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DETECTING VEHICLE MANEUVERS WITH MOBILE PHONES

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims priority to U.S. Utility Patent Application
No. 15/135,956, filed on April 22, 2016 and also claims the benefit of U.S.
Provisional Application No. 62/152,475 filed on April 24, 2015. The entire
disclosures of the above applications are incorporated herein by reference.

FIELD
[0002] The present disclosure relates to techniques for detecting
vehicle maneuvers using a mobile phone or other types of portable devices which

may reside in a vehicle.

BACKGROUND

[0003] Automobiles bring a wide range of conveniences as well as
fatalities. In 2012, the reported number of fatalities from road accidents was 30,800
in the U.S. alone. Of these fatalities, 23.1% involved lane control —i.e., merging or
changing lines or driving on curvy roads — and 7.7% involved turning maneuvers,
i.e., turning left/right or making U-turns. In total 30.8% of the fatalities were related
to vehicle steering maneuvers.

[0004] As most of these fatalities had resulted from the driver's
careless or erroneous steering, those accidents could have been minimized or
prevented if effective safety mechanisms had been deployed in the vehicles. There
has been an on-going push for incorporating electronic safety features in vehicles
to assist drivers’ steering.

[0005] Many existing driving assistance systems, such as lane-
departure warning or lane-keeping assistance, are exploiting the advanced built-in
sensors (e.g., cameras, radars, and infrared sensors), or utilizing existing sensors
on smartphones to detect the steering maneuvers in order to assist driving.
However, these approaches suffer two limitations: many built-in sensors are only
available on newer high-end cars, and hence such safety solutions cannot be
applied to a wide range of type/year models of cars; and both built-in sensors and

smartphone-based applications overly rely on cameras to get road information.
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Although such systems claim that smartphone cameras are sufficient in assisting
the driver, they have limitations in terms of computational overhead and inaccuracy.
The accuracy of camera-based approaches depends on visibility, thus render
ineffective in various driving conditions with limited visibility.

[0006] Alternatively, smartphone sensors, such as gyroscope,
accelerometer, magnetometer, etc., can be exploited to detect vehicle steering
maneuvers and thus perform the same steering-assistance functionalities that
would have been achieved with use of cameras. These camera-free approaches
have advantages of requiring much less computational resources and power, and
also being immune to visibility distortions. However, it is known to be very difficult
to differentiate the steering maneuvers, which is one of the main reasons for
camera-based approaches being most prevalent.

[0007] This section provides background information related to the
present disclosure which is not necessarily prior art.

SUMMARY

[0008] This section provides a general summary of the disclosure, and
is not a comprehensive disclosure of its full scope or all of its features.

[0009] A method is provided for detecting vehicle maneuvers using a
mobile phone residing in the vehicle. The method includes: receiving signals from
two or more sensors residing in the mobile phone while the vehicle is moving,
where the signals are indicative of vehicle movement and reported relative to a
coordinate system associated with the mobile phone; converting the signals from
the two or more sensors from the phone coordinate system to a geographic
coordinate system; deriving a detection signal indicative of angular speed of the
vehicle about a vertical axis of the geographic coordinate system, where the
detection signal is derived from the converted signals; correlating the detection
signal to one of a plurality of predefined signatures, where each signature
represents a different maneuver made by a vehicle; determining a direction of travel
for the vehicle; determining a horizontal displacement of the vehicle relative to the
direction of travel; and identifying a maneuver made by the vehicle based on the
correlation of the detected signal to one of the plurality of predefined signatures and
magnitude of the horizontal displacement of the vehicle. The geographic
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coordinate system includes a vertical axis defined in relation to surface the vehicle
is traversing upon and the vertical axis does not align with any of the axes that
define the phone coordinate system.

[0010] Correlating the detection signal to one of a plurality of
predefined signatures includes identifying one or two bumps in the detection signal,
where one bump correlates to turn by the vehicle and two bumps correlates to a
lane change by the vehicle.

[0011] Vehicle maneuvers may be classified as either a lane change,
a turn or a curvy road. ldentifying a maneuver made by the vehicle includes
comparing magnitude of the horizontal displacement to a threshold; and classifying
the maneuver as a curvy road in response to a determination that the magnitude of
the horizontal displacement exceeds the threshold. In one aspect, horizontal
displacement is determined by determining velocity of the vehicle along the
direction of travel; determining angular speed of the vehicle about a vertical axis of
the geographic coordinate system; and determining horizontal displacement as a
function of velocity and angular speed of the vehicle. Additionally, a turn may be
further classified as either a right turn, a left turn or a U-turn based on a difference
in vehicle heading angle between start and end of vehicle maneuver.

[0012] In another aspect, the method for detecting vehicle maneuvers
includes: receiving a signal from an inertial sensor of the computing device while
the vehicle is moving, where the signal is indicative of angular speed of the vehicle
about a vertical axis; detecting one or more pulses in the signal within a fixed time
period, where one pulse with the fixed time period correlates to a possible turn by
the vehicle and two pulses within the fixed time period correlates to a possible lane
change by the vehicle; determining a direction of travel for the vehicle; and
determining a horizontal displacement of the vehicle relative to the direction of
travel.

[0013] In response to detecting two pulses in the signal, the
magnitude of the horizontal displacement is compared to a first threshold. The
vehicle maneuver is classified as a curvy road in response to a determination that
the magnitude of the horizontal displacement exceeds the first threshold; and the
vehicle maneuver is classified as a lane change in response to a determination that

the magnitude of the horizontal displacement is less than the first threshold.
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[0014] The method may further include determining whether
amplitude of first pulse of the two detected pulses is higher or lower than a baseline
value; classifying the vehicle maneuver as a possible change to left lane in
response to determining that the amplitude of the first pulse is higher than a
baseline value; and classifying the vehicle maneuver as a possible change to right
lane in response to determining that the amplitude of the first pulse is lower than a
baseline value.

[0015] In response to detecting one pulse in the signal, a
determination is made as to whether amplitude of the one detected pulse is higher
or lower than a baseline value. The vehicle maneuver is initially classified as a
possible left turn in response to determining that the amplitude of the one detected
pulse is higher than a baseline value; and initially classified as a possible right turn
in response to determining that the amplitude of the one detected pulse is lower

than a baseline value.

[0016] In response to classifying the vehicle maneuver as a possible
right turn, the magnitude of the horizontal displacement is compared to a right turn
threshold. The vehicle maneuver is classified as a curvy road in response to a
determination that the magnitude of the horizontal displacement exceeds the right
turn threshold; and the vehicle maneuver is classified as a right turn in response to
a determination that the magnitude of the horizontal displacement is less than the
right turn threshold.

[0017] On the other hand, in response to classifying the vehicle
maneuver as a possible left turn, the magnitude of the horizontal displacement is
compared to a left turn threshold. The vehicle maneuver is classified as a curvy
road in response to a determination that the magnitude of the horizontal
displacement exceeds the left turn threshold; and the vehicle maneuver is classified
as a right turn in response to a determination that the magnitude of the horizontal
displacement is less than the left turn threshold, where the value of the left turn
threshold differs from value of the right turn threshold.

[0018] Further areas of applicability will become apparent from the
description provided herein. The description and specific examples in this summary
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are intended for purposes of illustration only and are not intended to limit the scope
of the present disclosure.

DRAWINGS

[0019] The drawings described herein are for illustrative purposes
only of selected embodiments and not all possible implementations, and are not
intended to limit the scope of the present disclosure.

[0020] Figure 1 is a flowchart depicting a technique for detecting
vehicle maneuvers using a mobile device residing in a vehicle;

[0021] Figure 2 is a diagram illustrating alignment of a phone
coordinate system with a geo-frame coordinate system;

[0022] Figure 3A-3D are graphs showing gyroscope readings when
the vehicle makes a left turn, a right turn, a left lane change and a right lane
change, respectively;

[0023] Figures 4A and 4B are graphs showing statistical features of
bumps in gyroscope readings during different steering maneuvers;

[0024] Figures 5A-5D are diagrams showing the vehicle trajectory
shape for four different scenarios: (a) lane change, (b) driving on an S-shaped
curvy road, (c) turning, and (d) driving on an L-shaped curvy road;

[0025] Figure 6 is a diagram depicting how to derive horizontal
displacement based on gyroscope readings and estimated velocity;

[0026] Figure 7 is a state diagram of maneuver classification in
accordance with this disclosure;

[0027] Figure 8 is a graph showing the accuracy of velocity estimation
by fusing sensor readings;

[0028] Figure 9 is a graph showing error of values determined by the
proposed technique as compared with the ground truth;

[0029] Figures 10A and 10B are diagrams showing real road testing
routes used for evaluation in Ann Arbor, Ml;

[0030] Figure 11 is a bar chart showing performance of recognizing
different steering patterns on both test routes;
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[0031] Figure 12 is a diagram depicting information flow of careless
steering detection by combining the V-Sense technique with a sound detection
module;

[0032] Figures 13A and 13B are graphs showing turn signal samples
from a 2006 HONDA Accord and MINI Countryman; and the matched result from a
matched filter with the existence of background noises inside the car, respectively;

[0033] Figure 14 diagram depicting information flow of fine-grained
lane guidance by incorporating a navigation system with the V-Sense technique;

[0034] Figure 15 is a diagram showings turns and the corresponding
turning radius at a 4-lane single carriageway intersection; and

[0035] Figure 16 is a graph illustrating the performance of the
InterHelper module.

[0036] Corresponding reference numerals indicate corresponding

parts throughout the several views of the drawings.

DETAILED DESCRIPTION

[0037] Example embodiments will now be described more fully with
reference to the accompanying drawings.

[0038] Figure 1 depicts a technique for detecting vehicle maneuvers
using a mobile phone residing in the vehicle (also referred to herein as “V-Sense”).
In an example embodiment, this technique is implemented as vehicle steering
sensing middleware on a mobile phone, which overcomes the limitations and
difficulties inherent in the existing camera-based and camera-free approaches.
While reference is made throughout this disclosure to mobile phones, it is readily
understood that the technique set forth herein can be implemented using other
types of computing devices, such as tablets or watches.

[0039] In the example embodiment, inertial measurement units (i.e.,
sensors) residing in a mobile phone are used to detect steering maneuvers of the
vehicle. Signals from one or more inertial sensors are received at 12 by a
computer processor while the vehicle is moving. Thus, the signals are indicative of
vehicle movement and reported relative to a coordinate system associated with the

mobile phone. The computer processor preferably resides in the mobile phone
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although it may part of the vehicle or reside outside of the vehicle. Other types of
motion sensors are also contemplated by this disclosure.

[0040] A detection signal is derived at 13 from the signals received
from the inertial sensors. The detection signal is indicative of angular speed of the
vehicle about a vertical axis of a geographic coordinate system, where the
geographic coordinate system includes a vertical axis defined in relation to surface
the vehicle is traversing upon. In most instances, the vertical axis of the geographic
coordinate system will not align with any of the axes that define the phone
coordinate system. Figure 2 illustrates one technique for aligning the phone
coordinates ({X,, ¥,,Z,}), with the geo-frame coordinates ({X,, Y., Z.}). This allows
one to simplify the change of the readings from three degrees of freedom (DoFs) to
one DoF. The key idea is that with the measurements of the direction of the
applied gravity to the mobile phone (Y), the phone coordinate can be fixed within a
cone. Combining the result with the angle (6) derived from the magnetometer
readings and the thus-determined rotation matrix, the phone coordinate can be
aligned with the geo-frame coordinate. Further details regarding this example
technique are described by P. Zhou et al in “Use it free: Instantly knowing your
phone attitude” In Proc of ACM Mobicom (2014). Other alignment techniques also
fall within the scope of this disclosure.

[0041] When a car changes its direction via steering (e.g., changing
lanes, making turns, or driving on curvy roads), the Z-axis gyroscope reading (i.e.,
yaw rate reading) on the phone can be utilized to represent the vehicle angular
speed of that change of direction. Figures 3A-3D illustrates the Z-axis gyroscope
measurements from the phone during a left turn, a right turn, a change to left lane
and a change to right lane, respectively. During a left turn, a counter-clockwise
rotation around the Z-axis occurs and thus generates positive readings (i.e., a
positive bump); whereas, during a right turn, a clockwise rotation occurs and thus
generates negative readings (i.e., a negative bump). Similarly, during a left lane
change, a positive bump is followed by a negative bump; whereas, during a right
lane change, the opposite occurs. Based on this observation, one can infer that by
detecting bumps in the Z-axis gyroscope readings, a determination can be made as
to whether the vehicle has made a turn or has changed a lane. That is, the angular
speed signal can be correlated at 14 to one of a plurality of predefined signatures,
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such that each signature represents a different maneuver made by the vehicle, and
a vehicle maneuver is identified at 17 based on the correlation of the angular speed
signal with one of the predefined signatures.

[0042] With reference to Figure 4, an example embodiment for
detecting bumps in the angular speed signal is further described. A moving
average filter may be used to remove noise from the raw gyroscope readings. In
the example embodiment, the delay parameter of the filter is set to 60 samples
which correspond to 0.05 second in the time domain. Such a decision was made
based on the experimental observation: it is short but good enough to extract the
waveform of the bumps.

[0043] Four systems parameters are defined: &;, &y, Tgymp, and
Tnext peLay- Os represents starting point or ending point for a bump, §, represents
height of a bump, Tzyyp represents minimum duration for a bump and Tygxr peray
represents the maximum waiting time for a second bump in case of a lane change.
To reduce false positives and differentiate the bumps from jitters, a bump should
satisfy the following three constraints for its validity: (1) all the readings during a
bump should be larger than &5, (2) the largest value of a bump should be no less
than &, and (3) the duration of a bump should be no less than Tgyyp. Based on
these constraints of a valid bump, an example bump detection algorithm is set forth
below.

1: Inputs:

State, Y (Yaw rate), System parameters
2: if State = No-Bump and |Y| > 6, then
3:  (Start of 1% bump)
4: State < One-Bump
5: Record the start point of a possible bump
6: else if State = One-Bump and |Y| > §, then
7: Record the end point of a possible bump
8: if bump is valid then

9: State « Waiting-for-Bump
10: else

11: State < No-Bump

12: end if
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13: else if State = Waiting-for-Bump then

14: T gwen < State dwell duration

15: If T gwen < Tnexr pELAY @nd |Y]| > 6, then
16: (Start of 2™ bump)

17: If 2" bump is valid then

18: Two valid bumps — “Lane change”
19: else

20: One valid bump — “Turn”

21: end if

22: State < No-Bump

23: else if Ty < Tnexr pELAY ThEN

24: One valid bump — Turn

25: State < No-Bump

26: else

27: Continue in Waiting-for-Bump state
28: end if

29: else

30: Continue in current state

31: end if

In this bump detection algorithm there are three states: No-Bump, One-Bump and
Waiting-for-Bump. Each of these states is described below.

[0044] In No-Bump state, the Z-axis gyroscope readings, i.e., yaw rate
are continuously monitored. When the absolute value of the measured yaw rate
reaches §;, this is interpreted as the start of a possible bump and the algorithm
enters One-Bump state.

[0045] The One-Bump state terminates when the yaw rate drops back
to a value below 6. If the sojourn/dwell time in One-Bump state was larger than
Teymp and the largest measured yaw rate was larger than 8, hence satisfying the
three constraints, the first detected bump is considered to be valid. In such a case,
the algorithm enters Waiting-for-Bump state; otherwise, it returns to No — Bump.

[0046] In Waiting-for-Bump state, the yaw rate readings are monitored

for a maximum dwell time Tygxr prray- The yaw rate readings are monitored for the
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presence of a second bump. If another bump starts (i.e., the yaw rate reaching &,
with a sign opposite to the first bump's is detected), then the validation procedure
for a bump is performed as described above. If the second bump is valid, this
would mean that two consecutive bumps with opposite signs have been detected.
In this case, the algorithm determines the maneuver to be a lane change. If the
second bump turns out to be invalid, then it would mean that only a single valid
bump was detected and thus the algorithm determines the maneuver to be a turn.
In either case, after a determination has been made, the state is reset (at line 22) to
the No-Bump state. This process is repeated (at line 27) so long as the dwell time
is less than the maximum dwell time Tygxr peray- Once the dwell time exceeds the
maximum dwell time Tygxr prLay, the algorithm return to the No-Bump state. The
bump-detection algorithm is executed iteratively for each collected sample, and
goes through a different procedure depending on the current state.

[0047] With large values of 6§, and §;, small bumps — which may be
caused by background noise or sensing errors — can be ignored and thus reduce
the false-positive rate, whereas the false-negative rate might increase. On the
other hand, with small values of §, and &, the false-negative rate can be reduced
but will become susceptible to background noise, thus increasing the false-positive
rate. From extensive road tests, it was found that parameters §,=0.05 and 6,=0.07
represent a good tradeoff. In an example embodiment, these parameters values
are used although other values may be suitable. For example, the optimal
parameter setting may vary slightly with the driving habit. It is envisioned that an
adaptive parameter selection mechanism may be used as well. As for the other
two parameters, Tzyyp represents the time duration of a valid bump; whereas,
Tyext pELAY YEPrEsents the maximum waiting time for the following bump, in case of
a lane change. Since the time duration of a turn or lane change is usually several
seconds, Tgymp iS set to 1.5 seconds and Tygxr prray IS Set to 3 seconds in the
example embodiment. It is readily understood that these values may be varied
within the scope of this disclosure.

[0048] When the vehicle is steered, bumps in the yaw rate readings
are constructed. Based on the bump detection algorithm, bumps are used to
differentiate between turns and lane changes. One possible problem with this

approach is when driving on a curvy road. As illustrated in Fig. 5, when driving on a
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curvy road, the vehicle trajectory is similar to a lane change or a turn, and hence
resulting in the same number and shape of bumps. In such a case, the bump
detection algorithm might misinterpret the drive on a curvy road as a lane change or
turn, and thereby vyield false positives/negatives. Therefore, it is imperative to
differentiate between lane changes, turns, and also driving on curvy roads.

[0049] To address this issue, vehicle maneuvers are also classified
based on magnitude of horizontal displacement of the vehicle relative to the
direction of travel. Let Wy nyg denote the horizontal displacement after a lane
change. Since the average lane width is around 3.65 meters, Wy ang IS expected to
be around that value after a lane change. In contrast, while driving on a curvy road,
the horizontal displacement, denoted as Wcyryy, IS usually much larger than
Wiane- Based on this observation, if two bumps are detected — which means a
possible lane change — then horizontal displacement of the vehicle during that
steering maneuver is also evaluated. If horizontal displacement exceeds a
threshold correlated to the average lane width (e.g., 3.65 meters), then the vehicle
maneuver is classified as a curvy road instead of a lane change.

[0050] Similarly, horizontal displacement can be used to differentiate
between turns at the intersection (i.e., a sharp turn) and driving on a curvy road.
Horizontal displacement during a turn is much smaller than that during driving on a
curvy road. Figures 5C and 5D illustrate this point, where Wy ey and Weyryy
represent the horizontal displacements during a turn and driving on a curvy road,
respectively. In this case, if only one bump is detected, horizontal displacement is
used to distinguish between turning and driving on a curvy road.

[0051] Figure 6 shows an example vehicle trajectory during a left lane
change or maneuver on a curvy road as illustrated in Figures 5A and 5B. The
dotted vertical line represents the time when the sensors are sampled with
frequency of 1/T;. Here 6,, denotes the angle of the vehicle’'s heading; whereas v,
represents the average velocity during the sampling period. During each sampling

period, T, the vehicle’s horizontal displacement can be expressed as:

W, = v, Tssin(6,). (1)
Since the yaw-rate readings from the gyroscope represent the vehicle’s angular

velocity around the Z-axis, 6,, can be expressed as:

11
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bn = Ony+ VaygTs 2
~  Op1 VT,
where Y,,,4 represents the average yaw rate during the sampling period, and Y,, the
instantaneous yaw rate measured at the end of the sampling period. Note that the
above approximation holds since the sampling period on smartphones can be
significantly reduced. Thus, the total horizontal displacement from time 0 to NT;
can be derived as:
Weinar = =1 Wh
= X=1aTssin(6y) (3)
= g=1 U Tsin k=1 Y Ts)

where T; is a predefined parameter denoting the sampling period of the application.
The third equality comes from the fact that the initial angle of the vehicle’s heading,
8, = 0, since this is the reference point. Y, can be acquired from the gyroscope
readings, while v, can be derived from the accelerometer and GPS readings.
Other techniques for determining horizontal displacement also fall within the
broader aspects of this disclosure.

[0052] To further classify different turning maneuvers (e.g., left/right
turn at the intersections, U-turn), the change in the vehicle's heading angle (i.e., the
difference in the heading angle between the start and the end of a steering
maneuver) may also be evaluated. As in Eq. (2), the angle of vehicle's heading at
sampling time nT; can be derived by accumulating the n yaw-rate measurements.
Considering the example in Figure 6, at sampling time 37T;, the angle of the
vehicle's heading would be 6;_- ¥3_, YV, T.. In other words, the change in the
vehicle's heading from time 0 to NT; can be expressed as:

9final = Zgﬂ YuTs. (4)
For example, after making a left/right turn at the intersection, Oy ~ £90°;
whereas, after making a U-turn, O, ~ +180°. Thus, by exploiting the derived
values, turns can be further classified as left/right turn or a U-turn.

[0053] Returning to Figure 1, the bump detection algorithm is one way
that an angular speed signal can be correlated to one of a plurality of predefined
signatures at 14. Other techniques for correlating also fall within the scope of this

disclosure. Next, a direction of travel for the vehicle is determined at 15 and

horizontal displacement of the vehicle is determined at 16. A maneuver being

12
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made by the vehicle can then be identified at 17 based on the correlation of the
angular speed signal to one of the predefined signatures (i.e., number of bumps)
and the magnitude of the horizontal displacement of the vehicle. It is to be
understood that only the relevant steps of the proposed V-Sense technique are
discussed in relation to Figure 1, but that other software-implemented instructions
may be needed to control and manage the overall operation of the system.

[0054] Figure 7 summarizes the overall maneuver classification in a
state diagram. First, a determination is made as to whether the steering maneuver
is a possible turn or a possible lane change, for example by calculating the number
of bumps using the bump detection algorithm described above. In either case,
horizontal displacement of the vehicle is also determined to help differentiate
between a turn or lane change from driving on a curvy road.

[0055] For a possible lane change, the magnitude of the horizontal
displacement is compared to a first threshold that correlates to expected lane width
(e.g., 3.65 meters). If the magnitude of the horizontal displacement exceeds the
first threshold, the steering maneuver is classified as a curvy road; whereas, if the
magnitude of the horizontal displacement is less than (or equal to) the first
threshold, the steering maneuver is classified as a lane change.

[0056] For a possible turn, the magnitude of the horizontal
displacement is again compared to a threshold but the value of the threshold
depends on the turn direction. For a possible right hand turn, the magnitude of the
horizontal displacement is compared to right turn threshold (e.g., 13 meters). If the
magnitude of the horizontal displacement exceeds the right turn threshold, the
steering maneuver is classified as driving on a curvy road; whereas, if the
magnitude of the horizontal displacement is less than (or equal to) the right turn
threshold, the steering maneuver is classified as a right turn. On the other hand, for
a possible left hand turn, the magnitude of the horizontal displacement is compared
to left turn threshold (e.g., 22 meters). If the magnitude of the horizontal
displacement exceeds the left turn threshold, the steering maneuver is classified as
driving on a curvy road; whereas, if the magnitude of the horizontal displacement is
less than (or equal to) the left turn threshold, the steering maneuver is classified as
a left turn. Turns may also be further classified as U-turns based on the change in
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the vehicle’'s heading angle. Other techniques for classifying vehicle maneuvers
are contemplated and fall within the broader aspects of this disclosure.

[0057] In order to derive the horizontal displacement and set Tgyyp
and TwygxrpeLay » accurate measurements are needed for the vehicle’s
instantaneous velocity. Two possible ways of acquiring the velocity with a mobile
phone are: reading the Speed Over Ground (SOG) output from the GPS module
inside the smartphone, or exploiting the IMU. The GPS provides measurements of
the velocity; whereas, acceleration can be derived from IMU readings. However,
the GPS output rate is very low (e.g., 1Hz on Samsung Galaxy S4) as shown in Fig.
8, and hence cannot properly capture velocity changes within a sampling period.
On the other hand, the IMU has a much higher output rate but contains lots of noise
as well as some biases as shown in Fig. 8. Thus, just simply using either the
velocity measurement from GPS or taking an integral of the acceleration output
from the IMU is not sufficient. Hence, in order to exploit the distinct advantages of
GPS and IMU, the data is fused by using a Kalman filter to estimate the velocity.

[0058] In one embodiment, a model is constructed for estimating the
velocity as follows:

viklk—1) =v(k—1k—-1) + (a(k) — bk — 1]k — 1)T; (5)

where v(k|k — 1) is the estimated velocity at time k based on the optimized velocity
at time k- 1; v(k — 1|k — 1) is the optimized velocity at time k — 1;a(k) is the
acceleration output at time k;b(k—1lk—1) is the optimized bias of the
accelerometer at time k — 1; and T is the sampling period of the accelerometer.
[0059] Here, b is treated as a constant bias:
b(klk—1)=bk—1lk - 1) (6)

Thus, we have a matrix representation of the model as:
X(klk—1) =AX(k—1lk—1) + BU(k) (7)

_w _n =T _ [T :
where X = [b],A = [0 1 ],B = [0] and U is the output from accelerometer.
So, the covariance matrix is estimated by:

P(k|k — 1) = APAT +Q, Q = [%” qo] (8)
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where P is the covariance matrix, and Q is the covariance of the process noise
which can be regarded as the Gaussian white noise. Thus, the state can be
estimated as:

X(klk) = X(klk = 1) + g(k)(S(k) — HX(k|k — 1)) (9)

where g(k) is the matrix of Kalman gain and S(k) is the speed relative to the
ground measured by the GPS,and H = [1 0].

[0060] Figure 8 shows velocity estimation by using such a model
based on Kalman Filter. Here the ground truth velocity is obtained by directly
reading it from the OBD-II port, and comparing it with estimation results. It is
shown that the velocity can be accurately estimated in real time, thus yielding
accurate horizontal displacements.

[0061] To evaluate the performance of V-Sense technique described
above, middleware performing the technique was implemented on a Samsung
Galaxy S4 with a 1.6GHz quad-core processor running Android 4.4.1 KitKat OS
and tested in variety of different conditions. First, the accuracy of the V-Sense
technique was evaluated in determining the change of heading angle and the
horizontal displacement in a short road test. Then, the performance of classification
was evaluated with a longer road test containing various road features. The cars
used for the test were a 2010 Mitsubishi Lancer and a 2006 Mazda 6. During these
experiments, the mobile phone was either mounted on the windshield, or kept in
the driver's pocket.

[0062] By making several lane changes, turns and U-turns during a
short road test, the accuracy of V-Sense technique in estimating the change of
heading angle and the horizontal displacement was evaluated. During the road
test, three lane changes were made (i.e., one to the left lane and the other two to
the right lane) and three U-turns. The horizontal displacements and changes of
heading angle were collected to check whether the estimated values are close to
their ground truth. The results of the two separate tests are summarized in Table 1.
For consistency, all numbers are presented as their absolute values.
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Table 1.
Lane Change U-turn
#1 #2 #3 Average #1 #2 #3 Average
Displacement [m] 4.29 3.49 3.59 3.79 14.47 15.66 14.46 14.86
Angle Change [deg] 2.03 7.49 412 4.54 193.73 179.85 184.41 185.99

[0063]
is expected to be equal to the actual lane width, which was around 3.7m for our

During a lane change, the ground truth horizontal displacement

experiment. However, for the change of heading angle, it is expected to be 0°
since this is a measure of the difference between the initial and the final heading
angles.
[0064]
horizontal displacement and the change of heading angle are the road width for U-

On the other hand, during a U-turn, the ground truth of

turns, which was approximately 16m in our case, and 180°, respectively.
[0065]
absolute deviation to the ground truth value — in the two experiments. For all

Figure 9 shows the error ratio — which is the ratio of the

cases, the estimated horizontal displacement and change of heading angle have a
very low error ratio, i.e., very accurate. The high accuracy of the V-Sense
technique in determining the two values means that it can correctly classify various
steering maneuvers, which is validated in the following subsection by conducting
long road tests.
[0066]

steering maneuvers, two long road tests were also performed. To guarantee the

To evaluate how well the V-Sense technique classifies different

generality of the experiment, two different test routes were chosen as shown in
Figs. 10A and 10B. The routes run through typical urban areas and freeways, the
former including residential, downtown, and school areas. The number of features

in the examined routes is summarized in Table 2.

Route Distance [miles] RT LT LC CR
#1 3.4 6 5 4 11
#2 8.3 5 5 15 9

Table 2: Summary of different road features in testing routes.
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To validate the independence of the V-Sense technique from driving habits, we had
five volunteers participating in the test, three male drivers and two female drivers.
Each of them drove twice on both route #1 and #2. In the first test, they mounted
the phone on the windshield; whereas, in the second test, the phone was kept
inside the driver's pocket.

[0067] With reference to Figure 11, the on-road experimental results
can be highlighted as follows. V-Sense technique achieves 100% accuracy in
detecting both right and left turns, regardless of the phone’s placement and road
condition. This is because when turning, the heights of the bumps in the readings
tend to be high enough to be accurately detected and classified. For lane changes,
V-Sense technique achieves 93% accuracy when the phone is mounted on the
windshield, and 85% accuracy when the phone is in the driver's pocket. The false-
negative results are mostly due to the fact that the V-Sense technique occasionally
misinterprets a lane change as driving on a curvy road, because a few of the lane
changes in the test took longer than expected, especially on the freeway where
drivers tend to take extra caution, thus making slower lane changes. The
accumulated error in the gyroscope reading can also degrade the performance in
such a case. However, its occurrence is expected to be rare considering the
average elapsed time for lane changing, i.e., less than 6 seconds. Finally, the V-
Sense technique achieves nearly 97% accuracy in detecting curvy roads with the
phone mounted on the windshield, and nearly 92% accuracy with the phone kept in
the driver's pocket. These results also reflect the accuracy of the coordinate
alignment. Also, note that the V-Sense technique was able to detect the two long
L- shaped curvy roads on the US#23 freeway using bump detection and horizontal
displacement derivation.

[0068] In one application, the V-Sense technique can be used to
detect careless steering: changing lanes or making turns without turning on the turn
signal. Detecting a driver's careless steering is important, since it would enhance
the safety of not only the driver but also people/vehicles around him. Moreover, it
can also be used by insurance companies in monitoring the driver's driving habit
and thus determining the insurance premium accordingly, which would then

motivate the drivers to avoid careless steering.

17



10

15

20

25

30

WO 2016/172535 PCT/US2016/028922

[0069] Figure 12 shows the information flow of careless steering
detection using data collected from the accelerometer 131, GPS 132, gyroscope
133, and microphone 134 on a mobile phone. This application is comprised of the
V-Sense module 135 as well as a sound detection module 136. The V-Sense
module 135 detects possible lane changes or turns using the gyroscope readings in
the manner set forth above. Upon detecting the start point of a lane change or turn
(i.e., bump), the sound detection module 136 activates the microphone 134 and
starts to detect the turn signal sound. If a lane change or turn is detected without
the detection of signal sound, the application declares the driver is involved in
careless driving, and triggers an alarm (visual, audible or otherwise) to notify the
driver; otherwise, the application declares it as attentive driving.

[0070] In order to detect whether the driver has used the turn signal,
the sound detection module 136 uses the following three steps: (i) collect training
samples of the turn signal sound; (ii) eliminate background noise with a matched
filter; (iii) make a decision on whether the turn signal was used during the turn or
lane change.

[0071] First, the turn signal sounds are collected from two different
cars, 2006 Honda Accord and MINI Countryman, which are used as sample data
sets as shown in Figure 13A. The measured steady rates of the turn signal in the
2006 Honda Accord and MINI Countryman were 161 and 163 ticks per second
(shown in Fig. 16), respectively. As the turn signal sounds acquired from the 2006
Honda Accord has lower amplitude, and would thus be more difficult to detect,
sound detection was studied using this data set. To test the performance of the turn
signal detection module in real driving scenario, the engine was turned on and
music was played which acts as background noise inside the car.

[0072] To detect the sound emitted from the turn signals, the detection
module has to overcome two challenges: (i) it must be resilient to the variation of
SNR due to unpredictable detection conditions; and (ii) the delay in detecting a
single turn signal must be low in order to be ready for detecting the subsequent
signal. A matched filter 137 was used to meet these challenges.

[0073] The matched filter 137 is used to detect the presence of a
known signal in the unknown signals. The key idea behind the matched filter 137 is
to design an impulse response that maximizes the output SNR. Due to
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unpredictable driving conditions, the noise inside the car cannot be easily modeled.
Thus, the turn signal is modelled and the signal sound is extracted by using one
convolution with the matched filter kernel. Since the turn (sound) signal can be
modeled as series of discrete signals, we use the discrete version of matched filter,

in which the output y[n], can be expressed as:

y[n] = ¥ikz-whln — k]h[k], (10)
where the impulse response, h[n], of the matched filter is
h[n] = g[n] ® v[n, —n], (11)

where g[n] denotes the power spectral density of background noise. The matched
signal Matched is acquired by applying
Result[n] = Signal[n] @ h[n], (12)

where signal[n] is the sound recorded by the smartphone’s microphone inside the
car and Result[n] is the output of the matched filter.

[0074] If the amplitude of the matched filter output is larger than T, a
pre-defined threshold set to 0.35 by default, the V-Sense technique declares the
detection of a turn signal sound. If the detected turn signal is accompanied by a
lane change or turn detected by the V-Sense technique, then the application
declares the steering maneuver as being attentive. On the other hand, if no such
turn signal sound was detected, the application declares the steering to be
careless, and then alarms the driver.

[0075] Figure 13B shows the performance of the sound detection
module which extracts signal sound from background noise. Experiments were
conducted in a regular driving setting, where music played inside the car and the
passengers were talking occasionally. The matched filter was able to extract and
identify the sound of the turn signals from the background noise, even when the
amplitude of the noise was very high (radio played music at the max volume). By
integrating this accurate sound detection module with the V-Sense technique, the
application detects careless steering and thus enhances driving safety significantly.

[0076] Fine-grained lane guidance allows existing navigation systems
provide higher guidance accuracy. Specifically, fine-grained lane guidance detects
whether the driver is in the correct lane and alarms the driver if not. Existing
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navigation systems on mobile phones are constrained by the accuracy of the built-
in GPS sensor, which is at best 5~10m. When the line-of-sight transmission
between the satellite and the phone is blocked by obstacles, such as tunnels,
bridges, and tall buildings, the accuracy quickly drops to 20~100m. Such limitations
make it impossible for legacy navigation systems to recognize the exact traffic lane
that the vehicle is on. The latest update of Google Maps does include a lane
guidance function, but in a rather limited way: it can only provide information on
which lane the vehicle should stay, not whether it is actually on that lane. Fine-
grained lane guidance is important, since it can reduce abrupt lane changes, and
also very helpful for drivers who have lack driving experience.

[0077] Based on information from an on-line map, the correct lane for
the next maneuver can be easily determined, which is a function already provided
by existing navigation systems. Hence, the main challenge of realizing the fine-
grained lane guidance application is the determination of the current lane that the
vehicle is running on. To meet this challenge, one needs to determine the vehicle's
current lane via lane change detection. The current lane can be determined based
on whether and how the vehicle has changed its lane. Thus, by detecting and
analyzing the lane changes made by the vehicle, one can determine the vehicle's
current lane.

[0078] Lane changes may take place in two situations: (i) middle of a
road or; (ii) at intersections. For the first case, the V-Sense technique can reliably
detect lane changes on the road using techniques described above. For the
second case, an add-on module 161 (called InterHelper) was developed for the V-
Sense module 135. In Figure 14, the navigation system 162 and the V-Sense
module 135 cooperate to determine the fine-grained location. The navigation
system is capable for determining whether the vehicle is at the intersection. Once
the vehicle reaches an intersection, the InterHelper module 161 is triggered and
starts to estimate the turning radius, R;. Note that R; is equivalent to the horizontal
displacement during the turn, which can be derived by using the techniques
described above. This information enables the V-Sense module 135 to finally
determine the fine-grained location.

[0079] As shown in Figure 15, there are four possibilities of lane

change at a typical 4-lane single carriageway intersection. That is, each car has two
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choices of making either right or left turn. Here, it is assumed that the turning
trajectory is an arc, which is a common assumption in intersection design.
0,4, 0,, 03,0, are centers of turning circles. InterHelper module 161 classifies each
case by differentiating the turning radius, i.e., Ry, R, R3 R,.

[0080] For a typical intersection, the right turn radius, R, is 10.8m, the
left turn radius, R; is 20.7m, and the width of a typical intersection is 19.2m.
Moreover, the lane width is around 3.65. Based on these facts and extensive road
experiments, the threshold for differentiating R; and R, are set as 13.1m, and the
threshold of differentiating R; and R, are set as 21.64m. Using such thresholds
and the horizontal displacement obtained from the V-Sense module, the application
determines whether the vehicle has changed its lane during a turn at the
intersection.

[0081] In order to evaluate the performance of the fine-grained lane
guidance application, 80 left and right turns were performed at different
intersections in Ann Arbor, Michigan, U.S., and the results are shown in Figure 16.
The application is shown to be able to detect 95% of right turns with R;, 90% with
R,, 90% of left turns with R; and 85% with R,. It can therefore be concluded that by
integrating InterHelper into V-Sense, the application is capable of detecting lane
changes in all cases, thus determining the vehicle’s current lane.

[0082] Certain aspects of the described techniques include process
steps and instructions described herein in the form of an algorithm. It should be
noted that the described process steps and instructions could be embodied in
software, firmware or hardware, and when embodied in software, could be
downloaded to reside on and be operated from different platforms used by real time
network operating systems.

[0083] The present disclosure also relates to an apparatus for
performing the operations herein. This apparatus may be specially constructed for
the required purposes, or it may comprise a general-purpose computer selectively
activated or reconfigured by a computer program stored on a computer readable
medium that can be accessed by the computer. Such a computer program may be
stored in a tangible computer readable storage medium, such as, but is not limited
to, any type of disk including floppy disks, optical disks, CD-ROMs, magnetic-
optical disks, read-only memories (ROMs), random access memories (RAMSs),
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EPROMs, EEPROMs, magnetic or optical cards, application specific integrated
circuits (ASICs), or any type of media suitable for storing electronic instructions,
and each coupled to a computer system bus. Furthermore, the computers referred
to in the specification may include a single processor or may be architectures
employing multiple processor designs for increased computing capability.

[0084] The algorithms and operations presented herein are not
inherently related to any particular computer or other apparatus. Various general-
purpose systems may also be used with programs in accordance with the teachings
herein, or it may prove convenient to construct more specialized apparatuses to
perform the required method steps. The required structure for a variety of these
systems will be apparent to those of skill in the art, along with equivalent variations.
In addition, the present disclosure is not described with reference to any particular
programming language. It is appreciated that a variety of programming languages
may be used to implement the teachings of the present disclosure as described
herein.

[0085] The foregoing description of the embodiments has been
provided for purposes of illustration and description. It is not intended to be
exhaustive or to limit the disclosure. Individual elements or features of a particular
embodiment are generally not limited to that particular embodiment, but, where
applicable, are interchangeable and can be used in a selected embodiment, even if
not specifically shown or described. The same may also be varied in many ways.
Such variations are not to be regarded as a departure from the disclosure, and all

such modifications are intended to be included within the scope of the disclosure.
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CLAIMS

What is claimed is:

1. A method for detecting vehicle maneuvers using a mobile phone
residing in the vehicle, comprising:

receiving, by a processor of the mobile phone, signals from two or more
sensors residing in the mobile phone while the vehicle is moving, where the signals
are indicative of vehicle movement and reported relative to a coordinate system
associated with the mobile phone;

converting, by the processor, the signals from the two or more sensors from
the phone coordinate system to a geographic coordinate system;

deriving, by the processor, a detection signal indicative of angular speed of
the vehicle about a vertical axis of the geographic coordinate system, where the
detection signal is derived from the converted signals;

correlating, by the processor, the detection signal to one of a plurality of
predefined signatures, where each signature represents a different maneuver made
by a vehicle;

determining, by the processor, a direction of travel for the vehicle;

determining, by the processor, a horizontal displacement of the vehicle
relative to the direction of travel; and

identifying, by the processor, a maneuver made by the vehicle based on the
correlation of the detected signal to one of the plurality of predefined signatures and
magnitude of the horizontal displacement of the vehicle.

2. The method of claim 1 further comprises aligning the phone
coordinate system with the geographic coordinate system prior to the step of

receiving signals.

3. The method of claim 1 wherein the geographic coordinate system
includes a vertical axis defined in relation to surface the vehicle is traversing upon
and the vertical axis does not align with any of the axes that define the phone

coordinate system.
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4. The method of claim 1 wherein correlating the detection signal to one
of a plurality of predefined signatures further comprises identifying one or two
bumps in the detection signal, where one bump correlates to turn by the vehicle
and two bumps correlates to a lane change by the vehicle.

5. The method of claim 1 wherein identifying a maneuver made by the
vehicle further comprises classifying a vehicle maneuver into one of three classes

selected from a group consisting of lane change, turn and curvy road.

6. The method of claim 1 wherein identifying a maneuver made by a
vehicle further comprises

comparing magnitude of the horizontal displacement to a threshold; and

classifying the maneuver as a curvy road in response to a determination that

the magnitude of the horizontal displacement exceeds the threshold.

7. The method of claim 1 wherein determining horizontal displacement
further comprises
determining velocity of the vehicle along the direction of travel;
determining angular speed of the vehicle about a vertical axis of the
geographic coordinate system; and
determining horizontal displacement as a function of velocity and angular
speed of the vehicle.

8. The method of claim 6 wherein the velocity of the vehicle is
determined from readings of a global positioning system (GPS) residing in the
mobile phone.

9. The method of claim 1 further comprises

determining a difference in vehicle heading angle between start and end of
vehicle maneuver; and

further classifying a turn as either a right turn, a left turn or a U-turn in
accordance with the difference in vehicle heading angle.
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10. A method for detecting vehicle maneuvers using a computing device
in a vehicle, comprising:

receiving, by a processor of the computing device, a signal from an inertial
sensor of the computing device while the vehicle is moving, where the signal is
indicative of angular speed of the vehicle about a vertical axis;

detecting, by the processor, one or more pulses in the signal within a fixed
time period, where one pulse with the fixed time period correlates to a possible turn
by the vehicle and two pulses within the fixed time period correlates to a possible
lane change by the vehicle;

determining, by the processor, a direction of travel for the vehicle;

determining, by the processor, a horizontal displacement of the vehicle
relative to the direction of travel;

comparing, by the processor, magnitude of the horizontal displacement to a
first threshold, where the comparison is performed in response to detecting two
pulses in the signal;

classifying vehicle maneuver as a curvy road in response to a determination
that the magnitude of the horizontal displacement exceeds the first threshold; and

classifying vehicle maneuver as a lane change in response to a
determination that the magnitude of the horizontal displacement is less than the
first threshold.

11.The method of claim 10 further comprises

detecting two pulses in the signal within the fixed time period;

determining, by the processor, whether amplitude of first pulse of the two
detected pulses is higher or lower than a baseline value;

classifying the vehicle maneuver as a possible change to left lane in
response to determining that the amplitude of the first pulse is higher than a
baseline value; and

classifying the vehicle maneuver as a possible change to right lane in
response to determining that the amplitude of the first pulse is lower than a

baseline value.
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12. The method of claim 10 further comprises

determining, by the processor, whether amplitude of the one detected pulse
is higher or lower than a baseline value;

classifying the vehicle maneuver as a possible left turn in response to
determining that the amplitude of the one detected pulse is higher than a baseline
value; and

classifying the vehicle maneuver as a possible right turn in response to
determining that the amplitude of the one detected pulse is lower than a baseline

value.

13. The method of claim 12 further comprises

comparing, by the processor, magnitude of the horizontal displacement to a
right turn threshold, where the comparison is performed in response to classifying
the vehicle maneuver as a possible right turn;

classifying vehicle maneuver as a curvy road in response to a determination
that the magnitude of the horizontal displacement exceeds the right turn threshold;
and

classifying vehicle maneuver as a right turn in response to a determination
that the magnitude of the horizontal displacement is less than the right turn
threshold.

14.The method of claim 13 further comprises

comparing, by the processor, magnitude of the horizontal displacement to
a left turn threshold, where the comparison is performed in response to
classifying the vehicle maneuver as a possible left turn;

classifying vehicle maneuver as a curvy road in response to a
determination that the magnitude of the horizontal displacement exceeds the left
turn threshold; and

classifying vehicle maneuver as a right turn in response to a
determination that the magnitude of the horizontal displacement is less than the
left turn threshold, where the value of the left turn threshold differs from value of
the right turn threshold.

26



10

15

WO 2016/172535 PCT/US2016/028922

15. The method of claim 10 further comprises converting, by the
processor, the signal a device coordinate system to a geographic coordinate
system, where wherein the signal is reported in the device coordinate system and
the geographic coordinate system includes a vertical axis defined in relation to
surface the vehicle is traversing upon and the vertical axis does not align with any
of the axes that define the phone coordinate system.

16.  The method of claim 10 wherein determining horizontal displacement
further comprises

determining velocity of the vehicle along the direction of travel;

determining angular speed of the vehicle about a vertical axis of the
geographic coordinate system; and

determining horizontal displacement as a function of velocity and angular
speed of the vehicle.

17.  The method of claim 16 wherein the velocity of the vehicle is

determined from readings of a global positioning system (GPS) residing in the
mobile phone.

27



WO 2016/172535

1/14
Receive Sensor Signals ~—12
Y
Derive Angular Speed ~—13
\ 4
Correlate Speed Signal
To Signature 14
\ 4
Determine Travel Direction I~ _ 45
\ 4
Determine Horizontal
Displacement 16
A
dentify Vehicle Maneuver  ~_47

FIG. 1

SUBSTITUTE SHEET (RULE 26)

PCT/US2016/028922



WO 2016/172535 PCT/US2016/028922

2/14

SUBSTITUTE SHEET (RULE 26)



WO 2016/172535 PCT/US2016/028922
3/14
I
1r | —— Raw Data W
— Filtered Data
08F
=
L 06}
kel
o
)
5 04+t
>
<C
0.2+F
Make A Left Tumn
1 1 L i H 1 1 1 1 m " 1 B
100 200 300 400 500 600 700 800 900 1000
Samples
FIG. 3A
0.15
01}
= 0.05F
B Make A Right Turn
%,3; 0
&
5 .05
>
< 01
——— Raw Data
RO o Filtered Data
_02 1 1 1 1 1
0 100 200 300 400 500
Samples
FIG. 3B

SUBSTITUTE SHEET (RULE 26)



WO 2016/172535 PCT/US2016/028922

4/14

0.15

0.1

0.05

.}“l w' L hw.’

0.05F

Angular Speed (rad/s)

01t

— RawData ”W ‘wi‘i,gm |
015k ____ Fittered Data IR

800 900 1000 1100 1200 1300 1400

Samples

FIG. 3C

025F
— Raw Data
02} |
— Filtered Data
045}
01} |
0051 Il | Change To A Right Lane il

| H‘W}M’;!l‘qmvm..ms!;,,,l

i

ol “._,5]‘{&1 : E{I‘i;’j‘!“"“*"b!‘%‘ii‘*]‘ i;ivj*a.‘; - ~

Angular Speed (rad/s)

0.05F i |
011 M'}WW'l‘lwih,ulx“‘
0151 L

100 200 300 400 500 600 700
Samples

FIG. 3D

SUBSTITUTE SHEET (RULE 26)



WO 2016/172535 PCT/US2016/028922

5/14

0.04

0.02

;
. BUMP, NEx LAY PO,

N )/

-0.02

T
[=7]
[o7]

(%]

-0.04

Angular Speed (rad/s)

1
S S
-

-0.06 —— Raw Data

— Filtered Data

-0.08

1150 1200 1250 1300 1350 1400 1450

Samples

FIG. 4A

025}
0.2

——— Raw Data

— Filtered Data

0.15
0.1
0.05

Angular Speed (rad/s)

-0.05
0.1
015¢

100 200 300 400 500 600 700
Samples

FIG. 4B

SUBSTITUTE SHEET (RULE 26)



WO 2016/172535 PCT/US2016/028922

6/14
€ >
Weurvey
Lane Change A S-Shaped Curvy Road
FIG. 5A FIG. 5B
et > € >
Wrurn Weurvey
Tuming A L-Shaped Curvy Road
FIG. 5C FIG. 5D

SUBSTITUTE SHEET (RULE 26)



WO 2016/172535 PCT/US2016/028922

7/14

4Ts3Ts 2Ts Ts 0 Time

A

| | | |
g W
] | €<——--2
! L Wo !
LN e !
| | | |
| | |
| | 1 |
R :
o : :
<t o) e
| | |
Wai | '

Velocity ' V4 ' Vs ' Vs Vi
FIG. 6
Horizontal
\/ Displacement / Driving On
Lane Change /\ \ Curvy Road
Bump Horizontal
Detection Displacement
___________ / Tumn }%_~_~___~_~
/’ /K N\
Angle Change Of

5
_/

!

!

!

| Heading
: < Left/Right Turn \

] -

SUBSTITUTE SHEET (RULE 26)



WO 2016/172535 PCT/US2016/028922

8/14

35
—<+— Velocity From GPS
R SYAN — Velocity From IMO
X X —&— Kalman Filtered Rent
—=— Ground Truth
251
s
g 20'
=
ﬁg‘
= 15F
>
10+
5_
0 1 1
0 5 10 15 20 25 30
Time/100ms
FIG. 8
0.3
[ 1Test1
§ : : B Test 2
025_. ..................... ..................... ................. TeSt3
02_ ..................... ..................... ...............
£ i § §
§ 0.15F---- e OUUUTRURO SO PR PORI SO P PP
5 f f
2 3 :
01 L....] .  EERRREEREE e e
0.05k k ............. o RN ] b
O %, o,

Displacement Angle Change Displacement Angle Change
Lane Change U-Turn

FIG. 9

SUBSTITUTE SHEET (RULE 26)



WO 2016/172535 PCT/US2016/028922

9/14

) Library
‘ °
Lib
Library

31 % m,ign.

r 11)(3.3 miles e
L =
[ iteftTumis T Ti RightTum [ Curvy Road!

Testing Route #1, Around Campus 3.3 Miles

FIG. 10A
8 =
T A N
8.3 miles Apartments| @ ¢ Park i v
"":,T.': >3
® )
Park o RV
Golf Course 1o 207
Nature Area N\

Testing Route #2, Freeway Included, 8.3 Miles

FIG. 10B

SUBSTITUTE SHEET (RULE 26)



WO 2016/172535 PCT/US2016/028922

10/14

250
[_1Ground Truth
I Vounted
ogo LBl inPocket | i
w
3
S 150
o
b}
[an)}
5
s 100
£
£
o
pd
50 F
Right Tumn Left Turn Lane Change Curvy Road
FIG. 11

{ Decision )

135\ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ____/136

Detection

Displacement

,// V-Sense ™ 7 T, 187
! {
: Horizontal Angle Change ! ! Matched !
} Displacement in Heading j : Filter :
| | | |
! n n |
i . | i t
: Horizontal Bump L ' :
i i
/

Accelerometer  GPS Gyroscope Microphone
13— 132 133 ‘134
FIG. 12

SUBSTITUTE SHEET (RULE 26)



WO 2016/172535 PCT/US2016/028922

11/14

I I I T W
| <
L
>
<
PSS - g
| oy
. < 3
ey s s fo] o ——
2 =
£ =
]
]
— S
]
]
]
_ ]
4 o
— & o™
g— o
_“uaz&_"-'-——— (S’)G d
LL.
-4 N
— e
——*::rr??iﬁf%ﬁ::::::—-

01F

spnidwy

SUBSTITUTE SHEET (RULE 26)



PCT/US2016/028922

WO 2016/172535

12/14

g

b

401 X

g€l "Old

ajdwies

inSoY PosaHd ----------

BlEQ MBY

ploysaiyl

apnidwy

SUBSTITUTE SHEET (RULE 26)



WO 2016/172535 PCT/US2016/028922

13/14
o Fine-Grained
162 Navigation System Location
Road Info
At No
Intersection
/ 135
V-Sense )

Lane Change
Turming Radius \ Tracking

— e

164 Inter-Helper )

o I

SUBSTITUTE SHEET (RULE 26)



WO 2016/172535

Number Of Detections

25

20

15

10

PCT/US2016/028922
14/14
[ ]Ground Truth
I cxperiment Result
R1 R2 R3 R4
FIG. 16

SUBSTITUTE SHEET (RULE 26)




International application No.

A A AR
INTERNATIONAL SEARCH REPORT PCT/US2016/028922

A. CLASSIFICATION OF SUBJECT MATTER
B60W 30/18(2006.01)i, B6OW 50/08(2006.01)i, GO1S 19/52(2010.01)i

According to International Patent Classification (IPC) or to both national classification and [PC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
B60W 30/18; G06Q 40/08; GO1C 21/10; GO8G 1/052; GO1P 15/08; GO8G 1/123; GO8G 1/01; GO1C 15/00; GO1C 21/00; B6OW 50/08;
GO1S 19/52

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
Korean utility models and applications for utility models
Japanese utility models and applications for utility models

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
cKOMPASS(KIPO internal) & keywords: mobile phone, smart phone, mobile device, angular speed, pulse, signal, signature, coordinate,
maneuver, vehicle

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

Y US 8457923 B2 (OHKUBO, MASASHI) 04 June 2013 1-3,5,7-9
See column 5, line 28 - column 10, line 14, column 26, line 42 - column 28,
line 14, claim 18 and figures 1-3, 10-12, 25, 26.

A 4,6,10-17

Y CN 104408917 A (ZHEJIANG UNIVERSITY OF INDUSTRY AND COMMERCE) 11 March 2015 1-3,5,7-9
See paragraphs [0006]-[0029] and figures 1-3.

A US 2014-0278206 A1 (CAMBRIDGE MOBILE TELEMATICS) 18 September 2014 1-17
See paragraphs [0021]-[0049] and figures 1-3.

A US 2015-0019266 A1 (STEMPORA, JEFFREY) 15 January 2015 1-17
See paragraphs [0127], [0128] and figure 1.

A US 2006-0232444 A1 (LEE, JU-HYOUNG) 19 October 2006 1-17
See paragraphs [0026]-[0049] and figures 2-4.

|:| Further documents are listed in the continuation of Box C. See patent family annex.

* Special categories of cited documents: "T" later document published after the international filing date or priority
"A" document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand
to be of particular relevance the principle or theory underlying the invention
"E" carlier application or patent but published on or after the international "X" document of particular relevance; the claimed invention cannot be
filing date considered novel or cannot be considered to involve an inventive
"L"  document which may throw doubts on priority claim(s) or which is step when the document is taken alone
cited to establish the publication date of another citation or other "Y" document of particular relevance; the claimed invention cannot be
special reason (as specified) considered to involve an inventive step when the document is
"O" document referting to an oral disclosure, use, exhibition or other combined with one or more other such documents,such combination
means being obvious to a person skilled in the art
"P"  document published prior to the international filing date but later "&" document member of the same patent family
than the priority date claimed

Date of the actual completion of the international search
17 August 2016 (17.08.2016)

Date of mailing of the international search report

17 August 2016 (17.08.2016)

Name and mailing address of the [SA/KR
International Application Division
¢ Korean Intellectual Property Office
189 Cheongsa-ro, Seo-gu, Dagjeon, 35208, Republic of Korea

Facsimile No. +82-42-481-8578

Authorized officer \‘\\«\\“.“‘\\\\
& R

PARK, Tae Wook

Telephone No. +82-42-481-3405

Form PCT/ISA/210 (second sheet) (January 2015)




INTERNATIONAL SEARCH REPORT
Information on patent family members

International application No.

PCT/US2016/028922
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 8457923 B2 04/06/2013 CN 102087299 A 08/06/2011
CN 102087299 B 21/11/2012
EP 2330427 Al 08/06/2011
EP 2330427 Bl 27/01/2016
JP 2011-117843 A 16/06/2011
JP 5445082 B2 19/03/2014
US 2011-0136512 Al 09/06/2011
CN 104408917 A 11/03/2015 None
US 2014-0278206 Al 18/09/2014 US 9228836 B2 05/01/2016
WO 2014-145409 Al 18/09/2014
US 2015-0019266 Al 15/01/2015 US 9053516 B2 09/06/2015
WO 2015-008270 A2 22/01/2015
WO 2015-008270 A3 30/04/2015
US 2006-0232444 Al 19/10/2006 CN 1848192 A 18/10/2006
CN 1848192 B 24/04/2013
KR 10-0641196 B1 06/11/2006
KR 10-2006-0108454 A 18/10/2006

Form PCT/ISA/210 (patent family annex) (January 2015)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - claims
	Page 26 - claims
	Page 27 - claims
	Page 28 - claims
	Page 29 - claims
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - wo-search-report
	Page 45 - wo-search-report

