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Abstract: Plastic pollution in waterways poses a significant global challenge, largely stemming from
land-based sources and subsequently transported by rivers to marine environments. With a sub-
stantial percentage of marine plastic waste originating from land-based sources, comprehending the
trajectory and temporal experience of single-use plastic bottles assumes paramount importance.
This project designed, developed, and released a plastic pollution tracking device, coinciding with
Vietnam's annual Plastic Awareness Month. By mapping the plastic tracker's journey through the
Saigon River, this study generated high-fidelity data for comprehensive analysis and bolstered pub-
lic awareness through regular updates on the Re-Think Plastics Vietnam website. The device,
equipped with technologies such as drone flight controller, open-source software, embedded com-
puting, and cellular networking effectively captured GPS position, track, and localized conditions
experienced by the plastic bottle tracker on its journey. This amalgamation of data contributes to the
understanding of plastic pollution behaviours and serves as a data set for future initiatives aimed
at plastic prevention in the ecologically sensitive Mekong Delta. By illuminating the transportation
of single-use plastic bottles in the riparian waterways of Ho Chi Minh City and beyond, this study
plays a role in collective efforts to understand plastic pollution and preserve aquatic ecosystems.
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1. Introduction

This article presents findings on the pressing global challenge of plastic pollution [1],
with a focus on the extreme and unique environmental conditions of the Saigon River,
part of the greater Mekong River Delta bioregion [2]. A bioregion is a geographic area
defined not by political borders but by natural boundaries, such as watersheds, ecosys-
tems, and climatic zones. These regions are characterized by their unique ecological fea-
tures and biodiversity, often supporting a variety of interconnected species and habitats
that form a distinct environmental unit. The Mekong River Delta, known for its vast, bio-
logically diverse wetlands and water systems, plays a critical role in Southeast Asia’s ecol-
ogy [3]. However, this delicate ecosystem faces significant pressure from plastic waste [4],
which threatens not only the biodiversity of the delta but also the livelihoods of commu-
nities dependent on its waters.

Drawing upon existing research highlighting that 70 — 80% of marine plastic waste origi-
nates from land-based sources, with waterways acting as major transport pathways [3, 5],
these studies emphasize how rivers serve as major pollution pathways. These Mekong
River Delta waterways, often heavily burdened by human activities, act as conveyor belts,
carrying massive amounts of plastic waste from urban and industrial centres into marine
environments [6]. The Saigon River, as part of this global phenomenon, presents an acute
example of this extreme condition [7]. The Saigon River_runs through one of the most
densely populated and economically active regions of Vietnam, and is inundated with
plastic waste, exacerbated by high volumes of industrial discharge and commercial ship-
ping traffic [3,7,8]. These extreme conditions create significant challenges for mitigating
plastic pollution and demonstrate the urgency of understanding the movement and im-
pact of plastics through riparian waterways before they reach the ocean [9].

This study emphasizes the extreme conditions within the Saigon River. As a vital artery
for Vietnam’s economy, the river is heavily trafficked by commercial shipping, with ap-
proximately 2,500 large vessels navigating its waters daily [7, 10]. The intense level of hu-
man activity, combined with the river's pollution [11], creates a highly challenging and
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unpredictable environment for any research conducted there. Despite these conditions, 55
the Saigon River serves as a case study for understanding the trajectory and temporal 56
experience of single-use plastic bottles in riparian waterways. The harsh environmental 57
conditions, which include tidal currents, dense shipping traffic, and significant waste and 58
chemical discharge, provide a testing ground for understanding how plastic waste moves 59
through and impacts both the river and its surrounding ecosystems [12]. Through a novel 60
approach, which tracks the journey of a single plastic bottle within these extreme condi- 61
tions, this research aims to shed light on the broader implications for plastic pollutionin 62
sensitive bioregions such as the Mekong Delta, where both ecological and human systems 63
are deeply interconnected. 64

65
Further to this, this research highlights a collaboration with Re-Think Plastics Vietnam, a 66
non-governmental organization (NGO) founded in 2018. Their mission is to address the 67
detrimental impacts of plastic pollution by advocating for innovative solutions, conduct- 68
ing research, and actively collaborating with various stakeholders. The organization's ap- 69
proach encompasses public outreach campaigns, engaging educational programs, and 70
community initiatives, all designed to empower individuals and businesses to adopt sus- 71
tainable practices and reduce their plastic footprint. Through the collaboration with Re- 72
Think Plastics Vietnam, this research supported the NGO's contribution to the ongoing 73
global and localized initiatives in understanding plastic pollution and safeguarding the 74
invaluable aquatic ecosystems of Vietnam. 75

2. Environmental Context 76

Movement of plastic in Oceans is well understood. Early approaches have included the 77
use of drift cards [13], to build an understanding of how oceans circulate and rates that 78
plastic pollutants travel [14]. Contemporary research has used oceanographic modelling 79
and ocean current data to predict accumulation and dispersion of plastic pollution from 80
regional coastal areas into the global oceanic system [15]. However, transportation of plas- 81
tic pollution through urban inland fresh waterways from source to ocean is less under- 82
stood and is an emerging area of research that combines novel use of technology and sin- 83
gle use plastic bottle tracking [12}. Duncan et al., suggest that localized empirical data 84
would enhance current modelling of this global problem [16]. 85

The magnitude and Impact of Plastic Pollution in waterways has emerged as a global en- 86
vironmental crisis [17, 18], with rivers acting as significant transport pathways for plastic 87
waste. Studies conducted by Horton et al. [5] reveal that 70-80% of marine plastic waste 88
originates from land-based sources, highlighting the significance of waterways in facili- 89
tating the transport of plastic debris to marine environments. In Vietnam, statistics indi- 90
cate that a substantial amount of plastic waste, ranging from 350g to 7.2kg per capita an- 91
nually, enters the country's lakes and rivers [19]. Such widespread contamination can 92
have far-reaching consequences for aquatic biodiversity, water quality, and human 93
health. 94

Studies have also explored the sources and composition of plastic waste in Vietnam's wa- 95
terways. Research by the Asian Research Centre for Water Resources at the Ho Chi Minh 96
City University of Technology reveals that plastic waste primarily comprises single-use 97
plastic items, including bottles and packaging materials. Furthermore, the study indicates 98
that the Saigon River is contaminated with varying types of plastic pieces, ranging from 99
10 to 233 pieces per cubic meter [19]. Identifying the sources and types of plastic waste is 100
crucial for designing targeted interventions to mitigate plastic pollution. 101

Further to this, researchers have introduced a straightforward and adaptable method for 102
quantifying net plastic transport across tidal cycles in a river cross-section, relative to total =~ 103
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plastic transport. The researchers employed a Eulerian approach, focusing on a fixed spa- 104
tial domain to estimate plastic transport by measuring the dynamics of plastic movement 105
and water flow, such as river discharge, flow velocity, and water depths, at sub-hourly 106
intervals. This method was applied to the Saigon River in Vietnam during May 2022, cov- 107
ering six complete tidal cycles [20]. Their findings emphasize the complexity of plastic 108
transport in tidal systems, influenced by factors like changing flow velocities due to tides, 109
the characteristics of plastic items (e.g., buoyancy and rigidity), and interactions with en- 110
vironmental features like riparian vegetation. A key insight is that the net plastic transport 111
is not solely governed by water flow, as other factors like wind and plastic entrapment 112
play a significant role. This complexity is particularly evident in the observation that plas- 113
tic transport rates can fluctuate between seaward and landward directions due to diurnal 114
tidal cycles [20]. 115

This highlights how understanding the temporal and spatial dynamics of plastic waste 116
transport along waterways is essential for effective waste management strategies. By 117
adopting an approach to track the journey of a single-use plastic beverage bottle along the 118
Saigon River, this research aimed to generate empirical geo spatial data to gain insights 119
into the travel patterns and behaviours of a known pollutant. This data-driven approach 120
could aid in identifying critical areas for waste interception and facilitate informed deci- 121
sion-making. 122

Plastic pollution in waterways can have detrimental effects on aquatic ecosystems and 123
human health. Studies have demonstrated that plastic debris poses risks to aquatic organ- 124
isms, leading to entanglement, ingestion, and disruptions in ecosystem functioning. Ad- 125
ditionally, microplastics, resulting from the breakdown of larger plastic items, can con- 126
taminate water sources and enter the food chain, potentially affecting human health [21]. 127
Understanding the ecological and health implications of plastic pollution is essential for 128
formulating policies and practices to safeguard water quality and biodiversity. 129

This highlights the pressing issue of plastic pollution in Vietnam's waterways, with se- 130
vere consequences for aquatic ecosystems and human well-being. A significant percent- 131
age of plastic waste originating from land-based sources underscores the importance of 132
effective waste management and prevention strategies. Research on the temporal and spa- 133
tial dynamics of plastic debris transport could inform targeted interventions to intercept 134
plastic waste before it reaches marine environments. Plastic pollution continues to pose a 135
formidable environmental challenge, further research and collaborative efforts are crucial 136
to develop comprehensive solutions to mitigate its detrimental effects on waterways in 137
Vietnam and worldwide. 138

On a national level Vietnam has developed a National Action Plan for Management of 139
Marine Litter. Resolution No. 36-NQ /TW of October 22, 2018, of the Eighth Conference of 140
the Party Central Committee XII sets out the goal of a 50% reduction in marine plastic 141
litter by 2025, increasing to 75% by 2030. This policy has the aim of becoming a regional 142
leader in minimizing ocean plastic waste. This ambitious goal is aligned with the United 143
Nations Sustainable Development Goals (SDG) 11 and 14. This research directly sup- 144
ported this by collaborating with Re-Think Plastics Vietnam by gathering and publicizing 145
high fidelity empirical data of the journey of a single use plastic bottle through the riparian 146
waterways of the Saigon River. 147

The Saigon River is a historically significant waterway in the Mekong delta region and 148
specifically Ho Chi Minh City, Vietnam, flowing through southern Vietnam for approxi- 149
mately 256 kilometers before reaching the East Sea. Its strategic location and navigability = 150
have attracted human settlements for millennia, with evidence suggesting that people 151
have been living along its banks for over 3,500 years. With a population of over 9 million 152
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people, Ho Chi Minh City heavily relies on the bustling port of the Saigon River for eco- 153
nomic activities. The Saigon Port is a network of ports in Ho Chi Minh City [7]. It is the 154
main port of Vietnam and the only one able to host post-Panamax ships. 155

The river facilitates extensive imports and exports that contribute significantly to the city's 156
GDP, which amounted to $223 billion in 2021 [22]. The rivers historical importance and 157
pivotal role in trade have shaped the region's development over thousands of years, mak- 158
ing it an essential lifeline for the people and economy of Ho Chi Minh City. However, the 159
river's environment poses substantial challenges for a device such as a bottle tracker to be 160
placed into. The intense shipping and commercial activities result in approximately 2,500 161
large commercial vessels navigating the river daily, creating a congested and dynamic 162
waterway [7,10]. The constant traffic of vessels and the tidal water conditions make ita 163
challenging environment for a bottle tracker to navigate effectively [20]. 164

Moreover, the Saigon River faces significant pollution issues, with an estimated 350,000 165
cubic meters of wastewater discharged into the river annually. The presence of pollutants, 166
including plastic waste and toxic chemicals, posed additional obstacles for the bottle 167
tracker, affecting its functionality and reliability [3,7,8]. The combination of high human 168
activity, water traffic, and pollution renders the Saigon River an extreme environment for 169
a bottle tracker to operate in. The device needed to withstand the harsh conditions, navi- 170
gate through a crowded waterway, endure potential exposure to pollutants, and resist the 171
UV and heat of the atmosphere while providing accurate data on the bottle's trajectory 172
and spatial-temporal experiences. 173

3. Research Design 174

This project had four phases that worked in a linear procession. A collaborative interdis- 175
ciplinary approach was used that had rapid cycles of hardware development, software 176
integration, prototyping and action research. 177

3.1. Phase One: Ideation 178

This phase involved an initial scoping of methods used to aggregate data about plastic 179
waste in riparian waterways. Several systems were investigated and ultimately rejected 180
for this research. Among these was the use of terrestrially based cameras with computer 181
vision functionality to identify and collect data on plastic waste as it passes through the 182
waterway. While this system offered the potential for continuous monitoring, it presented 183
several logistical and administrative challenges. The optimal location for such a setup was 184
identified as a bridge spanning the Saigon River. This site was ideal for capturing the flow 185
of plastic waste through a key section of the river. However, the optimal bridge upon 186
inspection was a multi lane, arterial road that also spanned two distinct city wards, which 187
would introduce two different, often opaque, permission structures. Additionally, the use 188
of such infrastructure would require extensive permitting from both local and national 189
authorities, as structures in this region are often considered sensitive sites due to their 190
strategic importance for transportation and security. Furthermore, the socio-technical 191
landscape in Vietnam means that any surveillance equipment, especially at critical 192
infrastructure points like bridges, could potentially be viewed as a security risk. These 193
complexities ultimately led to the decision to reject this method. The use of a drone to 194
survey a specific location as a base line and then do multiple flight operations at the same 195
location was also considered. This approach would involve post flight analysis of the 196
data and only give a localized tally of plastic waste in the waterway. 197

The use of GPS tags was also reviewed [16]. The enterprise solution used by these 198
researchers was rejected primarily due to cost and the opaque rules, regulations and 199
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administrative burden in Vietnam around customs clearances for importing technology 200
into the country. The use of a low fidelity GPS tracker was also considered, however the 201
limited data output and closed source applications available in consumer grade systems 202
was not optimal for this project. 203

The systems we reviewed all had advantages as well as disqualifying attributes. A hybrid 204
approach of blending some of the significant benefits of these different systems was 205
adopted. We decided to house a drone autopilot and supporting technologies inside a 206
suitable locally sourced plastic bottle and convert it into a bottle tracker. This approach 207
had the key advantage of not requiring any permitting or permissions from authorities 208
and was expedient in that resources were readily available. 209

3.2. Phase Two: Prototyping 210

The project underwent a phase of tandem cycles of hard and software prototyping. 211
Iterative prototyping of hardware and feasibility prototypes of software were employed, 212
resulting in functional prototypes that were tested and refined. This phase culminated in 213
the development of a high-fidelity user prototype in the form of a fully functional 214
artifact. Throughout the process, various prototyping methods, including rapid, 215
evolutionary, and incremental approaches, were utilized to test and evaluate design 216
decisions, leading to continuous improvements in the bottle tracker's features and 217
performance. The iterative nature of the prototyping process allowed for continuous 218
feedback and adjustments until the final artifact was deemed ready for production. 219

In parallel with the physical processes of prototyping, an initial set-up of a data pipeline 220
using industrial 4G cellular connectivity and open-source software was also focused upon 221

to handle the tracking data efficiently. 222
223
3.3. Phase Three: Field Testing 224

A significant component of this research project was the reliability and resilience of the 225
technology. The robustness and water tightness of the bottle tracker was tested in a 226
controlled environment and then introduced into the environment by testing in canals, 227
connected to the Saigon River, for set periods of time. Telemetry, data, and digital pipeline 228
were also tested by dry land field trips around Ho Chi Minh City to establish and map the 229
data linkage between the bottle tracker and the cellular network it was connected to. This 230
process also served as scouting for possible recovery sites. An action research 231
methodology of planning, acting, observing, and reflecting was used to make any 232
adjustments or adaptations to the bottle tracker as the field testing unfolded. 233

An important finding from this process was the need to ballast the plastic tracker to ensure 234
it had self-righting capability. This design choice was crucial for maintaining the correct 235
orientation, with the GPS and communication antennas pointing towards the sky, 236
allowing for uninterrupted data transmission. The arrangement relied on positive 237
buoyancy with self-righting capability, which ensured that the tracker remained three- 238
quarters submerged while keeping its upper components above water. After multiple 239
prototypes, this design proved to be the most effective, allowing the tracker to float while 240

maintaining stability even in turbulent conditions. 241
3.4. Phase Four: Plastic Bottle Tracking and Data Collection 242
The bottle tracker was launched into the Saigon River on September 1st, 2022, and the 243

data from it was collected in real-time. Daily updates and visualization on the 244
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whereabouts of the tracker were provided to the Rethink Plastic host website. The 245
location of the tracker was monitored to ensure that it was functional and that if any 246
unforeseen human interventions or incidents took place, such as interactions with large =~ 247
shipping, the bottle tracker could be retrieved from the waterway and repaired, if 248
necessary. The monitoring also ensured that the bottle tracker did not get caught up in 249
one place. 250
4. Technologies and Development 251

A key design constraint for this project was the determination from the team that the bot- 252
tle tracker had to be a common single-use plastic bottle type, because it is one of the most 253
common plastics found in the river [3], and that daily updates of the tracker’s progress 254
was required for the Rethink Plastics website (https://www.rethink- 255
plasticvietnam.com/tracker) in a Vlog format to support Plastics Awareness Month. The 256
assembly and prototyping of the technology, both hardware and software to allow this 257
was conducted in tandem. The hardware and software contained within the plastic tracker 258
required a capable and flexible autopilot controller as it needed to be stable and multi- 259
functional. 260

A 3Dr Pixhawk autopilot was selected for the project as it was to hand and simple tore 261
image. This device is configurable as a terrestrial rover and is an open-hardware project 262
providing readily available, low-cost, and a fully featured controller. Importantly it has 263
autonomous capabilities. This device has a suite of sensors that were complimented by a 264

UBlox M6 GPS and Compass module. 265
e MPU6000 as main accel and gyro. 266
e ST Micro 16-bit gyroscope. 267
e ST Micro 14-bit accelerometer/compass (magnetometer). 268
e MEAS barometer. 269

The Pixhawk autopilot was imaged with the Ardurover v4.2.3 firmware. This is an open- 270
source firmware specifically developed for un-crewed ground and water vehicles and is 271
an autopilot software stack that is part of the open source Ardupilot eco system. This 272
amalgam of hardware and software is very mature and allows stable, sophisticated man- 273
agement of autonomous vehicles. Initially communication was achieved by using a 274
ground control station (GCS) application called Mission Planner hosted on a laptop. This 275
was wirelessly connected to the Pixhawk controller using an opensource radio platform 276
known as a SiK telemetry radio that transmits serial data on 433 MHz with a power level 277
of 100mw. The protocol Mavlink was used to communicate between the GCS and the Pix- 278
hawk controller. This is a lightweight messaging protocol used for telemetry communica- 279
tion that is common in drone and robotic systems. This setup was tested and found to be 280
reliable at localized communication but had a considerable downside as data could only 281
be logged remotely in a continuous mode when connected to the GCS or directly onto an 282

SD card in the device. 283

284
At the time of this project a new release of an open soured project called Drone Engage 285

became available. This research project adopted this cloud-based software solution for 286
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managing drone operations using the Mavlink protocol and 4G cellular networking. This
was an exciting development as Vietnam has a robust cellular network that is widespread
with excellent coverage in the Saigon region. This offered hi-fidelity telemetry logging

and forwarding to a GCS via the internet in real time.

This approach required integration of a Linux based companion computer, in the form of
a Raspberry Pi Zero, onto the Pixhawk controller. Once configured, the software image
hosted on the companion computer communicated with the Drone Engage server via In-
ternet using a configured and attached industrial grade 4G dongle, which had up to

150Mbps downlink rate and 50Mbps uplink rate. This embedded computing approach

to a telemetry data pipeline was arranged as shown in Figure 1 and 2.

Plastic Tracker Arrangement and Data Flow Model ((( )))

Plastic Tracker Bottle

Mobile Network Operator

Drone Engage

- S
GCS

Figure 1: (Cleveland, 2023) Technology arrangement [diagram].
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Figure 2: (Cleveland, 2022) Technology arrangement [photo]. 304

The componentry was housed inside a watertight container that was placed inside the 306
Plastic bottle along with 1.25 kilograms of ballast. This design decision was to give the 307
plastic tracker self-righting abilities, specifically to keep the GPS and Antennas functional. 308
The plastic bottle was made watertight and tested to a hydrostatic pressure of 9.81 kPa for 309
3 hours in a swimming pool at a depth of one meter. Also, a 13dbi loaded monopole an- 310
tenna, tuned to 1800 MHz was mechanically fixed to the top of the plastic bottle. Several 311
iterations of the plastic tracker artifact were generated, tested, and refined before a final 312

artifact was produced (see Figure 3 and 4). 313

314
315
Figure 3: (Cleveland, 2022) Plastic Tracker Development [photo]. 316
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317

318
319

Figure 4: (Cleveland, 2022) Plastic Tracker final prototype as released into the river [photo]. 320

321
5. Data Capture and Processing Approach 322

323
The data generated by the plastic tracker was continuously streamed via the cellular link 324
to the drone engage server and accessed by the researchers through the Drone engage web 325
client portal. A web plugin was configured to stream the telemetry data directly, via the 326
internet as a UDP connection, to the mission planner GCS that was set up in Ho Chi Minh 327
City. This telemetry data stream was logged, as Tlog files, which are recordings of the 328
MAVLink telemetry messages sent between the autopilot and the ground station. These = 329
files were formatted to generate two key deliverables. The first of these was a data visual- 330
ization for the daily updates for the Rethink Plastics website during plastic awareness 331
month September 2022 (see Figure 5). 332

333

A RE-THINK
PLASTIC
VIETNAM

Figure 5: Day 2 daily update [screenshot]. 335
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336
This was achieved by loading 24-hour chunks of the logged data into the Mission Planner 337
GCS simulator while recording the playback. The playback in this environment was ma- 338
nipulated to ensure smooth visualization of the plastic tracker’s movement. This approach 339
resulted in the displayed ground speed data being incorrect but was considered as being 340
appropriate for this application, due to time constraints. Adjustments were made to the 341
simulator settings to reduce any lag or jitter during playback, ensuring that the recorded 342
video captured a clear and continuous path of the tracker. After recording, the video file 343
was introduced into a video editor, where it was significantly sped up to create a more 344
concise and dynamic visualization of the tracker’s journey. This acceleration allowed for 345
the entire journey to be viewed in a format that was engaging and accessible, effectively 346
translating the real-time data into a consumable daily video log for a broader audience. 347

348
The second deliverable of this research involved processing and analysing the Tlog telem- 349

etry data in 2024. The initial raw data, including GPS coordinates, timestamps, and other 350

relevant metrics, was introduced into the MATLAB software environment. 351
352
6. Data Acquisition and Initial Processing 353
354

The raw data from the tracker was recorded in the form of Tlog files, which were imported 355
into the MATLAB environment using the UAV Toolbox plugin. This plugin facilitated the 356
conversion of the Tlog data into a more accessible .CSV file format, allowing for subse- 357
quent data analysis and manipulation. After the conversion, the data was filtered to retain 358
the most relevant segments. 359
6.1. Filtering for Activation and Waterway Introduction: We focused on the time-period be- 360
tween the arming of the system, data flow and its introduction into the waterway. This 361
ensured that only data relevant to the bottle’s actual movement through the waterway was 362
retained. 363
6.2. Timestamp Alignment: To streamline the analysis, the data was further filtered to ensure 364
a consistent time interval of one second between GPS readings. This adjustment facilitated 365
smoother calculations of distance, speed, and other metrics, providing a uniform temporal 366
resolution across the dataset. 367
6.3. Handling Accelerometer and Compass Data: The plastic bottle tracker was equipped with 368
an accelerometer and a digital compass, which provided additional data on orientation 369
and movement dynamics. However, during the initial analysis, it was observed that the 370
accelerometer data produced conflicting results, likely due to the bottle spinning, rolling, 371
or being subjected to uneven water currents. These variations introduced noise, making it 372
difficult to accurately integrate this data into a smooth analysis of speed and direction. 373

374
Additionally, the compass readings were sometimes disrupted, possibly due to rapid 375

changes in orientation or interference from nearby metal objects or environmental factors. 376
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To maintain the integrity of the primary movement analysis, we portioned off the accel- 377
erometer and compass data with their corresponding timestamps. By setting this data 378
aside, we ensured that it would not affect the calculations of speed, direction, or distance. 379
This approach also allowed for the possibility of revisiting the accelerometer and compass 380
data for in-depth analysis of specific events or anomalies, such as periods of rapid acceler- 381

ation or significant changes in orientation. 382

7. Deriving Additional Metrics 383

Following the initial processing and filtering, we calculated several derived metrics toen- 384
rich the dataset for analysis: 385

7.1. Speed (m/s): The speed of the tracker was calculated using the change in distance be- 386
tween consecutive GPS coordinates over each one-second interval. Initial analysis showed 387
that speeds ranged from (0.0 m/s to 0.8 m/s). In instances where consecutive GPS readings 388
indicated the same position, the speed was set to 0 m/s, signifying a resting state. 389

7.2. Acceleration (m/s?): Acceleration was derived from the difference in speed values be- 390
tween consecutive time points. This measure indicated periods of increasing or decreasing 391
speed. During periods where the tracker was stationary (resting state), the acceleration 392
values were set to zero to reflect the absence of movement. 393

7.3. Distance Travelled (m): The distance between consecutive GPS coordinates was calcu- 394
lated using the Haversine formula within the MATLAB environment, which accounts for 395
the curvature of the Earth. This formula was used to accurately measure the distance over 396
small intervals between successive latitude and longitude points (see Figure 6). For peri- 397
ods identified as resting states, the distance travelled was set to zero, indicating no move- 398
ment. 399

A AN
distance = 2 x R x arcsin \/sin2 (2(25) + cos(¢1) x cos(¢y) x sin’ (2)

Where:
e R =Earth's radius (approx. 6,371,000 meters)
* @1, ¢o = latitude of point 1 and latitude of point 2 in radians
« Ag¢ = difference in latitude in radians

« A =difference in longitude in radians

400
Figure 6: The Haversine formula used for calculating the distance between two geographical 401
points [Screenshot]. 402

7.4. Bearing/Heading (degrees): The bearing between consecutive GPS coordinates was cal- 403
culated to determine the direction of movement relative to true north. The formula used 404
for this calculation is shown in Figure 7. 405
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0 = arctan 2(sin(AX) - cos(¢p2), cos(¢1) - sin(¢s) — sin(¢p1) - cos(¢s) - cos(AN))

Where:
¢ @ is the bearing in radians (we will convert it to degrees).
* ¢ and ¢ are the latitudes of the points.

« A is the difference in longitude between the points.

406
Figure 7: Formula used for calculating the bearing between two GPS coordinates [screenshot]. 407

The formula accounts for the difference in longitude between two points and adjusts the 408
resulting angle using trigonometric functions (atan2, sin, cos) to provide an accurate bear- 409
ing. This calculation was implemented in MATLAB, where bearings were adjusted to fall 410
within a range of 0° to 360°, ensuring consistent directional references. During periods 411
where the tracker was stationary (resting state), the bearing was set to Not a Number 412
(NaN), to reflect the absence of directional movement. 413

7.5. Turning Angle (degrees): The turning angle was calculated as the change in direction 414
between consecutive bearings. This metric indicated the sharpness of directional changes 415
as the tracker moved through the waterway. Turning angles were set to NaN during rest- 416
ing states to account for the absence of directional change when the tracker was stationary. 417
The turning angle calculation was implemented in MATLAB using the formula as shown 418
in Figure 8. 419

Turning angle = (Bearing, — Bearing; + 360)%360

420
Figure 8: Turning angle formula [screenshot]. 421

7.6. Resting State Identification: A "Resting state (Boolean: 0/1)" field was introduced to ex- 422
plicitly identify periods of rest (where the speed was zero). A value of 1 indicated that the 423
tracker was stationary, while 0 indicated movement. 424

A final step of eliminating any NaN values was also undertaken, these were set to zero. 425
The dataset comprises 836,641 entries, each capturing detailed information about the 426
tracker’s movement. This data processing allowed for an understanding of the tracker’s 427
journey through the waterway, providing insights into its speed dynamics, directional 428
behavior, and overall movement patterns. The processed dataset then served as the foun- 429
dation for further analysis and visualization in MATLAB and other analytical tools. 430

8. Preliminary Data Analysis 431

A series of foundational analysis steps were performed to ensure a robust understanding 432
of the dataset and its characteristics. These preliminary steps provided insights into the 433
tracker’s movement behavior. 434

8.1. Data Summary and Descriptive Statistics: Descriptive statistics were calculated for key 435
variables, including speed, turning angle, and distance travelled. This step involved de- 436
termining measures such as the mean, median, standard deviation, and range, offeringa 437
quantitative overview of the movement data (see Table 1). 438

439
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Table 1: Initial data summary [table].

. Standard . L.
Metric Mean L. Units Description
Deviation
IAverage speed of the tracker with variability
Speed 0.5 0.21 m/s i
in movement speed.
I Average change in speed, indicating stead
Acceleration 0 0.19 m/s? 8 8 P & Y
movement overall.
) . IAverage directional heading, suggesting
Bearing/Heading | 187.66 N/A degrees
movement towards the SSW.
This represents the total distance covered be-
Distance Travelled [205,744.51 N/A meters tween the first and last recorded GPS points
in the dataset.
. Average turning angle, indicating frequent
Turning Angle 174.77 N/A degrees o
near-complete direction changes.

This summary provided initial insights into the variability and central tendencies of the

tracker’s speed and direction changes over time.

8.2. Data Visualization: Visualizing the dataset enabled the identification of trends and
anomalies in the tracker’s movement. A time series plot of speed over time was used to
observe fluctuations in the tracker’s velocity (see Figure 9), while a histogram of turning
angles helped understand directional patterns (see Figure 10). Additionally, a pie chart
representing the proportion of time spent in "resting” versus "transit" states offered a vis-

ual breakdown of the tracker’s behavior (see Figure 11).
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Figure 9: Speed overtime visualization [image].

The speed graph shows the variations in the tracker's velocity throughout its journey. The
average speed is around 0.50 m/s, with a median of 0.53 m/s, indicating that the tracker
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often maintained a consistent pace. However, there is an interesting anomaly where the 453
speed peaks at 2.55 m/s, significantly higher than the average. This peak may suggest an 454
interaction with an external factor, such as being caught in a current or encountering a = 455
rapid flow. The standard deviation of 0.21 m/s reflects moderate variability in the speed 456
data. 457

«10% Turning Angle Distribution
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458
Figure 10: Turning Angle Distribution Visualization [image]. 459

The turning angle histogram illustrates the distribution of directional changes made by 460
the tracker. The mean turning angle is 174.77 degrees, with a median of 170.80 degrees, 461
indicating that the tracker frequently made sharp or near-complete directional shifts, pos- 462
sibly due to currents or obstacles. The presence of angles ranging from 0 to 360 degrees 463
suggests that the tracker experienced a full range of turns throughout its movement. The 464
standard deviation of 79.81 degrees points to significant variability in the angles, reflect- 465
ing changes in the tracker's path. 466

Resting vs. Moving State Proportion

Resting

Moving

467
468

Figure 11: Resting vs Moving State Visualization [image]. 469
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The pie chart of resting versus moving states shows that the tracker spent the majority of 470
its time in motion, with 91.21% of the entries indicating a moving state, compared to 8.79% 471
in a resting state. The relatively small proportion of resting suggests that the tracker was 472
carried consistently by water currents or external forces, with occasional pauses or slow 473
movements possibly corresponding to calmer water, temporary obstructions or tidal ac- 474
tivity. 475

8.3. Correlation Analysis: To explore relationships between movement parameters, correlation 476
analysis was conducted between speed, distance travelled, and turning angle. The corre- 477
lation between speed and distance travelled was 0.33, indicating a weak positive relation- 478
ship. This suggests that as the tracker’s speed increases, the distance between recorded 479
points tends to increase slightly, though the relationship is not strong. This weak correla- 480
tion may reflect the influence of external factors, such as varying water currents, which 481
impact the distance traveled independently of the tracker's speed. 482

Similarly, the correlation between speed and turning angle was 0.12, showing a very weak 483
positive relationship. This indicates that changes in speed are only minimally associated 484
with changes in direction. The low correlation suggests that directional changes of the 485
tracker are largely independent of its speed, likely due to external environmental condi- 486
tions like eddies, currents, or obstacles that alter the path without a direct connection to 487
speed. 488

This suggests complexity in the tracker's movement through the waterway, where speed 489
and directional changes were influenced by a variety of external factors. These relation- 490
ships provide a foundational understanding that supports the use of Hidden Markov 491
Models (HMMs) to capture more subtle movement states, such as transitions between 492
resting and transit behaviours. 493

8.4. Time Series Analysis: Given the time-dependent nature of the data, time series analysis 494
was performed to identify patterns and trends. Autocorrelation plots of speed and turning 495
angle helped assess if there were recurring patterns over time, potentially indicating reg- 496
ular behavior or cyclic movements. This analysis also aided in identifying trends, such as = 497
gradual increases or decreases in speed, which could be important for defining movement 498
states. 499

8.5. Autocorrelation of Speed: The analysis revealed that speed had a moderate autocorrela- 500
tion at a lag of 3 with a correlation value of 0.58. This suggests a degree of short-term 501
persistence in the tracker’s speed, likely influenced by momentary currents or consistent 502
flow patterns. However, the autocorrelation decreased beyond this point, indicating that 503
speed was less dependent on earlier values as time progressed. The initial high correlation 504
atlag 1 (value of 1.00) was expected, reflecting a lack of abrupt speed changes over very 505
short intervals. 506

8.6. Autocorrelation of Turning Angle: The turning angle exhibited a weak autocorrelation 507
at lag 2 with a value of 0.21, suggesting that the direction of movement lost correlation 508
quickly as time progressed. This implies that while the tracker tended to maintain direc- 509
tion over very short periods (as shown by the value of 1.00 at lag 1), it was subject to rapid 510
directional changes shortly thereafter. 511

8.7. Speed Trend over Time: The speed trend analysis (see Figure 12), with a mean of 0.50 512
m/s and a standard deviation of 0.16 m/s, indicated that the tracker typically moved ata 513
steady pace. 514

515
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Figure 12: Speed over time with trend visualization [image]. 517

However, notable speed peaks up to 2.32 m/s suggest occasional bursts of speed. These 518
spikes may correspond to interactions with faster currents or being influenced by external =~ 519
factors like water turbulence or passing objects. 520

8.8. Turning Angle Trend over Time: The trend in turning angles showed an average of 521
174.77 degrees with a standard deviation of 14.87 degrees, indicating a general pattern of 522
directional stability with occasional adjustments. The range of turning angles, from 117.55 523
to 222.28 degrees, suggested that while the tracker often maintained a steady course, it 524
was capable of adjusting to changing conditions in the water. 525

8.9. Geospatial Analysis: The GPS coordinates in the dataset enabled geospatial analysis of 526
the tracker’s movement. A cumulative distance plot provided insights into the overall dis- 527
tance travelled, while trajectory plots of the GPS path illustrated the spatial route taken 528
by the tracker as shown in Figure 13. This spatial visualization was critical for understand- 529
ing the horizontal trajectory of the plastic tracker in relation to the waterway. 530
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Figure 13: Pathway of tracker from launch point until end point [image]. 532

The tracker covered a total distance of 205,744.51 meters (approximately 205.7 kilometers) 533
throughout its journey. This substantial distance indicates a broad range of movement, 534
potentially influenced by varying currents, winds, or other environmental conditions en- 535
countered along the path. 536

The mean distance travelled between recorded points was 4.90 meters. This suggests that 537
the tracker typically drifted or moved by lesser amounts between each measurement, re- 538
flecting a relatively steady progression through the water. The small average interval dis- 539
tance could indicate a slow-moving current or consistent tracking intervals. 540

The maximum distance recorded between two consecutive points was 767.74 meters. This 541
outlier suggests a period where the tracker experienced a significant speed increase or 542
was influenced by a strong current or external force. Such a spike could be due to sudden 543
environmental changes, interactions with water vehicles, or turbulent water conditions. 544

8.10. Data Anomaly Detection: Identifying and addressing data anomalies ensured the qual- 545
ity and reliability of the dataset. Speed spikes—instances where speed changed ab- 546
ruptly —were detected and examined, as they could indicate noise or measurement errors. 547
Similarly, GPS outliers, which deviated significantly from the expected path, were identi- 548
fied to ensure that any erroneous data points were considered in the analysis. 549

The analysis identified 453 instances of speed spikes, with a threshold set at 1.14 m/s. 550
These spikes were predominantly clustered between indices 32,577 and 33,029 in the da- 551
taset, suggesting a specific event or interaction during the tracker’s journey. This period 552
of increased speed may be attributed to a scenario where the tracker encountered external = 553
forces, such as being caught up in a ship’s wake, leading to a significant acceleration be- 554
yond the usual movement patterns. 555

The analysis revealed 55,440 instances of GPS outliers, concentrated at higher indices, sug- 556
gesting that these anomalies predominantly occur in the latter stages of the tracker's jour- 557
ney. These outliers may indicate signal interference or irregularities in the GPS data, po- 558
tentially arising from environmental factors or equipment-related issues. Additionally, 30 559
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distance outliers were identified, with a threshold of 832.88 meters. These outliers are 560
spread throughout the dataset and represent instances where the distance between con- 561
secutive GPS readings was unusually high. This could be attributed to abrupt changesin 562
the tracker’s movement or possible errors in the GPS recording process. 563

8.11. Segmented Analysis of Resting and Transit States: The dataset was further segmented 564
into resting and transit states based on the speed and movement patterns. Comparing 565
average speed, distance, and turning angles between these states helped clarify differ- 566
ences in behaviour during resting and movement periods. Resting State Analysis re- 567
vealed that the total resting duration was approximately 1225.23 minutes, spread across 568
73,514 entries. During these periods, the average speed was nearly 0.00 m/s, consistent 569
with the expected behaviour of a stationary state. In contrast, the transit state encom- 570
passed around 12,718.78 minutes, with 763,127 entries. The average speed during transit 571
was 0.55 m/s, indicating a slow but steady movement when the tracker was in motion. 572
The total distance travelled during transit was approximately 205,744.51 meters, reflecting 573
the significant coverage achieved during these periods of movement. This segmentation 574
provided an understanding of how the tracker’s behavior shifted between different move- 575
ment states, setting the stage for more in-depth state classification through HMMs. 576

9. Further Analysis 577

The Hidden Markov Model analysis was employed, using the MATLAB software envi- 578
ronment, to gain a detailed understanding of the transition dynamics and speed behav- 579
iour of the tracker during its journey. The method involved training the HMM using the = 580
tracker’s speed data, classifying observations into distinct states, Resting and Transit as 581

shown in Table 2. 582
583
584
Matrix State Transition/Emission Probability
Estimated Transition Matrix [Resting — Resting (State 1 to State 1) 0.644
Resting — Transit (State 1 to State 2) 0.356
[Transit — Transit (State 2 to State 2) 1
Estimated Emission Matrix ~ [Low Speed while in Resting 0.1275
Medium Speed while in Resting 0.7934
[High Speed while in Resting 0.0792
Low Speed while in Transit 0.0165
Medium Speed while in Transit 0.6152
High Speed while in Transit 0.3684
Table 2: Estimated Transition and Emission Matrices [table]. 585
586

The estimated transition matrix revealed a strong tendency for the tracker to remain in 587
the Transit state once it had transitioned, with a probability of 1.0000 for staying in the 588
Transit state. Conversely, there was a 0.3560 probability of moving from a Resting state to 589
a Transit state, suggesting occasional shifts from stationary to active phases. The emission 590
matrix highlighted the tracker’s speed characteristics in each state. In the Resting state, the 591
tracker predominantly exhibited medium speeds (0.7934 probability), with lower 592
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likelihoods for both low (0.1275) and high (0.0792) speeds, possibly representing minor 593
movements during rest. When in the Transit state, medium and high speeds were more 5%
likely (0.6152 and 0.3684, respectively), indicating a more active phase with sustained or 595
accelerated movement. These findings provided insights into the movement patterns of 596
the tracker, offering understanding of transitions between Resting and Transit phases, as 597
well as the behaviour of the tracker in different movement states. 598

These results suggest that in the Resting state, the tracker is most likely to maintain me- 599
dium speeds, while in the Transit state, it is more likely to display a combination of me- 600
dium and high speeds. The transition matrix shows that once the tracker enters the Transit 601
state, it remains there, which could represent a sustained movement phase. 602

The transition probabilities between states, as shown in the estimated transition matrix 603
and visualized in the State Transition Diagram (see Figure 14), reveal insights into the 604
dynamics of the system. The matrix indicates a 66.77% probability of remaining in the 605
"Resting" state once it is entered. This suggests that periods of rest are more stable, witha 606
relatively high likelihood of continuation before transitioning to another state. In contrast, 607
there is a 33.23% probability of transitioning from the "Resting" state to the "Transit" state, 608
indicating that while rest is stable, transitions to movement are not uncommon. 609

State Transition Diagram
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Figure 14: State Transition Diagram [image]. 611

A key observation is that once in the "Transit" state, the probability of transitioning back 612
to the "Resting" state is 0%. The model estimates that the "Transit" state is absorbing, with 613
a 100% probability of remaining in transit once entered. This suggests that periods of 614
movement are continuous and do not frequently revert back to rest, which may reflect the 615
nature of the tracker’s environment or conditions during data collection, such as sustained 616
motion or momentum. 617

The direct connection from "Resting" to "Transit" highlights the possibility of transition- 618
ing between these states, while the absence of a direct path from "Transit" back to "Rest- 619
ing" visually reinforces the one-way nature of this transition. This analysis aids in 620
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understanding the stability and movement patterns of the system, providing a foundation 621
for further interpretation of the HMM model's behaviour. 622

This suggests that once movement begins, it tends to persist, potentially indicating exter- 623
nal factors or inherent characteristics of the subject being tracked that favour sustained 624
transit over frequent stops. 625

The resting state analysis revealed that the tracker experienced a total of 78 distinct resting 626
periods throughout its journey, with a combined duration of 187.27 minutes. The average 627
resting duration was approximately 2.40 minutes per rest. Most of these resting events 628
were relatively short, with 77 out of 78 lasting around 0.0167 minutes, suggesting brief 629
pauses during transit, likely due to minor changes in environmental conditions or brief 630
interactions with obstacles in the water. 631

However, a notable outlier was a significantly prolonged resting event lasting approxi- 632
mately 30 hours. This extended resting period occurred at the end of the tracker’s journey 633
when it contacted land. The duration of this final rest shows that once the tracker reached 634
the shore, it remained in place, likely due to being trapped by terrain or other physical 635
barriers. This change from dynamic river conditions to a static environment on land high- 636
lights the impact of physical surroundings on the tracker’s movement. Such a transition 637
could be indicative of how natural elements like tides and riverbanks influenced the 638
tracker’s trajectory until it encountered a new, more stable environment on land. 639

10. Speed Spike Event Analysis 640

In the preliminary analysis, a notable speed spike event was identified, suggesting a pe- 641
riod of rapid movement or interaction with external forces. To gain an understanding of 642
this phenomenon, we isolated the indices corresponding to the event and incorporated 643
additional gyroscopic and accelerometer data from the tracker autopilot. This provided a 644
view of the tracker's behaviour during the speed spike. A visual representation of the 645
combined data, highlighting the variations in speed, gyroscopic, and accelerometric read- 646
ings over the entire dataset, is included (see Figure 15). 647
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Figure 15: Speed, Gyroscopic, and Accelerometer Data during Speed Spike Event 649

The analysis of the speed data revealed significant variations during the speed spike 650
event. The maximum speed recorded during this period was 2.55 m/s, indicating a sudden 651
burst of movement. The minimum speed observed was 0.3013 m/s at index 4, representing 652
moments where the tracker nearly came to a stop. Due to potential data gaps or missing 653
values, the mean speed and standard deviation could not be calculated, appearing as NaN 654
values. This highlighted the need for further data cleaning or imputation in subsequent 655
analyses. 656

The gyroscopic data provided insight into the rotational dynamics of the tracker during 657
this period: The average gyroscopic readings across the three axes (x, y, z) were approxi- 658
mately 3.59, -13.53, and 22.25, respectively. This indicated a consistent rotational bias, par- 659
ticularly along the z-axis. Variability in rotation was most prominent around the x-axis, 660
with a standard deviation of 82.74, followed by 66.55 for the y-axis and 50.06 for the z- 661
axis. This suggested dynamic changes in the tracker’s orientation during the event. 662

Peaks in gyroscopic readings reached values of 971, 1032, and 541 across the three axes, 663
which supported the possibility of rapid rotational movements such as barrel rolling or 664
pitching. Minimum values like -317, -215, and -140 highlighted sharp changes in rotation 665
in the opposite directions, further indicating sudden movement. 666

The accelerometer data shed light on the forces acting on the tracker during the speed 667
spike: The averages across the axes were -541.88 for x, 58.60 for y, and 2553.32 for z. These 668
values suggested a downward force on the x-axis, minimal movement along the y-axis, 669
and a strong upward acceleration along the z-axis, potentially due to vertical shifts or 670
gravitational effects. High variability in acceleration (434.95 for x, 275.50 for y, and 1826.34 671
for z) reflected dynamic changes in the tracker's movement, indicating periods of rapid 672
acceleration and deceleration. 673

Acceleration peaks of 1961, 2225, and 11873 along the axes indicated intense forces acting 674
on the tracker, aligning with rapid shifts or impact-like interactions. Corresponding 675
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minimum values, such as -2663, -2228, and -2128, suggested moments of strong decelera- 676
tion or sudden directional changes. 677

The data supported the hypothesis that the tracker experienced rapid and dynamic move- 678
ment during the speed spike event. The high gyroscopic readings, combined with signif- 679
icant acceleration values, indicated rotational motion, potentially barrel rolling, alongside 680
substantial changes in speed. Peaks and troughs in these readings provided insight into 681
the intensity of the movement, aiding in the reconstruction of the tracker's trajectory and 682
interactions during this segment. 683

To further understand the context and environment of the speed spike event, we used the 684
corresponding GPS data from the tracker and imported it into Google Earth Pro. This al- 685
lowed for a precise visualization of the tracker's path during the event, helping to identify 686
the specific location where the speed spike occurred. The analysis revealed that this speed 687
spike event took place in a busy commercial area of the waterway, near two large docks 688
and close to the main channel, suggesting possible influences from nearby marine activi- 689
ties. The following images, Figure 16 and Figure 17 illustrate these observations, provid- 690
ing a geographical and contextual background to the speed spike event. 691

692
Figure 16: Overview of Speed Spike Event Location 693

This image provides a broader geographical context, showing the busy area where the 694
speed spike occurred. The proximity to a large dock and the main channel suggests that 695
the tracker might have been influenced by external factors such as increased marine traffic 696
or water currents, potentially contributing to the sudden speed change. 697
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698
Figure 17: Detailed View of GPS Track During Speed Spike 699

This close-up view highlights the GPS track's chaotic nature during the speed spike event. 700
The dense clustering of points and erratic path suggests intense activity or interaction with ~ 701
turbulent conditions, further emphasizing the dynamic nature of this part of the tracker's 702

journey. 703
11. Findings 704
11.1. Overview of Data Collection and Analysis 705

The data collection process involved deploying a plastic bottle tracker equipped with GPS 706
and sensors, monitoring the tracker's movement and environmental conditions along its 707
journey through the Saigon River. Initial analysis focused on understanding the tracker's 708
overall behavior, including speed, gyroscopic data, and resting states. 709

The tracker's movement was generally characterized by low average speeds, reflecting the 710
influence of the tidal nature of the river [3]. The analysis of resting states revealed 78 711
periods where the tracker remained stationary, with an average resting duration of 2.40 712
minutes, highlighting how factors like tidal reversals and interactions with riverbanks can 713
temporarily immobilize floating debris. Notably, one prolonged rest occurred at the end 714
of the journey when the tracker settled into a tidal mud bank, demonstrating how plastic =~ 715
waste can become retained in such environments. 716

During this analysis, a notable speed spike event was identified, prompting a closer 717
examination of this occurrence. The isolated indices of the speed spike were analyzed 718
alongside the newly included gyroscopic and accelerometer data, providing insight into 719
potential external forces or dynamic events, such as a ship's wake, that could explain the 720
sudden change in speed. This analysis suggested that the tracker might have experienced 721
rotational movements, such as a barrel roll, during this period of increased velocity, as 722
indicated by fluctuations in the gyroscopic readings. 723

11.2. Hidden Markov Model (HMM) Analysis 724
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To further understand the transitions between different movement states of the tracker, 725
an HMM was applied. The analysis revealed two distinct states: "Resting" and "Transit." 726
The transition matrix indicated that the tracker had a 66.7% probability of remaining in 727
the resting state once stationary and a 33.3% chance of transitioning from resting to transit. = 728
Interestingly, once in the transit state, the probability of remaining in that state was 100%, 729
suggesting that external forces were required to initiate movement but that continuous 730
flow, likely driven by currents and tides, sustained the transit state. 731

The HMM results provided valuable insights into the dynamics of plastic transport, 732
especially highlighting how transitions from resting to transit are less likely without 733
significant external influences like tidal shifts or boat wakes. The consistent retention in 734
the resting state also aligns with observed resting periods, suggesting that floating debris 735
can become trapped in particular zones before external forces shift them back into motion. 736

737
12. Discussion 738
In this study, we designed and deployed a GPS enabled tracker to understand the 739
movement of a single use plastic bottle extending prior research [12,13,16,20] within the 740
Saigon River’s urban tidal environment. The tracker was developed to capture detailed 741
movement data, including GPS location, speed and orientation, augmented by 742
gyroscopic and accelerometer readings. Field deployment involved releasing the tracker 743
into the River system during Vietnam’s Plastic Awareness Month to gather data across 744
multiple tidal cycles. The goal was to investigate how tidal dynamics and external 745
factors influence plastic transportation and retention in riparian waterways. This study 746
highlights the larger problem [1-3], how will we keep on top of the increasing growth of 747
plastics with serious issues on how we manage even now with the output into the 748
oceans [4-6] and accumulation on shorelines [11]. This research builds on data [14], and 749
contributes to marine debris modelling more generally [15], adding information [18,20] 750
and building on prior work identifying threats to the river [19,20]. By analyzing the 751

collected data, this study provided critical insights into the transportation behaviours of =~ 752
plastic waste, highlighting the significant impact of tidal reversals, external disturbances, 753
and localized environmental conditions on plastic movement and retention. 754

12.1. Slow Movement and Resting States in Tidal Enviroments 755

The tracker's journey was characterized by low average speeds and prolonged stationary 756
periods, especially in areas influenced by tidal reversals and riverbank interactions [20]. 757
These results align with prior studies that emphasize the capacity of tidal rivers and 758
estuaries to retain plastic waste for extended periods due to reversing flows and obstacles 759
such as mud banks [3,5,7]. The tracker’s final resting place in a tidal mud bank is 760
particularly noteworthy, as it suggests that areas with low net discharge or frequent tidal 761
reversals can serve as effective retention zones for plastic debris [20]. This underscores the 762
complexity of predicting plastic pathways in tidal rivers and highlights the need for future 763
models to account for these retention dynamics. 764

12.2. External Influences and Speed Spike Event. 765

A unique speed spike event during the tracker’s journey provided an opportunity to 766
examine the impact of external forces, such as vessel-induced turbulence. The 767
accelerometer and gyroscopic data collected during this event indicated rapid acceleration 768
and rotational movement, likely caused by the tracker being influenced by passing vessels 769
or radical turbulence near the main channel. This finding supports the hypothesis that, in 770
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busy waterway areas with high traffic, plastic waste may experience sudden and erratic 771
movements. These movements could complicate predictions of plastic transport, 772
especially in regions where human activities interact with natural hydrodynamics. This 773
rotational behavior, observed in gyroscopic data, highlights the potential for dynamicand 774
unpredictable plastic transport patterns, adding a new dimension to our understanding 775
of how plastic moves in tidal environments. 776

12.3. Hidden Markov Analysis 777

The Hidden Markov Model (HMM) analysis further clarified the tracker’s behavior by 778
identifying distinct states of movement and rest. The model showed that the tracker was 779
more likely to remain stationary without significant external disruptions, reinforcing the 780
observation that tidal reversals and low net discharge contribute to long-term retention of 781
plastics in certain zones. The HMM analysis also provided insight into the conditions 782
under which transitions to movement occurred, suggesting that tidal mud banks and 783
other retention areas could serve as “temporary repositories” for plastic waste. This aligns 784
with existing research that highlights the role of estuarine and tidal dynamics in plastic 785
retention and transport [20]. 786

12.4. Pollution Models and Broader Context 787

These findings have important implications for plastic pollution models, particularly in 788
tidal rivers and estuaries. Traditional models estimating plastic transport [9], often 789
assume a unidirectional flow, but this study demonstrates the need for models that 790
incorporate bidirectional flow, tidal influences, and retention zones. The slow movement, 791
frequent resting states, and eventual resting in a tidal mud bank indicate that tidal rivers 792
may act as semi-permanent repositories for plastic waste [20], with retention dynamics 793
that significantly delay transport to open waters. Applying these insights to global models 794
could help improve predictions of plastic emissions into oceans from tidal rivers and 795
estuarine systems, making them more accurate for these complex environments [18]. 796

12.5. Limitations and Scope of Findings 797

While this study offers a detailed case study of plastic transport in the Saigon River, itis 798
context-specific, and the findings may not be directly applicable to all tidal rivers without 799
considering their unique hydrodynamic and environmental conditions [12]. Additionally, 800
the tracker design itself posed limitations, such as requiring a specific buoyancy 801
configuration to keep the GPS antenna pointed skyward, which may influence its 802
behavior differently from unmodified plastic waste. The results presented here are best 803
understood as illustrative of potential trends rather than universally applicable findings, 804
though the principles observed can inform broader research in similar tidal environments. 805

12.6. Contribution to the Field 806

This research contributes to the growing body of knowledge on plastic transport 807
dynamics by demonstrating a low-cost, field-based approach to studying plastic behavior 808
in tidal rivers. The unique combination of GPS tracking, accelerometer data, and HMM 809
analysis enabled a granular understanding of plastic retention and movement under tidal 810
conditions [16]. Additionally, this study’s focus on a real-world, heavily polluted 811
environment like the Saigon River highlights the need for in-situ observations to 812
complement and improve existing plastic transport models and address the issue of 813
plastic pollution pathways [18]. 814

12.7. Future Research Directions 815
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Future planned research will expand on this study by deploying multiple GPS-enabled 816
trackers across a range of tidal and non-tidal rivers to assess variability in transport 817
dynamics under different environmental conditions [16]. Specific focus will be given to 818
areas of plastic accumulation, such as collection and diversion points along the Saigon 819
River, which could serve as targets for cleanup efforts. Another promising direction is to 820
examine how different types of plastic, varying in buoyancy and rigidity, interact with 821
tidal flows and external forces [19]. By deploying multiple trackers with varying buoyancy = 822
characteristics, future studies could refine our understanding of plastic transport in tidal ~ 823
environments, with practical applications for pollution control and waste managementin 824
similar waterways. 825

13. Conclusion 826

In this study, we investigated the movement and retention dynamics of a plastic tracker 827
in the tidal waters of the Saigon River. We employed a combination of low-cost GPS-ena- 828
bled tracking, accelerometer and gyroscopic sensors, and Hidden Markov Model (HMM) 829
analysis to understand the tracker's behaviour across different movement states. Our ap- 830
proach allowed for detailed monitoring of speed, resting states, and external influences 831
on the tracker's journey. We found that the tidal nature of the river plays a crucial role in 832
the tracker's slow average speeds and frequent resting periods, and that significant exter- 833
nal events, such as interactions with vessels, can cause sudden changes in movement, as 834
demonstrated by a notable speed spike event. Additionally, the HMM analysis revealed 835
the likelihood of transitions between resting and transit states, providing insight into the 836
potential for plastic debris retention in tidal zones. 837

The findings support the notion that tidal dynamics, along with other environmental fac- 838
tors like riverbank interactions and vessel movements, significantly influence plastic 839
transport and retention in tidal rivers. The study’s observations align with existing re- 840
search on plastic retention in estuaries, emphasizing the complex interplay between river 841
discharge and tidal cycles. The contribution of this work is threefold: first, it demonstrates 842
the practical application of GPS-enabled tracking for monitoring plastic waste; second, it 843
highlights the importance of considering tidal dynamics in plastic transport models; and 844
third, it provides an understanding of the movement patterns of floating debris using an 845
HMM approach. 846

Future work could expand on this study by deploying similar trackers in other tidal and 847
non-tidal river systems to evaluate the variability in transport dynamics. Further research ~ 848
could also explore how different types of plastic, with varying buoyancy characteristics, 849
interact with river flows and external forces. Additionally, identifying specific collection 850
and diversion points for plastic waste along the Saigon River could enhance targeted 851
cleanup efforts and pollution mitigation strategies. 852

In addition, we will disseminate information about the study and findings in formats suit- 853
able for general public reading in both English and Vietnamese. We do this to ensure local ~ 854
researchers, students, and non-governmental agencies have access to datasets that directly 855
map and inform how discarded single-use plastic bottle waste moves through the inland 856
waterway of the Saigon River. In this way, we work to foster community engagement, 857

support and effect localized environmental action. 858
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	Figure 11: Resting vs Moving State Visualization [image].
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	8.3. Correlation Analysis: To explore relationships between movement parameters, correlation analysis was conducted between speed, distance travelled, and turning angle. The correlation between speed and distance travelled was 0.33, indicating a weak ...
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	8.7. Speed Trend over Time: The speed trend analysis (see Figure 12), with a mean of 0.50 m/s and a standard deviation of 0.16 m/s, indicated that the tracker typically moved at a steady pace.
	Figure 12: Speed over time with trend visualization [image].
	However, notable speed peaks up to 2.32 m/s suggest occasional bursts of speed. These spikes may correspond to interactions with faster currents or being influenced by external factors like water turbulence or passing objects.
	8.8. Turning Angle Trend over Time: The trend in turning angles showed an average of 174.77 degrees with a standard deviation of 14.87 degrees, indicating a general pattern of directional stability with occasional adjustments. The range of turning ang...
	8.9. Geospatial Analysis: The GPS coordinates in the dataset enabled geospatial analysis of the tracker’s movement. A cumulative distance plot provided insights into the overall distance travelled, while trajectory plots of the GPS path illustrated th...
	Figure 13: Pathway of tracker from launch point until end point [image].
	The tracker covered a total distance of 205,744.51 meters (approximately 205.7 kilometers) throughout its journey. This substantial distance indicates a broad range of movement, potentially influenced by varying currents, winds, or other environmental...
	The mean distance travelled between recorded points was 4.90 meters. This suggests that the tracker typically drifted or moved by lesser amounts between each measurement, reflecting a relatively steady progression through the water. The small average ...
	The maximum distance recorded between two consecutive points was 767.74 meters. This outlier suggests a period where the tracker experienced a significant speed increase or was influenced by a strong current or external force. Such a spike could be du...
	8.10. Data Anomaly Detection: Identifying and addressing data anomalies ensured the quality and reliability of the dataset. Speed spikes—instances where speed changed abruptly—were detected and examined, as they could indicate noise or measurement err...
	The analysis identified 453 instances of speed spikes, with a threshold set at 1.14 m/s. These spikes were predominantly clustered between indices 32,577 and 33,029 in the dataset, suggesting a specific event or interaction during the tracker’s journe...
	The analysis revealed 55,440 instances of GPS outliers, concentrated at higher indices, suggesting that these anomalies predominantly occur in the latter stages of the tracker's journey. These outliers may indicate signal interference or irregularitie...
	8.11. Segmented Analysis of Resting and Transit States: The dataset was further segmented into resting and transit states based on the speed and movement patterns. Comparing average speed, distance, and turning angles between these states helped clari...
	9. Further Analysis
	The Hidden Markov Model analysis was employed, using the MATLAB software environment, to gain a detailed understanding of the transition dynamics and speed behaviour of the tracker during its journey. The method involved training the HMM using the tra...
	Table 2: Estimated Transition and Emission Matrices [table].
	The estimated transition matrix revealed a strong tendency for the tracker to remain in the Transit state once it had transitioned, with a probability of 1.0000 for staying in the Transit state. Conversely, there was a 0.3560 probability of moving fro...
	These results suggest that in the Resting state, the tracker is most likely to maintain medium speeds, while in the Transit state, it is more likely to display a combination of medium and high speeds. The transition matrix shows that once the tracker ...
	The transition probabilities between states, as shown in the estimated transition matrix and visualized in the State Transition Diagram (see Figure 14), reveal insights into the dynamics of the system. The matrix indicates a 66.77% probability of rema...
	Figure 14: State Transition Diagram [image].
	A key observation is that once in the "Transit" state, the probability of transitioning back to the "Resting" state is 0%. The model estimates that the "Transit" state is absorbing, with a 100% probability of remaining in transit once entered. This su...
	The direct connection from "Resting" to "Transit" highlights the possibility of transitioning between these states, while the absence of a direct path from "Transit" back to "Resting" visually reinforces the one-way nature of this transition. This an...
	This suggests that once movement begins, it tends to persist, potentially indicating external factors or inherent characteristics of the subject being tracked that favour sustained transit over frequent stops.
	The resting state analysis revealed that the tracker experienced a total of 78 distinct resting periods throughout its journey, with a combined duration of 187.27 minutes. The average resting duration was approximately 2.40 minutes per rest. Most of t...
	However, a notable outlier was a significantly prolonged resting event lasting approximately 30 hours. This extended resting period occurred at the end of the tracker’s journey when it contacted land. The duration of this final rest shows that once th...
	10. Speed Spike Event Analysis
	In the preliminary analysis, a notable speed spike event was identified, suggesting a period of rapid movement or interaction with external forces. To gain an understanding of this phenomenon, we isolated the indices corresponding to the event and inc...
	Figure 15: Speed, Gyroscopic, and Accelerometer Data during Speed Spike Event
	The analysis of the speed data revealed significant variations during the speed spike event. The maximum speed recorded during this period was 2.55 m/s, indicating a sudden burst of movement. The minimum speed observed was 0.3013 m/s at index 4, repre...
	The gyroscopic data provided insight into the rotational dynamics of the tracker during this period: The average gyroscopic readings across the three axes (x, y, z) were approximately 3.59, -13.53, and 22.25, respectively. This indicated a consistent ...
	Peaks in gyroscopic readings reached values of 971, 1032, and 541 across the three axes, which supported the possibility of rapid rotational movements such as barrel rolling or pitching. Minimum values like -317, -215, and -140 highlighted sharp chang...
	The accelerometer data shed light on the forces acting on the tracker during the speed spike: The averages across the axes were -541.88 for x, 58.60 for y, and 2553.32 for z. These values suggested a downward force on the x-axis, minimal movement alon...
	Acceleration peaks of 1961, 2225, and 11873 along the axes indicated intense forces acting on the tracker, aligning with rapid shifts or impact-like interactions. Corresponding minimum values, such as -2663, -2228, and -2128, suggested moments of stro...
	The data supported the hypothesis that the tracker experienced rapid and dynamic movement during the speed spike event. The high gyroscopic readings, combined with significant acceleration values, indicated rotational motion, potentially barrel rollin...
	To further understand the context and environment of the speed spike event, we used the corresponding GPS data from the tracker and imported it into Google Earth Pro. This allowed for a precise visualization of the tracker's path during the event, hel...
	Figure 16: Overview of Speed Spike Event Location
	This image provides a broader geographical context, showing the busy area where the speed spike occurred. The proximity to a large dock and the main channel suggests that the tracker might have been influenced by external factors such as increased mar...
	Figure 17: Detailed View of GPS Track During Speed Spike
	This close-up view highlights the GPS track's chaotic nature during the speed spike event. The dense clustering of points and erratic path suggests intense activity or interaction with turbulent conditions, further emphasizing the dynamic nature of th...
	11. Findings
	11.1. Overview of Data Collection and Analysis
	The data collection process involved deploying a plastic bottle tracker equipped with GPS and sensors, monitoring the tracker's movement and environmental conditions along its journey through the Saigon River. Initial analysis focused on understanding...
	The tracker's movement was generally characterized by low average speeds, reflecting the influence of the tidal nature of the river [3]. The analysis of resting states revealed 78 periods where the tracker remained stationary, with an average resting ...
	During this analysis, a notable speed spike event was identified, prompting a closer examination of this occurrence. The isolated indices of the speed spike were analyzed alongside the newly included gyroscopic and accelerometer data, providing insigh...
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