WO 2008/087651 PCT/1L2008/000092 -1 Pedestrian Navigation System
and Method FIELD OF THE INVENTION This invention relates to a
pedestrian navigation system and method. BACKGROUND OF THE
INVENTION Pedestrian tracking and positioning are required for a wide
WIHHER B Rhvigation applications, such as search and resctfet Friftgpo0oz
applications, sports and tourism navigation, commercial location-based
services, and many more. Several pelestrian navigation aids are known
that use low-cost, lightweight devices. There are known hand-held aids,

as well as body-mBEestegisrddayigatievisseerbentddefiatbad, shoulder,

belt, shoe or foot. There are known pedestrian navigation aids that
integrate several sensors and units e.g. Inertial Measurement Unit (IMU,
e.g. microelectro-mechanical system (MEMS) including gyroscopes and
accelerometers), a pedometer, a magnetometer, Global Positioning
System (GPS and like systems), sonar and radar. An IMU solution
typically suffers from errors accumulated due to inertial sensor's drifts:

even a small inertial measurement error contributes to high position error,
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typically |mplemente§ as a Kalman filter updating component. Inertial
measurements are typically corrected based on local measurements
provided by local sensors e.g. the magnetometer, and/or with exterior
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belt, shoe or foot.

There are known pedestrian navigation aids that integrate several sensors and
units e.g. Inertial Measurement Unit (IMU, e.g. microelectro-mechanical system
(MEMS) including gyroscopes and accelerometers), a pedometer, a magnetometer,
(ilobal Positioning System (GPS and like systems), sonar and radar.

An IMU solution typically suffers from errors accumulated due to inertial
sensor's drifts: even a small inertial measurement error contributes to high position
error, which rapidly grows as a high order polynomial function of time. Thus,
pedestrian navigation aids typically include a navigation error corrector, typically
implemented as a Kalman filter updating component. Inertial measurements are
typically corrected based on local measwrements provided by local sensors e.g. the
magnetometer, and/or with exterior indications coming from external infrastructure and
sources such as a LAN (Local Area Network), radar beacon or GPS. However, a
problem arises when such exterior indications or signals are unavailable or not
exploitable, e.g. when a GPS signal is blocked or degraded, even occasionally, or when
the LAN is unavailable,



yield a correction input which in turn is provided to a navigation processor
and processed with the IMU data. Typically, ZUPT enables correcting
parameters such as position, velocity, acceleration, pitch and roll bias,
thereby reducing inertial drift errors. Zero-velocity updates are typically
%?ﬂ%%@@@éry time the pedestrian foot (on which the IMU &CT/AL2008/060092
accommodated) strikes the ground. The so-called "dead reckoning” (DR

or PDR - Pedestrian Dead Reckoning)2method is an autonomous method
independent of exterior indications, for determining position and other
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W BrachaRdraml"A Method for Dead Reckoning WO 2008/087651
PCT/ILEROSANEARY pdtents and patent applications relate to pedestrian navigation:
US Patent Nos. 4,371,945; 5,583,776; 6,522,266; 6,549,845; 6,826,477, and US Patent
Application No. 2002/0143491.

Also relevant to the field of pedestrian navigation are: E. Foxlin, "Pedestrian
tracking with shoe-mounted inertial sensors”, IEEE Computer Graphics and
applications, November/December 2005, IEEE 0272-1716/05; and S. Gudha, G.
Lachapelle and M. E. Cannon, "Integrated GPS/INS systems for pedestrian navigation
in a signal degraded environment", ION GNSS 2006, Fort Worth, 26-29 September
2006; Q. Ladetto, J. van Seeters, S. Sokolowski, Z. Sagan, B.Merminod, "Digital
Magnetic Compass and Gyroscope for Dismounted Soldier Position and Navigation®,
NATO Research and Technology Agency, Sensors & Electronics Technology Panel;
Ross Stirling, Jussi Collin, Ken Fyfe, Gerard Lachapelle, "An Innovative Shoe-Mounted
Pedestrian Navigation System", GNSS 2003, Graz, Auvstria, April 2003; R. Jirawinut,
P. Ptasinski, V. Garaj, F. Cecelja, W. Balachandran, "A Method for Dead Reckoning



Parameter Correction in Pedestrian Navigation System”, IEEE Trans.
Instrumentation and Measurement, Vol. 52, No. 1, February 2003, pp.
w202%62157' K. Okuda. S. Yeh, C. Wu, K. Chang, H. Chu, "The GETA

8ARFAIE A Footprint Location Tracking System”, LoCA 2008T/Riafii0092
Germany. GETA sandals provide a navigation system that employs two
on-foot modules (wooden sandals) edch having two sensor units installed
H1ereon. For example, one module - e.g. left foot sandal - includes two
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There is a further need in the art for a navigation device and method suitable for a wide
variety of pedestrian motion types. There is a need in the art for an efficient, highly
accurate pedestrian navigation device and method. There is a need in the art for a
pedestrian navigation device which can provide a high accuracy level with low-class

inertial units. There is a need in the art for a compact navigation device.

SUMMARY OF THE INVENTION

In accordance with an embodiment of the invention there is provided an on-foot
pedestrian navigation module useful for pedestrian navigation when operated with at
jeast a control unit and another on-foot pedestrian navigation meodule, the module

comprising: at least a first sensor unit and a second sensor unit, wherein each sensor



unit including an up/down sensor adapted for sensing an 'up’ condition
and a 'down’' condition associated with relative displacement of the
module with respect to a surface, and a signal transmitter/receiver
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controller, for generating a propagating signal; a module controller for
controlling the operation of the module in response to a control signal
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receiving from said first module and second module data indicative of a condition of
respective up/down sensors; applying on said data a predetermined pedestrian motion
model and in response, generating an activating signal for causing a selected acoustic
transducer accommodated on the first or second module to generate an acoustic signal;
and in case an acoustic transducer accommodated on the first module is activated,
receiving from at least the second module data indicative of a receipt of said acoustic
signal by at least two other acoustic transducers, and in case an acoustic transducer
accommodated on the second module is activated, receiving said data from at least the

first module; and repeating said operations (i)-(iil) during a pedestrian motion, thereby



WO 2008/087651 PCT/1L2008/000092 -5 enabling TOA (Time of Arrival)
processing which is useful in determining momentary positions of the
edestrian during motion. According to an embodiment of the invention,
“E)Héuﬁ?é’a@i@rmined pedestrian motion model is based on MBIk} I5H602
least one motion type by analyzing respective displacements with respect
to the surface of at least three moduié points each corresponding to a
respective acoustic transducer, at least one of said points is not located
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accommodated on the first moduleis activated, receiving from at [east the
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control unit, said navigation processing unit being adapted for performing
qroaid data a predetermined pedestrian motion model and in response, generating an
activating signal for causing a selected acoustic transducer accommodated on the first or
second module to generate an acoustic signal; and in case an acoustic transducer
accommodated on the first module is activated, receiving from at least the second
module data indicative of a receipt of said acoustic signal by at least two other acoustic
transducers, and in case an acoustic fransducer accommodated on the second module is
activated, receiving sald data from at least the first module; and repeating said
operations (i)-(iii) during a pedestrian motion; wherein the pedestrian navigation system
further comprising & navigation processing unit coupled to or integrated with the
control unit, said navigation processing unit being adapted for performing TOA
processing and determining at least momentary positions of the pedestrian during

© motion.



processing and determining at least momentary positions of the
pedestrian during motion. WO 2008/087651 PCT/IL2008/000092 -6

' yet another embodiment of the invention there is provided a
@égd%;rs%%ggavigation system comprising a sensor arrangemi&ritad¥iiP4612
pedestrian navigation, the sensor arrangement comprising a first
navigation module and a second navfRjation module, each navigation
module comprising: at least a first sensor unit and a second sensor unit
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transducer accommodated on the second module is_activated, receiving
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pedestrian navigation system further comprises an Inertial Measuring Unit
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rocessing a.navigation solution relating to th destrian's motion.,
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further comprising a navigation processing unit coupled to or integrated with the
control unit, said navigation processing unit being adapted for performing TOA
processing and determining at least momentary positions of the pedestrian during
motion; wherein said pedestrian navigation system further comprises an Inertial
Measuring Unit (IMU) for providing momentary inertial data and wherein said
navigation processing unit is further adapted to use said momentary inertial data in
processing a navigation solution relating to the pedestrian's motion.

According to yet another embodiment of the invention there is provided a
pedestrian nevigation system comprising a sensor arrangement useful for pedestrian
navigation, the sensor arrangement comprising a first navigation module and a second
navigation module, each navigation module comprising: at least a first sensor unit and a

second sensor unit, wherein each sensor unit including an up/down sensor adapted for



According to yet another embodiment of the invention there is provided a
pedestrian navigation system comprising a sensor arrangement useful for
pedestrian navigation, the sensor arrangement comprising a first
Wiagegatisiismodule and a second navigation module, each pavigaaiomecosz
module comprising: at least a first sensor unit and a second sensor unit,
wherein each sensor unit including aryup/down sensor adapted for WO
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comprises an inerfial error corrector coupled to at least said GPS umit and
magnetometer, said inertial error corrector being further coupled to or integrated with
said navigation processing unit, said inertial error corrector being adapted for: receiving
from the navigation processing unit a navigation signal indicative of momentary
position, velocity and acceleration of the pedestrian; receiving zero-velocity updates
(ZUPT), GPS data and magnetometer data and in response generating a correction
signal -applied to said navigation signal and being indicative of a position correction,
velocity correction and an acceleration correction, thereby constituting a corrected

navigation solution.



said navigation processing unit, said inertial error corrector being adapted

for: receiving from the navigation processing unit a navigation signal
indicative of momentary position, velocity and acceleration of the
WedeLIEHSteceiving zero-velocity updates (ZUPT), GPS dateranghos/o00092
magnetometer data and in response generating a correction signal

applied to said navigation signal and bging indicative of a position

correction, velocity correction and an acceleration correction, thereby
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rezgect to a surface,.and a signal transmitter/receiver adapted, in
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e PEOLRSRIAY AR ipation processing unit coupled to or integrated with the control
unit, said navigation processing unit being adapted for performing TOA processing and
determining at least momentary positions of the pedestrian during motion; wherein said
pedestrian navigation system further comprises an Inertial Measuring Unit (IMU) for
providing momentary inertial data and wherein said navigation processing unit is further
adapted to use said momentary inertial data in processing a navigation solution relating
to the pedestrian's motion; and wherein said pedestrian navigation system further
comprises an inertial emror corrector coupled to at least said GPS wnit and
magnetometer, said inertial error corrector being further coupled to or integrated with
seid navigation processing unit, said inertial error corrector being adapted for: receiving

from the navigation processing unit a pavigation signal indicative of momentary

position, velocity and acceleration of the pedestrian; receiving zero-velocity updates



determining at least momentary positions of the pedestrian during motion;
wherein said pedestrian navigation system further comprises an Inertial
Measuring Unit (IMU) for providing momentary inertial data and wherein

WO I9RATT63kon processing unit is further adapted to use sEETARGHIS N2
inertial data in processing a navigation solution relating to the
pedestrian's motion; and wherein saiPpedestrian navigation system
further comprises an inertial error corrector coupled to at least said GPS
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applying @R signal tensaiihavigation sigaatanibsaickZRTds@idiigation

copdition is.met again, thereby reducing accumulation of inertial drif
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qﬁﬁgﬁﬁﬁi ﬁgaﬁg%mﬁﬁﬁagpiﬁf&ﬁiﬁﬁl@@;ocessing which is useful in determining DR

(Dead-Reckoning) momentary positions of the pedestrian during motion.

According to an embodiment of the invention, the predetermined
transmission/receiving scheme is one of: transmitting said wave from one of said touch
point locating on a first foot and receiving said wave at least at two touch points located
at a second foot; and transmitting said wave from two of said touch points located on a
first foot and receiving said wave at least at one touch point located on a second foot.

According to an embodiment of the invention, the predetermined pedestrian
motion model is based on modeling of at least one motion type by analyzing respective
displacements with respect to the surface of said touch points.

According to another embodiment of the invention there is provided a
navigétion method useful for pedestrian navigation, comprising: (a)associating at least

three touch points with heel area and toes area of said pedestrian's left foot and right



thereby enabling TOA (Time of Arrival) processing which is useful in
determining DR (Dead-Reckoning) momentary positions of the pedestrian
during motion. According to an embodiment of the invention, the
weedetagnged transmission/receiving scheme is one of. trapsmitting. saick,
wave from one of said touch point locating on a first foot and receiving
said wave at least at two touch points pcated at a second foot; and
transmitting said wave from two of said touch points located on a first foot
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foot. ccordingﬁto an embodiment of the invention, the predetermine
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tpucheidtvcih se8acnsERTmdowWeT frsint fcaidmiopagating wave at least by
part of said touch point, this information including Time-of-Arrival information; (e)

thereby enabling TOA. (Time of Arrival) processing which is useful in determining DR
(Dead-Reckoning) momentary positions of the pedestrian during motion; (f) based on
information regarding said generating and said receipt, performing TOA processing and
determining momentary DR positions of the pedestrian during motion; (g) based on
momentary inertial data, momentary GPS data, momentary magnetometer data and said
momentary DR position data, determining a navigation solution; and (h) repeating said
operations {(a)-(g) as many times as required.

According to another embodiment of the invention there is provided a
navigation method useful for pedestrian navigation, comprising: (2)associating at least
three touch points with heel area and toes area of said pedestrian's left foot and right
foot; (b) collecting up/down information about a relative displacement of each of said

touch points with respect to a surface; (c) based on said up/down information and in



accordance with a predetermined pedestrian motion model and a
predetermined transmission/receiving scheme, generating a propagating
wave at least at one of said touch points; (d) collecting information of

Wl PHoehid propagating wave at least by part of said toBER/Peie/ohg92
information including Time-of-Arrival information; (e) thereby enabling
TOA (Time of Arrival) processing whidh s useful in determining DR
(Dead-Reckoning) momentary positions of the pedestrian during motion;
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another embodiment of the invention there is provided a navigation

FRSEROR GRS FSRRSER R AT RERAB s BRTTSRY dpsins Seiatin gabased on
ieasintieeréguchnpoiitb jaidtdiag hateaidrectaps padarahsaTl e gdesiERmg and
left foot.and right foot; collectin /down information abqut a relative
A R P e S AR PR T B e o
pesecdiory sagdtiabdtwmemiontantiohSaditrin O 2008 /08FE8meter data and said
RCrhék2Q08H000088n dula26SRHEIAREE MR A SIRIRINGHRRARSIER Vel ocity

mation model and a predetermined transmission/receiving scheme, |
Yestisrathdly A bropagatiiG iaserRersiensien it L IBrPgoMtd, @visation
sdlieiotingliafeism attnstivfieg eiptcofrsatd prapageting solavieat [Bastheyiipartit a

of said touch poigt. this informatien including T.ime-of:Arrival information; .

B B P A ol 10 o R R uing
denbiifinial DR¢Dd sieaek onira) monsetitarsispsltions df tive heddtmaiive,
QM;F g@gﬂgrgiéﬁab@&%&w@wm %@Ql regardinosae %ﬁ&@t%ﬁcﬁﬁ% is met

i
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condition is met and if to the affirmative, continuing applying sali

d
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velocity correction and attitude correction calculated based on zero-velocity updates
(ZUPT); (iii)generating a corrected position value, corrscted velocity value and
corrected attitude value by correcting said position value, velocity value and attitude
value based on said position correction, velocity correction and atiitude correction as
long as a predetermined ZUPT validity condition is met, and in case said predetermined
ZUPT validity condition is not met, correcting said position value, velocity value and
attitude value based on at least a DR position correction calculated based on
measurements provided by a Dead-Reckoning (DR) unit; (iv) using said corrected
position value, corrected velocity value and corrected aftitude value for processing said
pedestrian navigation solution, and (v)repeating operations (i)-(iv) as many times as

required.



applying a DR signal to said navigation signal until said ZUPT validity
condition is met again; and (j) repeating said operations (a)-(i) as many
times as required. According to yet another embodiment of the invention,
YeAFOBNided a computerized method for reducing accunaulatinmsafoonsz
inertial drift errors associated with an IMU (Inertial measuring Unit) in
processing of a pedestrian navigationsolution, the method comprising:
(providing position value, velocity value and attitude value based on -
measUnrementzoarvdthout attedshiry sdithéNiyptioprisading positled a sensor
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zero-velocity updates (ZUPT); (iif)generating a corrected positio
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correction calculated based on measurements provided by a )
Dead-ReckShRg S Oitigio) TRIHgeSET GomedibuCciEish (A genorating an
corrected vetoaiiodiiaiand corrected attitude value for processing said

pedestrian navigation solution, and (v)repeating.operations (i)-(jv) as .
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sensor arrangement UsRiLIgr RedRsiiaR HayidalieR dNEREASRAkate with said

arrangement comprising a first module and a second module and a
control unit #feTefe saRRHsatradehmsmedule.at least a first sensor unit
and a saeehtssrRnsarhilinwhe@ipebol sensor unit including an up/down

sensof.adapted far sensin .up' co l{:I“ition and_a 'down’ conditign_ ..
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- a module controller for controlling the operation of the module in .
response to S50 SBHAHES Ry HEHPEELBh Y ting selected acoustic
communicatigsmithitdokenakiiogasai chindd testo £ asasndnicadal it gaidate an

acoustic signal; and -

(iii) in case an acoustic transducer accommodated on the first module is
activated, receiving from at least the second module data indicative of a
receipt of said acoustic signal by at least two other acoustic transducers,
and in case an acoustic transducer accommodated on the second module
is activated, receiving said data from at least the first module; and

(iv)  repeating said operations (i)-(iii) during a pedestrian motion,

thereby enabling TOA (Time of Arrival) processing which is usefnl in
determining momentary positions of the pedestrian during motion.

In accordance with an aspect of the invention, there is provided a pedometer
system comprising at least first, second and third sensors adapted for attaching to
respective soles of a user’s footwear such that, in use, the first sensor is located under a
toe portion of a first foot and the second and third sensors are respectively located under

toe and heel portions of a second foot, whereby, when the user is walking, the three



at least the control unit and other module, wherein said control unit is
adapted for: (i) receiving from said first module and second module data
indicative of a condition of respective up/down sensors; (ii) applying on
iR ¢ bredetermined pedestrian motion model and in PEEFbA8E/ 000692
generating an activating signal for causing a selected acoustic transducer
accommodated on the first or second thodule to generate an acoustic
signal; and (iii) in case an acoustic transducer accommodated on the first
seoshukenisvattivatediicetsivivigdronthafele ast tledhenp itk rgooule asitane foot is

iﬂﬂﬁ%ﬁ’ﬁl??@t Eﬁ%@éﬂﬁﬁ@id acoustic signal by at least two other acoustic

transducers, and in case an acoustic transducer accommodated on the
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attaching to respective soles of a user's footwear such that, in use, the
freticesahy fe9aRdf88%under a toe portion of a first foot and the second
and thivcheebgpordaielrespe diivelikingatedinademndae prdideehindii@nismivhen
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ooespaciivk soiés of a user's footwear such that, in use, the first sensor

is located under a toe portion of a first foot and the second and third
sensors are respectively located under toe and heel portions of a second
foot; whereby, when the user is walking, the three sensors provide an
BRICEHOERKOREPTION OF THE DRAWINGS

In order to understand the invention and to see how it may be carried out in
practice, certain embodiments will now be described, by way of non-limiting example
only, with reference to the accompanying drawings, in which:

Figs. 1a-1d are illustrations of a four-phase pedestrian motion model;

Figs. 2a-2b are high-level illustrations of a sensor arrangement according to an
embodiment of the invention;

Figs. 3a-3d are further illustrations of a sensor arrangement according to an
embodiment of the invention;

Figs. 4a-4b are geometric representations of a pedestrian motion phase;

Figs. 5a-5e are illustrations of a performance over time of a sensor arrangement
according to an embodiment of the invention;

Fig, 6 is another geometric representation of a pedestrian motion phase;

Fig. 7 is a block diagram of a navigation device according to an embodiment of
the invention;

Fig. 8 is a block diagram of a navigation device according- to another

embodiment of the invention; and



both feet are touching the ground and one foot is substantially flat on the
ground. Thus, in its broadest aspect, the invention allows discrimination
between a user who walks and one who runs, since walking is
eliereusiestaed by alternate feet contacting the ground at twoppQigtSeddliksys
running, where only one point of each foot contacts the ground at each
stride. BRIEF DESCRIPTION OF THE PRAWINGS In order to understand
the invention and to see how it may be carried out in practice, certain

embodigents wilhneybe sisssHigd, iy maKofARNIMItGD RXAMRIRCRM an
with reference to the accompanying drawings, in'which: Figs. la-id are
iFRRPAHBHY 8F B34BYSEHA%e pedestrian motion model; Figs. 2a-2b are
high-level illustrations of a sensor arrangement according to an

embodiment of the invention; Figs. 3a-3d are further illustrations of a

}iﬁsor arrar;%ement accordin%:jlto an embodiment of the invention; Figs.

WQ ﬁ%%}r)ag@@eﬂ W%XMPW%%; Figs.
5a-5e grelusualions @t a RREOIPANCE QYLeLINEOIRSERIR0Mere is provided a
arrangement according to an embodiment of the invention; Fig. 6 is )
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DESCRIPTION OF EXEMPLARY EMBODIMENTS In accordance with a
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on different locations on feet of a pedestrian, e.g. two sensors on the right

B aicTma R g siRE sPecim idbepraneating SEnsbby Alow deséseingther
thenkalativedispiacempnl of 80881 reckoning navigation processing.

Thus, according to an embodiment of the invention there is provided a sensor
unit that facilitates dead-reckoning pedestrian navigation. According to another
embodiment of the invention, there is provided a dead-reckoning pedestrian navigation
method that employs measurements taken by left and right navigation modules, each
comprising at least two sensor units, together having at least three or four sensors
disposed on different locations on 2 left or right foot of a pedestrian. Fach sensor is
associated with a transmitter/receiver. According to cerfain embodiments of the
invention, at least one of said at least three or four sensors disposed on different
locations on a left or right foot of a pedestrian, is integrated with or attached to an IMU
(Inertial Measurement Unit).

According to a second aspect of the invention, there is provided a pedestrian
navigation device which includes, inter-alia, two navigation modules each comprising,
inter-alia, at least two sensor units, an Inertial Measuring Unit (IMU) and an error
corrector. According to an embodiment of the invention, information generated based
on input provided by the navigation module/s is used by the error corrector for

correcting navigation information generated based on IMU measurements. According to



foot with respect to the other. The resultant relative displacement data is
considered and used in generating and transmitting a propagating signal
(e.g. acoustic, infra-red, RF or other electromagnetic signal) from a
woarpaitknieceiver associated with one sensor toward at laastAnV@m/e00092
transmitter/receivers associated with other sensors, respectively. TOA
information regarding receipt of the pyepagating signal by the at least two
other transmitter/receivers is used in dead-reckoning navigation
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provided a sensor unit that facilitates dead-reckoning pedestrian
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Four-phase motion model

Before turning to the description of certain aspects and embodiments of the
present invention, a reference is now made to Figs. 1a-1d, which illustrate a model of
four key phases of a pedestrian motion. This model will be used to present the concepts
of the present invention. It should be understood that the invention is not limited by the
illustrated model, and other walking and running models may be used without departing
from the scope of the invention. According to the model illustrated in Figs. la-1d,
forward short-step walking is divided into four sequential phases. The key phases are
described hereinafter with reference to four points, two on the right foot and two on the
left foot: a left point Ty, and right point T - underneath the toes area (sole) of the left
and right feet, respectively; and a left point Hy, and a right point Hr - underneath the
heel area. Bach phase is characterized by three of those points touching the ground
while the fourth one is lifted off, as illustrated in Figs 1a-1d:



navigation processor. Navigation module/s inputs are used by the

navigation processor for parallel navigation processing. When no

zero-velocity updates are available (this is checked by the ZUPT

WRSGREPS 66 example in a case of IMU malfunction, a PDR mavigatiensoos?

solution is provided as an alternative to the IMU solution. According to

certain embodiments of the invention, gf least one IMU is used, being

attached to or integrated with a navigation module. In the following, the
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pedestrian motion. This model will be used to preSent the concepts of the

BPLERT HRAERHBE. It should be understood that the invention is not limited

by the Hhastravedrimotst, tandigiherewaking:a it (e l-mDER! SR a¥pes Tifted
d without departing from the scope of the invention. According to the

model illustrated in Figs. la-ld, forward short-step walking is divided into

four sedjgertatpiaEEs: Thédey Piravesmnes ideddoheulhéreitereirmeittis exist:
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left p?&at TL and right |nt TR - underneath the toes areaésole) of the left

?ﬁe‘é"t%&ﬁé“cf fdhaiefidropaitliag offdbs sgHPRoimeItRove-detailed
mm&etn&aﬂsethen heelsagaentanehapbase ihchdsdotepaadday dhige Bidhase toes
%gln%s touching the ground while the fourth one is lifted off, as illustrated

E}gs la- Id WO 2008/087651 PCT/IL2008/000092 -16 Phase | (Fig. 1a):
ishaEangRmdnsff and sent towards the preferred walking

dlrectlcmga@q il saptinatsiay$en e dranac Jeleboderliouches o

the g ound Phase 1l (Fig. Ip): Subsequently, the toes of the left foot touch
(RGPS ShiRet ARG n SEPICTiREEPSFPIAR GLFRmprises at least four sensor

units, Spi, Sti, Syr, Str, placed substantially underneath af the heel area and toes area

of the left and right feet (e.g. shoe soles), respectively (a three-sensor configuration is
also appropriate, as will be discussed further below) . The sensors are designed to sense
a condition of the respective heel or toe, e.g. being on the ground or lifted off, As will
be detailed below, integration of indications gathered from three or four sensors at
substantially the same time will indicate the momentary stride phase.

According to one embodiment of the invention, each or some of the Sur, St
Sym, STr sensors is a pressure switch, i.e. an on-off switch activated whenever the
corresponding toe or heel area is pressed against e.g. the ground. According to another
embodiment of the invention, each or some of the sensors are accelerometers.

According to an embodiment of the invention, each of the sensors Su1, Stu, Sir.
Str, optionally with additional components (which are not shown in Fig. 2a), are add-on
units and are attached to the pedestrian fest (shoés) on demand. According to another
embodiment, the sensors Syr, Str, Sur, Str and optibnally additional components, are

provided as part of the shoes.



Phase Il (Fig. 1c): After the right foot was lifted off and sent towards the

preferred walking direction and while the left foot stays on the ground, the

left heel touches the ground. Phase IV (Fig. Id): the right toes return to

WG And the left heel is lifted off. Not shown in Figs. REKBze08Hg0092

instances in which only two touch points exist: between phase Il and

phase Il - the right foot is lifted off thelfreund; between phase IV and

phase | of the next stride - the left foot is lifted off the ground. The
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STR, optionally with additional components (which are not shown in Fig.
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rent configuration of three points
touching the surface (three sensors indicating "down") and one point ~ above the

surface. This is illustrated in a self-explanatory manmer in Figs. 3a-3d and summarized
in Table (1): |

ey ,
Stride Point Hy, Point Ty, Point Hp Point Ty
Phase Sensor Sy | Sensor Sy | Sensor Spr | Sensor St
Phase I down up down down
Phase II down down up down
Phase TII down down down up
Phase IV up down down down

At each phase, three points touch the surface (these points are denoted

hereinafter as 'touch points’). Two of the touch points are at the same position as at the
previous phase (e.g. at phase II- points Tz and Hi); One touch point (denoted

hereinafter as 'the new touch point' or 'down-new ') touches the surface at an unknown



(Local area Network) with a navigation processing unit (Processor) 220.
Navigation processing unit 220 receives the data gathered by the sensors
Ste, STL, SHR, STR via the network 210 and uses this data for
wloadws@skeming pedestrian navigation processing, in the folk@winiGoos/ooo092
manner: each of the sensors SHL, STL, SHR STR is further equipped (or
associated) with an acoustic transponglgr, activated in response to an
activation signal coming from the navigation processing unit. The signal is
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coordinates (3, v3) indicative of the position of the third touch point are a sohution of
the following set of equations (2):
@ & =)+ )
&y = (x3-%0) + (y5y2)

Fig. 4b is a geometric representation of the two possible solutions P'3, P";y of set
of equations (2), under the assumption that z;, z» and z; equal to zero (motion on a flat
surface). In order to select the appropriate solution (point P'3) and eliminate the other
one (P"3), additional information is considered, e.g. the expected position of P's as a left
foot point {(e.g. based on an assumption that the left foot is much more likely to be
landing on the ground to the left of the right foot during a regular stride) or the expected
position of P'y based on the position of the same point at the previous stride. It should be
understood that the invention is not limited by the manner by which the above-
mentioned appropriate solution between possible solutions of equation (2) is selected.
At the next phases (e.g. phase II illustrated in Fig. 3b), basically the same geometrical
considerations apply. At phases IT and [V, when one foot stays on the ground, one

distance parameter is already available (e.g. d2 illustrated in Fig. 4a).



position (e.g. at phase Il- point TL); and the fourth point is lift off the
surface (e.g. at phase II- point HR). According to an embodiment of the
invention, at each motion phase, the unknown position of the third, new

vauahdgaintis calculated based on the known positions of the.piheftouGh,
points, based on TOA (Time of Arrival) calculations relating to the

transmission and receipt of acoustic silgnals between at least the three
touch points. For example, as illustrateéd in Fig 3a, the touch points are
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that the invention_is not limited by the manner by which the above-
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According to an embodiment of the invention, the signal is generated and transmitted in
the form of a burst. The acoustic transponders associated with right sensors Syr and Str
receive the phase I signal at different times of arrival. As is well known in the field of
TOA processing, the difference in time of arrival (and in phase of armival) is indicative
of the difference in travel distance of the signal, and can be used for the determination
of the distance of travel.

Thus, in accordance with certain embodiments of the present invention, the
acoustic transponders associated with the module sensors transmit and receive signals
under a predefined transmit-receive scheme, The invention is not limited by the above-
mentioned transmit-receive scheme, and many other schemes are possible within the
scope of the present invention. An additional non-limiting example is baving

transponders associated with two ‘down' sensors transmifting the acoustic signal



WO 2008/087651 PCT/IL2008/000092 -19 In applying the above concept
according to an embodiment of the invention, there is provided symmetry
between the left module and the right module: TOA calculations are
WarkiBd B0 during the walk regarding three touch points (semsarsi).za08/000692
irrespective of the identity of the points (left foot or right foot). This is
facilitated by the use of a transpondegguhich is capable of transmitting a
signal as well as receipt of a signal. The concept of the present invention
cobdthaisybm famititieie dridly thsitrgnagordsy miratritatdfdange e esgeiving the
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travel distance of the signal, and can be used for the determination of the
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2a-2b, 3a-3d and 4a-4b, and certain pedestrian motion models: Fig. 5a relates to

forward short-step walk; Fig. 5b relates to long step walk; Fig. Sc relates to backward
stepping; Fig. 5d relates to footprint stepping; and Fig. Se relates to running, It should
be understood that the invention is not limited by the exemplary motion models
illustrated in Figs. 5a-5e.

As can be seen, each motion type has its own walking model and this model can
be characterized by the mutual performance of the sensors. Thus, according to an
embodiment of the invention, the performance of the sensors is monitored over time.
Performance data is gathered and used for assessing which motion model from a
plurality of motion models best fits to the gathered performance data. Identifying a

motion model includes selecting the type of model as well as determicing the various



scope of the present invention. An additional non-limiting example is

having transponders associated with two 'down’ sensors transmitting the
acoustic signal WO 2008/087651 PCT/IL2008/000092 -20- substantially in
PEPAME¥/ MFthe transponder of the third 'down’ sensor receiviagih®osmonsoz
propagating signal from the two transmitters. Determination of motion
parameters Pedestrians can perform_many types of motions, such as:
forward stepping (the so-called forward short-step walk); long-step
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can beyharatierizeddy themyfualpesfgrmance of the sensors. Thus,
according to 3512 = (ke + (792 + (zems)?
&5 = (xaxp) + (Va-y1)’ + (z5-21)

As described above with reference to Figs. 2a-2b to 6, according to one of its
aspects the present invention facilitates autonomous dead-reckoning navigation. The
present invention allows for determination of various parameters relating to pedestrian
motion, for example: step counting, e.g. counting of phase pairs I+II, IIT+IV; stride
length determination, e.g. distance between toes sensor of one foot and the heel sensor
of the other foot; heading (direction of motion), e.g. by comparing and assessing
sensors' positions gathered and calculated at a certain phase with those gathered and
calculated at previous strides; and type of motion.

Some non-limiting examples of point locations are: a heel point located
substantially beneath a heel area and a toes point, located substantially beneath a toe
area, constituting a plurality of four points (this is illustrated in Figs. 3a-3d, 4a-4b); a

heel point located substantially beneath a heel area, a toes point located substantially



embodiment of the invention, the performance of the sensors is monitored
over time. Performance data is gathered and used for assessing which
motion model from a plurality of motion models best fits to the gathered
Ve foPiERee data. Identifying a motion model includes seleetirgithmstypeo:
of model as well as determining the various WO 2008/087651
PCT/1L2008/000092 -21 phases of thgzselected model. Also determined
in accordance with the selected model are the momentary time :
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dlraep%gqga({notloon La.nan L Pt surface), provide backup in case of
Ware malfunchon. overcass & 8‘;;{33 @ &Rt errors, and more. Thus,
accordlﬁgjﬂ.?@‘e\]lti1 &mbodirentiofttte tvéntiatica six-sendatiadabgeanephisical

piﬁﬂfé%ﬁilegﬂ SrSUlusiEale R R8P i %ﬁﬂ@ﬁ%@&%&g % tfloﬁg') Rha Sﬁany

%%the geometric problem associated with a six-sensor arran
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by sensors SHR, Scx, STx allows performing T

of this, si
LS %ﬁaiﬁa oyt e tfzﬂfov'aw&ﬁ‘ea%&ioﬂd(%ﬂﬁ@y 6@%%@9#@@&% sole,
deteathitie trelned mndatinkravsn; pesitinn oksenser St H63)AP8me.

(x4- xl)% 25 74-21)2 d22 = (x4-x2 % + (y4-y2)2 + (z4-22)2 e3 =
(x3- xI)ZT%%yﬁbﬁ?ﬁ%?é%%%e&a&m with reference to Figs.

2a-2b t6i&, Adtérbines diemenblisnaspenmite predertkioviogtioiatilitatesen
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determination of various parameters relating to pedestrian motion, for

SHSritE, Bdsrl TRy RGO R SRpe JA Brarbaenesassing i conifipleimit 730,
I@ngml’mljatefmmatimnﬂﬁsgaﬂtstaﬂ(‘ze bengemioessensanphene faatdndm be

%Q%%ﬁgc{]gg % hand-held unit, shoe mounted unit, etc. However the invention is not
limited to the exemplified configuration and other configurations are possible,
including, but not limited to, integration of the control unit in one of the navigation
modules,

According to an embodiment of the invention, each navigation module 716
comprises, inter-alia, 2 module controller 712; at least two sensor units 714 (heel
sensor, toes sensor and optionally additional sensors); an acoustic transducer 718;
power unit 720 (e.g. a battery or a local unit coupled to an external power source) and a
communication unit 722. According to certain embodiments of the invention,
communication unit 722 includes an antenma.

The modules 710 are communicatively coupled with each other and with the
common control unit 730. Processing and control unit 730 comprises, inter-alia,
acoustic control unit 732 for activating the generation of acoustic signal by a selected

transducer; a navigation processing unit 734 adapted for receiving information about the



of the other foot; heading (direction of motion), e.g. by comparing and
assessing sensors' positions gathered and calculated at a certain phase
with those gathered and calculated at previous strides; and type of
%%ﬁ%‘ﬁ’_’“é@%}e non-limiting examples of point locations are: &AE&LPER00092
located substantially beneath a heel area and a toes point, located
substantially beneath a toe area, consiituting a plurality of four points (this
is illustrated in Figs. 3a-3d, 4a-4b); a heel point located substantially

bEN et aREIardAS adtbspht ficarid Sufstanticnly verRO088HE 5 ected
R&a#itu2eR8/800092coddnhieneath alae argg. apd ?a.&m@tﬁ%in%ear&th%reless

area, constituting a plurality of six points; and a heel paint located
SRRt g the ool dip 230, mn TBRSHE Ubemmnpalignally ofher

Pensawt showndrddigahird point and a fourth point, constituting a plurality
of eight-jgpi @E%s&haﬁkgrel@naqef%%mEgamgyc%g?éa%%degb&tﬁ%Sramaf acoustic

plane as the heel point and the toes point, of be located above this plane.
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anitrifenenirdfih eose paokdifedilitating bﬁb&ﬁ%@%}d@ﬁﬁ&ﬁﬂbﬁhﬁﬁ?mw to
ints,Many _cqnfiguwrations are possible within the scope aof the invention,
%ﬁglrdgratgb éesr;]as%eeiinjflglg' g?wg{cl)%vr%%l%dﬁicﬁ?%?%e hlélefc%?e%%o‘){oggm& and
drastiseiyerfeptentprenneisorsan sigivdsl goateded tbathe siffelsle tocatiorenrvcers

therfooh a5, lRARSTREY £ANREASE G strike of a respective foot area on

the surface and indicate the condition of that area with respect to the
surface’ KRN e SBRAHCst e oy BHihshrssROah deluReeps: of an
abthstgidipaf thetfeatanemcdheiBetlans@as tintors; Mdharppansidsdate that
tﬁ%l : dded in the sole, beneath the heel and beneath the tpes; |
neq&%%ge Egr?%%% jgzllrg%t(% angeoélr?ﬁg heel bore Riosr fu%%é‘gde-r%g%ﬁf A signal
radiRsaiisnody Stendiatry updaie slcektdivg read obeh butenomigation processor for

deRsBEKPNINI RANIBALIZNEY S8y QR ARERLDING R RNEM Bﬁﬂimgate&f of the

the inventign. Navigation system 700 includes, inter-alia, at least two

REORSETIn ACRRABS PLthe SHRPLIHGEE RS g SHEnEGRGRATIER3D Figohiies same
maiﬁgﬁ&ﬂsﬁﬂmaii(h&glﬁrﬁ]%a}a&cbﬁﬂé%%@ i@%@m&%ﬁ@tiﬂémﬂﬁéﬁ@e?Qone of
[ a hand-held unit, shoe mounted unit, efc. However t

e B S e s E R o R PR AL el as fo
éeWﬁ@mmmé e potuibita, siigtising, thatmotdémited thedategratidmgfithether
epsalnaitdnone plibsnavigation.madules processing tasks are allocated e.g.

to a first processing unit responsible for controlling acoustic generation, and a second

processing unit, sharing the same communication network and responsible for
determining navigation solutions.

The systems and methods of the present invention provide an accurate position
determination, as they enable position determination in response to every sirike of a foot
on a surface (typically every 0.5 second). In turn this allows for using a low-class (and
low-cost) inertial unit compared to prior art solutions, substantially without accuracy
loss.

Integrated Navigation svstems and methods

According to certain embodiments of the invention, the second processing unit
is further adapted for receiving navigation inputs from various sources, and providing
navigation solutions based on integration of these inputs. Fig. 8 is an illustretion of a

pedestrian navigation device 800 according to an embodiment of the invention, which



According to an embodiment of the invention, each navigation module 710
comprises, inter-alia, a module controller 712; at least two sensor units
whlddheeksensor, toes sensor and optionally additional SGWELZQ&IOUUOM
acoustic transducer 718; power unit 720 (e.g. a battery or a local unit
coupled to an external power source).gnd a communication unit 722.
According to certain embodiments of the invention, communication unit

Z&&ﬂﬂ%gdeﬁﬁn@ﬁteaﬂ@ nEREMeEUles () arfpcomimuaicatively coupled -4,

|th ea gther and W{[h the common control unit 730. Processing an
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g%ty\,/[e 2N, the the control unit 730 and modules 710 and optionally other units
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tacargstie sidfitibinl tmatnanwmmﬁanﬂmmm@ujmﬁﬁﬂﬁpﬂerﬂwg@i@éﬁm The
Hata-und qludes at e |nd|c jon. of the acoustic sig aI receipt .
andrtlme%gﬁgu}mr;vtga?ﬂA S|gn§al in c?ﬁastl\%% this gata%lﬁ gate 5 |s &g}u ch
YD Bardvrgaed/ prsetees formprertninivgated rmﬁlt@nsg}mwéed from the
Isem@i@amﬁk Bencedhepesition displeement-ohihe Radesli '%Bmponents 840-
ca% ng. %tP ehmbodlrrégbfl f the invention illustrated in Fig. 7

AVIgation processs (SIEefil% 5 i aﬁ%?ﬁféﬁr%é%%’é@ﬁﬂﬁlﬂaé‘a“d“

same’ ‘navigat

hebhsdtieed (ore. dfctradisgucers-L8) appropf ibte foemtioartain MOUSMIFRAL 8),
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caBoTe %é&%ﬁéﬁéﬁeﬁ}%@@sﬁﬁ@wmwﬂ@eﬁt@@@@ at least a display unit and a

user input unit.

According to an embodiment of the :'anention (not shown in Fig. 8), at least one
IMU 340 is placed in approximation to or integrated with at least one of the on-foot
modules 810 (it should be understood that more that one IMU may be provided, e.g. at
least one IMU per foot). According to an embodiment of the invention, each on-foot
module comprises three sensor units —heel unit, toes unit and an ankle unit higher than
the heel and toes unit. The IMU is integrated with the ankle unit. Thus, in accordance
with this embodiment of the invention, the position of the IMU may be determined by
determining the position of the ankle sensor unit. This provides additional IMU data
which may be used for updating IMU errors.

Error correction

According to an embodiment of the invention, the operation of the eror

corrector 860 is performed e.g, by known error correction techniques. According to



to a first processing unit responsible for controlling acoustic generation,

and a second processing unit, sharing the same communication network

and responsible for determining navigation solutions. The systems and

weettsd8 o the present invention provide an accurate positieQT/iLzo08/660092

determination, as they enable position determination in response to every

strike of a foot on a surface (typicallyxgvery 0.5 second). In turn this

allows for using a low-class (and low-cost) inertial unit compared to prior
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navigation device 800 accordlng o an.embodiment of the jnvention, which
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corrector (error est r) 860 wh |c may be a hardware and/or software

§éﬁ}pﬁﬁ@fﬁw&g%@wwf SVabpuitactinent (AR roeadeeplniessoprREided

strated itfigs S4TRrDQpHKRIING manner, components 840- 850 are
houseq’,bgy 3 housing 880 which.can be a bglcélé%%]m ﬁ)B&It mount d unit,

hand- 18 a representation of a software 10 accor ance with an

embodiment of the invention. In Fig. 9, the concept of an aspect of the present invention

is illustrated as an improvement (extension) of an exemplary and non-limiting
navigation algorithm, A certain infegration cycle is illustrated. In accordance with the
embodiment of the invention illustrated in Fig. 9, an additional step 1100 is added to the
algorithm, in order to determine whether the IMU/MAG-based input is to be used in the
current integration cycle or rather a Step Count & DR-based input. This will now be
explained in greater detail.

In each integration cycle, a navigation solution P,V,A (Position, Velocity, and
Attitude) is processed at operation 1010, Input for operation 1019 can be provided via
route Rj, representing operations A marked by dashed box, the output of which is
marked P,V,Amwsc; or route R; (marked dPes). Output P,V,Amsc is processed and
calibrated based on input coming from inertial sensor IMU, magnetometer MAG and

GPS unit, and ZUPT (zero-velocity updates) input. In case the velocity measured at the



held unit and more. According to an embodiment of the invention (not

shown in Fig. 8), the navigation system further comprises a user interface

module communicatively coupled to at least the navigation processing

VWREHEHEVing at least a display unit and a user input unit. Pocorsiegioos:

an embodiment of the invention (not shown in Fig. 8), at least one IMU

340 is placed in approximation to or ingggrated with at least one of the

on-foot modules 810 (it should be understood that more that one IMU
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indicating zero-velocity situations (ZUPT). The DR-based velocity input
A (et StadPof S miag Mt £B Tvialishe sqmsdifion i ety AMisarding to
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I inputs. Also jllustrated in Fig,.8 is a navigation device according to a .
L e O e e I RRRees 2Ly véntion,
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inputs. ZUPT inputs are provided to the error corrector 860 from e.g. th
HaigRtsh Do ce el Esmriitions Briusssdtieshamrartie Aeswniag erpe of
fremprthenbDiRvprideassing unit 856, based on DR measurements). A

In case ZUPT is not properly performed (this is checked at step 1100, e.g.), a
switch Spr is closed and position correction input dPospg coming from SC&DR unit is
available to the processing of navigation solution carried out at operation 1010.

It should be understood that the integrated navigation system and method
discussed above with reference o Figs. 8 and 9 are not limited to the use of DR data
provided by DR systems and methods also provided by the present invention. Many
other DR systems and methods can be used, with the required alterations and
modifications, in order to correct navigation solutions in accordance with the novel
manner presented herein.

A skilled person in the art will readily recognize that the concepts of the present
invention and mainiy the novel analysis of foot strikes on the ground, may be useful for
a wide variety of applications including, but not limited to: other applications using

TOA processing, applications using FOA (Frequency of arrival) processing, direction



resultant correction input is fed to the navigation processor 858.
Navigation module/s 810 inputs are used by the navigation processor for
parallel navigation processing. When no zero-velocity updates are

VA0 2N fHis is checked by the ZUPT checker 862), for exeifietnsa00s2
case of IMU malfunction, a DR navigation solution is provided as an
alternative to the IMU solution. Fig. 9-®&7a representation of a software
algorithm 1000 in accordance with an embodiment of the invention. In
Higdioeer gieappss appustiseptdshbierpreoeitiinvehiticriors, itdstrageckbisration,
%Mﬁggg%&}i@g&g@%ﬁ@fﬁ&gxemplary and non-limiting navigation
algorithm. A certain integration cycle is illustrated. In accordance with the
embodiment of the invention illustrated in Fig. 9, an additional step 1100 is
added to the algorithm, in'order to determine whether the -

' IMU/MAG-based input is to be used in the current integration cycle or
rather a Step Count & DR-based input. This will now be explained in
greater detail. In each integration cycle, a navigation solution P,V,A
(Position, Velocity, and Attitude) is processed at operation 1010. Input for
operation 1010 can be provided via route R1, representing operations A
marked by dashed box, the output of which is marked P,V,Ajqgsc; or route
R2 (marked dPos). Output P,V,Anvsc is processed and calibrated based
on input coming from inertial sensor IIVIU, magnetometer MAG and GPS
unit, and ZUPT (zero-velocity updates) input. In case the velocity
measured at the WO 2008/087651 PCT/IL2008/000092 -26 current
instance is equal to zero (e.g. during a stationary stance phase of
walking), zero- velocity updates are applied (e.g. according to known
techniques) and output P,V,ADas is corrected by dPos, dVel and dAng
coming from error estimator KF. If no zero- velocity updates are applied or
if zero-velocity updates are erroneous, P,V,AINS will not be corrected and
inertial drifts will not be extracted. Thus, according to the embodiment of
the invention illustrated in Fig. 9, dPos values used for position correction
are available from e.g. the inertial solution (e.g. P,V,Amsc, as illustrated
in Fig. 9). According to another embodiment, dPos values are provided by
the PDR unit. According to yet another embodiment, the pedestrian
navigation unit further comprises a dedicated sensor for measuring
pedestrian velocity. It should be understood that the invention is not
limited by the source of velocity values.



Thus, according to an embodiment of the present invention, at operation
1100 a check is carried out, to determine if a ZUPT validly condition is
met. According to another embodiment, the ZUPT validly condition
requires that zero-velocity updates are available at every 0.5second.
According to yet another embodiment of the invention, ZUPT validly
condition requires a certain correlatidif between velocity values processed
based on e.g. IMU measurements and velocity values generated by other
CL3§R$r €.9. DR unit. Other ZUPT validly conditions maybe used without
eparting from the scope of the present invention. In case ZUPT is not
properly performed (this is checked at step 1100, e.g.), a switch SDRis .
1. c|os%m%%%q%ﬁ%ﬁiﬁé%m%atna%%%wce?ﬁiﬂamw BRI Rt igation,
avaiahle destha proagssingofnawgaiionsakiian.earied OutalisopermtidRement
1010. It should be understood that the integrated navigation system and
metH84Pdiét&ssed above with reference to Figs. 8 and 9 are not limited to
a cdhedlseiafdIRsdaiafqiopdedrinn BR sysiemsaidenmeathods aldapravided
by the present invention. Many other DR systems and methods can be
pe%é&&?\ﬁﬁﬁ%ﬁg%mﬁ alterations and modifications, in order to correct
navigation solutions in accordance with the novel manner presented
each@fd .m@&l%dl’rfé‘t@é?ﬁin the art will readily recognize that the concepts
of the present invention and mainly the novel analysis of foot strikes on
a) thecgroundptmdlebe useful for a wide variety of applications including, but
not limited to: other applications using TOA processing, applications
b) aihgit@falfoiearrnsy Shamvahipresassing disecian ¥ Q2908(Q87 &ddnd
PCT/1L2008/000092 -27 finding, step counting, acoustic pedometers,
fromsejidRadalier&didn, velocity calibration, acceleration calibration, and
many more. MCSLLP 28 CLAIMS 1. A system useful for determining a
¢) amementary positiomin apedestridrigmavigatitn, said system comprising a
sensor arrangement, said sensor arrangement comprising: a control unit,
each §i@nniaqhpedasirian navigation module and a second on-foot

(1) an up/down sensor adapted for sensing a state condition being an 'up’ condition
or a'down' condition, wherein said state conditions associated with relative

displacement of the module with respect to a surface;

(ii) a signal transmitter/receiver adapted for generating a propagating signal in

response to an activation signal generated by satd module controller;
said control unit is adapted for repeatediy:
1) receiving from said modules first data indicative of said state conditions;

2) determining a pedestrian motion model out of plurality of motion models

based on at least sard {irst data;

3) based on the so determined pedestrian motion model, selectively sending

controt signals to either or both of the communication units in said modules



pedestrian navigation module; each of the modules including: a) a

module controller, b) a communication unit for enabling said control unit to MCSLLP
send and receive data to and from said module, and c) at least a first

sensor unit and a second sensor unit; each sensor unit including: (i) an
up/down sensor adapted for sensing a state condition being an 'up’

condition or a 'down’ condition, wher&in said state conditions associated

with relative displacement of the module with respect to a surface; (ii) a
signaL LAY MILERIEGRIVAR FRRIRY fRnasnBIAtNgARIRRAYHRY Sianahifponse
response’to an activation signal generated by said module controller; sai
contfotaithRaE AHaptEE Tl resEstEmyNa JrAssaiss T SEidn vy dunssifig to
datg indicative o Seidhsigigagonditions; 2) determining a pedestrian

motion model out of plurality of motion models based on at least said first
datay, 3).0a8ed a0 the o delerpined pedagrian matgn models seleclively ga
send?ng con olr5|gnafg% either or both 6t the communication units in -
saidisnodades WG Stdept29 shierphyptiggtegnginldaidhiodu e geharafitre

of a&%‘é%ﬁ&@n%l%ﬂ?&!?ﬁ%@%J;@r%?%ﬂf?nse to said activation signals triggering

the transmitter/receivers in said modules to generate propagation signals;

4) receiving from communication unit of at least one of said modules
secohB A SR SRR PG PR SRR Ut RemeE ot

two tathenefithe signal transmitter/receivers; and 5) using said second
data to determine a momentary position of one or more of the modules. 2.

. Theﬁ%sg‘gg%eamc%%%%'&%%)tg'ﬁ‘@% W%{gﬁeﬂéaﬁf@”;fi“é'itﬁff‘{‘n%%”ﬁ%yﬁeg&%%ris one
is one “from a group consisting of. an acoustic trafrsducer, infrare
tranSducer gRagicoRsestnencly transcenter; elestizanaghsticiwearesducer, Radio-

ranseelver. 3, Lhe SIstem AGIIRRR. SAD dugLZ ygher comprising a

eguenc
batteryqora ower uni

The system according to Claim 1 or 2 further comprising a battery or a power unit

coupled to an external power source.

The system according to any of Claims 1 to 3 wherein said up/down sensor is a
pressure switch responsive to a pressure caused by the foot with respect to the

surface,

The system according to any of Claims 1 to 4 wherein said communication unit is

a wire communication unit and/or a wireless communication unit.

The system according to any of Claims 1 to 5 wherein said {irst sensor unit is
located substantially beneath a heel area of the foot, and wherein said second

sensor unit is located substantiaily beneath a toes area of the foot.

The system according to any of Claims 1 to 6 wherein each of said modules

comprises three sensor units or four sensor units,



coupled to an external power source. 4. The system according to any of

Claims 1 to 3 wherein said up/down sensor is a pressure switch

responsive to a pressure caused by the foot with respect to the surface. MCSLLP
5. The system according to any of Claims 1 to 4 wherein said

communication unit is a wire communication unit and/or a wireless

communication unit. 6. The system agtocording to any of Claims 1 to 5

wherein said first sensor unit is located substantially beneath a heel area

g, of th%éogtst@maem@m%%@iqrge%@@a%mpwnit%@@@t%giaLtta@a%mi@éaesman

beneath a toes area of the foot. 7. The system according to any of Claims

| to BAEBTEM SaRHPET daicPincdded iiprisadapirde Lorlorftatet realo the

senseidiniis, MG SlldRn398. The system according to any of Claims 1 to
7 wherein said on-foot pedestrian navigation module is an add-on device

ada‘% ed to be mounéed onto the 1f;f'i(flestri n's fjot on-demand. 9},The i
system ACCSPAATLORRG Bt E1ifls 188 wnrdin S5d Briftb e ek s tian
navigation onoduliiis integrateedwitithaashoe. 10. The system according to

any of Claims | to 9 wherein said control unit is integrated with said

10.0N- é%ggf%ﬁ%“m&%v}%amﬂgp%'%ﬁﬁlswetéy@t%m@gﬁp@feg&em it is

Claims | to 10 wherein said coritrol unit is an add-on device carried by the
pedisdedsredr wibuitie P Bric pritotise podgaton THelggstem according to
claim 1, wherein said signal transmitter/receiver is an acoustic transducer

11. andgaidprepagatingisionalisyapracnusiicisignal, @natiing akQAAkimesf is an
Arrival) processing which is useful in determining momentary_ positions of
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wherein said determined pedestrian motion model is based on modeling
12.of af leasyane motiohiitype bigiandlysingdhesdthtéceohdiiomafatdeaster 1S an
three of tpe ygx/ldgwn Sensors | at Ieasttonéa of the .up/down sensors iF gggbl‘n ‘
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Claift023 (Whereit said ail lgastthsee; uplddwiz senidrsadeteselected fromentary
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13.  The system according to Claims ! to 11 wherein said determined pedestrian
motion model is based on modeling of at least one motion type by anaiyzing the
state condition of at least three of the up/down sensors , at least one of the

up/down sensors is not located on the same module as the others.

i4.  The system according to Claim 13 wherein said at least three up/down sensors are

selected from among a plurality of up/down sensors, said plurality of up/down
sensors is one from a group consisting of’

- for each module, a heel point located substantially near a heel area and

a toes point, located substantially near a toe area, constifuting a

plurality of four points;



sensors is one from a group consisting of: for each module, a heel point

located substantially near a heel area and a toes point, located MCSLLP
substantially near a toe area, constituting a plurality of four points;

MCSLL,P 31 for each module, a heel point located substantially near a

heel area, a toes point located substantially near a toe area, and a third

point, constituting a plurality of six pé?nts; for each module, a heel point

located substantially beneath a heel area, a toes point located

substantially heneath 9169%1@!%%%1”35%9?&#}85@@%90JﬂHGQﬂQ%Er a heel area, a

constituting a plurality of eight points. 15. The system according to any of
Claims 13 to 1%efviersinlaeitttnotbriaypdlis oaE frotvradgeaupcbrisidtiiy point,

of: forward stepping,dapvard,sheytsiter walking; long step walking;
backward stepping; sidestepping; footprint Stquﬁin ; standing; runnin%;
turning; upstaifs frsikitgdabwhsestNBIkRIShafsGard nheTeeh a heel area,

upward J'umpieqc:)égr;y@sa{@l@&@%i@gb@taﬂgaﬁf@mmtﬂ;eaﬂ@agwﬁw@m and a
accelerator motion. 16. The system according to Claim 12, further

comprising a HAGRUIAtpFOREESHRE Rty ed e drintarated with the

control unit, said navigation processing unit being adapted for performing
15.saidIhO4y precessingiapdodatermiidingat 1east Imameantarapbsitidos ofdhé one

percTIFstrian during motion, 17 C')I'fhe §¥§tem accorgin to, Claim 16 further

co qhret
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user inPut unit. 18. A method u§EfuI fo 0ped‘estrian rilgviglation,ézogn%ri ip et
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about a relative d,gscplacement of each of said touch points with respect to
a(fgele_r tar mo 1Gn. . . . o .
a sur ce,a(& based on said up/down information determining a pedestrian

motion model; based on the so determined pedestrian motion model and
16.a prédeterstinedccording to Claim 12, further comprising a navigation processing

unit coupled to or integrated with the control unit, said navigation processing unit
being adapted for performing said TOA processing and determining at least

momentary positions of the pedestrian during motion.

17.  The system according to Claim 16 further comprising a user interface module
communicatively coupled to at least the navigation processing unit and having at

least a display unit and a user input unit,

18. A method useful for pedestrian navigation, comprising:
(a) associating at least three touch points with heel area and toes area of said
pedestrian’s left foot and right foot;
(b) collecting up/down information about a relative displacement of each of said
touch points with respect to a surface;
(¢) based on said up/down information determining a pedestrian motion model; based

on the so determined pedestrian motion model and a predetermined



MCSLLP 32 transmission/receiving scheme, generating a propagating

signal at least at one of said touch points; (d) collecting information of MCSLLP
receipt of said propagating signal at least by part of said touch points, this

information including Time-of-Arrival information; thereby enabling TOA

(Time of Arrival) processing which is useful in determining DR

(Dead-Reckoning) momentary positiéﬁs of the pedestrian during motion.

19. The method according to Claim 18 wherein said predetermined

tra“r?é%?ﬁﬁ?%ﬁ&‘é%ﬁ@%ﬁ%%@?ﬁaﬂs%gH&é?cfH}.tE‘Q%H&Q@ﬁ’?&%@%, th%{lEttoc{?%ne of

of said touch points located on a first foot'and receiving said signal a
leasest twbclbesoints located at a second foot; and transmitting said

signahfrem MyerofRaig Gk Rolntsy logated AL aifisti fagt éﬂ“@afﬁﬁgi‘ﬂrgﬂ of said
said signal at least at one touch point located on a second foot. 20. The
metiYE R BYEi Rl 1o EIEIAE OB B Y G Weh ErerT&ar prabBtEymwaen:

pedggitiah cmatnn modelishased on modeling plaligastong mation

type by analyzing_respective displacements with respect to the surface of

said ERIEN BB R D et ABRACEORmIRYAS RAT B alihs pedespn during

wheggifisaid at least three touch points are selected from among a
plurality of points, said plurality of points is one from a group consisting

of. for each foot, a heel paint representing displacement of a heel are :
19.2nd MEbes PO FeptESENiNG diSplaciiiant of a ALk, CBHGHAERL g ined
trarpluiadityn et foivipomts:erieaah déoot, a heel point representing
displacement of & el area.and, 4 foes paint fepresenting displacement . o,
of a toe area, and a third point,~constituting a pltrality 6f Six points;
MCSLLP 33 fooeach faetivanbhealpeigtaeprésantingwlisplacde mentsofoaated at a
heel area and '
second foot; and
. transmitting said signal from two of said touch points located on a first
foot and receiving said signal at least at one touch point located on a

second foot,

20. The method according to Claims 18 or 19 wherein said predetermined pedestrian
motion model is based on modeling of at least one motion type by analyzing

respective displacements with respect to the surface of said touch points.

21, The method according to any of Claims 18 to 20 wherein said at least three
touch points are selected from among a plurality of points, said plurality of points is one
from a group consisting of:
- for each foot, a heel point representing displacement of a heel area and
a toes point representing displacement of a toe area, constituting a
plurality of four points;
- for each foot, a heel point representing displacement of a heel area and
a toes point representing displacement of a toe area, and a third point,

constituting a plurality of six points;



a toes point representing displacement of a toe area, a third point and a

fourth point, constituting a plurality of eight points. 22. The method

according to Claims 20 or 21 wherein said predetermined pedestrian MCSLLP
motion model relates to at least one model type from a group consisting

of. forward stepping; forward short-step walking; long step walking;

backward stepping; sidestepping; fodtprint stepping; standing; running;

turning; upstairs walking; downstairs walking; one foot and two feet

upward j“mpiﬁ% dnwarg:s %Pé%ﬁ%ﬁl{)%%&%Eﬁ%?&%@ce%%@tﬁﬁa% Ege[%ga and

and accelerated motion. 23. The method according to any o ms 18
22 wherein saidqsropagatirgesighial idiaeconen atodstesigriathirdraead and a

e'ec”o'mag”%ﬂ%ﬁi%%ﬁ%ﬂé%ﬂﬁfﬁ%%%‘ﬁ%aﬁl?%W%i%ﬁ%ﬁﬂ& signal. 24.

The method according to any of Claims 18 to 23 wherein said collecting
up/down information includes detecting a pressure caused by the foot with
respect to the surface. 25. The method according to any of Claims 18 to

22.24 futthencamoprisingd(ey hasedmninfermation regaing sRit@eneiatingstrian
and said receipt, performing TOA processing and determining momentary

moRRRHRHE LI P edirSh ORh G HHEkiOR S REp Sa sy Bafd Bise gt Torward

stef{pinfe) asrmady timas asyequireisand seterspingval kigyigatioRvealtiafepping;
. relating to the pedestrian's motign. 26. The _st/stem according t Cla_irgé)l ,

SIS o MBS TAL SRRV atBR I e BEHYE SHIT b BBt oF tdigratig mstairs

walWitl:said canteeldinito Jaid navigatjamprogessingrdritpeing aadapteshfesw path;
| performing a ti€1e of arrival (TQA) processing and determining at least

CleYASHBNARD BRSRRTLET tS48strian during motion.

23. The method according to any of Claims 18 to 22 wherein said propagating signal

is one of: an acoustic signal, infrared electro-magnetic signal, Radio Frequency

electro-magnetic signal.

24. The method according to any of Claims 18 to 23 wherein said collecting
up/down information includes detecting a pressure caused by the foot with respect to the

surface.

25. The method according to any of Claims 18 to 24 further comprising:

{e) based on information regarding said generating and said receipt, performing TOA
processing and determining momentary positions of the pedestrian during
motion;

() repeating said operations (a)~(¢) as many times as required and determining a

navigation solution relating to the pedestrian's motion.

26. The system according to Claim | further comprising a navigation processing
unit coupled to or integrated with said control unit, satd navigation processing unit being
adapted for performing a time of arrival (TOA) processing and determining at least

momentary positions of the pedestrian during motion.



