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Abstract
Protection of the environment is currently a high profile concern and this is resulting in more effective recycling
DQG UHXVH RI PDWHULDOV 7KLV SDSHU RXWOLQHV D UHVHDUFK SURMHFW IRU GHYHORSLQJ DQG XVLQJ D µ7HFKQRORJ\ +XE¶
framework combining Computational Intelligence ± Rule-based Reasoning technology and Radio Frequency
Identification (RFID) technology in the waste management sector. This framework has been developed using a case
study based on a local waste recycling company. The project aims to help recycling companies in tracking,
scheduling and intelligently handling incidents of waste movement in order to prevent fly-tipping and improve their
management efficiency. Finally, the development procedure for a smart plasterboard waste management system is
outlined, which includes a detailed discussion concerning the Rule-based Reasoning system design. This
application provides a solution that a company can use to monitor the fleet/waste status and also generate decision
support automatically in real time.
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1. Introduction
The disposal of waste has become a sensitive topic in
recent years in terms of the environment, health and
economic cost. There are a number of government
initiatives and environmental pressure groups seeking
environmental, socially responsible, and economical
means of future waste disposal. This paper outlines a

research project on developing and using Dµ7HFKQRORJ\
+XE¶IUDPHZRUNwith Rule-based Reasoning and Radio
Frequency Identification (RFID) technology in the
waste management sector.
In general, waste is a combination of many types of
material, and most of them are harmful and polluting.
Plasterboard is an example where inappropriate disposal
or fly-tipping could result in emission of hazard gas (i.e.
H2S), which is odorous and can be dangerous in high
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concentration1-3. The UK generates more than 1 Mt of
plasterboard waste from the construction and demolition
sector per annum, and only 7%, or about 70,000 tonnes
are recycled. It is anticipated that over the next 15 years
the tonnage of plasterboard waste will increase because
of expansion in its use and the rise in construction
projects4. Most of the waste is handled by many small
waste disposal companies, which normally provide their
service in local areas. Therefore, improving the
management and efficiency of waste disposal/recycling
companies could help to reduce illegal disposal and
improve the recycling rate for the entire country5.
In order to improve the environmental disposal of
this type of waste, and prevent fly-tipping, a novel
framework has been outlined6. The framework is
designed to help local waste disposal companies
improve their management efficiency, by providing
authenticated transport records, scheduling and incident
handling features7.
The research aims to solve a realistic problem for a
small company by providing scheduling and real-time
decision support features with minimising changes to
their current procedures. Finally, a waste management
system was developed based on a case study for a local
Small-to-Medium Enterprise (SME) which processes
plasterboard waste.
2. Technology Hub Framework and Knowledgebased System Design
In order to develop a plasterboard waste management
system for local waste disposal/recycle companies, a
Technology Hub framework is outlined. It focuses on
the system structure and data flow in the system, and the
relationship between each component. A knowledgebased system with rule-based reasoning technology is
incorporated into the framework for automatically
scheduling and handling unexpected events, i.e. the
incident handling features8.
The proposed framework outlined in Fig. 1 consists
of four layers, and it focuses on the data flow and
functions of each layer. The first layer-µ'DWD&ROOHFWLRQ¶
represents the data acquiring feature of the system. This
layer acquires the data and information about the
µREMHFWV¶ LQ WKH SK\VLFDO ZRUOG LQ WKLV ZDVWH
management scenario, it is RFID technology. RFID
technology is an ideal solution because it is able to
provide a low cost and reliable identification function 9,10.
It has been widely used in many areas including waste

management, but normally is for household waste and
for identification of bins11.
The processing of raw data in this framework is a
major task of the secoQG µ'DWD ,QWHJUDWLRQ¶ OD\HU 7KH
WKLUG OD\HU LV WKH µ.QRZOHGJH 0DQDJHPHQW¶ OD\HU
which is responsible for generating logistical and
tracking support including collection arrangements. This
feature is supported by the adoption of a rule-based
reasoning system. The last layer is µ9LVXDOL]DWLRQ¶ it
translates the result and the reasoning procedure to
human readable text or diagrams, and is also responsible
for delivering information with correct format to
different types of terminals.

Fig. 1. Proposed Knowledge Hub Structure6, 12

3. Plasterboard Waste Management System- A
Case Study
A development procedure for smart waste management
system development procedure is discussed based on a
local SME waste disposal company. This company
charges their customers for waste disposal and also
makes additional profit by selling the recycled waste,
such as plastic or card board. It allocates vehicles to
pick up waste from their customers and deliver it back
to its recycling centre. It contacts their customers to
initially confirm the frequency of pickups, the waste
type and volumes and vehicle/container types. This
information is recorded in an MS Excel XLS file and
the management team uses this file with no further
digital/analysis feature linked to the existing system.
Two members of staff are engaged in arranging the
collection schedules on a manual, daily basis. They are
responsible for deciding the visiting sites of a vehicle
based on their personal experience. The schedules are
distributed to the operating staff at the start of their
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shift, and the sites visiting order is determined by
GULYHUV¶SHUVRQDOH[SHULHQFH
This procedure initially worked satisfactory but with
increased growth of the company, it is now
experiencing difficulties. The two experienced staff can
sometimes spend hours in re-scheduling their work due
to changes in customer requests. Obviously, the existing
work procedure of waste management is unable to
match current workloads, which results in extra
management cost, pickups delay and increasing labour
costs.
In order to solve the practical problems of the
company, there are two challenges raised in the
application: firstly, the system should be able to detect
the movement of vehicles. Secondly, the routing method
should minimise changes to the pervious routing, as this
is stipulated by the company. There are also two
expected weaknesses of the design: (1) it is difficult to
have the exact waste tonnage information during the
collections, it can only be estimated by the driver with
the help of the rule-based module via the application in
their handheld device. (2) The detection of some
µLQFLGHQW¶ HYHQWV UHOLHV RQ WLPHstamp DQG WKH GULYHU¶V
UHSRUWYLDDPRELOHDSSOLFDWLRQ7KHUHIRUHWKHµLQFLGHQW¶
event type could be misjudged by the system before the
drivers send their report.
3.1. System Design
The company needs to have an advanced management
system to control and monitor their vehicle pickups. The
requirements of the system need to balance the
implementation cost and the system features. Several
discussions were held with the company to determine
their requirements of the system, which are as follows:
(1) Tracking the waste movement; (2) Schedulingcreate waste pickups tasks for each vehicle; (3)
Providing authentication for the waste disposal or
recycling; (4) Handling incidents and provide
suggestions.
In the initial trial of the smart plasterboard waste
management System, the data capture technology used
was RFID technology. The RFID equipment includes
three components: reader, antennas and tags8,12,13. The
layout of the waste management system is shown in Fig.
2; each reader has a wireless router for wireless
connection to the system. Sites are connected by Virtual
Private Network (VPN) technology via Internet
connections.

Each object in the system is attached with one or
more RFID tags; each tag contains a unique number,
UHIHUUHG WR DV µ7DJ ,'¶ 7KH µ7DJ ,'¶ ZLOO EH FDSWXUHG
by the RFID equipment and sent back to the central
server with other related information via the wireless
network. The data sent to the server includes the RFID
tag numbers, the antenna ID, the reader name, current
time, Radio Signal Strength Indicator (RSSI) and tag
type.

Fig. 2. Network Structure of the Hardware Components

In this system, Ultra High Frequency (UHF) RFID
technology is used as it can provide up to 11 meters
read range in an ideal environment14-16. However, UHF
RFID signal is affected by metal objects. A method for
reducing the effect is proposed: this is achieved by not
directly attaching the RFID tag to the metal object
surface and using a non-metallic material as a distance
buffer (buffer thickness: 2 cm). This approach can
ensure the readability to about 3-6 meters, and it is
sufficient for this application. Fig. 3 illustrates
experiments for determining RFID reading range with
large metal objects, in order to prove the feasibility of
using RFID technology in
waste
tracking

Fig. 3. Experiments for RFID Reading Range in a Large Metal
Object Environment
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Fig. 4. Proposed System for Plasterboard Waste Management using RFID Technology and Knowledge Hub for Tracking and
Verification Purposes

applications17,18.
An overall system structure diagram is shown in
Fig. 4. The design uses RFID technology to generate
records including location, volume and weight,
container movements and tracking inventories. It works
with a knowledge-based system which could help
managers to make decisions on scheduled logistics of
waste to treatment plants and also provide the
instruction for the operating staff to deal with the
plasterboard and other kinds of waste.

However, the managers and drivers were unhappy with
this approach, because sometimes there are substantial
daily changes to vehicle routings, which can make
problems for the operating staff and drivers, even
though WKH URXWLQJ UHVXOW FDQ EH µJRRG¶ DW SHWUROWLPH

3.2. Implementation of Rule-based Reasoning Module
The implementation starts from the knowledge
collection. Rule-based reasoning technology is selected
for this application. The reasons are (1) the company
does not keep a full set of records, this makes casebased reasoning technology difficult to apply19, and (2)
part of the knowledge provided by their staff is already
incorporated in the production rule format.
There are three different types of reasoning existing
in the system: schedule generation, incident handling
and instruction. Each reasoning starts from creation of a
unique Reasoning ID with a reasoning type to indicate
the type of reasoning. The required facts and their
values are then retrieved from the related database and
placed into the entry. The reasoning chain can then be
started to generate the desired results20-22.
3.2.1

Schedule generation

Initially a heuristic approach (min-max ant colony
algorithm) for the scheduling problem was adopted.

Fig. 5. Reasoning Chain of Generation the Schedule (First
Step)
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Table 1. Example of facts used for step 1 schedule generation.

Table 2. Example of facts used for step 2 schedule generation.

cost. Thus, the heuristic approach was replaced by a
Rule-based system because of the scheduling problems,
in order to minimise changes in routing.
The procedure comprises of two steps of reasoning:
the first step is to determine the sites needing to be
visited in the next schedule, and the second step is to
build the task of each route with allocated vehicles,
customer sites and capacity information.
The scheduling process starts by determining the
sites for the next collections, and the related facts are
shown in Table 1. Some of the facts are retrieved from
the contract database and others need their value to be
obtained by reasoning. The first step of the reasoning is
illustrated in Fig. 5 2QFH WKH VLWHV¶ SDUDPHWHUV DUH DOO
aVVLJQHGWKHµDUUDQJHGVLWH¶IDFWZLOOEHJLYHQDYDOXHWR
LQGLFDWH WKH VLWH LV µ2.¶ DQG UHDG\ WR EH SXW LQWR WKH
schedule.
The second step is triggered by the updating of the
sites list that needs to be visited in the next day. The
routing generation proFHGXUH IROORZV WKH µNQRZOHGJH¶
from the management staff. The reasoning engine
creates an empty reasoning entry with the facts shown
in Table 2. Once the sites information is updated, the
reasoning then starts to generate the feasible path.
There are 26 Rules for the scheduling purpose: The
reasoning procedures start from locating the first site,
which is chosen from nearby sites randomly, and then
the vehicle required is determined depending on the
waste information of the site. The system then tries to
locate the second site that is nearest to the first site and
to match the vehicle type. The site will be considered

priority if it appears on a previous schedule and on the
same route as the first site. This procedure will be
repeated until the vehicle capacity is full as illustrated in
Table 2. The route is generated one by one, if one route
is unable to add more or add any sites (i.e. the capacity
of the vehicle is full), it will then be closed and a new
reasoning initialised until there is no site waiting for a
visit.
3.2.2

Reasoning for incident handling

Table 3 shows the facts used for the incident handling.
The reasoning procedure is based on each route of the
schedule. A reasoning entry will be automatically
created in the Fact Base when a certain vehicle is
detected leaving the central depot. The values of these
facts are initialled from the Fact Base and the RFID
V\VWHP 7KH LQFLGHQW GHWHFWLRQ LV EDVHG RQ WKH µFXUUHQW
WLPH¶ DQG µYHKLFOH ORFDWLRQ¶: updating of the two facts
will trigger a status check.
Once an incident is detected, the system will try to
contact the driver/operating staff to confirm the
incident. The uncertainty reasoning feature is also
introduced in order to deal with the incident without a
message from the driver. After the event type is decided
and related information is updated, the engine will
generate a solution for the events. A confirmation
procedure will start after a certain time (e.g. 30 minutes)
of the solutions being delivered. If no further details are
updated, the system will assume the problem is solved;
otherwise a new incident handling procedure will be
started with the updated facts.
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Table 3µ)DFWV¶XVHGIRULQFLGHQWKDQGOLQJ

Table 4µ)DFWV¶XVHGIRULQVWUXFWLRQ

Fig. 6. Example Rules for Instructions Reasoning

3.2.3

Instructions Reasoning

In the trial stage, this feature is used to provide general
information and the related knowledge will be expanded
in later stages. The instruction reasoning procedure can
be triggered by a vehicle arriving at a check
point/destination (i.e. the vehicle location is updated) or
requested by the operational staff, (typically for support
in estimating waste tonnage). Table 4 illustrates the
facts used for the instruction functions. The reasoning
entry is not created until the request is issued by the
system, and the background information such as vehicle
location, vehicle type is then loaded to the reasoning
entry.
When a vehicle arrives on site and all other
reasoning is finished, an instructions reasoning instance
is created with the facts shown in Table 4. The first rule
(Rule 1) shown in Fig. 6 is then fired by updating the
IDFWµTXHU\W\SH ¶ WULJJHUHGE\YHKLFOHDUULYLQJDWD
location). This rule will provide the waste type and

predicted volume to operational staff. If a driver thinks
the information to be sufficient, the reasoning instance
will be closed at a certain time or from
acknowledgement from the driver (Rule 2).
Otherwise, further information will be delivered by
updating WKHµ0HVVDJH)URP8VHU¶IDFW. The rest of the
example rules in Fig. 6 are about a driver requesting
future instruction about a waste issue: the sites uses
skips for clean waste, and the simple instruction is µnot
to mix with other waste¶ (Rule 5).
3.3. Conflict Resolution Strategy
The Rule-based Knowledge System requires that only
one rule can be fired in each step. Consequently, a
conflict resolution strategy must to be introduced in
deciding which rule should be fired20. In this waste
management application two conflict resolution
strategies are introduced: The Longest Match Strategy
and Under Certainty Factor Strategy.
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Under Certainty Factor Strategy, the rule with the
highest combined CF of the conditions will be selected
to fire, and if two or more rules have the same CF, the
longest match strategy is then applied only for these
rules with same CF, i.e. the rules with most conditions
attached will be chosen. If the rules have the same CF,
and the same quantity of conditions, then the latest rule
will be selected. Certainty Factor can be used as conflict
resolution strategy, but it was originally designed for
uncertainty reasoning23. Consequently, the procedure of
result generation is also different from the original
µFHUWDLQW\UHDVRQLQJ¶

hardware aspect is concerned with the hardware
installation including the network infrastructure and the
RFID antenna location and/or the angle of the antenna.
The software aspect mainly concerns the integration of
the RFID system and the knowledge-based system.
3.4.1

Implementation of software

Integration of RFID technology with the knowledgebased system was not easy as a new knowledge-based
system shell had to be developed. The current existing
shells are mainly designed as individual knowledgebased systems and are difficult to integrate with other
technologies. The data from the RFID system needs to
be processed in order to generate the logistical records.
The integration strategy used in this application is
µHYHQWVWULJJHU¶ZKLFKGHWHFWVWKHHYHQWVRFFXUULQJILUVW
from the RFID data and then passes the identified
events to the knowledge-based system module. The
reasoning trigger procedure from detecting the tag is
illustrated in Fig. 8. Once the event is identified by
processing of the RFID data, the logistical records
database is then updated if necessary, as some of events
may only trigger the reasoning procedure.

Fig. 7. Progress of the Conflict Resolution Strategy

The flow chart of the progress strategy is shown in
Fig. 7. The conflict resolution process is triggered when
multiple matched rules (N (L)) are found during the
reasoning. The system will evaluate each matched rule
(Rule(i),i:i ę N) to find the max value of CF
(max(CF(E(i)))). If the rules have same CF
(CF(E(i))=CF(E(k))), the quantity of rules¶FRQGLWLRQVLV
then measured for selection, and the rule with the most
conditions will be select(Max(CNum(Rlue(i)))). In
addition, if µ&)¶ DQG µ&1XP¶ DUH ERWK the same, the
selection is based on the updated time of the rules, as
the latest one will be chosen (k=i ,when CF(k)=CF(i)
and
CF(E(i))=CF(E(k))
and
Time(Rule(i))>Time(Rule(k)) ).
3.4. Application Implementation and Results
The implementation of the system consists of two
aspects: the software and hardware aspects. The

Fig. 8. Reasoning Trigger Procedure

The system then creates an instance or updates the
related facts after confirming the reasoning type and the
target reasoning instance. The fact updating is not only
for a single instance, but for all activated reasoning
instances that have matched reasoning types - the
updating from an event may affect different reasoning
types.
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3.4.2

Hardware implementation

The hardware implementation stage concerns the
installation of the RFID equipment in the depot and at
certain key customers¶ sites. In the proposed trial stage,
the hardware installation is only for the depot sites and
one or two customer sites. Two RFID antennas are
installed at the main entrance of the depot on both sides
(right and left) in order to determine the vehicleV¶
arrivals and departures.
The tags are only attached to one side of the vehicle,
and therefore, the system has the ability to determine the
vehicle movement direction. The hardware installation
is followed by the adjustment stage in order to achieve
the optimal performance of the system. It is important to
ensure the signal is strong enough to receive feedback
from the tags.
The tags¶ performance could be affected by metal
objects. From experimental work, a solution is outlined
by using a buffer such as plastic or foam to keep 2-3 cm
between the tags and the vehicle surface. Multiple tags
are attached to an object: each vehicle has at least 3 tags
attached on the left VLGHLQFOXGLQJWKHGULYHU¶VZLQGRZ
in order to improve successful reading rate. The waste
containers (the skips) also have multiple tags with one
on each side (four sides in total) to ensure the object can
be detected by the system.
3.4.3

System operation procedures

The system operation starts from the schedule
generation. It is completed at mid-night of the day
before, on a daily basis. The system loads the
information from related databases, and generates the
schedule for each vehicle.
The drivers are given their respective schedule when

their shifts start. Once the vehicle on the schedule
passes the main gate (where RFID equipment is
LQVWDOOHG  WKH µ,QFLGHQW KDQGOLQJ¶ SURFHGXUH LV VWDUWHG
and the system will create a reasoning instance for each
vehicle.
During the collection operation, the vehicles visit
the sites in the order displayed on their lists and the
arrival of the vehicles are reported to the management
system by the RFID module. The larger sites are
equipped with fixed RFID readers, and the vehicles are
scanned automatically. Smaller sites do not have readers
installed, instead, they are provided with RFID tags and
the drivers scan the tag by using a handheld device to
confirm the arrival. A mobile application was developed
for communication with the central site and Fig. 9
shows the device and the application interface.
The exact weight of the load is measured at the
central site which is equipped with a weighbridge. Thus,
during the collection operation, the weight is based on
the personal experience of the driver, RUDQµLQVWUXFWLRQ
UHTXHVW¶ FDQ EH UDLVHG E\ WKH GULYHU YLD WKH KDQGKHOG
device to assist in estimating the tonnage. In the
meantime, imagery data (digital imagery of the waste) is
taken as evidence of collection and disposal.
If a site has more waste than the expected tonnage
(i.e. the scheduling module predicated weight based on
previous data), and the vehicle is unable to collect all
the waste, then, this situation is reported to the centre
via the mobile application. The system receives this
event and then triggers a reasoning instance with this
fact from the event. Depending on the situation, for
example the distance, waste tonnage, vehicle capacity or
the weather, the solution could vary, and the driver
could be asked to move to the next site and ignore this
one, while a new vehicle is sent out for this site; or the
driver is instructed to empty the vehicle at the centre
first, and then return to collect at the site etc. Other
incident events are handled in a similar manner.
3.4.4

Results

In order to verify that the system is able to generate
schedules and track the vehicles, initially laboratory
based experiments were conducted to demonstrate proof
of concept. Then small scale experiments using the
prototype system were conducted in a real SME
company environment.
Fig. 9 Handheld Device and Application Interface
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The initial experiments were laboratory based using
scaled remote radio controlled vehicles and a random
set of pre-defined facts. Three check points were built
with a RFID reader and 3 antennas. Two scaled vehicles
were used to represent the waste transport/collect
vehicles. Experimental results indicate the movement of
the vehicle is completely (100%) captured by the system
and all designed functions can be successfully triggered.
An example of the reasoning procedure is shown in Fig.
10.

staff evaluated the results and confirmed it was
acceptable.
The incident handling features were also tested in
these experiments as shown in Fig. 11, which shows a
suggested solution for a fully loaded vehicle. These
solutions are all provided in 2 minutes after the report is
received from driver.

Fig. 11. Example of Incident Handling Screen

Fig. 10. Example of Reasoning Procedure Screen

Small scale experiments were then conducted. The
experiments used 5 vehicles, but only the central site
uses fixed RFID system, the participant customer sites
are provided with RFID tags for scanning by the
operational staff.

Fig. 12. Example of Scheduling Screen

Pervious schedules data of the 5 vehicles is initially
inputted into the system in order to test the scheduling
features. The result is shown in Fig. 12: the system
successfully generated the schedule with minor changes.
In this example, 3 of the routes have more than 50%
similarity and only 1 route is different. The company

A survey of the management staff of the company
was undertaken to gain their feedback. Table 5 shows
our design is able to improve the company performance,
typically in reducing scheduling and incident handling
time.
Table 5. Feedback Results from Managers

4. Conclusion
A novel smart waste management system based on an
SME waste recycling company using the proposed
technology hub framework with Rule-based Reasoning
technology and integrates RFID technology is discussed
in this paper. The system has been developed following
the proposed technology hub framework based on a case
study of an SME company for improving its waste
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management efficiency from both vehicle scheduling
and a real-time decision support aspect.
The design combines Rule-based Reasoning and
RFID technology in order to enable the system to
provide real-time decision support: RFID technology
could detect vehicles or waste containers automatically
without any unnecessary delay; and the Rule-based
Reasoning with its knowledge base can improve the
FRPSDQ\¶V SHUIRUPDQFH E\ SURYLGLQJ GHFLVLRQ VXSSRUW
features ± including scheduling and incident handling.
The survey from management staff of the company
clearly showed they are satisfied with the design and the
V\VWHP FRXOG LPSURYH WKH FRPSDQ\¶V SHUIRUPDQFH
typically in reducing the scheduling and incident
handling times.
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