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ROPHS: Determine Real-Time Status of a
Multi-Carriage Logistics Train at Airport

Shixiong Wang™', Graduate Student Member, IEEE, Chongshou Li*™, and Andrew Lim

Abstract— Tracking ground support equipment (GSE) in a
high accuracy manner is crucial for both airport safety and
optimal management of airport assets but the related researches
and products are scarce. Tracking a multi-carriage logistics
train is obviously most challenging compared with other single-
carriage GSE. In this paper, we design a real-time on-board
positioning and heading system (ROPHS) to obtain the real-
time status of a multi-carriage logistics train which consists
of a powered leading vehicle and one or several non-powered
trailing vehicles. The status includes: (a) the accurate positions
and velocities of any points on this train, and (b) the alterable
number and linking sequence of trailing vehicles at any time of a
trip. Technically, the hardware of the system relies on real-time
kinematic (RTK) to obtain geolocation of the leading vehicle,
and on gyroscopes, magnetometers and accelerometers to obtain
headings of all vehicles. A geometry based recurrence algorithm
is afterwards presented to calculate the positions of any trailing
vehicles. In the end, the multiple model based tracking algorithm
is proposed to compute the precision-improved locations and
real-time velocities of the whole train. Different from existing
traditional GPS or RFID based positioning techniques, the pro-
posed system can reach centimeter-level accuracy, which enables
collisions detection, especially those latent collisions that cannot
be easily monitored or foreseen by crews’ visual inspection.

Index Terms— Airport transportation system, aircraft ground
service, ground support equipment, real-time tracking, collision
detection, multi-carriage logistics train.

I. INTRODUCTION

LTHOUGH the aviation industry has developed for

more than 70 years, only the optimal scheduling and
efficient management of airlines, aircraft, staffs and crews
are widely studied. The optimal scheduling and management
of airport ground support equipment (GSE) have not been
comprehensively focused on in the past. The research on
efficient operation of ground support equipment starts from
around 2012 [1]. It is the robust increase of annual air
traffic since 21st century that raises the importance of such
optimal management of GSE to minimize the overheads and
maximize the airport operational efficiency [1]. The GSE
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Fig. 1. Examples of collision and a cargo-transit train. (a) Collision between
a train and an aircraft; (b) A real multi-carriage train operated at airport ramp.

efficient operations include the ramp safety and the optimal
scheduling of GSE [1].

This paper is concerned with the ramp safety (i.e., aircraft
ground service safety) problem that is important during airport
managerial operations like GSE dispatching and/or schedul-
ing [2]. One of the critical safety concerns is to avoid collisions
between aircraft and ground support equipment (GSE). In
order to make it, current approach uses visual scans of crews
to guarantee a safe distance between aircraft and GSE [3]. This
visual inspection is not reliable enough to detect all collisions
and shocks imposed on aircraft, especially those caused by
moving GSE like tank trucks, shuttles and cargo-transit trains,
because the moving GSE likely strikes the aircraft in a short
time without the notice of both pilots and vehicle drivers.
These latent collisions may result in potential aviation risks
and/or large amount of extra overheads. Fig. 1 (a) shows an
example. A natural solution is to employ high accuracy track-
ing technologies and automatically detect collisions. However,
this requires centimeter-level positioning accuracy of GSE but
existing technologies like Global Positioning System (GPS)
[3] and Radio-frequency identification (RFID) [4]-[6] cannot
fulfill it. This issue widely exists at airports and is urgently
expected to handle [2], [7], for instance, one of largest airports
worldwide, Singapore Changi airport. For more information,
see an open tender issued by the Civil Aviation Authority of
Singapore in 2018 [8].

To this end, in this paper, we propose and design a Real-time
On-board Positioning and Heading System (ROPHS) to obtain
the real-time and high accuracy status of all types of GSE,
especially the multi-carriage logistics train. Such real-time
and high-accuracy information obtained from ROPHS makes
the collision detection problem efficiently solvable. Besides,
worthy of mentioning, with the data-level support of ROPHS,
the seamless aviation assets and vehicle optimization system
becomes possible to develop [1]. For more information, see
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our project website: https://alim.algorithmexchange.com/caas/.
Since determining the status of a multi-carriage logistics train
is the general case of that of a single-carriage GSE, we in this
paper mainly discuss the problem for multi-carriage logistics
trains. We treat the single-carriage GSE as a special multi-
carriage train which only has one leading vehicle and no
any trailing vehicles. Besides, this paper mainly focuses on
defining the system structure, information streaming logic and
tracking algorithms of ROPHS, paying less attention to spe-
cific hardware design (like electronic element/unit choosing,
PCB layout design, battery deployment, etc.) because product
developing is application-oriented and case-by-case.

The rest of the paper is organized as follows. Section II
reviews the existing technologies regarding GSE locating
and states the necessity of our research. Section III defines
notations. In what follows, the system structure, hardware and
software of ROPHS are discussed in Section IV, Section V,
and Section VI, respectively. Section VII investigates the data
preparation for collision detection. At last, experiment results
are supplied in Section VIII and the conclusion in Section IX
completes this paper.

II. TECHNOLOGY REVIEW AND PROBLEM FORMULATION

We are concerned with maintaining real-time situational
awareness of the multi-carriage train. The train consists of
a leading and powered vehicle and several trailing vehicles
which are non-powered but wheeled. A real cargo-transit train
is displayed in Fig. 1 (b). In [3]-[6], traditional GPS and
RFID based methods for GSE positioning are introduced.
However, the original purposes of those are just to locate
single-carriage GSE vehicles so that crews can easily find
them which are randomly distributed on the airport ground.
Obviously, the GSE tracking problem proposed in this paper
has the following FIVE new challenges:

(a) Traditional GPS and RFID can only offer the positioning
accuracy in meter level which cannot support the reliable
collision detection task;

(b) If the leading vehicle and trailing vehicles are localized
by GPS (or RFID) individually, we have no integrated informa-
tion of a train. That is, we never know the forming structure of
this train such as the number and linking sequence of trailing
vehicles. Note that such information is necessary for dynamic
and reliable GSE collision detection;

(c) The existing methods failed to take into account the fact
that in one trip of a train, the number and linking sequence
of trailing vehicles are not fixed. For example, at one time,
the topology of a train could be “H-S>-S1-S4-S5”. where
H is for head (leading vehicle) and S is for slave (trailing
vehicle). This train includes 4 trailing vehicles; at another
time, the topology could alternatively be “H-$>-S3”, which
includes only 2 trailing vehicles. The subscripts (i.e., 1...5)
are permanent IDs of trailing vehicles. This context means,
in a trip, the train on its halfway releases some trailing vehicles
(specifically, S5, S4 and S7, one by one) and reconnects another
trailing vehicle (i.e., S3). This phenomenon is rather common
in real airport operations. Obviously, the reported tracking
technologies are not able to automatically monitor and update
the changes of connected trailing vehicles;
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Possible Cargo Container Loaded on
a Trailing Vehicle

Fig. 2. 3D illustration of a multi-carriage cargo-transit train. The trailing
vehicles are assumed to be dollies. Sensors cannot be deployed on the top
surfaces of dollies because loaded containers are likely to cover the sensors
and stop the sensors from normally working (cf. Fig. 8).

(d) The existing methods cannot solve the heading problem
effectively. The popular geomagnetic field based methods
cannot normally work in a messy electromagnetic environment
due to the electromagnetic noise interference and/or other
uncertainties [10]. Plus, the inertial units based methods may
also fail to provide reliable data due to accumulated error
introduced by the integrator unit. This means extra auxiliary
correction mechanism must be designed to periodically cali-
brate the accumulated error;

(e) Sensors cannot be placed over some trailing vehicles
(e.g., dollies) where the cargo container is loaded. It is
illustrated by Fig. 2 (and also Fig. 8).

Unfortunately, as highlighted by the five new features above,
the airport GSE tracking problem has substantial differences
compared with other positioning and tracking problems in
other industries like robotics [11], autonomous navigation and
driving, automated agriculture [12], [13], etc., which denies
the direct transplantation of methods from other industries.
Without loss of generality, we take the SLAM (simultaneous
localization and mapping, [11]) framework in robotics as an
example to support the argument. Here are three reasons:

(a) First, let’s discuss the tracking and navigation problem.
Although SLAM is popular and nearly mature in robotics,
it is intentionally developed for a robot to navigate itself in
an unknown environment where the complete information
(i.e., the map) of the environment is not available. In order
to apply SLAM in an unknown environment, the first
key step is to set enough number of (omnidirectionally)
observable landmarks. Then the direction and range sen-
sors like radar, camera, etc., are used by the robot to
position itself. We should mention that as a completely
open and known environment, airports have no need
to adopt such self-exploration methods which are likely
to consume much unnecessary time to train a feasible
solution. Because we already have commercially mature
and easy-to-use GNSS (global navigation satellite system,
e.g., GPS, GLONASS, BEIDOU, etc.) based solutions
to locate one vehicle. GNSS based solutions are more
attractive for us in this problem because: 1) they do not
require to set extra landmarks; 2) they are technically
mature which means the solutions are with high reliability
and time efficiency (i.e., quick convergence of reliable
solution); 3) they are commercially mature which means
the modules are cheap; 4) concerning the accuracy issue,
the real-time kinematic (RTK, one kind of advanced GNSS
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solution [14]) has centimeter level accuracy and precision
which is at least no worse than other solutions like SLAM.

(b) Second, let’s discuss the collision detection problem.
SLAM is theoretically based on the local view (not a
global view) of a sensor like camera. The latent collisions
among GSE and aircraft usually happen for the last trailing
vehicle of the train (see Fig. 1). In this case, the leading
vehicle (where the local-view sensor can be deployed
overhead or on the side surfaces) cannot monitor whether
the last trailing vehicle is striking an aircraft or not. And,
the trailing vehicle itself has no local-view sensors to
monitor the collisions. Therefore, we must have a global
view of the relative positions of aircraft and trains to
decide whether collisions happen.

(c) Third, we discuss the train-structure monitoring problem.
SLAM is not capable of monitoring the real-time number
and linking sequence of the trailing vehicles of a train.
Because it is not developed for the such purpose.

Therefore, we are expected to design ROPHS to address
the new five challenges above, which is also the contribution
of this paper. In highlights, the advantages of the proposed
solution (over existing solutions in other industries) include:
(a) It is the first integrated and comprehensive solution for

airport GSE accurate tracking and collision detection that
simultaneously handles all the new five challenges listed
at the beginning of this section;

(b) It tried best to use commercially mature modules to
guarantee the high performances (e.g., quick conver-
gence of algorithms) and robustness (i.e., reliability)
while lowering the costs as much as possible. Taking
the most expensive module used in the solution (viz.,
RTK board) as an example, it costs only about
150-200 dollars (USD) if purchased in bulk from
UniStrong (http://www.UniStrong.com) while its position-
ing accuracy and precision is in centimeter level. Besides,
GNSS based solution does not require extra support-
ing infrastructures (e.g., landmarks, signal bases etc.) in
airports.

III. NOTATIONS

A multi-carriage train is mathematically formulated as
H-Sjy- . =Siyg -+ - =S,y with five requirements: (a) there is
one and only one leading powered vehicle denoted as H; (b)
this train includes n € N non-powered trailing vehicles and
n > 1; (c) for trailing vehicle k (1 < k < n), i is the
permanent physical identifier (PID), for any 1 <k < j <n,
iik) # i), and iy € {1,..., N} (n < N), where N denotes
the total number of trailing vehicles at an airport; (d) for
trailing vehicle k£ (1 < k < n), k is the logic identifier (LID)
and k € {1,2,...,n}; (e) the LID of the leading vehicle is O.

Besides, given a train H-Sj;-.. .-Siy;-. . -Sj,» time points
{1,...,¢t,..., T}, the status of the train at time ¢ is defined as
{(f, v, 25, 05,0917 = 0,1, n} where: (a) (xf, ¥}, 2") is

the position (in a global geodetic coordinate system we defined
at the airport that we are working on), v;. is the instantaneous
velocity at ¢, 8 is the heading of the vehicle j, respectively;
(b) j(O < j < n) is the vehicle LID; (c) j € {1,...,n} and
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(c) PIM (d) TAB/BAB

Fig. 3. Prototypes of ROPHS. Note that TAB and BAB are physically
identical. They have different embedded code (i.e., different working mode).

tef{l,...,t,..., T}, z; is assumed to be a fixed constant /;
and the ROPHS only needs to compute (x;., y;.). Intuitively,
the status of a train contains the position, heading, and velocity
of any vehicle of this train.

IV. SYSTEM STRUCTURE

The system mainly involves of two physical parts: (a) active
positioning module (APM) for the leading vehicle, and (b)
passive information module (PIM) for the trailing vehicle(s).
The APM is designed to obtain the real-time position and
heading of the leading vehicle, while each PIM is used to
obtain the real-time heading of each trailing vehicle. APM and
PIMs communicate with each other to share the information
for further data fusion. The tag accessory board (TAB) and
base accessory board (BAB) are designed to identify the real-
time number and linking sequence of the trailing vehicles of a
train. TAB(s) and BAB(s) are accessories of APM and PIM(s).
Prototypes are given in Fig. 3.

As for the software part, the communication logic of these
physical components, a geometry based recurrence positioning
algorithm and an advanced moving-object tracking algorithm
is developed to determine the real-time status of the whole
train. In summary, the diagram of ROPHS is given in Fig. 4.

Remark 1: In this paper, we technically differentiate two
terms: positioning and tracking. Positioning emphasizes the
process that determines the position of a point based on
direct measurements from sensors at a time instant, while
tracking stresses the process that continuously positioning
and simultaneously improving the precision of positioning by
integrating successive measurements and other mechanisms.
For more information, refer to [15], [16].

V. HARDWARE DESIGN

In this section, we discuss the hardware design, implemen-
tation and installation of the ROPHS. Although the commu-
nication logic among hardware is of software part, we clarify
it in the end of this section to improve the readability.

Authorized licensed use limited to: Imperial College London. Downloaded on September 19,2023 at 15:02:30 UTC from IEEE Xplore. Restrictions apply.



6350

Q GNSS Signal | [ RTK Correction Signal D

Communication Logic |

[ Geometry Positioning |

[ Tracking Algorithm |

-
C Com®)

Fig. 4. Diagram of ROPHS. Its hardware consists of APM, PIM, BAB, and
TAB. The software part is for data fusion and information integration. The
inputs of the system are the GNSS signal and RTK correction signal while
the output is the real-time status of the train. The geolocation is technically
based on RTK which requires GNSS signal and RTK correction signal.
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Fig. 5. Schematic of APM.

A. APM

The APM’s schematic is shown in Fig. 5. This module
relies on RTK [14] to determine the accurate position of the
point on the leading vehicle where APM is placed. In order to
obtain the heading of the leading vehicle and afterwards jointly
determine the status of the whole train, information from gyro-
scope, magnetometer and accelerometer (GMA) is integrated
to obtain the robust heading of the leading vehicle. The APM
shares information of the whole train with a remote server via
Internet. The remote server is the integrated aviation assets
management system. The GNSS antenna of APM receives
the GNSS signals from satellites which can be BEIDOU,
GPS, GLONASS, GALILEO et al. The RTK correction signals
received by APM are transmitted from the reference RTK base
station via Internet. The RTK module calculates the current
accurate and precise position of APM based on the GNSS
signals and RTK correction signals. The RS232 interface is
for wired communication with the corresponding TAB and/or
BAB. The embedded micro-processor computes the real-time
status of the leading vehicle as well as that of the whole train
based on: (a) all information collected by sensors, (b) the
geometry based positioning algorithm, and (c) the multiple
model based tracking algorithm.

B. PIM

Fig. 6 (a) gives the schematic of PIM which is used
to compute the heading(s) of trailing vehicle(s). The PIM
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Fig. 6. Schematic of PIM and AB.

contains an embedded microprocessor, a memory, an inertial
unit (digital gyroscope), a magnetometer, an accelerometer,
a RS232 interface, and a battery. The GMA is for heading.
The PIM is connected wiredly to the corresponding BAB
and TAB by a RS232 interface. There is no RTK in PIM
to actively obtain the geolocation of the trailing vehicle. This
is because of two main reasons: (a) RTK and GNSS antenna
are overwhelmingly expensive compared to GMA. Integrating
a RTK module into every PIM causes unnecessary costs;
(b) Dollies cannot accept the installation of GNSS antenna
over its top surfaces (see Fig. 2). Alternatively, the location(s)
of trailing vehicle(s) are determined by the geometry based
positioning algorithm and the multiple model based tracking
algorithm with information from both APM and PIM(s).

C. BAB and TAB

The schematic of accessory board (AB) is given in
Fig. 6 (b). It consists of a microprocessor, a UWB module,
a battery and a RS232 interface. The AB can work as either
BAB mode or TAB mode. The BAB-TAB pair is mainly used
for ranging. The ranging mechanism works under symmetric-
double-sided two-way time-of-arrival (SDS-TW-TOA) proto-
col based on IEEE Standard 802.15.4a [17]. Thus, one BAB
and another one TAB are required to pair with each other.
The UWB module in BAB acts as base (also known as
anchor) node while the UWB module in TAB acts as tag
node. RS232 is used to communicate with corresponding
APM or PIM.

Now we illustrate how the BAB and TAB pair can determine
the number and the linking sequence of a train. Generally,
a BAB could sense all TABs within a limited region, for
example, a circle with radius of 10 metres centred at the BAB.
However, the TAB and BAB pair with each other only when
the distance between them is the smallest. An illustration is
given in Fig. 7, where a train, H-51-S2, is given and there
are five trailing vehicles around but not linked to it. We take
the BAB on S; as an example and see how it pairs with the
closest TAB on S;. This BAB could sense 7 TABs which
have been connected by dotted lines in Fig. 7 (a). However,
only the distance between BAB of S; and TAB of S, is the
smallest and they are valid to build a UWB pair. Once the
pair is established, S> is connected to S; and a sub-linking
sequence S1-Sy is generated. Note that when S; and S, are
mechanically linked, the TAB on $; is even closer to BAB on
S1 than the TAB on Sj. This is because the width of trailing
vehicle is greater than the width of space between two adjacent
vehicles. Even if the train is running at airport, the above
rational still holds. By this wireless ranging mechanism and
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TABLE I
RECOMMENDED COMMERCIAL MODELS

Performances (real field tested)

Module Suggested Model ~ Produced by = — Business Website
ccuracy Precision

RTK Board P327 Hemisphere 0 0.7 cm? (variance) www.hemispheregnss.com

GMA WT101 Wit-motion 0 (calibrated) 0.0025 deg? (variance) www.wit-motion.com/english.php

UWB DWM1000 Decawave 0 (calibrated) 2.5 cm? for ranging (variance) www.decawave.com

BLE 5.0 HC-42 HC Tech 0 (calibrated)  0.11 m? for ranging (variance) www.hcO1.com

5

~

\
,,,,,,,,,,,,,,, \

=~ BAB |

| == - Electromagneti Signal | N / R /
s s

(a) Pair illustration

AB=CD>BC

(b) Size comparison

Fig. 7. Pair of BAB and TAB determining linking sequence.

periodic checks of validity of UWB pairs, we can identify
the real-time number and linking sequence of the whole train.
Note again that during airport ground handling, the linking
sequence is not fixed so that wired connection between two
adjacent vehicles is not applicable.

When the BAB-TAB pair is established, the heading infor-
mation from PIM is transmitted by this UWB electromagnetic
channel to its preceding PIM or APM for data fusion. Since
the UWB ranging mechanism is based on SDS-TW-TOA
message packages between the UWB pairs, the communica-
tion information which contains the heading could also be
coded in the SDS-TW-TOA message packages. Note that
the SDS-TW-TOA protocol relies on the IEEE Standard
802.15.4a. [17].

Remark 2: In our prototype (see Fig. 3), we adopted the
UWB ranging and communication pairs in BAB and TAB.
However, the UWB ranging and communication pairs in BAB
and TAB could be replaced by BLE (Bluetooth Low Energy)
5.0 or later BLE versions. Since we do not care more about
the ranging accuracy and only focus on the smallest distance
amongst all available ranges to build a pair (see Fig. 7),
the BLE ranging protocol (i.e., iBeacon [18]) could also be
considered for lower energy consumption. Although the one-
time ranging accuracy of BLE is low, usually in meter level,
we can improve the ranging accuracy with multiple successive
range measurements via filtering methods like the Kalman
filter [19]. In our field test, we set the sampling time of
BLE as 0.1 seconds and we use the canonical exponential
smoothing method (coefficient: 0.5) to denoise the range
measurements. We found that although the ranging error of
the BLE 5.0 is large (error range after filtering: £0.65m),
the linking sequence of trailing vehicles could be correctly
identified. The BLE 5.0 module that we recommend is listed
in Table I.

X Overhead \/ Undersurface

(C) TAB and BAB

- BAB PIM
Electromagnetic Signal (wireless)

B APM |

Fig. 8. Placements of components of ROPHS on the train.

D. Installation

In this section, we discuss how to physically install the
components of ROPHS on the train. Fig. 8 (a), (b) suggest
a possible placement of PIM and APM, respectively. The
APM requires open enough area to receive sufficient satellites
signals. The PIM should be placed undersurface below the
trailing vehicles. Because some trailing vehicles like dollies
in an airport cannot accept an overhead deployment. For
example, we can see the loaded container may occupy the
top surface of a dolly in Fig. 2. The BAB is placed in the
rear of vehicles, including both leading and trailing vehicles.
The TAB is deployed in the front of trailing vehicle(s). They
are illustrated in Fig. 8 (c). The overall placement scheme and
all communication channels of the ROPHS system is showed
in Fig. 9. Note that the information transmitting channels
between APM and BAB, PIM and TAB, and PIM and BAB are
all wired (in order to guarantee the communication reliability)
while the connection between BAB and TAB is wireless.

E. Communication Logic

In this subsection, the communication logic of the ROPHS
is presented. Given a train H-S;;,-- - - -Sj;,, and time 7, we first
present the logic for the trailing vehicle ij;) (j = {1, ...,n}).
The PIM on vehicle i|;) first gets its heading 6’; and PID i ).
Then there are two cases:

(a) If it is the last trailing vehicle linked on the train (i.e., j =
n), PIM sends this information to the associated TAB via
RS232 which is a wired channel. The TAB forwards the
received to paired BAB on vehicle ij;_1) by the wireless
electromagnetic channel;
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(a) Overall placement
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Fig. 9. Overall placement of the ROPHS on the train.
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Fig. 10. Labels for communication channel and logic presentation.

(b) If it is not the last vehicle (i.e., 1 < j < n), the PIM on
vehicle if;) gets information {(6;, i)k = j +1,...,n}
from BAB via RS232. Then PIM generates a new message
package {(0., i)k = j, ..., n} (which adds the informa-
tion of itself) and sends to BAB on vehicle i[; 1} similarly
as Case (a).

For the leading vehicle H, the APM first receives headings
and PIDs, {0}, i)k = 1,...,n}, of all trailing vehicles
from the connected BAB. It also obtains location and heading
(x> ¥4, 05) of the leading vehicle from sensors. Based on
them, the APM uses a geometry based positioning algorithm
and multiple model based tracking algorithm to compute
velocities v;. (j =0,...,n) and precision-improved locations
of the whole train, including the leading vechile and all trailing
vehicles (£7, §%) (j =0,...,n). Then the APM sends train’s
status {()?5., ﬁ;,h,, DJ,H;)U =0,1,...,n} (h; is constant and
the height of vehicle j) at time period ¢ to remote server via
Internet for higher-level functions like collision detection and
optimal scheduling. Algorithm 1 details the communication
logic of the train H-S;;,-Sij, step by step. Fig. 10 provides
a visual illustration and displays the label of each component
mentioned in the algorithm.

FE. Recommended Chips

In order to help inspired readers to reproduce our solution,
we share some reliable commercial models of RTK, GMA,
UWRB, and BLE, listed in Table I. Table I means the fluctu-
ation of position measurements would be limited within Scm
(£3 x v/0.7cm? = £2.5cm), while the fluctuation of heading
measurements would be within 0.3deg (43 x /0.0025deg? =
40.15deg). Note that here we use the “3¢" rule, where o
denotes the standard deviation.
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Algorithm 1 Communication Logic of ROPHS

1: Note: Arrows define the information streams. The mes-
sage packages are above arrows, while the communication
channels are below arrows. See also Fig. 10 for illustration.

2: Initialize: t < 1

3: repeat

4. PIM 13 gets heading 6}

5: Send to TAB 11: PIM 13 —2211); TAB 11
(©3,i21)
6: Relay to BAB 9: TAB 11 BAB 9
UWB channel 10
(%
7. Forward to PIM 7: BAB 9 ———— > m) PIM 7
8 PIM 7 gets heading 0]
{(9t' Plji=1,2}
9: Send to TAB 5: PIM 7 —) TAB 5
RS2326
(@i j=1.2}

10:  Relay to BAB 3: TABS5 ——— 5 BAB 3
UWB channel 4

{@].ijn1j=1.2}

11:  Forward to APM 1: BAB 3 T

122 APM 1 obtains 6 and (x{, yj)

13:  APM 1 calls positioning algorithm and tracking algo-
rithm to compute velocities (), 6}, 05) and precision-
improved locations {(x], yj)l] =0,1,2}

((E0.59h,61.00)1j=0.1,2)

APM 1

14: Transmit to server: APM 1

Inernet
remote server

150 t<t+1
16: until ¢ is the last time period

VI. SOFTWARE DESIGN

In this section, we proceed to software design of the
ROPHS. It involves the geometry based positioning algorithm,
the multiple model based tracking algorithm, and the heading
calibration method. The main task of software is to produce
real-time status of the train based on raw information gen-
erated by hardware. We use the train H-S1-S2 as running
example in this section.

A. Geodetic Coordinate Systems

The geodetic coordinate systems (GCS) and parameters
about the physical size of the train are illustrated in Fig. 11.
In Fig. 11 (a), there is a global geodetic coordinate system
(GGEC) x,-0,-y, and O, is the origin chosen on the airport
ground. The APM and PIM are placed on vehicles along their
axes of symmetry. At time ¢, for vehicle j (j = 0, 1,2), we
define local geodetic coordinate system (LGCS) x;—O’j— y’j and
O; = (x;., y})’ is a two dimensional column vector. Here x}
and y;. are the coordinates in x. and y, axes respectively, and
symbol 7 is the transpose operator. Point O’; is the location of
APM (j = 0) or PIM (j > 0) at time point ; the heading 0]
is defined as the angle between y’j axis of LGCS and y, axis of
GGEC. Note that the heights of GSE vehicles are considered
as constants. Thus, coordinate system here only consists of
two dimensions. In addition, we present several geometry
parameters about the physical size of the train in Fig. 11 (b).

Authorized licensed use limited to: Imperial College London. Downloaded on September 19,2023 at 15:02:30 UTC from IEEE Xplore. Restrictions apply.



WANG et al.: ROPHS: DETERMINE REAL-TIME STATUS OF A MULTI-CARRIAGE LOGISTICS TRAIN AT AIRPORT

(b) Physical sizes

Fig. 11.  Geodetic coordinate system and key physical sizes of the train.
We assume that these parameters are constant and do not vary
over time.

B. Geometry Based Positioning Algorithm

The positioning algorithm determines the real-time positions
of the trailing vehicles. Considering H-S1-S> at time point 7,
the APM generates its longitude and latitude which can be
transformed into the GGEC, i.e., x.-O.-y, [20]. We also note
that headings 6;. (j = 0,1,2) can be obtained from APM
(j = 0) and PIM j > 0. For trailing vehicle j, the position
of its PIM O;. is computed by the following Lemma.

Lemma 1: Given a train H-S;-S----- S;, time point t
(t e {l,...,T}), two dimensional column vector O’j, heading
9}, geometry parameters /; and g; defined in Fig. 11 (b),
the following equation holds.

0) = 011+ 0 (0)) [L-1+ 2 (80)) 6]

i1
=05+ > {0 (6) - [Le + @ (A6 ) - Grya]}. (1)

k=0
where AHJ’. = 9} — 6}_1, L;:=(0,-I;), Gj = (0,—g;)

and
| cos(@) sin(0)
00):= [— sin(@) cos(0) |-
Proof: This is by the geometry relations. Note that j =
1, 2 for the running example in this section. (]
Note that we use the points where we deploy the APM and
PIM(s) to represent the positions of the leading vehicle and
trailing vehicle(s), respectively.

C. Multiple Model Based Tracking Algorithm

This subsection discusses how to improve the positioning
precision and estimate the velocities of the train. The dynamics
models that possibly match the running dynamics of a train
well at an airport are: (a) constant velocity (CV) model, (b)
constant acceleration (CA) model, (c) Singer model, and (d)

6353

current statistics (CS) model. For more on these models,
see [15]. The CV and CS model are appropriate for slow
moving pattern and straight-line trajectories while the CA and
Singer model are suitable for relatively high maneuvering and
curve trajectories. Note that the running speed of GSE at
an airport is limited (not greater than 25km/h) [7]. Since
the train at an airport usually runs in straight lines and
occasionally maneuvers, the CV model and CS model should
fit the dynamics well in most of the time.

For vehicle j (j =0, 1, 2), we now illustrate how to track
it and compute velocity. The tracking system is modelled by
the Markov jump linear system [21], [22] as (2) and (3)

[Xxf=¢MXkr+QMW’
Y'=H MXf/\/l + Vi,
where M is model label and M € {CV, CA, Singer}, ¢ is
discrete time point, W’ and V' are process noise vector and
measurement noise vector with proper dimensions, respec-
tively, and Y’ denotes the measurement vector. If model M
is CS, the equation becomes

X' = @csXig + (Gea — Ges)A' + Ges W'

Y = HchtCS + Vi,

2

(3)
in which

- at _
AH'1 — oAt [ {xi| +(1— e—aAt)A’,
7y

Q>

and the state vectors X ’M, system matrices ® ,, noise driven
matrices G pq and measurement matrices H 5 are defined as

t _ t t t oy
XCV - (xjavjx’yjavjy 5

XICA = XtSinger - XICS = (x;"v;x’a;x’ y;,v;y,a;},)/,
_ | I2x2 02x2 1 At

Pcv = |:02><2 Iy,7 ® 01 |’

} 1 At (AD)?)2

& At >

¢CA:[13x3 033 01
00 1

0353 I3x3

<I)Singer = ®cs
_ | 13x3 03x3
0353 I3x3

1 At (@At — 1+ e %2 /g2

®|01 (1 —e*A)/a ,
00 efaAt
[ 122 0252 ] (A1)?/2
Gev = | 022 12><2_®|: At ’
[ 1323 0353 | (A1)?/2
—_ X X
Gea = | 033 I3x3 | ® Alt ’
GSinger = Gcs
_ | I3x3 03x3
| 03x3 I3x3 |

1 — e @ At
g—aAte )/OC

~[1000
=loo010|"
100000}

(aAt — 1 + e Ay /g2
®[ ]’

Hcy
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in which v;x, v;y, a}x and a;y are true velocities and acceler-
ations of the vehicle j at time 7 in x, and y, axes; 13;X, 13;y,
&;X and a’. are estimated values of them, respectively; I2x2
and 0px7 are 2 x 2 identity and zero matrix; At is the time
slot between t 4 1 and ¢; a is the reciprocal of the maneuver
time constant [15], [23]; ® stands for the Kronecker product.

Let Y'(k), k = 1,2, denote the k'h entry of vec-
tor Y'. Note that Y'(1) and Y’(2) are noisy measure-
ments of x;. and y;., respectively, which are directly from
Eq. (1). As for initial model probability, it is safe to set as
(CV, CA, Singer, CS) = (0.7, 0.1, 0.1, 0.1)" and initial
model transition probability matrix as

0.91 0.03 0.03 0.03
0.03 0.91 0.03 0.03
0.03 0.03 0.91 0.03
0.03 0.03 0.03 0.91

This is by experience. After applying the interactive multiple
model with canonical Kalman filter (IMM-KF) [21], [22],
the estimated position 03 = ()2;, ﬁ})/ and velocity f)'j =
(13;. o 13}y) are computed. Compared with O'; that are directly
from the sensor (j = 0) or indirectly from Lemma 1 (j > 0),
the estimated btj = ()2;., )7;.)’ are more precise. Since IMM-KF
is not very sensitive to the initial model probability, arbitrarily
assigning a reasonable initial value does not cause a disaster.

Po = @)

D. Heading Calibration

Heading information is generated by the GMA module for
leading or trailing vehicles. It is likely that drift problem
happens. Therefore, the periodic calibration (reset) is neces-
sary, it is convenient to handle under the IMM-KF frame.
Specifically, when the CV or CS model is dominant over other
models for a relative long time, it is safe to reset heading
of leading vehicle 6] at time ¢ as 6 := arctan (Do /doy) .
We note that this calibration formula is only applicable for
the leading vehicle (j = 0). It does not work for trailing
vehicles. However, if the train kept in the CV/CS mode for a
long time, the train would become straight. In this case, for
trailing vehicle j (j > 0) at time point 7, just let 0] := 6.
Then headings of trailing vehicles are also calibrated.

VII. DATA PREPARATION FOR COLLISION DETECTION

The specific techniques for 3D collision detection are
mature and available for application [24]. This paper only aims
at providing the required data to support such task.

Lemma 1 provides positions of all vehicles including both
the leading and trailing vehicles. But it only gives the locations
where the APM or PIM are installed. In order to effectively
detect collision, corner points of the vehicles are more inter-
ested to monitor. For instance, the corner point of the last
trailing vehicle of a train is more likely to strike other assets
at an airport (see Fig. 1 (a)). Given trailing vehicle j at time
t, we aim to calculate the position of red-filled tetragon corner
point which is shown in Fig. 12. We assume its location in
LGCS x;—O’j— y; is P";. Its real-time coordinates P; in GGEC
X¢-0.-y, can be computed by

Pi =0+ Q@) P, 5)

IEEE TRANSACTIONS ON INTELLIGENT TRANSPORTATION SYSTEMS, VOL. 23, NO. 7, JULY 2022

(]
X

O Uncertain Region of
(b) Uncertainty illustration

(a) Relative geometry

Fig. 12. Relative geometry and uncertainty illustration of a corner point on
the trailing vehicle j. In (b), the radius of a uncertain region is determined
by the “3¢" rule, where ¢ denotes the standard deviation of its corresponding
stochastic point (i.e., the red-filled tetragon corner point).

where bt] is position of vehicle j calculated by the IMM-KF
algorithm with raw measurement O'j, which is an precision-
improved value. If j = n, it helps detect the latent collision
in Fig. 1 (a).

According to Eq. (1) and (5), we see that the corner point
P; and the positions of the dollies 0; are related to the
position of the leading vehicle Of, and the headings 6;., j=
0,1,2,...,n. However, O and 0]’. are all Gaussian random
variables with zero-mean and variances given in Table I
(see the Precision columns). For reliable collision detection,
we should also investigate the variances of the corner point
P;, see Fig. 12 (b). Since the status transfer functions (1) and
(5) are highly nonlinear, we use the Unscented Transformation
(UT) to handle this problem. The UT uses the sigma points
to approximate the mean and variance (or covariance matrix)
of the random variable after a nonlinear transform of other
random variable(s) [22]. Intuitively, if we have a nonlinear
transformation # = f(w) from a random vector w to a random
variable u, suppose we know the mean and covariance of w,
we could use UT to estimate the mean and variance of u. Note
that the mean propagation equation for P;. is already given by
Eq. (1) and (5).

VIII. EXPERIMENT RESULTS

All the related source data, source codes and detailed
usage instructions are available online at GitHub: https://
github.com/Spratm-Asleaf/GSE-Tracking. In this section,
we only demonstrate the main results.

First, as a simple demonstration to positioning performance
of APM, in Fig. 13, we draw a small piece of trajectory that
APM generates in a field test. As we can see, the trajectory
is smooth, indicating the precision of positioning is pretty
high. This is also supported by the fact that the trajectory
variance (fluctuations) is 0.645cm? (i.e., the error range is
+3 x +/0.645cm” = +2.41cm).

Second, in Fig. 14, we show the validity of our geome-
try based positioning method (i.e., Eq. (1)) as well as the
illustration of uncertainty region of a corner point on the last
trailing vehicle. In Fig. 14 (a), the positions of two trailing
vehicles are calculated by Eq. (1). We conduct 500 times
of simulation for this train with 500 i.i.d. respective uncer-
tainties. However, we only plot 20 times for figure clearness.
In Fig. 14 (b), we show the uncertainty region of the corner
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Fig. 13.  Small piece of trajectory that APM generates. Unit: meter; Blue
circle: starting point; Green rectangle: ending point; z-axis: the height.
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— Uncertainty Region 173 — Uncertainty Region
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(a) Geometry positioning and uncer-
tainty region

X (m)

(b) Locally enlarged

Fig. 14. Uncertainty illustration of a corner point on the last trailing vehicle.

TABLE 11
ERROR RANGE OF ESTIMATION AND OBSERVATION
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— Real Trajectory —v
- — Estimated Trajectory
100 08
80 %
_ Bos
E 6 °
> o
T 04
40 3
H
20 02
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X (m) Time (s)

(a) True and estimated trajectory (b) Model probability over time

200

— Real Position in X (m)
Estimated Position in X (m)
- ~Measurein X

Displacement (m)

0 5 10 15 20 0 5 10 15 20
Time (s) Time (s)

(c) True and estimated position in x (d) Estimation and measurement

Estimation Observation
In x axis  £2.0987cm  £2.5219cm
Inyaxis +£1.8243cm  £2.7576cm

point. Results show that the radius of the region is 0.1477m,
which is consistent with Fig. 14 (b). That is, (virtually)
all of the corner points are located inside the uncertainty
region.

Last, in Fig. 15, we show the reliability of our multiple
model based tracking algorithm. We are working on a part of
trajectory (20 seconds in total with sampling period 0.1 sec-
onds) of APM in a field test. We aim to obtain the precision-
improved location of APM and estimate the velocity of it as
well. The precision-improved location is termed as estimated
position in our tracking frame, which corresponds to the direct
observed position. As we can see from Fig. 15 (d) and (h),
the estimated positions have lower error than the directly
measured positions. This is also supported by the fact given
in Table II. Note that the observation error is consistent with
that in Table I, in which the error range is +2.5cm. Besides,
Fig. 15 (b) displays the model probability of CV, CA, Singer
and CS over time. It indicates that the CV model is dominating
compared to others in time windows [0, 5] and [10, 20] (i.e.,
the true moving pattern of the vehicle then is CV), while
CA and Singer are dominating compared to others in the
time window [5, 10] (i.e., the vehicle then is maneuvering so
that acceleration is nonzero). This phenomenon could also be
observed from Fig. 15 (a), where the trajectory changes its
direction within the time window [5, 10].

axis error of position in X axis
12 E 0.2
x
a" o4
E g
= 8 w
£ £
3 -
4 ——Real Velocity in X (m/s) g-on
- - Estimated Velocity in X (m/s) g
2l 2
0 5 10 15 20 e 0 5 10 15 20
Time (s) Time (s)
(e) True and estimated velocity in x (f) Estimation error of velocity in x
axis axis
120 0.03
P ~—— Position Estimation Error in Y (m)
£ 5 0.01 l ;
0
] 60
8
& 40 -0.01
o
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(g) True and estimated position in (h) Estimation and measurement
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g -0.15
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Time (s) Time (5)

(i) True and estimated velocity in y (j) Estimation error of velocity in y
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Fig. 15. Tracking results of APM.

IX. CONCLUSION

In this paper we study the problem of determining the high
accuracy, real-time positions and headings of a multi-carriage
logistic train at airport. It has challenging requirements like
(a) centimeter-level accuracy and (b) alterable number and
linking sequence of trailing vehicles. To the best of the
authors’ knowledge, the ROPHS is the first comprehensive
and systematic approach for real-time tracking of the airport
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multi-carriage logistic train with centimeter-level accuracy,
which makes possible for collision detection. In a bigger
view, this paper displays the data-gathering-level support for
developing our Aviation Assets and Vehicle Optimization
system. For more information, see [1] and our project website:
https://alim.algorithmexchange.com/caas/.
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