLE 6

The weights and their relationships for generating the alternative
hypotheses at time t(4).

Alternative Signal Signal Signal Weight

Hypothesis SV(4,1) SV(4,2) SV(4,3)  Relationship

Not Applicable Not Not Applicable Not Not Applicable
Available Applicable

AH®4,2) Not W4,2,2) W(4,3,2) W(4,2,2)<
Available W(4,3,2)

AH(4, 3) Not W“,2,3) W(4,3,3) W(4,2,3)>
Available W(4,3,3)

[0123] FIG. 6 depicts a road map of geographic region 220
that indicates the four initial hypotheses generated in task 402
plus the nine alternative hypotheses generated in task 403. In
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the map the alternative hypotheses of the location of wireless
terminal 201 are represented by a bull’s-eye with the identi-
fier AH(%, k).

[0124] In general, the alternative hypotheses for time t(t)
are in the general vicinity of the initial hypotheses for the
same time, as generally would be expected. But the genera-
tion and mapping of the alternative hypotheses does not, per
se, resolve the ambiguities presented by the initial hypoth-
eses. For example, the alternative hypothesis AH(1,2) on Left
Street and the alternative hypothesis AH(1, 1) on West Street
do not unambiguously resolve the question presented by the
initial hypothesis IH(1) of whether wireless terminal 201 was
on West Street or Left Street at time t(1). Ambiguities like
these are resolved beginning in task 404 below.

[0125] At task 404, location engine 214 generates a
snapped alternative hypothesis SAH(t, k) for each alternative
hypothesis AH(t, k). The snapped alternative hypothesis SAH
(1, k) is also a hypothesis for the location of wireless terminal
201.

[0126] In accordance with the illustrative embodiment, the
snapped alternative hypothesis SAH(t, k) is a location on a
road that is the shortest Euclidean distance between the alter-
native hypothesis AH(t, k) and any point on any road. The
snapped alternative hypothesis SAH(t, k) corresponding to
each alternative hypothesis AH(t, k) is depicted in Table 7 and
FIG. 7.

TABLE 7
The alternative hypotheses and their corresponding snapped alternative
hypotheses.
Snapped
Alternative Alternative
Hypothesis Hypothesis
AH(1, 1) SAH(1, 1)
AH(1,2) SAH(1, 2)
AH(2, 1) SAH(2, 1)
AH(2,2) SAH(2, 2)
AH(2,3) SAH(2, 3)
AH@3, 1) SAH(3, 1)
AH(3,3) SAH(3, 3)
AH®4,2) SAH(4, 2)
AH(®4,3) SAH(4, 3)

[0127] In accordance with the illustrative embodiment,
there is one snapped alternative hypothesis for each alterna-
tive hypothesis, but it will be clear to those skilled in the art,
after reading this disclosure, how to make and use alternative
embodiments of the present invention in which some or all of
the alternative hypothesis have a plurality of snapped alter-
native hypotheses.

[0128] Referring again to FIG. 4, at task 405, location
engine 214 generates a measure of distance between each
snapped alternative hypothesis SAH(t, k) and the correspond-
ing initial hypothesis B(t) to generate a measure of discrep-
ancy MOD(t, k). In accordance with the illustrative embodi-
ment, the measure of distance is the Euclidean distance. The
measures of discrepancy are depicted in Table 8.
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TABLE 8

The alternative hypotheses and their associated measures of discrepancy.

Snapped Corresponding
Alternative Initial Measure of
Hypothesis Hypothesis Discrepancy
SAH(1, 1) B(1) MOD(1, 1)
SAH(1, 2) B(1) MOD(1, 2)
SAH(2, 1) B(2) MOD(2, 1)
SAH(2,2) B(2) MOD(2, 2)
SAH(2, 3) B(2) MOD(2, 3)
SAH(3, 1) B(3) MOD@, 1)
SAH(3, 3) B(3) MOD(3, 3)
SAH(4, 2) B@4) MOD(4, 2)
SAH(4, 3) B@4) MOD(4, 3)

[0129] At task 406, location server 214 generates a
weighted directed graph that comprises:
[0130] (i) a node that corresponds to each initial hypoth-
esis B(t), for all t, and

[0131] (ii) a node that corresponds to each snapped alter-
native hypothesis SAH(t, k), for all t and all k, and

[0132] (iii) a directed link from each initial hypothesis
B(1) to initial hypothesis B(t+1), for all t, and

[0133] (iv) a directed link from each initial hypothesis
B(1) to each snapped alternative hypothesis SAH(t+1, k),
for all t and all k, and

[0134] (v) a directed link from each snapped alternative
hypothesis SAH(t, k) to each initial hypothesis B(t+1),
for all t and all k, and

[0135] (vi)a directed link from each snapped alternative
hypothesis SAH(t, k) to each snapped alternative
hypothesis SAH(t+1, k), for all t and all k.

The result is a directed graph, as shown in FIG. 8, that repre-
sents every possible combination of paths from time t(1) to
time t(4). All of the nodes that correspond to the same time t
are depicted in a single column, and the nodes corresponding
to time t are depicted in a column to the left of the nodes
corresponding to time t+1.

[0136]

[0137] (i) each node that corresponds to a initial hypoth-
esis B(t) has an associated cost of zero (0), and

[0138] (ii) each node that corresponds to a snapped alter-
native hypothesis SAH(t, k) has an associated cost equal
to its associated measure of discrepancy MOD(t, k), and

[0139] (iii) each directed link from node X to nodeY has
a cost equal to a measure of the distance between the
location associated with node X and the location asso-
ciated with node Y.

[0140] Inaccordance with the illustrative embodiment, the
measure of distance from node X to nodeY is the road travel
time, but it will be clear to those skilled in the art, after reading
this disclosure, how to make and use alternative embodiments
of the present invention in which the measure of distance is
another metric, such as for example and without limitation,
the Euclidean distance from node X to nodeY, the road travel
time, etc.

[0141] At task 407, location server 214 generates an esti-
mate E(t) for the location of wireless terminal 201 for allt. To
accomplish this, location server 214 determines the mini-
mum-cost path through the graph constructed in task 406
using well-known dynamic programming techniques.

In accordance with the illustrative embodiment,
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[0142] Once the minimum-cost path has been determined,
the nodes in the minimum-cost path constitute the final, best
estimates of the location of wireless terminal 201 at each
time.

[0143] The minimum-cost path through the directed graph
is depicted in FIG. 9 as beginning at snapped alternative
hypothesis SAH(1, 1), proceeding to snapped alternative
hypothesis SAH(2, 3), proceeding to snapped alternative
hypothesis SAH(3, 3), and terminating at initial hypothesis
IH(4). Therefore, E(1) is the location corresponding to
snapped alternative hypothesis SAH(1, 1), E(2) is the location
corresponding to base hypothesis SAH(2, 3), E(3) is the loca-
tion corresponding to snapped alternative hypothesis SAH(3,
3), and E(4) is the location corresponding to snapped alter-
native hypothesis IH(4). This is summarized in Table 9.

TABLE 9

The alternative hypotheses and their corresponding hypotheses.

Estimate Hypothesis
E(1) SAH(1, 1)
E(2) SAH(2, 2)
E(3) SAH(3, 3)
E4) TH(4)

[0144] FIG. 10 depicts the road map of geographic region
220 that indicates the final refined hypotheses of the location
of'wireless terminal at time t, for all t. As part of task 407, each
of'the refined hypotheses is transmitted from location engine
214 to location client 213 for use in a location-based appli-
cation.
What is claimed is:
1. A method of estimating the location of a wireless termi-
nal, the method comprising:
receiving, at a location engine, a first signal value whose
value is evidence of the location of the wireless terminal
at time t(1);
receiving, at the location engine, a second signal value
whose value is evidence of the location of the wireless
terminal at time t(1);
receiving, at the location engine, a third signal value whose
value is evidence of the location of the wireless terminal
at time t(2);
generating, at the location engine, a first hypothesis for the
location for the wireless terminal at time t(1) based on
the first signal value having first weight and the second
signal value having second weight, wherein the first
weight is greater than the second weight;
generating, at the location engine, a second hypothesis for
the location for the wireless terminal at time t(1) based
on the first signal value having third weight and the
second signal value having fourth weight, wherein the
third weight is less than the fourth weight;
generating, at the location engine, a first hypothesis for the
location for the wireless terminal at time t(2) based on
the third signal value; and
generating, at the location engine, an estimate for the loca-
tion of the wireless terminal at time t(2) based on:
(1) the first hypothesis for the location for the wireless
terminal at time t(1),
(ii) the second hypothesis for the location for the wire-
less terminal at time t(1), and
(iii) the first hypothesis for the location for the wireless
terminal at time t(2); and
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transmitting, from the location engine, the estimate for the
location of the wireless terminal at time t(2) for use by a
location-based application;
wherein the first weight, the second weight, the third
weight, and the fourth weight are all real non-negative
numbers.
2. The method of claim 1 further comprising:
generating, at the location engine, a third hypothesis for the
location for the wireless terminal at time t(1) based on
the first signal value having a fifth weight and the second
signal value having a sixth weight, wherein the fifth
weight equals the sixth weight; and
wherein the estimate for the location of the wireless termi-
nal at time t(2) is also based on:
(iv) the third hypothesis for the location for the wireless
terminal at time t(2).
3. The method of claim 2 wherein the estimate for the
location of the wireless terminal at time t(2) is also based on:
(v) a measure of distance between the first hypothesis for
the location for the wireless terminal at time t(1) and the
third hypothesis for the location for the wireless terminal
at time t(1).
4. The method of claim 1 wherein time t(1) occurs before
time t(2).
5. The method of claim 1 wherein time t(2) occurs before
time t(1).
6. The method of claim 1 further wherein the estimate for
the location of the wireless terminal at time t(2) is based on:
(iv) a measure of distance between the first hypothesis for
the location for the wireless terminal at time t(1) and the
first hypothesis for the location for the wireless terminal
at time t(2).
7. The method of claim 4 wherein the measure of distance
is the Euclidean distance.
8. The method of claim 4 wherein the measure of distance
is the road travel time.
9. A method of estimating the location of a wireless termi-
nal, the method comprising:
receiving, at a location engine, a first signal value whose
value is evidence of the location of the wireless terminal
at time t(1);
receiving, at the location engine, a second signal value
whose value is evidence of the location of the wireless
terminal at time t(1);
receiving, at the location engine, a third signal value whose
value is evidence of the location of the wireless terminal
at time t(2);
receiving, at a location engine, a first signal value whose
value is evidence of the location of the wireless terminal
at time t(1);
receiving, at the location engine, a second signal value
whose value is evidence of the location of the wireless
terminal at time t(1);
receiving, at the location engine, a third signal value whose
value is evidence of the location of the wireless terminal
at time t(2);
generating, at the location engine, a first hypothesis for the
location for the wireless terminal at time t(1) based on
the first signal value having first weight and the second
signal value having second weight, wherein the first
weight is greater than the second weight;
generating, at the location engine, a second hypothesis for
the location for the wireless terminal at time t(1) based
on the first signal value having third weight and the
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second signal value having fourth weight, wherein the
third weight is less than the fourth weight;

generating, at the location engine, a first hypothesis for the
location for the wireless terminal at time t(2) based on
the third signal value; and

generating, at the location engine, an estimate for the loca-
tion of the wireless terminal at time t(2) based on:

(1) ameasure of distance between the first hypothesis for
the location for the wireless terminal at time t(1) and
the first hypothesis for the location for the wireless
terminal at time t(2).

(i1) ameasure of distance between the second hypothesis
for the location for the wireless terminal at time t(1)
and the first hypothesis for the location for the wire-
less terminal at time t(2); and

transmitting, from the location engine, the estimate for the
location of the wireless terminal at time t(2) for use by a
location-based application;

wherein the first weight, the second weight, the third
weight, and the fourth weight are all real non-negative
numbers.

10. The method of claim 9 further comprising:

generating, at the location engine, a third hypothesis for the
location for the wireless terminal at time t(1) based on
the first signal value having a fifth weight and the second
signal value having a sixth weight, wherein the fifth
weight equals the sixth weight; and

wherein the estimate for the location of the wireless termi-
nal at time t(2) is also based on:

(iv) the third hypothesis for the location for the wireless

terminal at time t(2).

11. The method of claim 10 wherein the estimate for the
location of the wireless terminal at time t(2) is also based on:
(v) a measure of distance between the first hypothesis for
the location for the wireless terminal at time t(1) and the
third hypothesis for the location for the wireless terminal

at time t(1).

12. The method of claim 9 wherein time t(1) occurs before
time t(2).
13. The method of claim 9 wherein time t(2) occurs before
time t(1).
14. The method of claim 9 further wherein the estimate for
the location of the wireless terminal at time t(2) is based on:
(iv) a measure of distance between the first hypothesis for
the location for the wireless terminal at time t(1) and the
first hypothesis for the location for the wireless terminal

at time t(2).

15. The method of claim 9 wherein the measure of distance
is the Euclidean distance.

16. The method of claim 9 wherein the measure of distance
is the road travel time.

17. A method of estimating the location of a wireless ter-
minal, the method comprising:

receiving, at a location engine, a first signal value whose

value is evidence of the location of the wireless terminal
at time t(1);
receiving, at the location engine, a second signal value
whose value is evidence of the location of the wireless

terminal at time t(1);

receiving, at the location engine, a third signal value whose
value is evidence of the location of the wireless terminal

at time t(2);

generating, at the location engine, a first hypothesis for the
location for the wireless terminal at time t(1) based on
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the first signal value having first weight and the second

signal value having second weight, wherein the first

weight is greater than the second weight;

generating, at the location engine, a second hypothesis for
the location for the wireless terminal at time t(1) based
on the first signal value having third weight and the
second signal value having fourth weight, wherein the
third weight is less than the fourth weight;

generating, at the location engine, a third hypothesis for the
location for the wireless terminal at time t(1) based on
the first signal value having a fifth weight and the second
signal value having a sixth weight, wherein the fifth
weight equals the sixth weight;

generating, at the location engine, a first hypothesis for the
location for the wireless terminal at time t(2) based on
the third signal value; and

generating, at the location engine, an estimate for the loca-
tion of the wireless terminal at time t(2) based on:

(1) ameasure of distance between the first hypothesis for
the location for the wireless terminal at time t(1) and
the third hypothesis for the location for the wireless
terminal at time t(1), and

(i1) ameasure of distance between the second hypothesis
for the location for the wireless terminal at time t(1)
and the third hypothesis for the location for the wire-
less terminal at time t(1); and

transmitting, from the location engine, the estimate for the
location of the wireless terminal at time t(2) for use by a
location-based application;
wherein the first weight, the second weight, the third
weight, the fourth weight, the fifth weight, and the sixth
weight are all real non-negative numbers.
18. The method of claim 17 wherein time t(1) occurs before
time t(2).
19. The method of claim 17 wherein time t(2) occurs before
time t(1).
20. The method of claim 17 wherein the measure of dis-
tance is the Euclidean distance.
21. The method of claim 17 wherein the measure of dis-
tance is the road travel time.
22. A location engine for estimating the location of a wire-
less terminal, the location engine comprising:
a receiver for receiving:

(1) a first signal value whose value is evidence of the
location of the wireless terminal at time t(1);

(ii) a second signal value whose value is evidence of the
location of the wireless terminal at time t(1);

(iii) a third signal value whose value is evidence of the
location of the wireless terminal at time t(2);

a processor for:

(1) generating a first hypothesis for the location for the
wireless terminal at time t(1) based on the first signal
value having first weight and the second signal value
having second weight, wherein the first weight is
greater than the second weight;

(ii) generating a second hypothesis for the location for
the wireless terminal at time t(1) based on the first
signal value having third weight and the second signal
value having fourth weight, wherein the third weight
is less than the fourth weight;

(iii) generating a first hypothesis for the location for the
wireless terminal at time t(2) based on the third signal
value; and
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(iv) generating an estimate for the location of the wire-

less terminal at time t(2) based on:

(1) the first hypothesis for the location for the wireless
terminal at time t(1),

(2) the second hypothesis for the location for the
wireless terminal at time t(1), and

(3) the first hypothesis for the location for the wireless
terminal at time t(2); and

a transmitter for transmitting the estimate for the location
of'the wireless terminal attime t(2) for use by a location-
based application;

wherein the first weight, the second weight, the third
weight, and the fourth weight are all real non-negative
numbers.

23. The location engine of claim 22 wherein the processor

is also for:

generating a third hypothesis for the location for the wire-
less terminal at time t(1) based on the first signal value
having a fifth weight and the second signal value having
a sixth weight, wherein the fifth weight equals the sixth
weight; and

wherein the estimate for the location of the wireless termi-
nal at time t(2) is also based on:

(iv) the third hypothesis for the location for the wireless
terminal at time t(2).

24. The location engine of claim 23 wherein the estimate
for the location of the wireless terminal at time t(2) is also
based on:

(v) a measure of distance between the first hypothesis for
the location for the wireless terminal at time t(1) and the
third hypothesis for the location for the wireless terminal
at time t(1).

25. The location engine of claim 22 wherein time t(1)

occurs before time t(2).

26. The location engine of claim 22 wherein time t(2)
occurs before time t(1).

27. The location engine of claim 24 wherein the estimate
for the location of the wireless terminal at time t(2) is based
on:

(iv) a measure of distance between the first hypothesis for
the location for the wireless terminal at time t(1) and the
first hypothesis for the location for the wireless terminal
at time t(2).

28. The location engine of claim 27 wherein the measure of

distance is the Euclidean distance.

29. The location engine of claim 27 wherein the measure of
distance is the road travel time.

30. A location engine for estimating the location of a wire-
less terminal, the location engine comprising:

a receiver for receiving:

(1) a first signal value whose value is evidence of the
location of the wireless terminal at time t(1);

(ii) a second signal value whose value is evidence of the
location of the wireless terminal at time t(1);

(iii) a third signal value whose value is evidence of the
location of the wireless terminal at time t(2);

(iv) a first signal value whose value is evidence of the
location of the wireless terminal at time t(1);

(v) a second signal value whose value is evidence of the
location of the wireless terminal at time t(1);

(vi) a third signal value whose value is evidence of the
location of the wireless terminal at time t(2);
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a processor for generating:

(1) a first hypothesis for the location for the wireless
terminal at time t(1) based on the first signal value
having first weight and the second signal value having
second weight, wherein the first weight is greater than
the second weight;

(ii) generating, at the location engine, a second hypoth-
esis for the location for the wireless terminal at time
t(1) based on the first signal value having third weight
and the second signal value having fourth weight,
wherein the third weight is less than the fourth weight;

(iii) generating, at the location engine, a first hypothesis
for the location for the wireless terminal at time t(2)
based on the third signal value; and

(iv) generating, at the location engine, an estimate for the
location of the wireless terminal at time t(2) based on:
(1) a measure of distance between the first hypothesis

forthe location for the wireless terminal at time t(1)
and the first hypothesis for the location for the
wireless terminal at time t(2).

(2) a measure of distance between the second hypoth-
esis for the location for the wireless terminal at time
(1) and the first hypothesis for the location for the
wireless terminal at time t(2); and

a transmitter for transmitting the estimate for the location
ofthe wireless terminal at time t(2) for use by a location-
based application;

wherein the first weight, the second weight, the third
weight, and the fourth weight are all real non-negative
numbers.

31. The location engine of claim 30 wherein the processor

is also for:

generating, at the location engine, a third hypothesis for the
location for the wireless terminal at time t(1) based on
the first signal value having a fifth weight and the second
signal value having a sixth weight, wherein the fifth
weight equals the sixth weight; and

wherein the estimate for the location of the wireless termi-
nal at time t(2) is also based on:

(iv) the third hypothesis for the location for the wireless
terminal at time t(2).

32. The location engine of claim 31 wherein the estimate
for the location of the wireless terminal at time t(2) is also
based on:

(v) a measure of distance between the first hypothesis for
the location for the wireless terminal at time t(1) and the
third hypothesis for the location for the wireless terminal
at time t(1).

33. The location engine of claim 30 wherein time t(1)

occurs before time t(2).

34. The location engine of claim 30 wherein time t(2)
occurs before time t(1).

35. The location engine of claim 30 further wherein the
estimate for the location of the wireless terminal at time t(2)
is based on:

(iv) a measure of distance between the first hypothesis for
the location for the wireless terminal at time t(1) and the
first hypothesis for the location for the wireless terminal
at time t(2).

36. The location engine of claim 35 wherein the measure of

distance is the Euclidean distance.

37. The location engine of claim 35 wherein the measure of
distance is the road travel time.
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38. A location engine for estimating the location of a wire-
less terminal, the location engine comprising:
a receiver for receiving:

(1) a first signal value whose value is evidence of the
location of the wireless terminal at time t(1);

(i) receiving, at the location engine, a second signal
value whose value is evidence of the location of the
wireless terminal at time t(1);

(iii) receiving, at the location engine, a third signal value
whose value is evidence of the location of the wireless
terminal at time t(2);

a processor for generating:

(1) a first hypothesis for the location for the wireless
terminal at time t(1) based on the first signal value
having first weight and the second signal value having
second weight, wherein the first weight is greater than
the second weight;

(ii) a second hypothesis for the location for the wireless
terminal at time t(1) based on the first signal value
having third weight and the second signal value hav-
ing fourth weight, wherein the third weight is less than
the fourth weight;

(iii) a third hypothesis for the location for the wireless
terminal at time t(1) based on the first signal value
having a fifth weight and the second signal value
having a sixth weight, wherein the fifth weight equals
the sixth weight;
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(iv) a first hypothesis for the location for the wireless
terminal at time t(2) based on the third signal value;
and

(v) an estimate for the location of the wireless terminal at
time t(2) based on:

(1) a measure of distance between the first hypothesis
forthe location for the wireless terminal at time t(1)
and the third hypothesis for the location for the
wireless terminal at time t(1), and

(2) a measure of distance between the second hypoth-
esis for the location for the wireless terminal at time
t(1) and the third hypothesis for the location for the
wireless terminal at time t(1); and

transmitting, from the location engine, the estimate for the
location of the wireless terminal at time t(2) for use by a
location-based application;
wherein the first weight, the second weight, the third
weight, the fourth weight, the fifth weight, and the sixth
weight are all real non-negative numbers.
39. The location engine of claim 38 wherein time t(1)
occurs before time t(2).
40. The location engine of claim 38 wherein time t(2)
occurs before time t(1).
41. The location engine of claim 38 wherein the measure of
distance is the Euclidean distance.
42. The location engine of claim 38 wherein the measure of
distance is the road travel time.
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