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SIGNAL SPACE BASED NAVIGATION
BACKGROUND

[0001] Navigation through a space typically includes controlling the movement
of a subject (e.g., a person, or another object) from one location to another.
Compared to localization, which typically includes positioning a subject in a
physical or geographic space, navigation is generally concerned with movement of
the subject. Navigation systems are typically built upon an operational localization
system. In this context, movement of a subject becomes subordinate to and is
regulated and inferred from the geographic layout provided in the localization
system.

[0002] A localization system typically includes a localization map that binds
observations in a sensing space to their corresponding geographic locations.
Building a localization map can be challenging, for example, due to the lack of a
priori knowledge about the sensing space and geographic locations. Techniques to
generate a localization map often need knowledge of the geographic locations and
continuous sensing of the sensing space. Further, binding observations in the
sensing space to their corresponding geographic locations can be error-prone or
need user intervention to correct any errors and/or confirm the binding. The
foregoing aspects can add challenges and complexities to implementation of a
localization system, and thus a navigation system built upon the localization

system.
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BRIEF DESCRIPTION OF DRAWINGS

[0003] Features of the present disclosure are illustrated by way of example and
not limited in the following figure(s), in which like numerals indicate like elements,
in which:

[0004] Figure 1 illustrates an environment including a signal space based
navigation apparatus usable with user devices to receive traces, according to an
example of the present disclosure;

[0005] Figure 2 illustrates an architecture of the signal space based navigation
apparatus, according to an example of the present disclosure;

[0006] Figure 3 illustrates an example of acceleration in a hand position for a
user device used with the signal space based navigation apparatus of Figures 1
and 2, according to an example of the present disclosure;

[0007]  Figure 4 illustrates an example of acceleration in a pant pocket position
for the user device used with the signal space based navigation apparatus of
Figures 1 and 2, according to an example of the present disclosure;

[0008] Figure 5 illustrates an example of a floor plan for data collection and
wireless clusters with varying data amount for the signal space based navigation
apparatus of Figures 1 and 2, according to an example of the present disclosure;
[0009] Figure 6 illustrates an example of the floor plan of Figure 5 for data
collection and wireless clusters, illustrating PDR displacement vectors for the signal
space based navigation apparatus of Figures 1 and 2, according to an example of
the present disclosure;

[0010] Figure 7 illustrates a method for signal space based navigation,
according to an example of the present disclosure;

[0011] Figure 8 illustrates further details of the method for signal space based
navigation, according to an example of the present disclosure; and

[0012] Figure 9 illustrates a computer system, according to an example of the

present disclosure.
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DETAILED DESCRIPTION

[0013] For simplicity and illustrative purposes, the present disclosure is
described by referring mainly to examples. In the following description, numerous
specific details are set forth in order to provide a thorough understanding of the
present disclosure. It will be readily apparent however, that the present disclosure
may be practiced without limitation to these specific details. In other instances,
some methods and structures have not been described in detail so as not to
unnecessarily obscure the present disclosure.

[0014] Throughout the present disclosure, the terms "a" and "an" are intended
to denote at least one of a particular element. As used herein, the term "includes”
means includes but not limited to, the term "including" means including but not
limited to. The term "based on" means based at least in part on.

[0015] Navigation systems are typically built upon an operational localization
system that includes a localization map. However, as disclosed herei'n,‘ a
navigation system may be constructed by instead using a topological sensing map
in sensing space. As described in further detail below, a signal space based
navigation apparatus and a method for signal space based navigation are
disclosed herein, and may generally provide a navigation system that alleviates the
need for constructing a localization map. The sensing map disclosed herein may
include nodes (e.g., wireless signal based clusters generally, including WiFi
clusters according to examples disclosed herein) that include a set of sensing
observations that are connected by edges (i.e., pedestrian deadreckoning (PDR)
displacement vectors as described below) representing mobility information
between consecutive collections of observations. Sensing observations of starting
points and destinations may be obtained and located on the sensing map, and by
following the mobility information paths between them, a user (e.g., a subject) may
be navigated from a starting point through a sequence of intermediate observation
nodes to reach the destination.

[0016] The construction of the sensing map as disclosed herein may be based
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on the premise that a geographic layout used for navigation may be preserved by
mobility information encoded as a PDR displacement vector between sensing
observations and translated into instructions. For example, the instructions may
indicate for a user to walk forward for ten meters to the second turn in front, and
turn right. Further, the construction of the sensing map as disclosed herein may be
based on the premise that sensing observations may be statistically correlated with
geographic locations (e.g., a particular grocery store, clothing store, etc.).
Therefore any location may be represented by sensing observations sharing a
certain level of similarity. Locations may include a turn that may suggest a change
in mobility, which may be detected by using energy-efficient inertia sensors, such
as an accelerometer. A turn may also be used to divide a complex mobility path
into multiple segments in which mobility is relatively uniform. Compared to a
localization map, the sensing map disclosed herein may assume no a priori
knowledge about the geographic space. For example, for the sensing map
disclosed herein, locations may be represented by sensing observations and a
geographical layout may be inferred from sensed mobility traces (i.e., PDR traces).
The use of the sensing map disclosed herein may therefore avoid challenges
associated with localizing and extending a localization map based on an inaccurate
localization map and its resulting accumulative error. A navigation task may
therefore be performed independently from any issues and/or complexities
associated with an underlying localization system.

[0017] According to an example, the sensing map disclosed herein may be
based on traces that include wireless signal observations and corresponding PDR
traces of accelerometer and magnetometer readings, for example, from users’
mobile devices. According to particular examples disclosed herein, the wireless
signal observations may include WiFi signal observations. Further, according to
particular examples disclosed herein, the traces may include crowd-sourced traces
of wireless signal observations and corresponding PDR traces. The wireless signal
observations may be used to mark different locations but without the need for
annotations. A PDR trace between two wireless signal observations may record
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mobility information in terms of distance and direction from one place where the
wireless signal observation is taken to another. The collection of both wireless
signal observations and PDR traces may be crowd-sourced to ordinary users as
they carry a mobile device and walk around a space. Thus, the collection of both
wireless signal observations and PDR traces may be non-intrusive and
autonomous to users. Collected samples of the wireless signal observations and
PDR traces may be sent as traces to the signal space based navigation apparatus
for analysis and compilation into a sensing map.

[0018] The signal space based navigation apparatus and the method for signal
space based navigation disclosed herein may thus provide for the separation of a
navigation task from a localization task through the construction of a sensing map
that includes wireless signal observations in the form of wireless clusters and PDR
mobility information in the form of PDR displacement vectors connecting the
wireless clusters. The apparatus and method disclosed herein may also use turn-
aware crowd-sourcing data collection (e.g., the traces), density-based wireless
observation clustering to generate the wireless clusters, and PDR displacement
estimation to generate the PDR displacement vectors, to thus facilitate the
accurate and efficient construction of the sensing map. For the sensing map
disclosed herein, landmarks may be extracted in parallel from the traces by
employing a clustering technique that exploits signal similarity and stability at
locations of the wireless signal observations. Further, relative locations of the
wireless clusters may be preserved by fusing the PDR traces to generate the PDR
displacement vectors. For the sensing map disclosed herein, change of mobility
pattern at turns may be detected through a low-power accelerometer, which may
further function as a trigger for proactive wireless signal observations at turns to
thus improve both wireless clustering and power efficiency of user devices.

[0019] With respect to wireless signal observation and PDR traces, signal
fluctuation may contribute to a relatively large part of localization error for wireless
signal observations, which may be amplified by diverse signal quality from crowd-
sourcing due to diversity or placement of devices (e.g., smartphones) for different
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users. Tracking based on PDR traces may have a tendency of drifting away from
an actual trajectory as the tracking prolongs. These factors may be addressed by
using a density-based clustering process on the wireless signal observations. The
wireless signal observations may be grouped together if they share a pre-set (i.e.,
predetermined) level of signal similarity and implied geographical closeness.
Otherwise, the wireless signal observations may be treated as noise until further
data is available. The dynamics of wireless clusters may evolve and shift as
available amount of data increases, improving the ability of wireless clusters to
accurately represent corresponding locations. Multiple wireless clusters may also
be used to represent a location to capture the nature of signal fluctuation. A PDR
trace connecting two wireless clusters may create a mobility path connecting the
wireless clusters. Multiple such mobility paths existing between two wireless
clusters may be fused into a single path for reducing measurement errors. The
severity of PDR trace drifting may be minimized by disregarding relative
displacement connecting two wireless clusters.

[0020] The aspect of crowd-sourcing may also impose challenges related to
trade-off between data efficiency and energy consumption. To reduce the use of
energy-intensive sensors, such as a wireless radio, the signal space based
navigation apparatus and the method for signal space based navigation disciosed
herein may rely on low-power accelerometers in user devices to detect physical
turns made by users of the respective user devices. In typical user devices, such
accelerometers are maintained in an always-on configuration. The apparatus and
method disclosed herein may also use wireless modules and magnetometers in the
user devices to respectively perform wireless scanning and direction assessment
at a higher sampling rate at turn locations. Otherwise, the apparatus and method
disclosed herein may switch to a relatively lower sampling rate at non-turn
locations for minimizing power usage of the user devices. Compared to general
locations (i.e., non-turn locations), a turn includes a geographic feature embodied
therein that allows the turn to serve as a pivot point in a path and to provide the

user a useful visual clue for compensating for relatively small errors. For the
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apparatus and method disclosed herein, as discussed herein, additional wireless
signal observations (e.g., wireless signal observations at a higher sampling rate)
may be collected at turns to improve wireless clustering accuracy, and to provide a
higher probability of finding a mbbility path connecting turns.

[0021] Figure 1 illustrates an environment including a signal space based
navigation apparatus 100 usable with user devices 102 (1 — N) (hereinafter “user
devices 102”) to receive traces 104 from the user devices 102, according to an
example of the present disclosure. The sighal space based navigation apparatus
100 may include a computer and other relevant components for implementing the
modules disclosed herein. A repository 106 may be disposed between the user
devices 102 and the signal space based navigation apparatus 100 to receive the
traces 104, and to provide the traces 104 to the signal space based navigation
apparatus 100. The user devices 102 may be devices such as smartphones,
tablets, and generally, any mobile devices users may use or carry. The user
devices 102 may ascertain the wireless signal observations via a wireless module
108 and submit the wireless signal observations as part of the traces 104 to the
signal space based navigation apparatus 100. The user devices 102 may further
include a navigation user interface (Ul) 110 to facilitate navigation of a user of the
respective user device 102.

[0022] The signal space based navigation apparatus 100 may process the
traces 104 into a sensing map 112 for navigation and use by the navigation Ul 110.
Generally, the user devices 102 may sense the users’ mobility and environment.
For example, when a user walks naturally around a space, the user device 102 for
the respective user may track movement by monitoring acceleration and walking
direction as detected by an accelerometer 114 and magnetometer 116,
respectively, of a sensing module 118. The user devices 102 may also periodically
(i.e., at a predetermined sampling rate) trigger wireless scans by using the wireless
module 108 to sense the signal space. With respect to turns in navigation, the user
devices 102 may actively collect wireless signal observations at turn locations as

detected by a turn detection module 120 of the sensing module 118 to identify
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turns, for example, by capturing acceleration changes when a user makes a turn.
When a turn is detected, the user devices 102 may simultaneously trigger the
wireless module 108 and magnetometer 116, respectively, to collect wireless signal
observations and change of direction at the turn location at a higher sampling rate.
For remaining periods (e.g., at non-turn locations), wireless scanning and
magnetometer readings may operate at a relatively lower sampling rate to
substantially minimize power consumption of the user devices 102.

[0023] The signal space based navigation apparatus 100 may receive data
(e.g., the traces 104) collected by all participating users at the repository 106. The
signal space based navigation apparatus 100 may include a wireless clustering
module 122, a PDR displacement vector estimation module 124, and a route
planning module 126 to identify common wireless signal observations and their
relative positions from the traces 104. Generally, the wireless clustering module
122 may perform a density-based clustering over the traces 104 to extract similar
wireless signal observations encountered by different users during their walks, for
example, at the same turn the users passed through. For the identified wireless
clusters, the PDR displacement vector estimation module 124 may calculate the
relative positions of the wireless clusters by identifying and fusing all PDR traces
that connect the wireless clusters.

[0024] The sensing map 112, which includes wireless clusters and PDR
displacement vectors, may be ready for the route planning module 126 to serve a
navigation request, for example, by the navigation Ul 110. With respect to the
sensing map 112, both source and destination locations may be described as
wireless signal observations obtained from the scanning performed by the user
devices 102, and associated respectively to wireless clusters with closest signal
similarity, by the route planning module 126. The route planning module 126 may
determine a viable route between source and destination wireless clusters by
selecting a number of intermediate clusters and their connecting PDR
displacement vectors. A user may be navigated by following instructions translated

from the generated route via the navigation Ul 110.
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[0025] As described herein, the modules and other elements of the apparatus
100 may be machine readable instructions stored on a non-transitory computer
readable medium. In addition, or alternatively, the modules and other elements of
the apparatus 100 may be hardware or a combination of machine readable
instructions and hardware.

[0026] Figure 2 illustrates the architecture of the signal space based navigation
apparatus 100, according to an example of the present disclosure. In the example
of Figure 2, the signal space based navigation apparatus 100 may receive the
traces 104, for example, from the user devices 102, and output a navigation signal
200. Referring to Figures 1 and 2, the navigation signal 200 may be sent, for
example, to the navigation Ul 110 of the user devices 102. Alternatively or
additionally, the navigation signal 200 may be sent to any other device to facilitate
navigation using the sensing map 112 and route planning module 126 of the signal
space based navigation apparatus 100.

[0027] Referring td Figures 1-4, the turn detection module 120, according to an
example, is described.

[0028] With respect to the turn detection module 120, a turn location may
provide for navigation and sensing. Generally, indoor environments maintain a
layout including open spaces and structured pathways. A navigation task that
entails finding a pathway connecting two spaces may be restated as finding a
series of path segments pivoting at turns. Users generally understand turn-by-turn
instructions given clues from perceived surrounding layout.  Alternatively,
movements within each path segment may be constrained by the structure of the
path segment (e.g., walls), which may facilitate accurate extractions from any noisy
and undersampled inertia sensor traces (e.g., traces from the accelerometer 114).
At turns however, mobility may change and exhibit a pattern in acceleration, which
may be detected by the accelerometer 114. Based on the foregoing factors, the
sensing map 112 may be constructed based on a skeleton network of turns, in
accordance with the nature of navigation. Compared to general locations, wireless
signal observations may be collected at a higher sampling rate at turn locations in
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order to increase the effectiveness of finding corresponding wireless clusters and

the number of connecting PDR segments (i.e., PDR displacement vectors).

[0029] In order for the sensing module 118 to detect turns in an energy-efficient
and accurate manner, the use of high power sensors in the user devices 102 may
be minimized by using the accelerometer 114. In a general user device 102, such
as a smartphone, the accelerometer 114 may be configured to be always-on for
supporting other applications on the user device 102. The accelerometer 114 may
be a three-axis accelerometer to detect acceleration of sideways, forward, and
upward movements. Assuming no orientation change of the user device 102 with
respect to a user walking direction, a turn movement may be divided into a
sequence of consecutive linear accelerations along an axis pointing at the turn
direction. Such linear accelerations result. in the observation of escalated and
prolonged sideways accelerations of the user devices 102 to facilitate
differentiation of a turn pattern from a general acceleration based on walking with
~ alternate Ieci:;s.

[0030] Figure 3 illustrates an example of acceleration in a hand position for the
user device 102 (e.g., one of the user devices 102) used with the signal space
based navigation apparatus 100 and Figure 4 illustrates an example of acceleration
in a pocket position (e.g., a user’s pants pocket) for the user device 102, according
to examples of the present disclosure. For Figures 3 and 4, the upper traces may
illustrate acceleration collected at the accelerometer 114, and the lower traces may
illustrate results after processing by the turn detection module 120. With respect to
differentiation of a turn pattern from a general walking acceleration, the examples
of Figures 3 and 4 illustrate two turns in each trace, a left turn followed by a right
turn. As shown in Figures 3 and 4, it can be seen from the raw sideways
acceleration at approximately 145 and 325 samples of Figure 3, and at
approximately 240 and 475 samples of Figure 4 that the trend of sideways
movement is visible in terms of both magnitude and duration for Figure 3, but not
clearly evident for Figure 4. This is because when the user device 102 is placed in
a pant pocket of a user, the movement of the user device 102 may be influenced
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by the global body movement of a user carrying the user device 102 and further

augmented by the rotational movement of legs, which creates sideways
acceleration with similar magnitude. In Figure 3, it can be seen that the turn
detection module 120 accurately captures both turns as shown in the turn indicator
trace (i.e., lower trace). Further, in Figure 4, the turn indicator amplitude at
approximately 75 samples may represent a starting movement of a user, whereas
the acceleration at approximately 240 and 475 samples may represent turns.
[0031]  With respect to detection of turns, due to the ambiguity of orientation of
the user device 102 being a prerequisite for determining which axis of acceleration
corresponds to a given direction of movement, the turn detection module 120 may
determine axis-to-movement association as follows. The turn detection module
120 may take trace segments of a preset length (i.e., fast Fourier transform (FFT)
window) from three axes, and convert the trace segments respectively to energy
spectrum using FFT. The axis that produces the largest direct current (DC)
component may be associated with up-down movement, since this. axis is
influenced the most by gravity. The turn detection module 120 may further search
through the spectrum of identified up-down axis, and locate the frequency at which
maximum energy is observed. This frequency may be denoted as a steps
frequency because it reflects the repetitive pattern of walking for a user. The
forward-backward movement may coihcide with the same repetitive pattern, and
may therefore normally have its maximum energy component observed at the
same frequency. The axis that has the smallest energy at this frequency among
the three axes may be designated as the sideways axis. As a result, an
association between the coordinate system of the user device 102 and the
coordinate system used to describe a walking direction may be created. This
association may be checked on a per-sample basis. If association changes are
reported, for example, three consecutive times, the turn detection module 120 may
determine that a change of association has occurred and wait for a predetermined
amount of samples to update to a new association. Any turn detected during this
period may be discarded until a new association is confirmed.
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[0032] With respect to the pant pocket scenario of Figure 4, in order to detect

turns from any noisy sideways acceleration traces, the turn detection module 120
may isolate acceleration caused by turning from other causes of interfering
movements.  Generally, interference may be associated with alternate leg
movements which have a particular frequency complying with the up-down
movement of steps. In order to reduce the interference level, a sideways trace
segment of a predetermined length may be fed into a low-pass filter of the turn
detection module 120 with threshold frequency set to the steps frequency of a
general user. The filtered trace segment may be smoothened by a moving
average sliding window for reducing noise from spontaneous random movements
of the user device 102. When a turn occurs, among the samples at the tail of the
smoothened window, a large variance may be observed, for example, compared to
samples at the beginning of the smoothened window.

[0033] Accordingly, two deviation windows may be applied for samples at the
head and the tail, respectively, of the smoothened window, and may define a turn
indicator value as the product of the standard deviation of the head window and the
ratio of head deviation over tail deviation. In addition, the turn indicator value may
be normalized with the square root of the root mean square of the trace segment.
Thus, the turn indicator value may be used to detect irregular sideways
acceleration that likely indicates a turn. According to 'an example, a threshold
approach may be applied so that if a normalized turn indicator exceeds the
threshold, the turn detection module 120 reports a turn. By way of a particular
example, the threshold may be selected at 1.5. This relatively low threshold value
may provide for limiting turn detection misses, and minimizing false turn positives.
In order to address false turn indications, every time a turn is reported based on a
trace from the accelerometer 114, the turn detection module 120 may take samples
from a compass and gyroscope (i.e., the magnetometer 116) from the user device
102, and may further evaluate recent direction history to confirm turns. Further, the
wireless module 108 may be activated (or additional wireless signal observations
may be taken) if a change in compass and gyroscope readings agrees with turns
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detected by the accelerometer 114.

[0034] Referring to Figure 1, the wireless module 108 and the wireless
clustering module 122, according to an example, are described.

[0035] The wireless clustering module 122 may ascertain similar wireless signal
observations collected by the wireless module 108 at common locations where
user trajectories overlap or intersect and may congregate the similar wireless
signal observations into wireless clusters. The wireless clusters may form the
endpoints for potential PDR segment fusion. A wireless cluster may satisfy a first
condition of being confined within a compact area with respect to both signal
coverage and physical coverage. Wireless signal observations in a formed
wireless cluster may be close to each other in signal space according to a signal to
distance threshold used for clustering. Further, wireless signal observations in a
formed wireless cluster may also be close to each other in physical space so that
one wireless cluster may be used to pinpoint a unique location to provide for
increased accuracy. A wireless cluster may satisfy a second condition of including
a sufficiently dense wireless signal observation membership so that the wireless
cluster is stable and will not be readily swayed by a few undetected outlier wireless
signal observations. Thus, a wireless cluster may need sufficient data from the
same ormultiple wireless signal observations to support the forming of a wireless
cluster. ‘

[0036] The wireless clustering module 122 may use a density-based clustering
process to create wireless clusters corresponding to such common locations in the
traces 104. For example, the wireless clustering module 122 may use a density-
based spatial clustering of applications with noise (DBSCAN) process. The
density-based clustering may include a first property including the concept of noise
that provides for arbitrary shape of clusters, and the consideration of neighbor
density in addition to cluster member distance (i.e., distance of wireless signal
observations). The wireless clustering module 122 may also use an expulsion
process to prevent wireless clusters from occasional over-growing, and to allow

wireless clusters to evolve over time and to improve quality of the dataset including
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the traces 104.

[0037] With respect to wireless signal observations and signal distance, for
wireless signal observations collected by crowd-sourcing participants (i.e., users of
the user devices 102), a typical wireless scan by the user device 102 may last less
than one second, which may be less than the time needed to complete a full scan.
Further, users may be assumed to be mobile when performing the scanning. In an
environment where channel diversity is high, individual scans may generally sense
a partial list of surrounding access points (APs), and such mismatch in partial AP
lists may introduce a penalty that distorts the signal distance calculation. For the
wireless module 108, each time a wireless scan is activated, the wireless module
108 may perform multiple (e.g., three) consecutive scans at once. Results from the
multiple scans may be assembled to compose one wireless signal observation.
Throughout the scans, the wireless module 108 may average multiple received
signal strength indicators (RSSIs) from the same AP. Further, for each AP, the
wireless module 108 may record its number of occurrences for subsequent use as
a weighted factor. Based on the foregoing aspects, the wireless module 108 may
improve the chance of sensing a more comprehensive list of APs.

[0038] The wireless clustering module 122 may use a distance metric to
estimate similarity between two aggregated wireless signal observations. The
wireless clustering module 122 may define signal distance SD(j, j) between
wireless signal observations obs; and obs; as follows:

SD(i, ) = \/ YN_ (wy * (RSSIL — RSSI)2)/C Equation (1)

For Equation (1), RSSIL may represent signal strength of AP, in obs;, and if AP, is
not present in one of the wireless signal observations, the strength of the AP, may
be replaced by a value, for example, -95 dBm. For Equation (1), w, may represent
a weighted factor to account for the stability of the AP, during the scanning. The
weighted factor w, may be set to one if AP, appears in both wireless signal
observations, and the occurrence count of AP, may be divided by three if AP,
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appears in one wireless signal observation. For Equation (1), C may denote the

number of APs present in both wireless signal observations, and N may denote the
total number of APs present in either wireless signal observation.

[0039] The wireless clustering module 122 may perform inter-trace clustering
by using a DBSCAN process to control the wireless clustering process through two
parameters, a distance threshold ¢ - distance and a density threshold minPis.
Wireless signal observations with signal distance less than the ¢ - distance to a
given wireless signal observation may be included in the ¢ - neighborhood of the
given wireless signal observation. When member size of one wireless signal
observation’s ¢ - neighborhood reaches minPts, the wireless signal observation
may become a core. The wireless clustering module 122 may define that wireless
signal observation obs, as being density reachable from core obs, if there is a
chain of cores between them. Furthermore, if two wireless signal observations are
density-reachable from a same core, these wireless signal observations may be
designated as density connected. To find a wireless cluster, the wireless clustering
module 122 may iteratively search the space from a core until a maximal set of
density-connected wireless signal observations is obtained.

[0040] The wireless clustering module 122 may use the ¢ - distance for direct
control over signal coverage of a wireless cluster. However, in spaces where
dense wireless signal observations exist, the use of the DBSCAN process may
tend to continuously stretch itself and create over-grown wireless clusters in that
the distance between wireless signal observations may exceed the ¢ - distance
threshold. The wireless clustering module 122 may prune these wireless signal
observations violating signal coverage constraint from a DBSCAN cluster and use
the resulting subset as a wireless cluster. For each DBSCAN cluster found, the
wireless clustering module 122 may elect a signal centroid under three criteria in
descending priority: 1) a turn observation and a core, 2) largest ¢ - neighborhood,
and 3) minimal average distance to all other wireless signal observations. Any
wireless signal observations that have a signal distance to signal centroid over ¢ -
distance may be excluded and returned to an unexplored set for further
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examination. To minimize unnecessary wireless cluster merge and oscillation,
during the iterative search, if a given wireless signal observation is recruited by
another existing wireless cluster, the wireless clustering module 122 may re-admit
the given wireless signal observation to a current wireless cluster if the given
wireless signal observation has a smaller distance to the centroid of the current
wireless cluster as opposed to the existing wireless cluster. Further, by choosing
an appropriate ¢ - distance parameter, the signal coverage of wireless clusters may
be effectively controlled.

[0041] For the wireless clustering module 122, the minPts parameter does not
directly affect the signal coverage, but influences the wireless cluster size. For
example, low minPts may tend to create more sparsely populated wireless clusters,
whereas dense wireless clusters may emerge if a high minPts is employed.
Generally, a wireless cluster with smaller membership of wireless signal
observations may be more compact in terms of both signal coverage and physical
coverage. Further, fewer wireless signal observations may mean that a wireless
cluster has limited contribution to the subsequent PDR displacement fusion
process.

[0042] For the wireless clustering module 122, physical coverage of clusters
may be controlled by indirectly manipulating the ¢ - distance and minPts
parameters. Physical coverage may be represented by two error indicators,
namely, centroid offset error and cluster radius error. The centroid offset error may
signify the extent of how a wireless cluster deviates from its corresponding
reference locations by calculating the discrepancy between a physical centroid of a
resulting wireless cluster and the actual location the centroid is supposed to
represent. The wireless cluster radius error may define the coverage of a wireless
cluster by calculating the average distance from wireless signal observations to the
wireless cluster centroid. The ¢ - distance and minPts parameters may jointly
influence the physical coverage such that wireless clusters with erroneously large
physical coverage may be avoided by choosing a small ¢ - distance. Further,

wireless clusters with large error may have a relatively small wireless signal



WO 2015/065375 PCT/US2013/067532

-17-
observation membership that is below average membership strongly correlated to
the minPts parameter. These aspects may provide a manner in which to further
reduce the potential wireless clustering error by adaptively adjusting minPts
according to data amount and specifying a minimal membership threshold of
wireless signal observations to distill large, stable wireless clusters.

[0043] Referring to Figure 1, the PDR displacement vector estimation module
124, according to an example, is described.

[0044] Once the wireless clustering module 122 identifies wireless clusters at
various locations, the PDR displacement vector estimation module 124 may
identify connections linking the wireless clusters by identifying PDR traces going
through the wireless clusters. When collected, each wireless signal observation by
the wireless module 108 may be linked to the time instance in the corresponding
PDR trace. Given a wireless cluster, the PDR displacement vector estimation
module 124 may examine its membership of wireless signal observations and their
associated PDR trace one by one. For a given PDR trace, if the PDR
displacement vector estimation module 124 can find another point of PDR trace for
which the binding wireless signal observation belongs to another wireless cluster,
the PDR segment (i.e., PDR trace, or part of PDR trace) between these two points
may be considered as one connection between two wireless clusters and
translated into a PDR displacement vector. After all of the wireless signal
observations are accounted for, the PDR displacement vector estimation module
124 may check for possible redundant PDR segments between same pairs of
wireless clusters, and may fuse any redundant PDR segments into a single PDR
displacement vector by averaging the distances and angles if available. With
respect to extraction of displacement from a PDR trace, the PDR displacement
vector estimation module 124 may use step counting and frequency-based stride
length estimation. The PDR displacement vector estimation module 124 may pass
the magnitude of an acceleration trace from the accelerometer 114 into a low-pass
filter to remove high frequency noise that cannot be associated with steps. Further,
the PDR displacement vector estimation module 124 may calculate the derivative
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of the resulting output and indicate when the value of the derivative reverses from

positive to negative to thus suggest a local maximum (i.e., a step). The PDR
displacement vector estimation module 124 may also use a frequency-based stride
length estimation model to determine the linear relation between stride length and

step frequency as follows:
stride = a X freqstep + b Equation (2)

For Equation (2), the linear coefficients a and b may be trained as personalized
constants prior to implementation of the stride length estimation model

[0045] With respect to a turning angle of a turn, an angle reference may be
used to facilitate navigation. For any sample in a PDR segment that includes a
compass reading (i.e., reading from the magnetometer 116), the angle reference
may be added to this PDR segment. If a relatively large conflicting compass
reading appears in a PDR segment, this may suggest an undetected turn or
magnetic turbulence. Such a PRD segment may be temporarily removed until
additional data received can confirm the existence of a missed turn. When multiple
PDR segments are fused into one PDR displacement vector connecting two
wireless clusters, all available angle references may also be averaged to represent
the direction of the PDR displacement vector.

[0046]  Figure 5 illustrates an example of a floor plan 500 for data collection and
wireless clusters with varying data amounts for the signal space based navigétion
apparatus 100, according to an example of the present disclosure. The floor plan
500 illustrates wireless clusters detected, for example, at locations A1-A7, B1-B5,
C1-C5, D1-D5, E1-E5, F1, and F2, and PDR displacement vectors between the
wireless clusters as bold lines. The various walks that are performed by users are
also illustrated at 502, 504, 506, and 508, superimposed on the PDR displacement
vectors (see Figure 6, PDR displacement vectors shown as arrows). Generally,
relatively large wireless clusters may indicate a higher probability that these
wireless clusters can be connected by fused PDR segments, and a relatively high

number of large wireless clusters may further suggest higher coverage of the
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space. As shown in Figure 5, coverage may be augmented (e.g., at 502, 504, 506,

and 508) as more large wireless clusters are found and connected due to the
increasing amount of data used.

[0047] The overall accuracy of the sensing map 112 may be determined based
on error from wireless clustering with respect to the wireless clustering module 122
and error from PDR displacement estimation with respect to the PDR displacement
vector estimation module 124. As discussed above, wireless clustering error may
signify signal-spatial correlation, and may be used to determine the association
between navigation waypoints and user perception. As discussed above, the
wireless clustering error may be quantified based on wireless cluster centroid offset
and wireless cluster radius. PDR displacement estimation error that affects
guidance provided to the user via the route planning module 126 may result, for
example, from noisy inertia sensor readings (e.g., readings from the accelerometer
114). With respect to PDR displacement estimation error, the signal space based
navigation apparatus 100 may measure the displacement differences in distance
and direction between the estimated PDR displacement and the ground connecting
two wireless cluster represented locations, accounting for the aggregated effect of
both wireless clustering and PDR estimation error. PDR displacement estimation
error may be reduced, for example, by increasing the number of PDR segments
between wireless clusters for fusing. Further, PDR d'isplacement estimation error
may be reduced, for example, by implementing higher density for the wireless
clusters with shorter distance between each wireless cluster. The separation of a
relatively long path into a number of small segments with less PDR displacement
error may allow frequent recalibration during a navigation task.

[0048] With respect to PDR directions for fused segments, due to possible
distortion caused by indoor magnetic field turbulence, the absolute value reported
by fused direction may have limited usability in a navigation task. However,
relatively high consistency may be observed throughout training walks, which may
suggest that a fused direction may be used to provide a coarse clue for adjusting
an initial heading and determining whether a user is on the correct path. In the
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case of intersection for example, a user may distinguish paths originated from the
same point at the intersection by comparing a current direction reading with a fused
direction associated with PDR segments originated from the corresponding starting
cluster.

[0049] In order to minimize energy consumption of the user devices 102, scans
by the sensing module 118 may be prioritized at turn locations (e.g., at a higher
sampling rate), compared to scans at other intermediate locations (e.g., at a lower
sampling rate). The sensing module 118 may also perform turn detection using
acceleration traces by the accelerometer 114, to thus avoid frequent sampling by
the magnetometer 116.

[0050] During initial deployment of the signal space based navigation apparatus
100, when the number of wireless clusters may be limited, a user may not be
located adjacent a wireless cluster that is close to the user’s current location. In
this case, the signal space based navigation apparatus 100 may provide a
navigation indication by resorting to more densely present leaf wireless fingerprints
dispersed over a space. The leaf wireless fingerprints may include a plurality of
wireless signal observations, without forming a wireless cluster. While such leaf
wireless fingerprints have not been recruited in a wireless cluster, such leaf
wireless fingerprints may nevertheless establish a viable PDR segment connecting
them to wireless clusters. Thus, a user may locate nearby leaf wireless fingerprints
and may follow the emitting PDR of such leaf wireless fingerprints to reach the
nearest wireless cluster. In this manner, wireless cluster density may grow as the
amount of the traces 104 increases, and thus after an initial wireless cluster
generation stage, the user may expect to reach nearby wireless clusters with
confidence.

[0051] Figures 7 and 8 respectively illustrate flowcharts of methods 700 and
800 for signal space based navigation, corresponding to the example of the signal
space based navigation apparatus 100 whose construction is described in detail
above. The methods 700 and 800 may be implemented on the signal space based
navigation apparatus 100 with reference to Figures 1-6 by way of example and not
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limitation. The methods 700 and 800 may be practiced in other apparatus.

[0052] Referring to Figure 7, for the method 700, at block 702, the method may
include receiving traces of wireless signal observations and corresponding PDR
traces between different ones of the wireless signal observations from a plurality of
user devices. For example, referring to Figure 2, the signal space based
navigation apparatus 100 may receive the traces 104 of wireless signal
observations and corresponding PDR traces between different ones of the wireless
signal observations from a plurality of user devices 102. According to an example,
the traces of wireless signal observations and corresponding PDR traces may
include turn-aware crowd-sourced data (e.g., the traces 104).

[00563] At block 704, the method may include generating a plurality of wireless
clusters based on the traces of wireless signal observations. For example,
referring to Figure 2, the wireless clustering module 122 may generate a plurality of
wireless clusters based on the traces 104 of wireless signal observations (e.g., see
Figure 5). According to an example, generating a plurality of wireless clusters
based on the traces 104 of wireless signal observations may further include
grouping the wireless signal observations based on a predetermined level of signal
similarity. According to an example, generating a plurality of wireless clusters
based on the traces 104 of wireless signal observations may further include
controlling physical covérage of the plurality of wireless clusters by analyzing a
wireless cluster centroid offset error and wireless cluster radius error for each of the
plurality of wireless clusters.

[0054] At block 706, the method may include generating a PDR displacement
vector between two or more of the wireless clusters based on the two or more of
the wireless clusters and a subset of the PDR traces corresponding to the two or
more of the wireless clusters. For example, referring to Figure 2, the displacement
vector estimation module 124 may generate a PDR displacement vector between
two or more of the wireless clusters based on the two or more of the wireless
clusters and a subset of the PDR traces corresponding to the two or more of the

wireless clusters. According to an example, generating a PDR displacement vector
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between two or more of the wireless clusters based on the two or more of the

wireless clusters and a subset of the PDR traces corresponding to the two or more
of the wireless clusters may further include identifying and fusing the subset of the
PDR traces corresponding to the two or more of the wireless clusters to determine
relative positions of the two or more of the wireless clusters.

[0055] At block 708, the method may include generating a sensing map based
on the wireless clusters and a plurality of PDR displacement vectors including the
PDR displacement vector. For example, referring to Figure 2, the sensing map 112
may be generated based on the wireless clusters and a plurality of PDR
displacement vectors including the PDR displacement vector.

[0056] For the method 700 described above, the plurality of wireless clusters
may include a plurality of WiFi clusters. According to a further example, the
method may include using the sensing map 112 for route planning (i.e., by the
route planning module 126) to guide a user from a first location represented by one
of the WiFi clusters to a second location represented by another one of the WiFi
clusters, and connected by one of the plurality of PDR displacement vectors.
According to a further example, the method may include guiding the user from the
first location to the second location via an intermediate location represented by a
further one of the WiFi clusters. |

[0057] Referring to Figure 8, for the method 800, at block 802, the method may
include generating turn data based on detection of a change of mobility of a user
device at a turn in movement of the user device. For example, referring to Figures
1 and 2, the turn detection module 120 may detect (in conjunction with the
accelerometer 114) a change of mobility of a user device 102 at a turn in
movement of the user device 102 to generate turn data. According to an example,
the user device may include an accelerometer, and generating turn data based on
detection of a change of mobility of a user device at a turn in movement of the user
device may further include detecting the change of mobility of the user device at a
turn based upon a condition detected by the accelerometer. According to an

example, generating turn data based on detection of a change of mobility of a user
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device at a turn in movement of the user device may further include evaluating an
energy spectrum related to up-down movements of the user device relative to a
generally horizontal plane, and identifying a frequency at which a maximum energy
is observed as a turn. According to an example, generating turn data based on
detection of a change of mobility of a user device at a turn in movement of the user
device may further include isolating a sideways PDR trace segment of a
predetermined length from PDR traces related to non-sideways movements of the
user device, and using the isolated sideways PDR trace segment to detect a turn.
[0058] At block 804, the method may include generating direction data based
on detection of a direction of the mobility of the user device. For example, referring
to Figures 1 and 2, the magnetometer 116 may detect a direction of the mobility of
the user device 102 to generate direction data.

[0059] At block 806, the method may include using a route plan determined
from a sensing map (i.e., the sensing map 112) that includes wireless clusters and
PDR displacement vectors generated from the turn data and the direction data with
a navigation Ul (i.e., the navigation Ul 110) on the user device 102 to guide a user
of the user device 102 from a first location represented by one of the wireless
clusters to a second location represented by another one of the wireless clusters,
and connected by one of the PDR displacement vectors. ’

[0060] For the method 800 described above, according to a further example,
the user device may include an accelerometer, the method may include using the
accelerometer as a ftrigger at the turn for performance of wireless signal
observations at a higher sampling rate compared to non-turn locations.

[0061] Figure 9 shows a computer system 900 that may be used with the
examples described herein. The computer system may represent a generic
platform that includes components that may be in a server or another computer
system. The computer system 900 may be used as a platform for the apparatus
100. The computer system 900 may execute, by a processor or other hardware
processing circuit, the methods, functions and other processes described herein.
These methods, functions and other processes may be embodied as machine
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readable instructions stored on a computer readable medium, which may be non-
transitory, such as hardware storage devices (e.g., RAM (random access memory),
ROM (read only memory), EPROM (erasable, programmable ROM), EEPROM
(electrically erasable, programmable ROM), hard drives, and flash memory).

[0062] The computer system 900 may include a processor 902 that may
implement or execute machine readable instructions performing some or all of the
methods, functions and other processes described herein. Commands and data
from the processor 902 may be communicated over a communication bus 904.
The computer system may also include a main memory 906, such as a random
access memory (RAM), where the machine readable instructions and data for the
processor 902 may reside during runtime, and a secondary data storage 908,
which may be non-volatile and stores machine readable instructions and data. The
memory and data storage are examples of computer readable mediums. The
memory 906 may include a signal space based navigation module 920 including
machine readable instructions residing in the memory 906 during runtime and
executed by the processor 902. The signal space based navigation module 920
may include the modules of the apparatus 100 shown in Figures 1 and 2.

[0063] The computer system 900 may include an 1/0O device 910, such as a
keyboard, a mouse, a display, etc. The computer system may include a network
interface 912 for connecting to a network. Other known electronic components
may be added or substituted in the computer system.

[0064] What has been described and illustrated herein is an example along with
some of its variations. The terms, descriptions and figures used herein are set
forth by way of illustration only and are not meant as limitations. Many variations
are possible within the spirit and scope of the subject matter, which is intended to
be defined by the following claims -- and their equivalents -- in which all terms are

meant in their broadest reasonable sense unless otherwise indicated.
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What is claimed is:

1. Asignal space based navigation apparatus comprising:
a processor; and
a memory storing machine readable instructions that when executed by the
processor cause the processor to:
receive traces of wireless signal observations and corresponding
pedestrian deadreckoning (PDR) traces between different ones of the wireless
signal observations from a plurality of user devices;
generate a plurality of wireless clusters based on the traces of wireless
signal observations;
generate a PDR displacement vector between at least two of the
wireless clusters based on the at least two of the wireless clusters and a subset of
the PDR traces corresponding to the at least two of the wireless clusters; and
generate a sensing map based on the plurality of wireless clusters and a
plurality of PDR displacement vectors including the PDR displacement vector.

2. The signal space based navigation apparatus according to claim 1, wherein
the plurality of wireless clusters include a plurality of WiFi clusters, further
comprising machine readable inétructions to cause the processor to: »

use the sensing map for route planning to guide a user from a first location
represented by one of the plurality of WiFi clusters to a second location
represented by another one of the plurality of WiFi clusters, and connected by one
of the plurality of PDR displacement vectors.

3. The signal space based navigation apparatus according to claim 2, further
comprising machine readable instructions to cause the processor to:

guide the user from the first location to the second location via an
intermediate location represented by a further one of the plurality of WiFi clusters.
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4. The signal space based navigation apparatus according to claim 1, wherein
the traces of wireless signal observations and corresponding PDR traces include

turn-aware crowd-sourced data.

5. The signal space based navigation apparatus according to claim 1, wherein to
generate a plurality of wireless clusters based on the traces of wireless signal
observations, the machine readable instructions are further to cause the processor
to:

generate the plurality of wireless clusters based on density-based WiFi
observation clustering.

6. The signal space based navigation apparatus according to claim 1, wherein to
generate a plurality of wireless clusters based on the traces of wireless signal
observations, the machine readable instructions are further to cause the processor
to:

group the wireless signal observations based on a predetermined level of

signal similarity.

7. The signal space based navigation apparatus according to claim 1, wherein to
generate a plurality of wireless clusters based oh the traces of wireless signal
observations, the machine readable instructions are further to cause the processor
to:

control physical coverage of the plurality of wireless clusters by analyzing a
wireless cluster centroid offset error and wireless cluster radius error for each of the
plurality of wireless clusters.

8. The signal space based navigation apparatus according to claim 1, wherein to
generate a PDR displacement vector between at least two of the wireless clusters
based on the at least two of the wireless clusters and a subset of the PDR traces
corresponding to the at least two of the wireless clusters, the machine readable
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instructions are further to cause the processor to:

identify and fuse the subset of the PDR traces corresponding to the at least
two of the wireless clusters to determine relative positions of the at least two of the

wireless clusters.

9. A method for signal space based navigation, the method comprising:

generating turn data based on detection of a change of mobility of a user
device at a turn in movement of the user device;

generating direction data based on detection of a direction of the mobility of
the user device; and

using, by a processor, a route plan determined from a sensing map that
includes wireless clusters and pedestrian deadreckoning (PDR) displacement
vectors generated from the turn data and the direction data with a navigation user
interface (Ul) on the user device to guide a user of the user device from a first
location represented by one of the wireless clusters to a second location
represented by another one of the wireless clusters, and connected by one of the
PDR displacement vectors.

10.  The method of claim 9, wherein the user device comprises an accelerometer
and wherein generating turn data based on detection of a change ofvmobi!ity of a
user device at a turn in movement of the user device, further comprises:

detecting the change of mobility of the user device at the turn based upon a
condition detected by the accelerometer.

11.  The method of claim 9, wherein the user device comprises an accelerometer,
the method further comprising:

using the accelerometer as a trigger at the turn for performance of wireless
signal observations at a higher sampling rate compared to non-turn locations.

12. The method of claim 9, wherein generating turn data based on detection of a
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change of mobility of a user device at a turn in movement of the user device further
comprises: |

evaluating an energy spectrum related to up-down movements of the user
device relative to a generally horizontal plane; and

identifying a frequency at which a maximum energy is observed as a turn.

13. The method of claim 9, wherein generating turn data based on detection of a
change of mobility of a user device at a turn in movement of the user device further
comprises:

isolating a sideways PDR trace segment of a predetermined length from PDR
traces related to non-sideways movements of the user device; and

using the isolated sideways PDR trace segment to detect a turn.

14. The method of claim 9, wherein the user device comprises a smartphone.

15. A non-transitory computer readable medium having stored thereon machine
readable instructions to provide signal space based navigation, the machine
readable instructions, when executed, cause a computer system to:

receive crowd-sourced traces of WiFi signal observations and corresponding
pedestrian deadreckoning (PDR) traces between different ones of the WiFi signal
observations from a plurality of user devices;

generate a plurality of WiFi clusters based on the crowd-sourced traces of
WiFi signal observations, wherein a WiFi cluster is confined in an area of a
predetermined WiFi signal coverage and predetermined physical coverage;

generate a PDR displacement vector between at least two of the WiFi clusters
based on the at least two of the WiFi clusters and a subset of the PDR traces
corresponding to the at least two of the WiFi clusters;

generate, by a processor, a sensing map based on the plurality of WiFi
clusters and a plurality of PDR displacement vectors including the PDR

displacement vector; and
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use the sensing map for route planning to guide a user from a first location
represented by one of the plurality of WiFi clusters to a second location
represented by another one of the plurality of WiFi clusters, and connected by one
of the plurality of PDR displacement vectors.
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