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Abstract: In smart cities, communication and information sharing among various smart devices is performed using ubiquitous sensor
networks (USN). In this paper, we propose a novel concept of Mobile Ecosystem (MES) for municipal solid waste (MSW) collection over
a wireless sensor network (WSN), which utilizes mobile communication networks (MCN). This MES identifies MSW components such
as bins/skips and garbage collection points, etc. through Internet Protocols (IPs) and shares real-time information with municipal
authority (MA) on a platform of Information and Communication Technology (ICT). ICT enables the IPs to share the waste-related
data with main server (MS) where it is analyzed and processed and is send to the Mobile Ecosystem- Database (MES-DB). Subsequently,
the aggregated information is shared with the end-users on their smart mobiles. Our proposed platform develops ubiquitous computing
for municipal waste collection and uses ICT to connect MA to the main server through assigned IPs. From a communication standpoint,
information sharing among smart devices is an important aspect of smart cities, therefore, our proposed MES platform is expected to
be a major development in smart waste collection from urban cities.
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I. INTRODUCTION

Every metropolitan city municipal corporation has different types of facilities for collecting Municipal Solid Waste (MSW), as well
as resources used to link skips/bins, garbage collection points, garbage trucks, manpower, and transfer stations [19; 23]. However,
roughly half of MSW remains uncollected in urban cities in developing countries such as Lahore in Pakistan [19], Padang in
Indonesia [31], Isfahan in Iran [33], and in different states of India due to inadequate communication among these facilities [34].
The amount of scattered MSW increases every year, causing an increase in the use of open dumps throughout many urban cities in
developing countries [20]. Apart from this, insufficient funds, poor communication, inadequate technology, and insufficient
facilities for MSW in developing countries exacerbate the problem [1]. Indeed, inadequate communication and information sharing
among various components such as house hold bins/skips, garbage collection points, waste collectors, and dump trucks are manually
operated in urban cities, which hinders the process of MSW collection [14]. Given that roughly 60% of the world population will
be living in urban cities by 2030 [26; 27], we put emphasis on the application of a ubiquitous sensor networks (USN) [12]. One
possible solution for this problem is the use of information and communication technology (ICT) in urban cities, which allows for
the use of USNs at waste collection facilities, waste collection points, and bins/skips [2; 7]. From a communications standpoint, the
use of autonomous sensors is the key to developing a Mobile Ecosystem (MES) [14]. The MES is based every MSW-related
component in the urban area sharing information with the municipality authority and its end-users/residents.

The collection of MSW uses approximately 70% of the municipal budget, whereas it utilizes 80-90% of the resources of
municipalities [4; 18]. In fact, only 60% of the urban population receives collection services from municipal authorities [8]. In order
to overcome these problems, some researchers have proposed the use of advanced technologies, such as global positioning system
(GPS) [32], geographic information system (GIS) technology [30], and barcodes and tagging radio-frequency identification (RFID)
[1], for waste collection and disposal. However, these works have various limitations, such as GPS signal dropout in urban cities,
GIS availability of user input data, and the barcode and RFID efficiency of the system not taking into account which measurements
are invalid [22; 25]. Yet, an efficient, cost-effective, real-time information sharing, and interactive platform has not been adequately
invested in regarding the collection of MSW. Therefore, we propose a platform in which smart devices of different operative domains
can be connected in various ways to extract the required information and share data amongst themselves. According to K. Doppler
[10], device pairing and device-to-device communication is feasible. Components with embedded sensors for MSW can share their
real-time information and communicate with MAs through either wired or Wireless Sensor Networks (WSNs) [35]. This platform
bridges the physical world of real-time information with the virtual world using ICT. Presently, in both developed and developing
countries, experiments are being performed with new methods/techniques to collect waste efficiently, as this is the foremost
requirement for a sustainable environment. To date, the identification of waste identified via technology with unchecked mobility
has not played an efficient role in the collection of scattered waste [6;11;28]. Therefore, one possible way to enhance the performance
of a municipal authority (MA) is to merge Internet of Things (IoT) with MSW through the ICT. This collaboration between ICT and
loT leads to the concept of an MES, which is used to improve the efficiency of MSW collection and enhance information sharing for
MSW from urban cities. In this paper, we propose an MES where the components can share information in order to link end-users
with MAs in smart cities. We focus on MSW collection, data storage, processing, and real-time information sharing using a USN.
This inter-sensor communication was developed in mobile ad hoc networking [16]. The proposed networking system is based on a
mobile communication network (MCN), such as 4G/5G or LTE, supporting Internet Protocol (IP) while enabling internet services
[3; 9; 24]. In this proposed platform for MSW, 10T makes use of a routing protocol for sharing waste-related information to the MA.
This platform, can lead to cost-effective and efficient MSW collection. Furthermore, the MES permits data transmission,
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synchronization, and sharing between smart devices such as smartphones; this is accomplished using variable message signs (VMS)
and short message service (SMS) in order to help facilitate end-users. Basically, the MES integrates these smart devices, facilities,
and authority into a single platform through 1oT. The scheme proposed in this paper is to build waste bins with real-time information
sharing, online monitoring, location finding, and comprehensive volume estimation. Consequently, cost-effective waste collection
results in an improved overall efficiency for MA. Thus, the basic concept behind the development of an MES for smart cities is to
enable communication using a web 2.0 platform for the ease of stakeholders and shareholders.

Il. MATERIALS & METHODS

A. Layout of the Mobile Ecosystem

The term natural ecosystem refers to all non-living elements and living species in a specific local environment. Components of the
natural ecosystem include water, air, sunlight, and soil NLT as well as plants, microorganisms, insects, and animals (living
organisms) [5; 13; 21]. In an ecosystem, the interaction between living organisms and non-living things (NLT) is substantial for the
sustainability of any environment [21]. The MES for solid waste collection is based on the same analogy as that of a natural
ecosystem. The MES components include house hold bins/skips, garbage collection points, scavengers, transfer stations, dump
trucks, and autonomous sensors. The components of the MES function together as a single unit and communicate with each other
via wired or wireless network technology (Wi-Fi, Bluetooth, LTE, or RFID) [15]. The foremost assumption for the development
of MES on MSW in urban cities is that the end-users using smart devices are a part of the ecosystem. The end-users are connected
with all of the components of the IP-space and IP-facility of the network by using mobile applications on their smartphone, as
shown in Figure 1. When an event occurs, such as a component being related or critical, these updates are shared with the end-users
on their smartphone based on their individual 1P-addresses. Table 1 shows a description of a natural ecosystem compared to a
mobile ecosystem based on their interest activities regarding MSW.

B. Architecture of a Mobile Ecosystem

The MES for solid waste includes real-time data collection, monitoring, and promotes bi-directional (two-way) information sharing
between the MS with waste facilities and end-users. Each component of the MES has a unique IP that enables the system to obtain
information and share the real-time data with the MA [36]. These protocols are connected to the end-user through a WSNSs, as
shown in Figure 3. Moreover, the IP interface with the MS, thus enabling the system to collect real-time bin data, including the
volume, zone location, location of waste dump trucks, and subsequently sends this data to the gateway. Furthermore, this real-time
data is sent to the data-logger through a gateway via a coordinator node. It is then transmitted to the MS through the modem.
Additionally, the modem shares the data via unique IP addresses allotted to the components of MSW, the end-users, and the MS
by using a bridge mode. The bridge mode also shares the data with end-users via a mobile communication network (MCN) using
specific cloud computing security 1Ds with the MS. The accumulated data for all IPs are analyzed by the MA in a central processing
room and the results are shared with the MES database (MES-DB). This information is then shared with end-users on their smart
devices after passing through a security interface, depending on the filtered data in the MES-DB.

The MS applies an algorithm to find the waste bin, as illustrated in Figure 4. This flow pattern is based on five-steps approach
to locate and find solid waste bins status. In the first step, the authority fixes the monthly schedule regarding waste collection
from the bin. In the second step, the MS manages the daily consumer services. In the third step, technical support shares
information such as the location, status of the bin, and the schedule for waste collection. In the fourth step, requests an
additional trip to collect the waste from the bins/skips. In the fifth step, completion of the task is accomplished.

C. Function of the Mobile Ecosystem

The MSW operations are performed using the protocol of MES components integrated with IPs. The function of the IPs is to
specify the target destination for data transmission [17; 29]. Subsequently, control protocols (CP) are assigned to any event
activity (Critical) occurring in the MES and issues related to it (Related), which are referred to as CP-Critical and CP-Related,
respectively [36]. Descriptions of the IPs and CPs are assigned and are given in Table 2. The objective of IP-Space is to trace
the overfilled bin; the IP-Facility suggests the most suitable type of method for waste collection. CP-Related communicates
with the smart waste devices and end-users in order to share information via the internet. CP-Critical identifies when an
unexpected, rare event occurs in the MES. Table 3 describes the inner-workings of the IPs and CPs. As an event occurs, the
real-time data from these protocols are sent to a BS via the gateway using MCN (2/3/4G or LTE). The protocols enable all
MSW components to be identified on the MS. The MA accesses all the components via an address resolution protocol (ARP).
At the same time, this real-time data form the components are received by the reverse address resolution protocol (RARP).
This method pinpoints the location and status of the waste components in a zone.

A step-by-step approach of MES for MSW flow-pattern diagram is shown in Fig. 5. From the figure, it is observed that the
process is composed of six phases, viz., inputs, application services, communication, processing, output and goals. The first
phase is the input phase, in which information is collected from IPs and CPs. In the second phase, the application servers
provide a platform for assessing the protocols and send accumulated data to the next phase. In the third phase, communication
sharing of IP and CP data takes place via the mobile communication network or gateways. In the fourth phase, the collected
information is processed and analyzed, and an algorithm is run to assess the event. This event information is shared via a web-
based application for the end-users. This information is looped in the second phase and run again until this loop is completed,
and this level of information is used for the next phase. In the fifth phase, all activities appear on smart devices as an output.
In the sixth and final phase, the objectives of MSW, such as efficient waste collection, zero scattered solid waste, minimization
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of CO2 emission, and reduction of the use of open dumps, are accomplished.

D. Response to a Triggering Event

The response to any event is based on the three-steps shown in the MES schematic diagram in Fig. 6. The first step is remote
access of MSW by the MA to install IP-based sensors for monitoring the MSW data. This data is sent to the database (DB) via
a gateway. The second step is comprised of collecting of solid waste and locating the dump truck, along with continually
monitoring the bins/skip. This real-time data is monitored through GPS/LBS while it sends the data to a central processing
room. In the third step, the data is shared with end-users on their smartphones through short message services (SMS).
Moreover, end-user can send their feedback to MA using a secured MCN. The inputs are received by the end-users via their
smartphones, autonomous sensors, CCTV, and environmental sensors. The accumulated data is synchronized and analyzed in
the MS. This data is then shared with concerned stakeholders through the Web server.

I1l. RESULTS

A. Event Evaluation by the Main Server

Whenever an event (CP-Critical) takes place, the WSN notifies the MS. The MS processes the bin file data as a CP event
occurs, such as user uploads an image onto MES platform or a garbage truck passes through for collection of waste. The daily
schedule is also analyzed for a second trip, if necessary. This flow pattern is illustrated in Fig. 4. Fig. 7 demonstrates the
aggregated data of waste facilities and space is synchronized and evaluated in three-phase process viz. the responses of the
sensors, data analysis, and real-time communication. In the first phase, the solid waste data received from individual IP is
shared with the control room and with the MA. In the second phase, IP data analysis is performed in the MS. This analysis is
based on specific IP threshold values. The threshold index is fixed by the MA. This data is send to big data for further short
and long term data analyses. In the third phase, communication is developed between IPs and the central processing room
using the WSNs, specifically through ZigBee, WiFi, and LTE. The IPs also communicate with specific end-users through a
mobile communication network or broadband convergence network (B¢N).

B. Performance Outcome of the Mobile Ecosystem

The performance of MES is based on four-key approach, as shown in Figure 8. The first approach is related to sensor alerts;
the embedded network sensors installed on the bins/skips, and waste collection points etc. share real-time data with other
domain IPs. This IP based events of IP-facility and IP-space is send to VMS, SMS, or smart speakers installed on waste
facilities. The second approach is relevant to MCN where IPs share their data via smartphones and SMS and generates waste
collection schedule. This communication of IPs with smart mobiles/devices use LTE/3G or 4G. The third approach is based
on efficient household IP bin waste collection, door-to-door facility, and indication of the bin hygiene level. The smart
operation IPs data is shares with each other using RFID, and NFC while notifies the MA. Based on these IPs, smart wallet bills
and waste collection schedule are updated. The fourth approach deals with the bi-directional (two-way) communication among
all end-user, bins/skips, waste collectors, waste dump trucks, and also with control center, which are linked with each other
via web browser Web 2.0. This IPs data output is analyzed to assist the metropolitan authorities based on policies, public
awareness and quality control to keep the city environment clean and green for future generations.

IV. CONCLUSIONS

In this paper, we proposed a Mobile Ecosystem for efficient collection of municipal solid waste in smart cities of developed
and developing countries. This MES identifies the components of municipal solid waste by assigning them IPs on the domain
of the internet. This framework extends to ubiquitous communication, real-time information sharing with the main server and
municipal authorities using mobile networks. It is well known that adoption of proposed platform of communication through
ICT plays a key role in aspects of our everyday life. Hence, the generation of municipal solid waste is associated with the size
of the population and the lifestyle of urban dwellers, also poses a health risk and impacts the environment. It is presumed that
if municipal authorities continue using the conventional methods of waste collection, they would have to increase their
expenses, and many problems associated with current waste collection would get worse. The proposed, structure of MES can
be implemented in few systematic steps based on the event occurred. It has also been shown that this approach could be enabled
on many sensor networks through IP addresses. Moreover, communication have been developed among smart waste-related
devices. Thus, this communication brings the end-users with municipal authorities via main server. Although this approach
predicts efficient solid waste collection, cost-effective operation, and real-time information sharing, however, there are further
development points for the disposal of solid waste that need to be addressed. It is well known that mass balance of solid waste
without smart devices for recovery of scattered waste could not be established. Hence, the use of MES for MSW is proposed
to tag products with a USN which can communicate through ICT embedded on smart bins/skips. Another possible research
direction is to develop self-reporting bins using apps to enhance scattered waste collection and recovery by garbage trucks.
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V. RECOMMENDATIONS

Table 1: The Description of MES interest activities of the Natural of the Ecosystem
and Mobile Ecosystem

Natural Ecosystem Mobile Ecosystem
Sharing information
Activity flow

Pyramid network

Energy cycling

Function and physical
diversity

Mobile goods and services
Smart management

Sustaining process

Energy flow

Decomposition

Nutrient cycling

Function and biodiversity
Ecosystem goods and services
Ecosystem management

Table 2: IP- Component and CP-Component Relationship Services

IP-Component (Space) IP-Component (Facility)
House/Flats Scavengers

Daily, solid waste is generated| |Many residences have fixed

after the use of many products.| |scavengers to pick up their CP-Component (Related)

Polvthene Baas garbage from their doorsteps. Weighing Facilities
T s | Ly S
. n some big cities, an authori > when the ¢ ] -
Pag or seg-regated bags provides mobile container points | | the dumping site is filled. CP-Component (Critical)
Garbage bins. to facilitate scavengers. Sampling Analysis Event can be acquired

All or some of the polythene randomly, abruptly, or fixed in

Garbage Trucks This facility analyzes the

bags are placed in bins outside . ayear.

Ofg the P house. which is| |These trucks collect the solid waste.

collected by some authority. | |Waste from fixed points and from || seqgreqation &

these containers. ] )
Garbage Fixed or Reclamation Units
Route Plan P :

Open Point This unit reduces the capacity

_lm—w . The route plan should_be.planned of the dumping quantity.

The majority of residences| |IN or_der to maximize the

throw their garbage out| |reduction of

directlv at fixed points. co2.
Table 3: Relevant Functions of the Components of the Mobile Ecosystem
Services Application Function
Waste Bins and Skips Data Assess Layer & Tagged RFID IP-Space
Transfer Stations Onsite/Offsite Waste Recovery IP-Space
Collection Schedule Synchronize Daily Notification IP-Facility
Route Plan/Road Real Time Traffic Information IP-Facility
Waste Assessment Valuable Waste Segregated Information CP-Related
Garbage Fixed Points Fixed Coordinates & Tagged RFID IP-Related
Scattered Waste Randomly Cluttered Information CP-Critical
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Fig. 1: Integration of end-user, Municipal Authority (provider), and all components
of municipal solid waste collection setup are staging part of Mobile
Ecosystem Application.
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Fig. 2: The architecture of the Mobile Ecosystem (MES) is demonstrated here; as
an event occurs, the municipal authority (MA) and end-users communicate
with the unique IPs of the waste components and are linked via a mobile
communication network (MCN) and share their data with the central
processing room
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Fig. 3: Five-step approach to establish flow pattern for locating and finding solid
waste bins
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Fig. 4: A step-by-step approach of Mobile Ecosystem for municipal solid waste data
flow pattern, real-time information sharing and real-time data process and
analysis.
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Fig. 5: A comprehensive Mobile Ecosystem input data analysis flowchart for
efficient collection of municipal solid waste
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Fig. 6: Municipal solid waste data analysis process flowchart of main server
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Fig. 7: Flowchart of Mobile Ecosystem output system for Municipal Solid Waste.
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