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Abstract

We are presenting a theoretical and mathematical model for an environment nondependent contactless speed sensor
which can measure directly the horizontal speed of ships, submarines, and aircraft with respect to the ground.
Currently, available standalone onboard speed sensors used in ships, submarines, and aircraft measure the speed of
the vehicle with respect to the water or air; not ground. Thus, they are unable to measure the ground speed of these
vehicles directly. In this paper, we have shown that a novel speed sensor can be designed by using small size dropped
inside a vacuum chamber. The theoretical and mathematical model of the proposed sensor was further validated by
simulation. The simulation results showed that unlike the conventional methods our proposed method can measure
the speed of ships, submarines, and aircraft with respect to the ground directly. Another issue is that current speed
sensors are environment-dependent, meaning they or their probes require some type of touch with the operational
environment. This environment dependency further affects the accuracy of these sensors, as well as lays these sensors
or their probes at risk of collision with external objects. However, the requirement to mount the sensor or its probes
outside the vehicle is removed by our suggested sensor. The complete sensor assembly can be placed inside the
vehicle.

Keywords: 3D Pose Estimation, Accelerometer, Computer Vision, Free-Fall Ball, Gyro, Inertial Measurement Unit
(IMU), Inertial Navigation System (INS), Image Processing, Simultaneous Localization And Mapping (SLAM),
Speedometer

1. Introduction

At present ships and submarines use Electromagnetic
Log (EM Log), Pitometer Log, and other types of speed
sensors for their speed measurement[1][2][3]. But all
these sensors measure the speed of the vessel with
respect to water, not ground[4]. As a result due to tide or
current, vessels can’t measure their speed with respect to
the ground directly[4]. For example, if a ship is anchored
at sea under a strong current, its speed sensor shall show

that it is moving at high speed|5], though, in reality, it is
standing still with respect to the ground[5]. Similarly,
aircraft use the pilot tube for their speed measurement
with respect to air, not ground[6], [7]. As a result due to
air, aircraft can’t measure their speed with respect to the
ground directly[8][9][10][11]. For instance, if a
helicopter is hovering at zero speed under the heavy
wind, its speed sensor shall show that it is moving at high
speed|11]. Though in reality, it is standing still with
respect to the ground|11].
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Fig.1 shows the current method used by ships for ground
speed measurement. At present ships measure their
ground speed by calculating the EM Log speed
information, propeller speed information, wind sensor
information, and the Tide Table information[5].
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Fig.1.Current method used by ships for ground speed
measurement

However, because of faults in the EM Log and Tide
Table, this technique yields significant errors in the
ground speed measurement[ 1]. Same way, in the absence
of GPS and external sources an aircraft has to measure
its ground speed by using air speed, altitude, pressure,
density, and other information collected from various
onboard sensors. This will also introduce large errors in
ground speed measurement due to inaccuracies of input
parameters. Though measurement of speed with respect
to ground is an important aspect of navigation for water
and air vehicles, due to the above reasons ships,
submarines, and aircraft cannot measure their ground
speed directly. Moreover, currently available speed
sensors used in water and air vehicles are environment-
dependent; which means these sensors or their probes
need some sort of contact with the operating
environment. As a result operating environment
parameters such as temperature, density, salinity,
chemical properties, etc. further affect the accuracy of
these sensors. Besides as these sensors or their probes
need to be placed outside the vehicle, it initiates further
risk of collision with external objects.

GPS is used for speed measurement with respect to the
ground, but GPS is not a standalone solution for ships
and aircraft as it is susceptible to jamming and
spoofing[12][13]. On the other hand, GPS doesn’t work
when submarines operate underwater[14]. In rare cases,
accelerometers are used by vehicles for ground speed

measurement[15][16]. In such cases, the inaccuracy in
ground speed measurement is increased over time
because of numerous sorts of bias, noise, and errors in
accelerometer sensors[17]. As the error increases at a
large amount with time, they are not used alone; rather
they are used with other sensors for measuring ground
speed[15][16][17]. To date, no environment non-
dependent contactless standalone onboard speed sensor
is known to exist, which can measure the speed of water
and air vehicles directly with respect to the ground.
Hence we proposed a new method of an environment
non-dependent contactless standalone onboard speed
sensor (just like a standalone Gyro Sensor or
Accelerometer Sensor) which can measure the speed of
water and air vehicles with respect to the ground directly;
without knowing other information such as speed of
current, RPM of the propeller, etc.

In this paper, we proposed a new approach for the
theoretical and mathematical model of a contactless
speed sensor which can measure the speed of the ships,
submarines, and aircraft with respect to the ground
directly. Another important focus of our approach was to
completely eliminate the environmental dependency.
The theoretical and mathematical model of the proposed
sensor was further validated by simulation.

2. Materials and Methods

2.1. Theoretical Background

In 1638, Galileo established the principle of compound
motion[18]. According to this principle, in projectile
motion the horizontal motion (velocity in x-axis and y-
axis) and the vertical motion (velocity in z-axis) are
independent of each other; that is, neither motion affects
the other. For better understanding let us assume at earth
an object is at free fall in an airless environment.
According to Galileo the three-axis velocity profile of
the object is shown in Table 1[18].

Table 1. Properties of the free-falling object in the
airless environment

Time Velocity in x- Velocity in y- Velocity in z-

(Sec) Axis (m/s) Axis (m/s) Axis (m/s)
0.1 5 10 0.98
0.2 5 10 1.96
0.3 5 10 2.94
0.4 5 10 3.92
0.5 5 10 4.9
0.6 5 10 5.88
0.7 5 10 6.86
0.8 5 10 7.84
0.9 5 10 8.82
1.0 5 10 9.8
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2.2.

Table 1 shows that if there is no other external resistance
on a free-fall object, gravity does not affect the
horizontal velocity (x-axis and y-axis velocity) and they
remain unchanged over time. Only the vertical velocity
(z-axis velocity) is changed over time due to gravity. It
means that if we can measure the x-axis and y-axis
velocity of the object only once, we know that these two
axis velocities shall remain constant until the object
touches the ground. This understanding shows the
possibility of developing a new sensor by arranging
small size free falling balls inside a vacuum chamber for
direct measurement of the horizontal velocity (along the
x and y-axis) of a vehicle with respect to ground.

Description of Device/ Sensor

Previously it is discussed and shown that currently
available speed sensors used in water and air vehicles
cannot measure ground speed directly and they need
some sort of contact with the operating environment.
They need propeller speed information, tide table
information, and other information for indirect ground
speed measurement Fig.1. Unlike these sensors our
proposed speed sensor can measure ground speed
directly without any other extra information like
propeller speed information, tide table information, etc.
and it does not require any sort of contact with the
operating environment. It can be placed at any suitable
place inside the vehicle Fig.2.

Direct Ground Speed Measurement
Proposed Speed Sensor

Water

Ground

Fig.2.Proposed contactless speed sensor placed inside a
ship for direct measurement of ground speed

Fig.3 shows the basic configuration of the proposed
speed sensor. The proposed speed sensor consists of an
enclosed vacuum chamber. A continuous free-fall ball
dropping mechanism is arranged inside this vacuum
chamber. Inside the vacuum chamber the balls fall from
the top in a single line. Once they reach the bottom of the
vacuum chamber, they are again sent to the top. The
arrangement is done in such a way that at least 2 balls
shall always be at free fall. A 3D Range Finder is placed
at the perimeter of the vacuum chamber. The 3D Range
Finder is capable of determining the 3D distance of at

Modeling of an Environmentally

least 2 free-falling balls at the same time.

Vacuum Chamber
Z
o O
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Fig.3.Basic configuration of the sensor

2.3. Operating Principle

For better understanding firstly a single free-falling ball
is discussed using Fig.4. Subsequently, multiple free-
falling balls are discussed using Fig.5.

R
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Fig.4.Sensor assembly placed inside a vehicle

During initial set up the sensor assembly is fixed rigidly
inside the vehicle. Then it is aligned with the vehicle in
all 3 axes. To get the system to work we need to know
the 3 axis orientation of the vehicle with respect to earth,
Gravity model and the relative distance between the
falling ball and the vehicle at all times.

To measure the 3-axis global orientation of the vehicle a
3-axis gyro may be used. To measure the gravity model
a 3-axis accelerometer may be used. To measure the
relative distance between the falling ball and the vehicle
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(point R) a LIDAR, RADAR, SONAR, Stereo Camera,
Time of Flight Camera, Kinect, or any other suitable
device referred to as 3D Range Finder may be used.
When the sensor starts operating, the first ball A starts
falling. During free-fall ball A moves at constant
velocities along x and y-axes as described in Table 1 with
respect to ground until it touches the vacuum chamber.
At the beginning of the operation at time t0, we need to
know the x and y-axis velocities of falling ball A with
respect to ground from external sources (like GPS) only
for once. For subsequent operations, the external source
shall not be required anymore.

From the understanding of Table 1 once we get the 2
axes' horizontal velocity of the falling ball A at any
instance t0, afterward at any moment we can predict its
2 axes' horizontal velocity with respect to ground by
simple mathematics without the necessity of any external
source/sensor. As a result, the falling ball A can now be
used as a reference for speed with respect to ground.

For better understanding let us assume, that just after t0
the vehicle started to move at various speeds and
directions. Now if we can measure the relative distance
between the falling ball A and the vehicle at 2 different
times, then using the falling ball as a reference for speed,
we can find out the 2 axes' average horizontal velocity of
the vehicle in between these times.

At the end of the free fall when ball A touches the
vacuum chamber, it can no longer be used as a reference
for speed. But the referencing system must go on for
measuring the velocity of the vehicle continuously. To
solve this problem a continuous loop of multiple
dropping balls (similar to ball A) in a single line is
introduced which is shown in Fig.5.
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:

Fig.5.0peration of multiple free-falling balls inside the
sensor

The loop shall work in a way so that at least 2 balls shall
always be at free fall. As a result after ball A, the next

ball B shall start falling. Then the reference shall be
shifted from ball A to ball B for determining the 2-axis
horizontal velocity of the wvehicle. This reference
shifting must be done before ball A touches the bottom.
Ball B qualifies to be a reference once we find out its 2-
axis horizontal velocity. The method of finding out the
2-axis horizontal velocity of ball B is almost similar to
the method we found out the 2-axis horizontal velocity
of the vehicle. To do this we need to measure the 2 axes
(horizontal) relative distance of the falling ball B from
falling ball A at 2 different times using the same 3D
range finder. Then using the falling ball A as a reference,
we can find out the 2-axis horizontal velocity of falling
ball B.

Once we know the 2-axis horizontal velocity of ball B, it
can be used as a reference instead of ball A. Now ball B
can be used in the same manner as ball A for determining
the 2 axes' average horizontal velocity of the vehicle. In
the same way, the reference shall be subsequently shifted
toballsC, D, E, F, G, H, and so on. Fig.6 shows the basic
operating principle of the speed sensor in the flowchart.

LIDAR measures
the speed of 15 ball

LIDAFR measures the
displacement rate
between 1% ball and
28d ball

Speed of
274 ball

LIDAFR measures the
displacement rate
between 279 ball and
3% ball

I

Speed of
39 ball

LIDAFR measures the
displacement rate
between 15" ball and
the vehicle

|ls( Vehicle speed

LIDAFR measures the
displacement rate
between 224 ball and
the wehicle

Wehicle speed

LIDAFR measures the
displacement rate
between 37 ball and
the wehicle

— Vehicle speed

The progess continues

LIDAFR measures the
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(n-1¥2 ball

S; dof
e Vehicle speed

Fig.6.Operating principle of the proposed speed sensor
in flowchart

LIDAFR measures the
displacement rate
between n ball and
the wehicle
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2.4. Mathematical Modeling

Table 2 shows the notation used in this work.

Table 2. Notations used in this work

Symbol Meaning

T Time (second)

Uy, Velocity of the current ref ball on x-axis
(m/s)
Vn, Velocity of the current ref ball on y-axis
(m/s)
dgru,  Distance between current ref ball and
vehicle ref point R on x-axis (m)
drm,  Distance between current ref ball and
vehicle ref point R on y-axis (m)
vy, Velocity of the vehicle on x-axis (m/s)
vy, Velocity of the vehicle on y-axis (m/s)
dym, Distance between current ref ball and
next ball on x-axis (m)
dvay Distance between current ref ball and
next ball on y-axis (m)
vy, Velocity of the next ref ball on x-axis
(m/s)
vy, Velocity of the next ref ball on y-axis
(m/s)

Initially, we know the 2-axis horizontal velocity of the
falling ball A. Let us assume we measured its velocity
along the x and y-axis as v, and Vayto respectively at
time t0. As long A doesn’t touch the bottom, afterward
at any time tl its horizontal velocity can be predicted
along the x and y-axis as:

Vaxtr = VAxeo M)
VAytl = VAytO

)
In the same way at time t2 , 2 axis horizontal velocity of
the falling ball A can be predicted as:

@)
(4)

Vaxee = Vax = YAy

VAytZ = VAytl = VAytO

Now we need to measure the relative distance of the
falling ball A from the vehicle reference point R on the
horizontal 2 axes at 2 different times t1 and t2.

Let us assume, we could measure the horizontal 2 axis
relative distance of the falling ball A from the vehicle
reference point R in the horizontal 2 axes at time t1 and
t2 as dga,,. dRAyt1 and dga,,, » dRAyt2 respectively. So,

Modeling of an Environmentally

in-between time t1 and t2 the 2 axes' average horizontal
velocity of the vehicle can be calculated as:

VWitiatz) = VAxtz — {dRAXtZ - dRAxn) / (tz = t1)}

)
(6)

In the same way we can continue to find out the 2 axis
average horizontal velocity of the vehicle in between the
timest2 & t3,t3 & t4, 14 &15, ......... ,tn-1 & tn and the
above equations can be simplified as:

YWytigra) — VAyz T {dRAytz - dRAytl) / (tz —t1)}

VAxtn = VAxt(n—l) (7)
VAytn = VAyt(n—l) (8)
vi(tn—l &tn) = vAxtn - {(dRAxtn - dRAxtn—l)/(tn -
th-1)} ©9)
vVy(tn—1 atn) — VAxtn {(dRAytn - dRAytn—l)/(tn -
th-1)} (10)

Let us assume later at time t6 the next ball B appeared.
We measured the 2 axes (horizontal) relative distance of
the falling ball B from falling ball A at time t6 as dg,, ,
dBAyt6 and at time t7 as dgp,,, dBAWrespectively. So,

at time t7 the 2 axis horizontal velocity of falling ball B
can be calculated as:

(11)
(12)

VByr = Vage T {(dBay, — dBay )/ (t7 — te)}
VB, = Vay T {(dBay, — day )/ (t7 = te)}

The above equations can be simplified as:

VByn = Vageno1 T 1 (dBagn — dBagn—s )/ (tn — tho1)}

(13)
VBytn = Vagma T {(dBayy, = dBayy,_ o )/(th — th-1)}

(14)
Once we know the 2-axis horizontal velocity of ball B, it
can be used as a reference for speed instead of ball A. In
the same way, the reference shall be subsequently shifted
to balls C, D, E, F, G, H, and so on. Now, if we consider
the current reference ball as M and the next reference ball
as N, then for a continuous falling ball system, we need
to find out the 2-axis horizontal velocity of the next ball
from the current ball. In that case, the reference shifting
equations can be expressed as:

VNgen = YMyens T LdNMyen = ANMyen_, )/ (En — tao1)}
(15)

VNytn = YMygnog T {(dNMym_ dNMytn_l)/(tn —th-1)}
(16)
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Once we find out the 2-axis horizontal velocity of the
next ball, it should be used as the current
reference/marker.

At any time the 2 axes horizontal velocity of the current
reference of a continuous falling ball system can be
predicted as:

(17)
(18)

VMytn-1
VMytn—1

VMytn =
VMytn

For a continuous falling ball system the 2 axis average
horizontal velocity of the vehicle can be expressed as:

VVx(tn—l&tn) = VMxtn - {(dRMxtn - dRMxtn—l)/(‘tn -
tn—l)}

(19)
VVy(tn—l&tn) = VMytn - {(dRMytn - dRMytn—l)/(trl -

tn—l)}
(20)

3. Results and discussion

A computer simulation was designed by using the
software MIT Scratch to validate the theoretical and
mathematical model of the proposed sensor. To validate
the mathematical equations described in the
mathematical modeling section, simulation was done
both for static and moving vehicle. All distances were
calculated in meter and all velocities were calculated in
meter per second (m/s).

In the static test, the simulation was done by placing the
sensor assembly inside a vehicle whose velocity was
zero in all three axes. But this velocity information was
kept hidden from the sensor. Simulation results of the
Static Test are shown in Table 3.

In the dynamic test, the simulation was done by placing
the sensor assembly inside a vehicle that had a constant
velocity 5 of m/s on the x-axis and 10 m/s on the y-axis.
But this velocity information was kept hidden from the
sensor. Simulation results of the Dynamic Test are
shown in Table 4.

During the static test, the sensor could successfully find
out the velocity of the vehicle as 0 m/s on the x-axis and
0 m/s on the y-axis at all times by using egn. 19 and 20
respectively. These results are shown in vy and
vy, columns of Table 3 respectively.

During the dynamic test, the sensor could successfully
find out the velocity of the vehicle as 5 m/s on the x-
axis and 10 m/s on the y-axis at all times by using eqgn.
19 and 20 respectively. These results are shown in
vy, and vy columns of Table 4 respectively. The

dynamic test was done multiple times for a vehicle

moving at different constant velocities. During each test,
vehicle velocities were kept hidden from the sensor. In
all cases, the sensor could successfully find out the
velocity of the velocity correctly.

The simulation results showed that theoretically, the
proposed sensor is capable of measuring the water and
air vehicle speed with respect to the ground directly.
Unlike conventional sensors, the proposed sensor
completely eliminates the requirement for putting the
sensor or its probes keeping outside the vehicle. The
complete sensor assembly can be placed inside the
vehicle. As a result, in comparison with currently
available speed sensors, it may provide higher safety in
case of collision with external objects. The proposed
sensor is contactless and environment nondependent.
As a result, unlike conventional sensors, its accuracy
shall not be affected by environmental parameters like
temperature, density, salinity, chemical properties, etc.
The computer simulation was designed based on ideal
physics and math equations. But in the real world, these
results may vary. To overcome this limitation the
proposed sensor needs to be investigated with practical
experimentation.

4. Conclusion

Presently available speed sensors used in ships,
submarines, and aircraft cannot measure the vehicle
speed with respect to the ground directly. We proposed
a theoretical model for a new speed sensor that can
measure the horizontal speed of water and air vehicles
with respect to the ground directly. The model has also
been validated by designing a computer simulation. The
simulation results showed that the proposed sensor is
capable of measuring the water and air vehicle speed
with respect to the ground directly. Unlike the
conventional sensors, our proposed sensor is
environmentally independent. It completely eliminates
the requirement of putting the sensor or its probes
outside the vehicle. The complete sensor assembly can
be placed inside the vehicle. The proposed sensor is
restricted in some aspects because we assume an ideal
behavior of the falling balls in an airless environment.
This limitation has to be investigated experimentally. If
further experiments show good results a completely
new type of speed sensor may be introduced which shall
be able to measure the speed of water and air vehicles
with respect to the ground directly. As well as it has the
potential to provide better accuracy, safety, and
applicability than currently available speed sensors used
in water and air vehicles.
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Table 3. Simulation results of the static test

Sample T Uy, Uy, dpu, drm, Py, Pr, dym, dym, VN, Uy, Observation
No. ©)  (mls)  (mis) m (m) s @B M () (Ms) (mis)
(15)
1%t Ball is used as a reference
1 0.1 10 10 1 1 0 0
2 0.2 10 10 2 2 0 0
3 0.3 10 10 3 3 0 0
4 0.4 10 10 4 4 0 0
5 0.5 10 10 5 5 0 0 4 4 2" Ball appeared
6 0.6 10 10 6 6 0 0 4 4 10 10
7 0.7 10 10 7 7 0 0 4 4 10 10
8 0.8 10 10 8 8 0 0 4 4 10 10
9 0.9 10 10 9 9 0 0 4 4 10 10
2" Ball is used as a reference as 1% Ball is lost
10 1.0 10 10 6 6 0 0
11 1.1 10 10 7 7 0 0 6 6 3 Ball appeared
12 1.2 10 10 8 8 0 0 6 6 10 10
13 1.3 10 10 9 9 0 0 6 6 10 10
3 Ball is used as a reference as 2" Ball is lost
14 14 10 10 4 4 0 0
15 15 10 10 5 5 0 0 4 4 4™ Ball appeared
16 1.6 10 10 6 6 0 0 4 4 10 10
17 1.7 10 10 7 7 0 0 4 4 10 10
18 1.8 10 10 8 8 0 0 4 4 10 10
19 1.9 10 10 9 9 0 0 4 4 10 10
4" Ball is used as a reference as 3" Ball is lost
20 2.0 10 10 6 6 0 0
21 2.1 10 10 7 7 0 0 6 6 5t Ball appeared
22 2.2 10 10 8 8 0 0 6 6 10 10
23 2.3 10 10 9 9 0 0 6 6 10 10
5t Ball is used as a reference as 4" Ball is lost
24 2.4 10 10 4 4 0 0
25 25 10 10 5 5 0 0 4 4 6t Ball appeared
26 2.6 10 10 6 6 0 0 4 4 10 10
27 2.7 10 10 7 7 0 0 4 4 10 10
28 2.8 10 10 8 8 0 0 4 4 10 10
29 2.9 10 10 9 9 0 0 4 4 10 10
6™ Ball is used as a reference as 5™ Ball is lost
30 3.0 10 10 6 6 0 0
31 31 10 10 7 7 0 0 6 6 7t Ball appeared
32 3.2 10 10 8 8 0 0 6 6 10 10
33 3.3 10 10 9 9 0 0 6 6 10 10

7" Ball is used as a reference as the 61 Ball is lost

nt" Ball is used as reference when (n-1)™ Ball is lost
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Table 4. Simulation results of the dynamic test

Sampl T vy, vy, dpm, dgm, ‘ ‘ dwvum, dwm, VN, vn, Observation
e (s) (mlis  (mis) (m)  (m) (m) (m)y (m/s) (m/s
No. ) )
(15)
1t Ball is used as a reference
1 0.1 15 20 1 1
2 0.2 15 20 2 2 | I
3 0.3 15 20 3 3
4 0.4 15 20 4 4
5 0.5 15 20 5 5 4 4 2 Ball appeared
6 0.6 15 20 6 6 5 10 4 4 15 20
7 0.7 15 20 7 7 I I 4 4 15 20
8 0.8 15 20 8 8 4 4 15 20
9 0.9 15 20 9 9 4 4 15 20
2" Ball is used as a reference as 1%t Ball is lost
10 1.0 15 20 6 6
11 1.1 15 20 7 7 I I 6 6 3 Ball appeared
12 1.2 15 20 8 8 5 10 6 6 15 20
13 1.3 15 20 9 9 5 10 6 6 15 20
31 Ball is used as a reference as 2" Ball is lost
14 14 15 20 4 4 5 10
15 15 15 20 5 5 I I 4 4 4t Ball appeared
16 16 15 20 6 6 4 4 15 20
17 1.7 15 20 7 7 I I 4 4 15 20
18 1.8 15 20 8 8 4 4 15 20
19 1.9 15 20 9 9 5 10 4 4 15 20
4t Ball is used as a reference as 3" Ball is lost
20 2.0 15 20 6 6 5 10
21 2.1 15 20 7 7 5 10 6 6 5t Ball appeared
22 2.2 15 20 8 8 5 10 6 6 15 20
23 2.3 15 20 9 9 5 10 6 6 15 20
5% Ball is used as a reference as 41 Ball is lost
24 2.4 15 20 4 4 5 10
25 25 15 20 5 5 5 10 4 4 6t Ball appeared
26 2.6 15 20 6 6 5 10 4 4 15 20
27 2.7 15 20 7 7 5 10 4 4 15 20
28 2.8 15 20 8 8 5 10 4 4 15 20
29 2.9 15 20 9 9 5 10 4 4 15 20
6 Ball is used as a reference as 51 Ball is lost
30 3.0 15 20 6 6 5 10
31 3.1 15 20 7 7 5 10 6 6 7t Ball appeared
32 3.2 15 20 8 8 5 10 6 6 15 20
33 3.3 15 20 9 9 5 10 6 6 15 20

7t Ball is used as a reference as the 6™ Ball is lost

.t Ball is used as reference when (n-1)™ Ball is lost
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