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Street lighting is a ubiquitous utility. It does not only illuminate the streets during
the night but also helps to prevent crime and traffic collisions. However, to sustain
its operation is a heavy burden both financially and environmentally. Because of this,
several initiatives have been proposed to reduce its energy consumption. However, most
initiatives are mainly aimed at energy conservation and have given little consideration
about the usefulness of street lighting.

A Streetlight Usefulness Model, an evaluation metric used to measure the usefulness of
street lighting to road users, is proposed. Using StreetlightSim, a real-time co-simulation
environment developed as part of this research, the energy efficiency and usefulness of six
existing street lighting schemes have been evaluated. Their performances were used as
baseline results which later justified the proposal of Traffic-aware Lighting Scheme Man-
agement Network (TALiSMaN). Simulation results show that TALiSMaN can achieve
comparable or improved usefulness (> 90%) to existing schemes, while consuming as
little as 1 – 55% of the energy required by existing schemes.

To consider the limitation of ‘off-grid’ streetlights – those powered locally by renewable
energy, TALiSMaN has been enhanced with an energy demand predictor to ensure that
a limited energy budget can be used fairly throughout the whole night. This enhanced
scheme is known as TALiSMaN-Green. Combined with knowledge of the amount of
energy stored, and predicting sunrise times, TALiSMaN-Green modulates the lighting
levels requested by TALiSMaN if the energy stored is predicted to be insufficient for
an entire night. The results show that this scheme extends the operational lifetime of
solar-powered streetlights from 2 to 16 hours. Evaluated with real traffic flow and solar
readings, TALiSMaN-Green can maintain streetlight usefulness at 60 – 80% (mean = 73%
with standard deviation of 9%). In comparison, the streetlight usefulness of TALiSMaN
was reduced to below 30%.
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Chapter 1

Introduction

Street lighting is a ubiquitous utility that can be found in most urban areas, and is used
for a number of different purposes. As street lighting improves visibility during the hours
of darkness, crime detection becomes easier and the presence of authority, such as the
police, becomes more visible [1]. As a result, potential offenders are likely to desist from
committing crimes. For example, crimes in Dover, Bristol, Birmingham, Dudley and
Stoke-on-Trent, UK have been reduced by 38% by having adequate street lighting [2].
Fear of crime discourages many people from travelling at night; one of the causes of this
is dark or poorly lit roads. As a result, improved street lighting encourages more socio-
economic activities during the night [3,4]. Consequently, this promotes greater road use
after dark. Street lighting also has a prominent role in reducing the risk of accidents
after dark by reducing traffic collisions by over 50% [5]. Compared to during daylight
hours, the risk of an accident involving pedestrians on a lit road increases by 141%. For
unlit roads, however, this figure rises by 360%.

Although the benefits of street lighting are clear, sustaining its operation has become a
concerning issue to local governments, both financially and environmentally. Globally,
there are over 90 million streetlights consuming approximately 114 TWh of energy an-
nually [6]. This represented about 33% of the UK’s annual electricity consumption in
2012 [7], equivalent to an emission of 52 million tonnes of CO2 (based on the 2012 power
conversion factor of 0.46 kg/kWh [8]). With rising energy prices and rapid urbanisation,
the cost of street lighting is expected to grow as the number of streetlights is predicted to
increase by over 300% by 2025 [9]. For example, in 2011, Nottinghamshire County Coun-
cil in the UK spent more than £5m on the energy cost for street lighting, representing a
360% increment compared to 2005 [10].

Efforts to reduce the energy cost of street lighting, and hence reduce carbon emissions,
have focussed on two aspects: replacement of each streetlight’s luminaire, and its control
mechanism. The replacement of end-of-life streetlights with newer and more energy-
efficient luminaires has delivered significant energy savings. For example, in Thailand,
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a 25 – 30% energy saving was achieved with a new High Pressure Sodium (HPS)-based
luminaire [11]. Recent developments in Light-Emitting Diode (LED)-based luminaires
have resulted in a further 25% power reduction, and have virtually no disadvantage/de-
terioration over being regularly switched, and deliver light instantly when switched on
[12,13].

Conventionally the control, or ‘switching mechanism’ of a streetlight, is realised by a
clock with a predefined schedule or an integrated light sensor which indicates when
the surrounding environment becomes dark. Once switched on, streetlights remain lit
continually throughout the night. However, this conventional or ‘always-on’ lighting
scheme can result in energy wastage, especially when roads are only intermittently used
and lighting at full brightness is not necessary. Examples of this include the early hours
of the morning, when very low traffic volumes are expected. Owing to this, 75% of local
councils in the UK have selectively dimmed or completely turned off streetlights during
late and early hours when low traffic volumes are expected [14]. Warwickshire County
Council in the UK anticipates an annual saving of £0.5m and about a 25% reduction in
CO2 emissions caused by street lighting, if operating their streetlights on this basis [15].

In considering the energy and CO2 emissions that can be saved via dimming, many
have adopted communication and sensing technologies to improve the control of light
levels. Remote-controlled street lighting offers significant prospects for saving energy as
continual adjustment of light levels is possible [16–18]. With this approach, an oper-
ator at a remote control centre performs the necessary management and regulation of
streetlight operation, such as dimming for energy conservation and health monitoring of
the streetlights. In some cases, light levels are autonomously adjusted based on ambient
information, such as weather and traffic conditions, collected by a local sensor array
[19, 20]. Most of the proposed remote- and sensor-controlled street lighting approaches
adopt wireless communication networks to establish a communication link between a re-
mote control centre and an individual streetlight. Instead of sensing the traffic, Müllner
and Riener [21] utilised Global Positioning System (GPS) and Internet-enabled smart-
phones to track the precise location of pedestrians, and hence only streetlights within
a defined radius of them are turned on. Recently, the adoption of artificial intelligence
(AI) techniques such as agent-based systems [18,22], fuzzy logic [23] and artificial neural
networks [24] in street lighting have also been reported. The main advantage of adopting
AI is to enable the self-management of the streetlights with the ability to adapt with
minimum human intervention.

The mains power grid is the typical energy source used for street lighting. Although
energy demand for street lighting can be reduced via dimming, a significant amount of
energy is still required. Access to the mains power grid and long-range communication
network is limited in some areas. There has recently been increased interest in the use of
renewable or green energy sources to provide their power [25]. These ‘off-grid’ streetlights,
or streetlights which are powered locally from renewable energy, are most useful in remote
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and isolated places such as rural villages and isolated islands. They offer an economical
alternative as neither cabling nor connection to a mains power grid is required [26].
Several renewable energy sources have been considered for off-grid streetlights such as
solar [27, 28], wind [29] and fuel cells [30]. To overcome the limitations of relying on
a single source, a combination of multiple renewable energy sources such as solar-wind
[29, 31] and solar-fuel cells [30, 32] have also been considered. Generally, these ‘off-grid’
streetlights appear to be autonomous and unconnected.

1.1 Research Justification

Numerous research efforts have considered the use of sensing and communication tech-
nologies to allow precise and adaptive control of light levels (dimming) to conserve energy
[16–18]. Importantly, many of these focus solely on energy conservation rather than con-
sider the resulting usefulness of the street lighting. Standards exist [33,34] for the design
of effective street lighting. These standards consider road function, traffic density and
complexity and existence of facilities for traffic control to select suitable light levels.
However, adaptive street lighting (where streetlights can dim or switch off) and individ-
ual road users’ needs have been given little consideration in these standards. While a
significant body of disparate research exists concerning the perception and use of street
lighting from the perspective of both motorists and pedestrians [35–38], this has not yet
been collated to assist the design and evaluation of street lighting schemes.

In general, remote- and sensor-controlled street lighting schemes require a centralised
controller and a fixed infrastructure such as the mains power grid and long-range com-
munication networks (e.g. cellular networks) [17, 18, 21]. However, they also exhibit a
single point of failure [23] as their performance depends upon the reliability of these
long-range communication networks [39, 40]. In many rural or undeveloped areas, the
coverage and reliability of the cellular network is highly variable [41] and a wired in-
frastructure unavailable [28]. One opportunity to overcome this limitation would be in
creating a decentralised system without relying on a fixed infrastructure.

While most dimming approaches have focused on improving the energy-efficiency of ‘grid-
powered’ streetlights, their application to ‘off-grid’ streetlights is restricted. Studies show
that solar-powered streetlights using a multi-sensor control system can reduce energy
consumption by 40% [42]. Still, this approach overlooks the possibility that harvested
energy could be insufficient for street lighting across an entire night. This means that
the streetlights may, for example, operate normally until the middle of the night, but
run out of energy and be completely inoperable after that. This is because energy
harvested from solar or wind fundamentally varies due to weather conditions, whereas
grid-powered streetlights have a reliable electricity supply to sustain their daily operation.
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Additionally, off-grid streetlights also typically store energy in batteries that have a
restricted capacity, which limits the maximum energy available.

1.2 Research Questions

This research investigates distributed approaches to on- and off-grid energy efficient and
effective street lighting. Based on this, the research seeks to provide answers to the
following research questions:

(a) How can the usefulness of street lighting be quantified from the perspective of dif-
ferent road users?

(b) How useful and energy-efficient are existing state-of-the-art street lighting schemes?

(c) How can the brightness of street lighting be autonomously and adaptively adjusted
without a need for centralised control or existing infrastructure, while maintaining a
similar usefulness to conventional ‘always-on’ street lighting?

(d) How can a street lighting network be powered from an intermittent and bounded
harvested energy supply, while maximising its usefulness over a period of an entire
night?

1.3 Research Contributions

Addressing the questions, the research presented in this thesis has led to a number of
contributions:

• A streetlight usefulness model is proposed which provides an evaluation metric
to evaluate the usefulness of street lighting from the perspective of both motorists
and pedestrians. This model is based on literature on visual task requirements
and perceived safety of these road users. This model has enabled the usefulness of
existing street lighting schemes to be evaluated, providing baseline results used in
this research. This addresses research question (a).

• StreetlightSim, a novel simulation environment that models both road traffic
patterns and adaptive networked streetlights is developed. This is the primary
tool used to evaluate the approaches proposed in this thesis and against existing
state-of-the-art lighting schemes. It is open-source, and has been made available to
the research community since 2014. To date, there have been over 150 downloads
of the tool from around the world. Together with the proposed streetlight useful-
ness model, this tool provides a means to analyse both the ‘how useful’ and ‘how
efficient’ parts of research question (b).
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• TALiSMaN (Traffic Aware Lighting Scheme Management Network), a dis-
tributed autonomous and adaptive street lighting scheme based on road traffic
sensing, is proposed. This lighting control scheme allows adaptive lighting ad-
justment of ‘grid-powered’ streetlights to satisfy the individual road user’s needs,
cooperatively via wireless communication and sensing technologies. Simulation re-
sults show that the scheme is able to provide improved or comparable usefulness
compared to existing street lighting schemes, but with a significant improvement
in energy efficiency (requiring only 1 – 55% of the energy, depending on traffic
volume). This addresses research question (c).

• TALiSMaN-Green investigates the use of an energy demand predictor to ad-
dress the shortcoming of existing ‘off-grid’ streetlights. It ensures the fair use of
the limited energy budget of solar-powered streetlights across a complete night.
Simulation results show that TALiSMaN-Green is able to prolong the operation
while maintaining the consistent usefulness of a network of solar-powered street-
lights across a complete night, even with a highly constrained energy budget. This
answers research question (d).

1.4 Published Papers

The following papers have been published as a result of the research presented in this
thesis. A selection of these papers can be found in Appendix A.

Journal:

• S. P. Lau, G. V. Merrett, A. S. Weddell, and N. M. White, “A Traffic-Aware
Street Lighting Scheme for Smart Cities using Autonomous Networked Sensors”,
Computers & Electrical Engineering, Special Issue on Green Engineering Towards
Sustainable Smart Cities, 2015.

Conference papers:

• S. P. Lau, G. V. Merrett and N. M. White, “Energy-efficient street lighting through
embedded adaptive intelligence”, in Proceedings of International Conference on
Advanced Logistics and Transport, Tunisia, 2013, pp. 53 – 58.

• S. P. Lau, G. V. Merrett, A. S. Weddell, and N. M. White, “StreetlightSim: A
simulation environment to evaluate networked and adaptive street lighting”, in
Proceedings of IEEE Asia Pacific Conference on Wireless and Mobile, Bali, 2014,
pp. 66 -71.
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• S. P. Lau, A. S. Weddell, G. V. Merrett and N. M. White, “Energy-neutral solar-
powered street lighting with predictive and adaptive behaviour”, in Proceedings of
2nd International Workshop on Energy Neutral Sensing Systems, Memphis, 2014,
pp. 13 – 18.

• S. P. Lau, A. S. Weddell, G. V. Merrett and N. M. White, “Solar-Powered Adaptive
Street Lighting Evaluated with Real Traffic and Sunlight Data”, poster presented to
ACM Conference on Embedded Networked Sensor Systems (SenSys), Seoul, South
Korea, 2015.

1.5 Structure of the Thesis

The remainder of this thesis is organised as follows:

Chapter 2 begins with an overview of the requirements of street lighting from both
the motorist’s and pedestrian’s perspective. Then, a review of street lighting control for
energy conservation is presented. This chapter continues with a detailed background on
Wireless Sensor Network (WSN) adoption in networked street lighting. Lastly, a review
of existing simulation tools for WSN and road traffic simulations is presented.

Chapter 3 proposes a streetlight usefulness model to quantify the usefulness or prac-
ticality of street lighting from different road users’ perspectives. This chapter also es-
tablishes baseline results in terms of usefulness and energy efficiency of state-of-the-art
street lighting schemes. To allow the holistic evaluation of these lighting schemes, this
chapter also covers StreetlightSim, the simulation environment developed as part of this
research. This includes assumptions, simulation models, and evaluation metrics used in
this thesis.

Chapter 4 presents the concept of a new adaptive WSN-based lighting scheme, TALiS-
MaN, for ‘grid-powered’ streetlights. Simulation results are presented which demonstrate
that TALiSMaN provides significant energy savings while providing comparable or im-
proved streetlight usefulness compared to existing lighting schemes.

Although TALiSMaN outperforms the existing lighting schemes, it was unsuitable for
addressing the characteristics of solar-powered (‘off-grid’) streetlights. In Chapter 5,
TALiSMaN is extended to TALiSMaN-Green, which incorporates predictive behaviour to
manage the limited energy budget synonymous with off-grid streetlights. This approach
is evaluated through simulation, to illustrate the use of prediction algorithms to enable
the operation and usefulness of a network of solar-powered streetlights across a complete
night, even with a highly constrained energy budget.

Chapter 6 concludes the research, and outlines areas of future research activity.



Chapter 2

Effective and Efficient Street
Lighting

As established in Chapter 1, the role of street lighting in society is indisputable. However,
sustaining its operation provides a heavy burden both financially and environmentally.
Owing to this, energy efficient initiatives to sustain streetlight operations have been
proposed. Still, the principal objectives of having street lighting need to be attainable
with these initiatives. To provide an overview of this, Section 2.1 explores the factors that
constitute effective street lighting. Section 2.2 presents an overview of energy efficient
initiatives in street lighting from three aspects: lamp technology, lighting level control,
and renewable energy. Recently, the adaptation of communication networks has become
increasingly proposed for street lighting control; a review on this is presented in Section
2.3. A review of existing simulation tools for networked street lighting is presented at
the end of this chapter.

2.1 Effective Street Lighting

The requirement of effective lighting considers road users’ perceptions that they can see
more clearly, better, further, and have an appropriate degree of brightness for undertaking
different activities [43,44]. The British Standard for street lighting states [33]:

“Road lighting encompasses the lighting of all types of highways and public
thoroughfares, assisting traffic safety and ease of passage for all users. It also has a
wider social role, helping to reduce crime and the fear of crime, and can contribute to
commercial and social use at night of town centres and tourist locations. Road lighting
should reveal all the features of the road and traffic that are important to the different

types of road user, including pedestrians and police.”
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In some studies, the ergonomic comfort of lighting is also considered [45]. Literature
has shown that street lighting significantly improves road user safety by reducing the
frequency of accidents after dark [5, 46]. In this section, the factors that constitute
effective street lighting are presented.

2.1.1 Recommendations and Standards

One of the most important documents for designing effective street lighting is the Inter-
national Commission on Illumination’s (CIE) Technical Report 115 “Recommendations
for the lighting of roads for motor and pedestrian traffic” [47]. This document consid-
ers different lighting levels for roads according to factors, such as function of the road,
traffic density, traffic complexity, traffic separation, and the existence of facilities for
traffic control. These factors are subjectively evaluated, and the nations adopting CIE
115 are expected to extend these factors to suit their own specific requirements and sit-
uations. For example, Table 2.1 summaries some of the street lighting standards, and
their photometric requirements. In a recent revision [48], CIE 115 introduces the concept
of ‘adaptive’ lighting to minimise the energy demand for street lighting. Compared to
‘conventional’ or ‘always-on’ street lighting where the lighting level remains unchanged
throughout the entire operational hours, ‘adaptive’ lighting allows for variable lighting
levels at different times according to a weighting. For example, a lower lighting level can
be used during better weather, when there is more ambient light, or when less traffic
volumes are expected.

Table 2.1: Summary of street lighting standards used in various countries

Country Standard Requirement

United Kingdom

BS 5489.1:2013 Road lighting Part 1: Selection
of lighting classes (explains how the CEN/TR
standards may be applied to road and traffic cat-
egories defined in the UK) [49]

0.3 – 2.0 cd/m2

Member countries
of European Com-
mittee for Stan-
dardization (CEN)

CEN/TR 13201.1 Road lighting - Part 1: Selec-
tion of lighting classes [50] 0.3 – 2.0 cd/m2

United States of
America

ANSI / IESNA RP-8-14 Roadway lighting [51] 0.3 – 1.2 cd/m2

Australia and New
Zealand

AS/NZS 1158.1.1 Lighting for roads and public
spaces: Vehicular traffic (Category V) lighting -
Performance and design requirements [52]

0.35 – 1.5 cd/m2

Japan JIS Z 9110 Recommended levels of illumination
[53] 0.5 – 1.0 cd/m2
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2.1.2 A Motorist’s Perspective

Driving is a complex operation as it involves several visual tasks [54]. These include: (a)
positional, (b) situational, and (c) navigational tasks. For safe and comfortable night-
time driving, these tasks require different visual cues to be revealed in sufficient time.
For the positional task, motorists needs to maintain their lateral position by constantly
adjusting steering and speed. To do this, visual cues about road markings on roads,
edge lines, and kerbs must be seen in sufficient time. The main objective of the situa-
tional task is to execute necessary manoeuvres to avoid hazards. This involves changes in
speed, direction and position of a moving vehicle. To safely perform this task, motorists
require visual cues about the surrounding environment, such as nearby vehicles, pedes-
trians, cyclists and other objects that potentially carry a risk to them. While executing
navigational tasks, motorists select a route, and follow it until they arrival at their desti-
nation. For proper navigational, motorists need visual cues on landmarks, environment,
intersections, guide signs, and other formal information sources to be perceived within a
reasonable distance.

While driving, revealing essential visual cues (especially potential hazards which, have
been acclaimed as a leading contributor to traffic accidents [55]) in sufficient time or
distance is important. The definition of sufficient time or distance varies depending
on factors such as travelling speed, motorist reaction delay, and deceleration of the
vehicle. As travelling speed increases, the required time or distance for different driving
tasks is also extended, allowing motorists to carry out necessary manoeuvres within
a reasonable degree of comfort and safety. A comfortable and safe manoeuvre should
involve a deceleration of less than 3 m/s2 while travelling at a speed of above 30 km/h, and
avoid the potential chance of injury to oneself or other traffic [56]. Table 2.2 summarises
the distance for different manoeuvres required by a motorist at different speeds.

Table 2.2: Required preview distance for different manoeuvre when travelling at
different traffic speeds (according to road classes)(adapted from [56]).

Manoeuvre
Preview distance (m)

Road classes
A B C

Maintaining the lateral position within the driving lane 45 75 105
Maintaining the route 150 375 700
Overtaking 450 – 750 600 – 1250 -
Stopping 60 175 350
Evasion 45 125 250
Emergency stop (assuming deceleration of 5 m/s2) 55 140 270

Class A: Urban road with maximum traffic speed of 15 m/s (∼30 mph or 50 km/h)
Class B: Rural road with maximum traffic speed of 25 m/s (∼55 mph or 90 km/h)
Class C: Motorway with maximum traffic speed of 15 m/s (∼75 mph or 125 km/h)
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A vehicle’s headlamps can assist motorists to reveal some of the visual cues required
when travelling after dark. However, as shown in Figure 2.1, the effectiveness of these
light sources has a limited distance. In fact, they become ineffective as the surrounding
environment becomes complex, such as in populated areas where the contrast of many
visual cues presents little difference from the background [54]. Studies have also demon-
strated that a driver can begin to recognise the presence of a pedestrian at an average
distance of 0 to 52 m while using dipped headlamps [57]. This scenario is mitigated
by having street lighting as it extends the visual range of motorists [58]. Therefore, an
effective street lighting should provide required visual cues and reveal potential hazards
at a greater distance, thus allowing safer travel after dark.

Figure 2.1: The performance of vehicle headlamps (adapted from [58]).

In general, effective street lighting considers average luminance, luminance pattern (also
known as uniformity), threshold increment and surround ratio [35]. Among these factors,
average luminance and uniformity affect motorists’ ability to detect potential hazards.
For example, studies show that traffic accidents at night reduce by 21% compared to
those happening during the daytime with a one lux increment in illuminance [59]. The
effect of various illuminances and uniformities to hazard detection has been extensively
studied [60–63]. These studies have reported that reducing the lighting level can result
in a longer hazard detection time, or reaction delay. Consequently, this increases the
stopping distance where a motorist must be able to stop safely after a potential hazard
is detected.

2.1.3 A Pedestrian’s Perspective

From a pedestrian’s perspective, an effective street lighting assists them in obstacle detec-
tion and navigation, identification of other pedestrians (face recognition), and fulfilling
their psychological needs (perceived safety) [35–38,64].
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Obstacles can cause pedestrians to fall and may result in serious injuries (e.g. frac-
tures, cuts, gashes or bruises [65]) if they are not detected in time. Thus, an effective
street lighting should improve a pedestrian’s ability to detect potential obstacles in their
walking path. A pedestrian’s ability to detect obstacles has been studied with different
lamp types, illuminance, and subject ages [66]. The study suggested that the subjects
have better obstacle detection as illuminance increases. However, there was a trivial
improvement on this once illuminance reached a threshold value of 2 lx in a laboratory
environment or about 5.7 lx at road surface illuminance [67]. Young subjects (less than
45 years old) performed better in obstacle detection under all lamp types compared
to those of more than 60 years old. The study also reported that the performance of
obstacle detection for both age groups can be improved with light sources with higher
correlated colour temperature (CCT) and colour rendering index (Ra). Figure 2.2 shows
the different apparent colours of objects under light sources with different CCT values.
As shown in the figure, a light source with higher CCT value is able to reveal the natural
colours of an object, and making objects easier to be recognised from each other and
their background.

(a) (b)

Figure 2.2: The apparent colour of objects under a light source with (a) low,
and (b) high CCT values (reproduced from [68]).

Although increased illuminance can improve the ability to detect obstacles, some studies
have reported that pedestrians have a propensity to look two paces ahead when navigat-
ing to avoid an obstacle [69,70]. For the elderly, this is about 1.2 m [71]. Therefore, the
detection distance of an obstacle requires a greater distance than this. Fotios and Cheal
[67] reported that, to detect a 25-mm height obstacle at a distance of 10 paces (6 m),
requires a laboratory illuminance of 0.62 lx, or road surface illuminance of 1.8 lx.

Identification of other pedestrians requires considerably higher lighting requirements
compared to obstacle detection [66, 72]. Based on proximity zones [73], effective street
lighting should allow identification of other road users at a minimum distance of 4 m.
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This can be achieved with a lighting level of 1 lux [35]. These figures were also supported
by Raynham and Saksvikronning [74] who studied facial recognition under light sources
with different CCT and Ra values. Their results suggested that white light with higher
CRI values gives better performance in facial recognition compared to yellow light (low
CCT value). Fujiyama et al. [72] investigated the effect of five lighting levels, ranging
from 0.6 lx to 627 lx, on the distance required for facial recognition. Their results sug-
gested that the distance required for facial recognition has a proportionate relationship
with lighting level. Although higher lighting levels extend the facial recognition distance
of an approaching pedestrian, further increase in the lighting level has a trivial effect
once a plateau is reached. They also reported that the comfortable distance to avoid col-
lisions with an approaching pedestrian is between 4 and 5 m, and these distances slightly
decrease with higher lighting levels. However, under low lighting levels (less than 12 lx),
these distances increase to between 8 and 9 m.

The effect of three lighting distributions, namely conventional, ascending, and descend-
ing brightness, on pedestrians’ perceived safety has been investigated [38]. Figure 2.3
illustrates these lighting distributions. For conventional light distribution, all streetlights
share the same lighting level. In an ascending light distribution, the streetlight in the
pedestrian’s immediate surroundings is dimmed, and gradually brightened for those that
lie further away from them. A descending lighting distribution is the opposite scenario
to the ascending condition. Based on field experiments, the test subjects expressed that
they have a similar, and in some cases better sense of safety with the descending lighting
distribution, compared to conventional lighting conditions. Among all the lighting distri-
butions, the ascending was the least favoured by test subjects. These results were further
validated by a recent study which includes four additional lighting distributions [64]. The
study revealed that lighting levels at the proximity of the subjects carry more weight for
the subjects’ well-being compared to those at a distance. This result is consistent with
the descending lighting distribution shown in the earlier study.

2.1.4 Discussion and Summary

Recommendations and standards exist to govern effective street lighting designs. These
documents take various factors into account when considering the most suitable lighting
levels for roads. However, to accommodate the different needs for street lighting, the
resultant lighting levels may exceed or fall below the actual levels required by some road
users. Subsequently, this leads to energy wastage. For example, pedestrians prefer higher
lighting levels at proximity compared to those at a distance. For motorists, however, they
require a fully lit road to assist them in revealing visual cues that guide them to safe
travel after dark. In fact, the required lit road segment varies with their travelling speeds
and intended driving tasks.
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(a) Conventional

(b) Ascending

(c) Descending

Figure 2.3: Different street lighting distributions. Eh (%) is the percentage of
the horizontal illuminance for a pedestrian road (adapted from [38]).

Variable lighting levels at different times of the day are suggested in recommendations
and standards. This can reduce the energy demand of street lighting, and thus lower
carbon emission. However, studies have shown that reduced lighting levels can impair the
visual performance of motorists in detecting potential hazards in their travelling paths.
For pedestrians, this no longer gives them a sense of safety during late night travel, as
lighting becomes inadequate for facial recognition and does not provide a good overview
of the surroundings. In short, this deviates from the initial purpose of having street
lighting.
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2.2 Energy Efficient Street Lighting

As presented in Chapter 1, the introduction of street lighting can reduce both crime
and traffic collision, and encourage social-economic activities after dark. However, the
financial and the environmental costs resulting from street lighting have become con-
cerning issues for local government. In addition to rapid urbanisation that requires more
streetlights, the rise in energy prices has also caused a substantial increment to local
government budgets for street lighting [10]. Figure 2.4 shows electricity prices over a
period of ten years (2004 – 2013). In this section, state-of-the-art energy efficient street
lighting is presented.

Figure 2.4: Prices of electricity for non-domestic use between 2004 – 2013
(adapted from [75]).

2.2.1 Light Sources

One of the easiest methods to have instant energy saving is retrofitting end-of-life street-
lights with more energy efficient light sources (Table 2.3 gives the performance of some
commonly used light sources). To date, sodium-based lamps are the most common lamp
type for street lighting application. This is because such lamps provide better illumi-
nation for less energy. However, sodium-based lamps emit yellowish/warm light which
is low in CCT (1800 K – 2000 K) and Ra values (0 – 25) [76]. By comparison, metal
halide lamps, which have CCT values between 3000 and 4300 K, and Ra values at 85 [76],
were found to be more suitable for street lighting [77, 78]. The use of new, more energy
efficient light sources has also been demonstrated by local government in the UK. For ex-
ample, in 2010, Hampshire County Council [79] and Surrey County Council [80] initiated
a street lighting replacement and upgrading programme where most of the streetlights in
residential areas were upgraded to white light rather than the older yellow lights. With
this programme, Surrey County Council expected savings of 60 metric tonnes of carbon
and 150 GWh of electricity over a 25-year operation.
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Table 2.3: Lamp technology comparison according to luminous efficacy and their
mean lamp service life.

Light Source Lumens/Watt
Mean Lamp Life
(Hours)

Mercury Vapour [81] 35 – 65 16 000 – 24 000
Fluorescent [82] 33 – 104 16 000 – 20 000
Metal Halide† [83, 84] 33 – 104 16 000 – 20 000
High-Pressure Sodium (HPS) [83,84] 93 – 141 20 000 – 30 000
Low-Pressure Sodium Lamp (LPS) 80 – 180 18 000 – 24 000
Light-Emitting Diode (LED) [85–88] 58 – 249‡ 100 000 – 150 000

† Includes ceramic metal halide
‡ 249 Lumens/Watt is achieved in a laboratory setting [88]

Recent advancements in light-emitting diode (LED) lighting have dramatically improved
its luminous efficacy, making it one of the most promising solutions for street lighting
application [88]. Various LED street lighting pilot projects have been initiated, primarily
to investigate its performance against existing sodium-based street lighting [89–92]. It
was reported that LED lamps can lead to 20% energy savings compared to sodium-based
streetlights [93]. In general, LED lamps offer a relatively higher CCT (3200 K – 6400
K) and Ra values (80 – 90) compared to sodium-based light sources. Another advantage
of LED lighting is that it provides instant lighting once switched on, compared to some
15-minute ignition time required by sodium-based lamps [76]. With LED lamps, not
only immediate energy savings can be achieved but their extended lifespan also has been
proven to be cost efficient in the long run.

2.2.2 Lighting Level Control

Most streetlights are switched on and remain lit throughout the night. The switching
mechanism is either triggered by a clock with a predefined schedule or an integrated
light sensor indicating when the surrounding environment becomes dark. However, such
operations can result in energy wastage, especially when the lighting is not required or
full brightness is no longer necessary. Examples of this are illustrated by Figure 3.2,
where a very low volume of road traffic is expected during the middle of the night and
early morning. In this section, state-of-the-art techniques in controlling lighting levels,
or dimming for energy conservation are highlighted. A summary of these techniques and
their performance is shown in Table 2.4.

2.2.2.1 Time-based

As indicated by its name, the time-based control adjusts the lighting level according to
a predefined schedule. These schedules often consider reducing the lighting levels when
lower traffic volume is expected, for example during midnight and early morning, and
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return to full brightness during rush hours. This operation is coherent with the British
Standard [33] which states that “. . . in some limited situations a lighting installation may
be completely extinguished during certain periods of the night when usage is very low.”
According to Kostic and Djokic [94], there are two ways to achieve this: (a) two-lamp
luminaires and (b) single-lamp luminaires. To conserve energy, the two-lamp luminaires
switch off one of the lamps during low traffic. To the best of the author’s knowledge, this
method is less favoured compared to single-lamp luminaires. One of the causes of this is
the housing of the current luminaires is designed to fit one lamp. Thus, retrofitting the
current luminaires with two lamps requires a total replacement to the housing.

Single-lamp luminaires often use dimmable lamp types together with step-dimming bal-
lasts. In some cases, the streetlights are networked to allow them to be remotely dimmed
from a remote centralised site (Section 2.3 details on this). In the UK, a time-based
lighting scheme known as Part-night lighting has been adopted by many local councils
to conserve energy [15, 95–97]. This scheme, however, does not require dimmable lamps
as the streetlights are completely switched off between midnight and early morning. For
safety consideration, some of the streetlights, especially those at strategic locations, are
excluded from the scheme. For example, Figure 2.5 illustrates the streetlights (green
dots) that are excluded from operating Part-night lighting. According to Warwickshire
County Council, UK, they were anticipating an annual saving of £500 000 and three
thousand tonnes of carbon by operating their 39 000 streetlights with this scheme [15].

Figure 2.5: Part-night operation of some of the streetlights in Polesworth, War-
wickshire (adapted from [15]).

Compared to completely switching off the streetlights in Part-night lighting, step-dimming
ballasts are used to reduce the lighting levels according to a preconfigured schedule. For
example, Philips Chronosense [98] allows a single-step dimming, and claims to have the
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potential for 20% annual energy savings, depending on the adopted multi-wattage ballast
and dimming schedule shown in Figure 2.6 (a). Philips Dynadimmer [98] allows street-
light operators to define five different lighting levels during streetlight operational hours.
It was claimed that Dynadimmer can have 40% annual energy savings if the dimming
schedule in Figure 2.6 (b) is adopted.

(a)

(b)

Figure 2.6: A typical lighting adjustment (% of maximum) during different
operational hours of (a) Philips Chronosense and (b) Philips Dynadimmer. The
main difference between Philips Chronosense and Dynadimmer is the number
of dimming steps allowed. Chronosense allows a single-step dimming whereas
Dynadimmer permits more dynamic dimming across the night (reproduced from
[98]).

2.2.2.2 Sensor-based

Sensors can be used to switch on and off the streetlights. At places, especially where
streetlight operational hours are affected by seasonal change, most streetlights are fitted
with integrated light sensors, namely photo electric control units (PECUs), to turn lights
on and off at preconfigured ambient lighting levels. Figure 2.7 shows a streetlight fitted
with a PECU. Due to the ignition time required for certain lamp types, e.g. low pressure
sodium-based lamps, to reach their maximum lumen output, these controllers have been
configured to switch on when ambient lighting levels fall below 70 lux at dusk, and
off as lighting levels increase to 35 lux at dawn [99]. These configurations, however,
waste approximately an extra burning hour as ambient lighting at times is still sufficient.
Now, with advanced electronic control gears, the streetlights can reach their maximum
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lumen output in less time, and thus these initial configurations can be trimmed to, for
example, 55 lux on and 28 lux off, to conserve energy [100]. With this initiative, an
annual cost saving of £20 000 and a 55 metric tonnes carbon reduction was expected.
Compared to binary operation (switching on/off the streetlights) by PECUs, there is
increasing interest in continual adjustment to the lighting levels which coincides with
local environment, such as weather and traffic conditions. This ambient information is
collected by local sensors, which include light, audio, motion or presence, location, and
seismic sensors. As the detection range of some sensors is limited [101], this information,
in some cases, is shared amongst the streetlights to create a section of lit road segment,
collaboratively.

(a) (b)

Figure 2.7: (a) A streetlight fitted with a photo electric control unit (PECU);
(b) Typical PECUs (reproduced from [99]).

The lighting levels of streetlights can be adjusted continually to compensate for the
available ambient lighting. For example, due to illumination from nearby buildings, the
ambient lighting at places next to these buildings is brighter than those in open spaces
[20]. This scenario can be recognised with a light sensor, and thus allow for streetlights at
different places to have distinctive lighting levels according to their local conditions. This
can avoid unnecessary higher lighting levels and thus reduce energy wastage. For places
that experience snowy winters, such as Nordic countries, the reflected light from snow was
taken into consideration while adjusting lighting levels [102]. With this consideration,
the streetlights can reduce their power by 45%, leading to an estimated annual energy
saving of 8 GWh from 85 000 streetlights.

Streetlights can maintain a lower lighting level, and increase to full brightness (100%)
once a vehicle or pedestrian is detected by a presence sensor. This concept was adopted
by TU Delft in their intelligent dynamic street lighting solution [103]. In their solution,
the streetlights always operated at 20% power. By utilising a 360◦ presence detection
module mounted on the streetlights, they were able to detect a passing road user, and
used this information to increase the lighting levels of the surrounding streetlights to full
brightness. Thus, road users were able to move under a fully lit road. It was claimed this
solution could reduce energy consumption and carbon emission by up to 80%, compared
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to that without any dimming mechanism. In other work, a set of proximity sensors
was used to detect a road user entering a road section [16]. Once the road user is
detected, all the streetlights within a road section increase their lighting level from 60%
to 100% of the lamp’s rated power for a duration of four minutes. It was reported that
energy consumption of the streetlights was reduced by 37% compared to that without
any dimming mechanism.

Similar lighting control was also proposed by Liu et al. [104]. The difference between Liu
et al. with previous works is that vehicle sensing was used to detect entering and exiting
vehicles at road intersection zones. The vehicle sensing was achieved by using magnetic
loops buried under the roads. To gain more precise control of the streetlight operation,
the travelling direction of vehicles is also determined by detecting the lane they are in.
With this information, the on-route streetlights in an intersection zone increase their
power to 100%, and dim to 60% after the vehicle exits the zone. According to Liu et al.
[104], this control was able to reduce energy consumption by 24% during off-peak hours
(00:00 – 05:00) compared to that without any dimming. However, this method presents
a major flaw as the streetlights can continue to operate at the highest lighting level if
dimming is not triggered by exiting vehicles. This could happen if the vehicles remain
within the zones.

Nefedov et al. [19] assumed that a passing vehicle can be detected at a distance of 60
m. After considering the stopping distance (82 m) required for a vehicle travelling at 80
km/h ( 50 mph), the lighting levels, four streetlights before and one streetlight after a
detected vehicle, are increased from 30% to full power. Consequently, a road segment of
240 m before and 60 m after the vehicle is lit. Based on their simulation results, energy
savings of between 14 and 70% can be achieved, with savings increasing as traffic density
decreases. However, it is not clear that a fully lit road segment of a distance three times
larger than the required stopping distance was needed.

Sun et al. [42] proposed a multi-sensor system to prolong the operational lifetime of
their solar-powered streetlight. The multi-sensor control module was built from audio and
passive infrared (PIR) sensors to increase human body recognition, thus providing better
opportunity to control the streetlights efficiently. A audio sensor was used to respond to
a continuous or short interval audio signal. However, it was ineffective for lower decibel
signals. Because of this, a PIR sensor was adopted to improve the accuracy of human
body recognition. In their study, the streetlight consistently operated at 40% power,
and increased to 70 and 100% once audio and PIR sensors were triggered respectively.
According to them, an energy saving up to 40% was achieved with this control, therefore
prolonging streetlight operational lifetime.

For the above work, the sensors were either buried under roads or mounted on the
streetlights, waiting to be triggered by passing vehicles or pedestrians. Thus, the precise
location of the road users is unknown. Lately, location sensors have been used to find
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the exact whereabouts of a pedestrian or vehicle, and thus allow more precise control
of the streetlights surrounding them. This, however, requires them to be instrumented
with location sensors, and constantly broadcast their locations to nearby streetlights.
For Müllner and Riener [21], Global Positioning System (GPS) and Internet-enabled
smartphones were used in their pedestrian-aware street lighting system. Based on the
received GPS signal, the streetlights within pedestrian-defined zones fade-in when pedes-
trians approach them and fade-out once they walk away. To determine and ensure the
correct street lighting needed around pedestrian locations, two zoning concepts were in-
troduced, namely radial safety zone and polygonal infrastructure zone. A radial safety
zone defines which streetlights should be switched on or off, and its size is adjusted by
pedestrians via a smartphone application which reflect individual fear level (scale of 0 to
100) while waking on the street, whereas a polygonal infrastructure zone prevents un-
necessary streetlights, for example those opposite roads or rivers, from being activated
by the radial safety zone. However, Müllner and Riener did not detail the relationship
between radial safety zone with respect to the fear level, and the potential energy savings
of their proposal.

Mohomed [105] relied on Vehicular Ad-hoc Networks (VANET) to relay vehicles’ GPS
location, speed, and direction to nearby streetlights. With this information, streetlights
within a vehicle’s travelling route were lit when vehicles came into their proximity. Two
lighting controls were suggested: (a) coarse-grained, where streetlights are switched on
/ off based on the zone where the vehicle is located; (b) fine-grained, where streetlights
before the vehicle are lit, and those after the vehicle switched off once the vehicle passes
them. These lighting controls share many similarities as proposed by Zotos et al. [16]
and Nefedov et al. [19]. It was reported that coarse-grained control can reduce street-
light energy consumption by 65% compared to ‘always-on’ lighting, whereas, fine-grained
control can further reduce the energy required by coarse-grained controls by 50% [105].

The use of location sensing provides a potential mechanism for precise traffic-aware street
lighting, but solutions are inherently limited to owners of such devices. This is illustrated
by the fact that only 39% of people in the UK own smartphones, with a significant
bias towards younger age groups (16 to 34 years old) [106]. Enabling GPS sensing and
Internet connectivity in a smartphone has been shown to increase power consumption
by 600 mW [107] and 650 mW [108] respectively. Considering a smartphone’s limited
battery capacity, such power consumption can deplete a typical battery in a few hours.
Moreover, the issues surrounding location-privacy may also prove to be a major obstacle
for such traffic-aware street lighting schemes.

2.2.2.3 Artificial Intelligence

To optimise streetlight management and its operation, some works have considered ar-
tificial intelligence (AI) in street lighting control. By adopting AI, the lighting control
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becomes more adaptive to changes while minimising human intervention in the process.
For example, AI based on fuzzy logic and knowledge-based systems was adopted by
Volosencu et al. [109] in their city-wide street lighting control. In their work, a fuzzy
logic controller was used to determine suitable lighting levels for an area based on aggre-
gated information about local ambient lighting and traffic density. This controller was
supervised by a real-time knowledge-based controller whose function was to recognise
any out of the ordinary situations, such as festivals, traffic congestion, road works, and
emergencies, which require a lighting adjustment to the local streetlights. However, this
approach is a high level concept, and Volosencu et al. failed to discuss potential energy
savings with their proposal. The fuzzy logic approach also adopted by Elejoste et al.
[23] shares many similarities with Volosencu et al. [109]. The main difference between
these approaches is that Elejoste et al. proposed that each streetlight be individually
controlled by an intelligent mote, thus allowing autonomous lighting adjustment to each
streetlight. These motes were driven by a set of fuzzy rules which were updated by a
neuro-fuzzy inference system. Since the computational cost for the fuzzy rules is high,
the neuro-fuzzy inference system is often located at a remote centralised site together
with all the required information for training processes.

A multi-agent system is a collection of sophisticated programmes that interact au-
tonomously amongst themselves to solve a common problem. In street lighting con-
trol, these programmes are embedded in sensor nodes whose function is to perceive the
ambient environment collectively, and then adjust the lights to the most suitable levels
for an area. This system has been adopted by Moghadam and Mozayan [22] in their
street lighting control. Two distinctive agents were formed in their approach: (a) geo-
graphical agents that compute streetlight operating schedules for different geographical
areas, after considering differences in seasons, weather conditions, locations and atmo-
spheric brightness at those areas; and (b) learning agents that refine these schedules
by adjusting lighting levels of the streetlights according to local knowledge, i.e. traffic
conditions. The learning agents reduced the lighting levels to low (50% power) when
low traffic volume was known. In contrast, lighting levels were increased to 100% when
the road had high traffic volume. Based on simulation results, the multi-agent based
lighting control reduced the energy consumption of the streetlights by 30% compared to
without any dimming mechanism. Escolar et al. [18] also applied a similar multi-agent
system in their lighting control. Instead of having a binary switching between low and
full lighting as proposed by Moghadam and Mozayan, Escolar et al. refined the proposed
lighting control into three steps, i.e. High (full power), Medium (50% of the lamp’s rated
power) and Low (25% of the lamp’s rated power). The transition between these steps
was controlled by an agent, the behaviour of which was defined by the presence of a road
user when ambient lighting reached certain threshold values. It was reported that this
approach can reduce energy consumption by at least 35% compared to that without any
dimming.
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An artificial neuron network (ANN) is a machine-learning technique that employs a
number of interconnected processing elements (neurones), arranged in layers – input,
hidden and output, and working together on a large amount of input (data) to solve
specific problems. Pizzuti et al. [24] used this technique to learn, and then predict traffic
flow to adjust the streetlights to a suitable lighting level. Compared to a statistical
approach, an average weekly distribution of traffic flow sampled hourly, Pizzuti et al.
demonstrated ANN can improve traffic flow prediction accuracy by nearly 50%, and
thus ANN offers a better prospect for more efficient lighting control. When the predicted
traffic flow reaches a maximum threshold value, full lighting is used, otherwise the lighting
level is reduced to 50% if traffic flow is predicted to be below a minimum threshold value.
For any traffic flow value that lies between the minimum and the maximum threshold
values, the lighting levels scale proportionally with the predicted values. Based on the
simulation results, this control reduced energy consumption by 43% on average, compared
to ‘always-on’ lighting.

Zhong et al. [110] argued that self-controlled streetlights, for example those fitted with
timers or PECUs, can lead to inconsistent lighting operations as they are vulnerable
to seasonal change, weather conditions and dust. As a result, some streetlights may
misbehave, for example switching on the lights during daytime due to a faulty reading
by an individual sensor. To overcome this, they proposed a group-based lighting control
inspired from group decision making of social animals and insects. Streetlights are put
into groups, and each group is led by a group leader. Using a light sensor, each streetlight
(the group members) measures the ambient light intensity periodically, and then forwards
a ‘turning-on’ vote to its group leader once the ambient light reaches a threshold value.
If 50% of the streetlights voted ‘turning-on’, a ‘turning-on’ command is issued to all the
streetlights to switch on their lights. However, energy efficiency of this proposal was
not evaluated, as their focus was on enabling group decision making in street lighting
control.

2.2.3 Renewable Energy

Recently, renewable energy sources have also been considered as an alternative energy
source for street lighting. This setup is often considered in many isolated places, such as
rural villages or remote islands. However, due to increasing electricity costs, some were
also considering using these energy sources to power the streetlights on motorways [111]
as illustrated by Figure 2.8. This is because streetlights powered by these energies offer
an economical alternative as neither cabling nor connection to the mains power grid is
needed. Furthermore, these energies emit zero carbon whilst generating electricity.

The energy-harvesting streetlights are commonly powered by solar, or are hybrid with
wind or fuel cell. The energy harvested from these sources is stored in batteries, to be used
after dark. The system size of these streetlights considers the annual energy required for
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Figure 2.8: Solar-powered streetlights (reproduced from [111]).

lighting, local weather conditions, as well as the efficiency of energy-harvesting related
components, such as solar panel, wind turbine, charge controller, energy storage, in
converting these energies into electricity [17]. As the amount of harvested energy varies
according to weather conditions, it is also a common practice to size up the system
with larger solar panel and battery capacity (depending on the energy demand of the
system and local weather conditions) to harvest and store enough energy for a few days
of continuous lighting operation [87].

In Thailand, solar-powered streetlights have been evaluated to determine the most suit-
able system-setting in a typical rural area of the country [26]. The system uses two 70 W
solar panels and a battery that is capable of storing 1.2 kWh of energy. The system was
evaluated with three different lamps: low pressure sodium (18 W), high pressure sodium
(50 W) and fluorescent (36 W). The streetlights were switched on between 18:00 – 22:00
and 05:00 – 06:00. Although the operational lifetime of the fluorescent lamp is shorter
than the two other lamps, it was the best lamp for the area. This is because this lamp
was widely available at local stores, and it cost less (unit price) than other lamps.

In Brazil, the predominant energy source is hydroelectric. However, the power distri-
bution for such energy is huge and expensive due to Brazil’s continental dimension.
To overcome this problem, solar-powered streetlights bundled with an LED lamp were
proposed [27, 28]. These streetlights comprised a 180 W solar panel, 1.5 kWh battery
storage, and 50 W LED lamp, after considering the energy required for one day operation
(assuming 6 hours at 100% power and another 6 hours at 50% power) and the load is
disconnected from the battery when its charge drops to 30% of its rated capacity. The
literature argues that the proposed system is highly efficient (conversion efficiency at
80%) as all the power stages are in direct current, thus eliminating the potential power
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loss during AC-DC power conversion. In addition, the average power consumption of
LED lamps (50 W) is lower than sodium-based lamps (70 W) while producing the same
effective lumens.

Because of variable weather conditions, energy-harvesting streetlights operating solely on
one energy source are not an ideal solution. Thus, hybrid-powered streetlights were con-
sidered in some places [29,30,32]. To improve the operation of solar-powered streetlights,
a hybrid power system based on a fuel cell (FC), solar cell and battery was proposed
[32]. This initiative was driven by the fact that solar energy varies significantly in some
regions and seasons. Therefore, to sustain the operation of solar-powered streetlights the
number of solar cells needs to be increased as well as the energy storage. However, with
a fuel cell generating electricity after the battery is depleted, the number of required
solar cells can be kept to a minimum. Becherif et al. [30] conducted a study on a hybrid
power control strategy and energy management after considering the solar cell and FC
as the primary power sources for their hybrid-powered streetlights. Two strategies were
considered in their work. If solar is selected as the principal energy source, then it is
used to charge the battery for lighting during the night time. The FC will provide the
necessary energy to guarantee a continuous operation whenever the battery is depleted,
whereas if the FC is considered as the principal energy source for lighting, the battery is
expected to provide energy during peak power loads and be the principal power source
whenever the FC is depleted.

The ideal of having hybrid-powered streetlights was also presented by Georges and Slaoui
[29] in their wind-solar-powered streetlight design. According to them, the wind-solar
based hybrid power system was a sensible solution because the improvements on the
wind turbine maximised its power efficiency. They argued that the system, which was
bundled with LED lamps (112 W), was one of the most energy efficient street lighting
solutions as it consumed less energy for the same luminary output emitted by a high
pressure sodium lamp (250 W). The financial analysis also indicated that the initial
system investment could be recovered in 12 years (based on the 2007 electricity tariff in
Lebanon). However, the wind-solar hybrid system is only applicable if the deployment
locations have sufficient wind.

Generally, energy-harvesting streetlights harvest and store the energy at local storage
points. According to Panguloori et al. [112], the standalone or decentralised solar-based
lighting could be more efficient if the surplus energy was accumulated into a centralised
solar power distribution system.

2.2.4 Discussion and Summary

Many techniques have been proposed to conserve energy in street lighting. These include
retrofitting end-of-life streetlights with more energy efficient lamps, adjusting lighting
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Table 2.4: Street lighting control techniques and their performance.

Technique Energy Saving

The streetlights are completely switched off accord-
ing to a preconfigured schedule [15].

An annual saving of £500 000 was expected from
39 000 streetlights.

Use one-step dimming ballasts to reduce the light-
ing levels to a preconfigured level at specified street-
light operation hours [98].

A potential annual saving of 20% compared to con-
ventional or ‘always-on’ street lighting, if the dim-
ming schedule shown in Figure 2.6 (a) is adopted.

The lighting level is reduced to five different light-
ing levels during specified streetlight operational
hours [98].

A potential annual saving of 40% compared to con-
ventional street lighting, if the dimming schedule
in Figure 2.6 (b) is adopted.

The lighting levels of streetlights are continually
adjusted to compensate available ambient lighting
[102].

A potential annual energy saving of 8 GWh from
85 000 streetlights.

Adjust the sensitivity levels of photo electric control
unit to shorten the lamps’ ignition time [100].

A potential annual saving of 20% compared to con-
ventional or ‘always-on’ street lighting, if the dim-
ming schedule shown in Figure 2.6 (a) is adopted.

Use a 360◦ presence detection module to detect a
passing road user, and use this information to in-
crease the lighting level of the surrounding street-
lights from 20% to full brightness [103].

A potential annual saving up to 80% compared to
without any dimming mechanism.

Use proximity sensors to detect a road user entering
a road section, and use this information to increase
the lighting level of the streetlights from 60% to full
brightness, for a duration of four minutes [16].

The energy consumption was reduced by 37% com-
pared to without any dimming mechanism.

Use magnetic loops to detect passing vehicles, and
use this information to increase the lighting level of
the on-route streetlights in an intersection zone to
100%, and dim to 60% after the vehicle exits the
zone [104]

Able to reduce energy consumption by 24% during
off-peak hours (00:00 – 05:00) compared to without
any dimming mechanism.

A road segment of 240 m before and 60 m after a
passing vehicle is lit [19].

Energy savings of between 14 and 70% can be
achieved compared to without any dimming mech-
anism, with savings increasing as traffic density de-
creases.

The streetlights is consistently operated at 40%
power and increased to 70% and 100% once audio
and PIR sensors are triggered [42].

An energy saving up to 40% was achieved compared
to without any dimming mechanism.

Use VANET to relay vehicles’ location, speed, and
direction to nearby streetlights, and use these in-
formation to control the lighting level of the street-
lights [105].

The coarse-grained control can reduce energy con-
sumption by 65% compared to conventional street
lighting. The fine-grained control can further re-
duce the energy required by coarse-grained controls
by 50%.

Use a multi-agent system to determine the two dif-
ferent operating lighting levels (low and full light-
ing) [22].

Energy consumption of the streetlights was reduced
by 30% compared to without any dimming mecha-
nism.

Use a multi-agent system to determine the transi-
tion of three different operating lighting levels, i.e.
High (full power), Medium (50% of the lamp’s rated
power) and Low (25% of the lamp’s rated power)
[18].

Energy consumption was reduced by at least 35%
compared to that without any dimming.

Use ANN to learn, and then predict traffic flow to
adjust the streetlights to a suitable lighting level
[24].

Energy consumption was reduced by 43% on aver-
age, compared to conventional street lighting.
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levels (dimming), and using renewable energies to power the streetlights. To give greater
energy savings, these techniques are often integrated [20, 102]. A summary of these
techniques and their performance is given by Table 2.4. Amongst these techniques,
dimming has been widely explored. With sensing and AI integrations, dimming becomes
more adaptive to environmental changes with minimum human intervention. However,
many have failed to discuss the derived lighting levels during dimming. For example,
lighting levels were dimmed between 20 and 60% power, and increased to 100% once
a road user was nearby [16, 19, 42, 103, 104], but the British Standard [33] allows lights
to be completely extinguished when the usage is very low. Moreover, in some works
[16, 19, 105], streetlights were dimmed in groups or zones, but still the basis for group
and zone forming is not reflecting the needs for street lighting established in Section 2.1.
This could be because there is no technical mechanism exists to facilitate the analysis of
the impact of dimmed street lighting on road users.

Energy-harvesting streetlights are favoured in remote places, such as rural villages or
isolated islands, for two reasons: ease of installation as long haul cabling is not required;
and use of renewable energy which emits zero carbon while generating electricity. When
these streetlights were suggested for urban application [113], some argued that they,
especially the ones powered by solar, were not cost effective and were visually intrusive
[79, 111]. One of the causes of this is that these ‘off-grid’ streetlights require large solar
panels and energy storages in order to provide a reliable source of light throughout the
night, especially during the seasons when daylight is relatively shorter. This leads to an
oversized and thus overpriced system. As mentioned in Section 2.2.3, one of the factors
determining the system size of these streetlights is the amount of energy needed to provide
light during the night. Thus, a smaller system can be adopted if the required energy is
reduced. Based on the reviewed literature, the use of energy efficient lamps, sensing and
AI can significantly reduce the energy required by ‘grid-powered’ streetlights. However,
their application to solar-powered street lighting is restricted as they have yet to consider
that the energy harvested from solar varies due to weather conditions. As a result, these
streetlights may, for example, operate normally until the middle of the night, but run out
of energy and be completely inoperable in the early morning. Because of this, a different
lighting control is required for these streetlights. This lighting control needs to minimise
energy consumption, so that the solar panels and energy storage devises (batteries) can
be as small and cheap as possible. Moreover, this lighting control should also consider
the limited energy budget of these streetlights without compromising the lighting needs
for road users.

2.3 Introduction to Networked Steeet Lighting

From recent literature and commercially available products, e.g. Mayflower [114], street
lighting can be categorised into either standalone or centralised control. The standalone
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control is commonly used on streetlights fitted with timers or PECUs, allowing them to
operate autonomously without requiring any networking capability. This control is also
used in most of the energy-harvesting streetlights discussed in Section 2.2.3. Due to the
lack of networking capability, the retrieval of the operation status from these streetlights
is also absent. Subsequently, streetlight operators rely on patrols to scout for, or the
public to report on a faulty streetlight. Figure 2.9 shows some of the tools that can be
used by the public for this.

A centralised control uses various well-established long- and short-range communication
technologies to form a link between a remote centralised site and streetlights. Table 2.5
summarises the adopted communication technologies in networked streetlights. With
these communication technologies, streetlight operators can monitor, issue operation
commands, such as switch on/off, dim, and receive alarms for abnormal operation con-
ditions, such as faulty lamps, to/from the networked streetlights, at a centralised control
site. Commonly, the centralised control spreads over several tiers. These tiers comprise a
centralised control site, local branches, and light controllers and sensors installed at each
streetlight. The commands are initiated by the centralised site, and then propagated
to every streetlight via local branches as their gateways. The centralised site includes a
complex software management system that comprises GIS and database systems to store
streetlight management data which can be accessed via an interactive system interface
[115–117]. The local branches act as a gateway translating and forwarding commands,
and collecting streetlight operation status, and then relaying them back to a centralised
site.

(a) (b)

Figure 2.9: Tools for reporting a faulty streetlight: (a) web form [118], and (b)
a note for the public to report a faulty streetlight.
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Table 2.5: Communication technologies in networked street lighting systems.

Year

Communication Technology

RemarkRemote centre to Local
branches

Local branch to
Streetlights

2005 • Internet (telephone net-
work [119])

• PLC [119]

2006 • Text message services from
mobile telephone network
[115]

• Internet (Mobile telephone
network) [116,120]

• PLC [115,120]

• ZigBee [116]

2007 • Internet (Mobile telephone
network) [121]

• WSN [121] • Using MICA2 to form WSN

2008 • Internet (Mobile telephone
network, [122])

• TCP / IP compatible net-
work [123]

• PLC [122,123]

2009 • Wireless transceiver
(nRF401 chip) operat-
ing on 433 MHz of ISM
frequency band [124]

• Internet (Mobile telephone
network) [125,126]

• PLC [124]

• ZigBee [125–127]

• [126] focused on enabling ZigBee
in streetlight monitoring and sug-
gested using Ethernet or Mobile
telephone network

• [127] focused on ZigBee perfor-
mance in streetlight system (also
discussed the routing problem of)

2010 • Internet (Mobile telephone
network [117,128])

• TCP/IP compatible net-
work [129]

• PLC [117,128]

• WSN [129]

• Explicit detail on WSN was not
available in [129]

2011 • Text message services from
mobile telephone network
[130]

• Internet (Mobile telephone
network [131,132])

• TCP/IP compatible net-
work [21,133]

• PLC [132,133]

• ZigBee [20, 21,
131],

• IEEE 802.15.4
compatible de-
vices [134]

• [130] focused on enabling SMS from
streetlights to remote control

• [134] focused on the routing prob-
lem in streetlight topology

2012 • Internet (Mobile telephone
network [135])

• TCP/IP compatible net-
work [96]

• ZigBee Coordinator [136]

• ZigBee [96, 136,
137]

• 6LoWPan

• [96] used Internet-ZigBee gateway
to interconnect the ZigBee network
with centralised control.

• [136] used a ZigBee coordinator at
centralised control

• [137] focused on enabling WSN for
inter-streetlight communication

2013 • ZigBee Coordinator [17] • ZigBee [17] • [17] used a ZigBee coordina-
tor with extended communication
range (about 1.5 km)

2014 • Mobile tele-
phone network
(Short Message
Service) [138]

• [138] linked the energy-harvesting
streetlights directly to centralised
control
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2.3.1 Long-Range Wireless Communication

In many networked streetlights, long-range communication technology uses general packet
radio service (GPRS) to extend the communication range [117, 120, 121, 139] between a
centralised site and the local branches. There have been some attempts to establish
communication between a centralised site and streetlights directly without any local
branches as gateways. For example, Siregar and Soegiarto [138] equipped each solar-
powered streetlight with a cellular network modem to relay current and voltage status
back to the monitoring centre. They argued that wireless technologies, such as ZigBee,
have limited communication range. Thus, the effort to manage these wireless devices
will be enormous, especially when streetlights are spread over a large area, compared
to the cellular network which is already widely available, managed and maintained by
telephone companies. However, the reliability of GPRS can be compromised, especially
during peak hours where access to the service is limited [39].

Short Message Service (SMS), a text messaging service for fixed line or mobile phone
devices was also explored for networked streetlights [115,130,138]. However, user friend-
liness is not the design priority in these works as users need to type in special commands
to remotely switch the streetlights on or off. In addition, SMS is prone to typo errors,
and users have to memorise different commands for their systems. The limited character
allowance (160 characters) in each SMS also constrains its usability in streetlight appli-
cation. Furthermore, SMS also suffers delays in delivery, or loss due to congestion in the
cellular network [40].

2.3.2 Short-Range Wireless Communication

As shown in Table 2.5, there is growing interest in adopting system wide wireless com-
munication in the networked street lighting system, although wired network, such as
power line communication (PLC), is also to be found. Recent networked streetlights are
keen to adopt WSNs, especially those based on IEEE 802.15.4 standard such as ZigBee,
as a means to establish a link between local branches and the streetlights, and inter-
streetlight communications. One of the causes that is driving this development is the
advantage demonstrated by WSNs over PLC as summarised in Table 2.6.

2.3.2.1 IEEE 802.15.4 / ZigBee

IEEE 802.15.4 standard [140] is proposed for low rate wireless personal area network
(LR-WPAN). It defines the characteristics of the physical (PHY) and media access con-
trol (MAC) layer. The network devices in IEEE 802.15.4 networks can either operate in
beacon-enabled mode or non-beacon-enabled mode. In beacon-enabled mode, a super-
frame structure coordinates media access between all the associated nodes. A superframe
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Table 2.6: Advantages and limitations of WSN and PLC in networked streetlight
application [137].

WSN PLC

• WSN devices cost less than PLC devices. • High cost of devices compared to WSN
devices.

• WSN is dependent on the environment
that could affect changes in the commu-
nication path, and thus requires installa-
tion of repeater devices.

• No obstacles in the communication path.

• WSNs are affected by devices that func-
tion within the same band (Wi-Fi, Blue-
tooth).

• PLC is not affected by wireless interfer-
ence.

• Integrate a high number of nodes (over
500) and have redundant communication
paths.

• Incorporates a low number of nodes (un-
der 70), and has limited communication
distance (300 – 350m).

• Highly efficient for sink node applications
and scalability that enables better con-
trol over the network and maintains high
performance levels.

• A part of the network may remain iso-
lated in case of a short circuit. Low
resistance to interference/noise and im-
pediments in transition of signal through
transformers.

is sandwiched between two beacons which are periodically broadcast by the network co-
ordinator. The period between these two beacons is comprised of two parts: (a) an active
period; and (b) an optional inactive period as shown in Figure 2.10. The data exchange
between the network devices commences during the active period, and then the devices
will enter a low power (sleep) mode for energy conservation. For the non-beacon-enabled
mode, a network device first waits for a random number of back-off periods, TBO, be-
fore the media is assessed. If the channel is idle then data transmission is commenced;
otherwise the device will wait for another TBO until it reaches the maximum number of
back-offs (default is 5). Once the maximum number of back-offs is reached, the packet
will be discarded from transmission.

The beacon-enabled mode has better performance in terms of prolonging the network’s
lifetime. In a multi-hop network scenario, however, it experiences performance degra-
dation compared to the non-beacon-enabled mode due to beacon collision [141]. In
beacon-enabled mode, beacons are periodically broadcast by the network coordinator.
Nodes associated with the network coordinator should receive these beacons persistently
and synchronously. However, forwarding these beacons in a multi-hop scenario increases
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Figure 2.10: IEEE 802.15.4 superframe structure (based on [140]). The active
period consists of two groups of time slots: contention access period (CAP)
and contention free period (CFP). All the associated nodes will compete for
their channel access during the CAP using carrier sense multiple accesses with
collision avoidance (CSMA-CA) protocol. For guaranteed quality of service, an
optional CFP is maintained by the network coordinators where network devices
are given some guaranteed time slots (GTS) to use the channel.

the probability of beacon collision with other beacons, data frames, or control frames.
Compared to the data frame or control frame collisions which can be resolved by retrans-
mission, a beacon collision will result in the total collapse of the superframe structure.
Thus, all the associated nodes will cease from transmission. Furthermore, the inactive
period in beacon-enabled mode, as shown in Figure 2.10, also introduces a mandatory
data transmission latency as nodes are seized from transmitting data during this time.

The ZigBee standard [142] is built upon IEEE 802.15.4 by defining the network and ap-
plication layer. Compared to IEEE 802.15.4, three different network devices are defined
in the ZigBee standard. They are: (a) ZigBee end-device which is analogous to an end-
device in IEEE 802.15.4; (b) ZigBee coordinator which corresponds to IEEE 802.15.4
network coordinator; and (c) ZigBee router, an IEEE 802.15.4 full-function device equiv-
alent to that responsible for ZigBee routing protocols. The ZigBee standard maintains
star topology as supported by IEEE 802.15.4, but peer-to-peer topology has been ex-
tended to tree and mesh topologies. For networked streetlights, ZigBee coordinators are
usually located at local branches and work as a gateway between the centralised site
and the streetlights. Depending on the adopted network topology, ZigBee end-device or
ZigBee router is equipped with sensors and/or lighting controller.

2.3.2.2 Routing Protocol

Routing is the ability to send data from one network device to another, which sometimes
can be over several hops. As shown in Table 2.5, many of the proposed streetlight
systems use ZigBee to establish inter-streetlight communication. One of the reasons for
this is that ZigBee has “tree-based” and Ad-hoc On Demand Distance Vector (AODV)
routing protocols ready to be used for its tree and mesh network topology respectively
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[142]. There are numerous works to improve the routing performance in IEEE 802.15.4.
A survey of these routing protocols can be found in Al-Karaki and Kamal [143], and
Boranti et al.’s [144] studies. However, few have considered their use in a networked
streetlight application.

To forward data in the tree topology, ZigBee routers need to maintain address information
about their associated parent and child nodes. The parent-child association is established
when a network device joins the network. Upon receiving a routing request, a ZigBee
router determines whether the data is forwarded to one of its associated router children
or end-device children. If the data is intended for one of its associated child nodes, then
it is forwarded to the appropriate child node, otherwise it is forwarded to its parent node.
The same routing process is repeated at the parent node until it reaches its destination.
This routing protocol is simple, and thus allows routers to operate in beacon-enabled
mode as specified in IEEE 802.15.4 standard.

In mesh topology, a routing table (RT) is needed to determine appropriate forwarding
paths to destinations. Upon receiving a routing request, ZigBee routers consult their RT
for the next hop to the destination. If such a hop is unavailable, a route discovery process
to the destination is initiated based on AODV [145] protocol. During the route discovery,
the network devices broadcast a route request message (RREQ) which eventually travels
through the entire network. As the RREQ travels, it accumulates forwarding cost (hop
count or other link quality estimations) in one of its message fields which will later be
used in route selection. Once the RREQ reaches the destination device, the RREQ is
replaced with a route reply message which will travel back to the RREQ’s originator
using the path previously discovered by the RREQ.

Flooding protocol is one of the classical data dissemination techniques which offers sim-
plicity and aggressive data propagation. Whenever a node receives data, the node will
broadcast it to all its neighbours if the data has never been forwarded before. However,
the flooding protocol is rarely used for information propagation in WSNs as it suffers
from implosion, resource blindness and broadcast storm problems [146, 147]. Instead, it
is normally used for route discovery and network initialisation phase as demonstrated
in AODV. Several improvements have been proposed to address the limitation of this
classical protocol by introducing randomness and threshold in data forwarding decisions.
Gossiping [148], Flossiping [149] and directed flooding with self-Pruning [150] are some of
the examples that use randomness in their data forwarding decisions, whereas threshold-
based flooding can be found in Graded Back-off Flooding [151], single gossiping with
directional flooding [152], and Flash Flooding [153].

Jing et al. [154] designed a single-hop broadcast routing protocol by considering the
hierarchical addressing used in their networked streetlights. According to their hierar-
chical addressing, the nearest streetlight controller to the local branch is assigned with
the smallest running number. Likewise, the furthest streetlight from the local branch
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is assigned with the largest running number. Once the data arrives at intermediate
streetlights, the source and destination addresses are compared. If the source address
is greater than the destination address and smaller than the intermediate node address,
then the data is in the correct forwarding direction and it is broadcast to its one-hop
neighbours. Otherwise, the data is discarded. To avoid multiple transmissions of the
same data flooding the network, every streetlight is assigned with a random waiting time
before the packet is broadcast.

Denardin et al. [134] argued that existing geographic routing protocols are insufficient
to handle voids in the streetlight network. This is because these protocols were based on
unrealistic assumptions. They combined two protocols to solve the void problems in the
streetlight network. They used Coordinated Depth Forwarding (CDF) as a recovery mode
for Greedy Perimeter Stateless Routing (GPSR) protocol when a void was encountered.
Figure 2.11 shows the operation of the proposed protocol. When a void is encountered,
the proposed protocol compares the forwarding orientation angle from the node w to the
destination node v with an angle to any known base stations j. The base station with
smallest absolute angle different from (wv) and lower than π/4 is chosen as the candidate
for depth forwarding away from the void. Based on their simulation results, the CDF
has improved GPSR performance by around 28% based on the number of hops ratio.

Figure 2.11: The operation of coordinated depth forwarding at node w before
switching to perimeter stateless routing at node z (adapted from [134]).

Pantoni and Brandão [155] proposed two routing algorithms based on the Greedy Perime-
ter Stateless Routing protocol (GPSR), namely Geocast GPSR (GGPSR) and GGPSR
II. The idea behind these algorithms was to forward the message to the destination’s
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central point based on a modified GPSR, without using a specific coordinated location.
According to them, this feature is important as it is necessary to control and monitor a
specific group of streetlights in certain areas. Once the message has arrived at the central
point, the first receiving node broadcasts the message to all the nodes in the area. The
difference between GGPSR and GGPSR II is the trigger conditions of the ‘hello’ mes-
sage. The ‘hello’ message in GGPSR is triggered according to a pre-determined period,
whereas the ‘hello’ message in GGPSR II is triggered to inform data delivery failure.
In their recent work to improve a successful packet delivery rate, they implemented a
point-to-point confirmation message to their GGPSR [156]. If the confirmation message
is not received within a specific time frame, the improved protocol will attempt to re-
transmit the packet to the same node. If the problem persists, the next closest neighbour
node to the destination node is selected for future forwarding. Based on the simulation
results, the delivery rate based on the confirmation message is improved compared to its
predecessor.

2.3.3 Discussion and Summary

Both long- and short-range wireless communications enable the remote monitoring and
control of streetlights from a centralised control site. For the reviewed literature, the ma-
jority of long-range wireless communications rely on the cellular network-based Internet.
However, a centralised system is subjected to single point failure [23] as its performance
depends upon the reliability of the long-range communication network. Moreover, such a
solution is unsuitable for places with limited access to a cellular network. This establishes
the need for a distributed and autonomous lighting control.

As shown in Table 2.5, IEEE 802.15.4 based standards have been widely adopted for
inter-streetlight communication. Their usage is mainly for disseminating management
commands, and forwarding the streetlight operation status back to the centralised site.
These operations are more tolerant to delay compared to relaying information on detected
road users. As presented in Section 2.2.2.2, this information is used to control the
streetlights in close proximity to detected road users [16,21,105], and claims to have up
to an 80% energy saving [103]. However, if this information is delayed, the streetlights
will respond more slowly than the road users’ movements. As a result, streetlights will
fail to operate as intended. Although IEEE 802.15.4 based WSNs were proposed for
relaying this information, as per the author’s best knowledge, the technical details and
performance of IEEE 802.15.4 for relaying traffic information for real-time street lighting
control is still unclear. One of the causes of this is the abstraction of the WSN operations
in street lighting control, and the assumption that the network can perform as required.
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2.4 Modelling and Simulating the Networked Street Light-
ing System

A model is a close representation of a physical system under study. During the mod-
elling process, the relevant components of a system are identified, and the operation
and interaction between the components are conceptualised. Simulation is the process
of executing a modelled system. The output of the simulation is used to evaluate the
operation strategies of the system, or to estimate the behaviour of the system that is
subject to variability. Thus, simulation is used before an existing system is altered or a
new system is developed [157].

Some of the proposed lighting controls have been tested via scaled-down hardware im-
plementation or in an on-road study [23, 42, 115, 130]. Nevertheless, they were limited
to a relatively small network (up to nine streetlights). This is perhaps because they
were expensive to run, or to ease experimental control during the studies. Simulation
allows for rapid evaluation and fine-tuning of networked streetlight systems, and thus it
is widely used in many lighting control systems as presented in Section 2.2. To allow a
holistic analysis of networked street lighting systems, tools are required that can model
and simulate: (a) communication network; (b) streetlight operation; and (c) road traffic.
This section gives an overview of simulation tools that have been/can be used for these
purposes.

2.4.1 Simulating Communication Network

Network simulator version 2 (ns-2) [158] which was developed by UC Berkeley has re-
ceived a lot of attention in communication network-related research as it supports a large
number of routing protocols, network traffic models and network types. It is a discrete
event simulator written in C++ and Object Tool command language (OTcl) as its sim-
ulation interface. Initially, ns-2 was used for simulating local and wide area networks.
In recent years, ns-2 also extended its support to wireless networks, mobile ad-hoc net-
works and sensor networks, making it one of the more popular tools for communication
network-related simulations. However, there is no clear boundary between the simulation
kernel and the models; thus performing a repeatable and meaningful simulation with ns-
2 requires advanced skills and a clear understanding of existing models. The first time
user might have a longer learning curve for ns-2 as there are only a few manuals that are
user-friendly. Additionally, the scalability of ns-2 is limited in terms of its memory usage
and simulation run-time. These limitations appear to be a problem especially in the
study of very large computer networks, such as WSNs, or peer-to-peer networks, which
potentially comprise hundreds of thousands of nodes.
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Network simulator version 3 (ns-3) was first released to the community in 2008 and
unlike ns-2, ns-3 abandons the use of OTcl, and the new simulator is implemented purely
for C++. Still, some parts of the simulation can be implemented using Python. ns-
3 adopts architectural concepts from GTNetS [159], a simulator with good scalability
characteristics, to improve its scalability compared to its predecessor [160]. Although,
ns-3 is considered as a replacement for ns-2, it is not an extension of its predecessor and
is not backward compatible. For this reason, the models previously implemented in ns-2
need to be manually ported to ns-3 [161].

Similar to ns, the Objective Modular Network Testbed (OMNeT++) [162] is another
open source, discrete event simulator based on C++. However, NEtwork Description
(NED) language is used to describe its network topology compared to OTcl used in ns-2.
OMNeT++ models are independent from their simulation kernel; thus the modules never
patch the kernel during the update. OMNeT++ component based architecture allows
more complex and larger composite components to be assembled from reusable simple
modules. The modules communicate by exchanging messages through gates, the input
and output interface of the modules. The major drawback of OMNeT++ is a lack of
many network protocol models compared to ns.

In recent years, several Java based simulators have been developed as an alternative
to highly popular simulators like ns and OMNeT++. Java based simulators are usually
platform independent but slower in simulation run-time. However, some literature shows
that Java based simulators can excel in certain simulation scenarios [160]. J-Sim [163]
(formerly known as JavaSim) is an open source, component based network simulation
tool. J-Sim shares similarities with ns-2 and OMNeT++ as it also uses a secondary
scripting language, i.e. Tcl/Java as its simulation interface. The components in J-Sim
communicate with one another by sending and receiving data via their ports, instead of
gates in OMNeT++, but the concept is similar.

Java in Simulation Time (JiST) is another Java based simulation tool proposed by Barr
et al. [164]. It focuses on efficiency and transparency by utilising one programming
language and runtime (ns-2, OMNeT++ and J-Sim are dual-language simulators). It is
usually used together with Scalable Wireless Ad Hoc Network Simulation (SWANS), a
simulator that is built on top of it. However, the official development of JiST has stalled.

2.4.2 Simulating the Road Users

Road traffic simulation is essential for enabling intelligent transportation system de-
velopment. There are a few road traffic simulators either commercially available or in
open-source format. An in-depth overview of these tools was reported by Boxill and Yu
[165]. Nevertheless, not all the road traffic simulators are designed for both traffic and
communication network related research. Recently, the concept of co-simulation, which
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integrates two simulation environments, was explored in order to gain advantages from
simulators in different domains. This section gives an overview of recent works that
enables coupling between road traffic and communication network simulators.

Simulation of Urban MObility (SUMO) [166] is an open-source traffic simulation package
developed by the German Aerospace Centre. Due to its microscopic feature, each vehicle
is modelled and simulated individually, which means to say that it is a suitable tool
for various vehicular-related research. Figure 2.12 shows the graphical user interface of
SUMO while simulating vehicular traffic at two cross roads. Vehicular communication
is one of SUMO’s most popular applications in Vehicular Ad Hoc Network (VANET)
research as its Traffic Control Interface (TraCI) provides for opportunities to couple
with other external network simulators. For example, Traffic and Network Simulation
Environment (TraNS) [167] is a tool used to couple SUMO with ns-2 to generate realistic
online or offline mobility traces for VANET related simulations. The mobility traces
generated by TraNS can also be used by JiST/SWANS [168]. A similar attempt is also
performed with OMNeT++ where Vehicles in Network Simulation (Veins) [169] was
developed. In order to improve the performance of network simulators, offline mobility
traces have also been considered in some research work. Tools like the Mobility Model
generator for Vehicular network (MOVE) [170] used SUMO for offline mobility traces
generation. However, offline mobility traces are only able to investigate the influence of
road traffic on network communication but not otherwise.

Figure 2.12: A screenshot of SUMO’s graphical user interface, simulating vehic-
ular traffic at two cross roads.

CARISMA [171] is a proprietary, time- and position-discrete based road traffic simulator,
but it is a simple simulator as it only supports a relatively small scenario, i.e. two lanes
per road, and all the roads have the same traffic capacity and priority. Despite this
weakness, it is able to compute vehicle routes during runtime, and has become the
simulator of choice for dynamic vehicle routing-related research. To allow coupling with
other network simulators, CARISMA has been updated to support transmission control
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protocol (TCP) connection and enabled coupling with ns-2 [172]. However, CARISMA
is no longer supported.

VISSIM [173] is a microscopic, behaviour-based discrete road traffic simulation software
package. As compared to SUMO, it is not available in an open-source format, and as a
commercial product it requires a licence to operate. Since access to the source code is
restricted, its functionalities can only be customised by adjusting certain parameters, and
through its programmable software interfaces, i.e. Component Object Model interface
and customisable dynamic link library, VISSIM can couple with other simulators, such
as ns-2, MATLAB, and QualNet [174–176].

2.4.3 Simulating Streetlight Operation

PeKing University STreet RAndom Waypoint for Lamp (PKU-STRAW-L) is a street-
light simulation platform designed to investigate the use of a vehicular ad-hoc network
(VANET) in streetlight control [177, 178]. This tool adopted JiST as its discrete event
simulation engine. The motivation to adopt JiST is that it provides an integrated,
configurable and flexible environment to evaluate VANET related research problems.
Figure 2.13 shows the architecture of the simulator. The Street Lamp App-Engine layer
is responsible for streetlight related settings, such as the location, power, and control
scheme. The Street Random Waypoint (STRAW) mobility model is used to generate
realistic vehicular traffic. However, STRAW requires the road network to be presented
in the Topologically Integrated Geographic Encoding and Referencing system (TIGER),
which is produced by the US Census Bureau. Because of this, the road network in the
TIGER dataset is limited to cities in the US, so Yang et al. [178] designed their own
road network in Peking University during their evaluations.

Popa and Marcu [179] used OMNeT++ to evaluate the energy savings of a pedestrian-
aware street lighting control. To enable their evaluations, two OMNeT++ modules
were created: (a) human, a simple module that represents a moving pedestrian; and (b)
device, a compound module that represents a control device on the streetlights. Due
to the simplistic evaluation criteria, a linear topology of ten streetlights, as illustrated
by Figure 2.14, was considered in their evaluations. In a real scenario, however, the
streetlight topology can be complicated, for example at road junctions or roundabouts.
Similarly, a simple pedestrian mobility model was assumed in the human module. This
module assumed that a pedestrian’s walking speed is limited to 1 m/s, and has their
positions updated every 14 seconds. The device module simulates the operation of a
microcontroller that controls the street lighting based on the sensory data collected by a
light sensor and a pedestrian sensor. Although these modules were developed to evaluate
the performance of a pedestrian-aware lighting control, they are meant for a simple,
small-scale scenario. Additionally, the developed modules only accounted for pedestrian
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Figure 2.13: Architecture of PKU-STRAW-L (reproduced from [178]).
JiST/SWANs is the core simulation engine of the tool. For streetlight related set-
tings, a dedicated engine layer was developed, namely Street Lamp App-Engine.
This engine is responsible for streetlight related settings, such as streetlight
topology, and control policy.

Figure 2.14: A linear topology consists of ten streetlights considered in [179].

traffic. In a real scenario, a residential road can consist of both pedestrian and motorised
traffic. Thus, a thorough evaluation might not be viable by using this tool.

Nefedov et al. [19] integrated MATLAB/Simulink with IEC 61499 Function Block (FB),
an open standard for distributed control and automation, to evaluate the performance
of a motorist-based lighting control. MATLAB/Simulink is responsible for cellular au-
tomata based traffic modelling, and vehicle sensing. At each simulation timestep, MAT-
LAB/Simulink relays the sensory data to the lighting control scheme implemented in
the IEC 61499 FB. The data exchange between these simulators is achieved by a user
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datagram protocol (UDP). They argued that the use of IEC 61499 FB can reduce deploy-
ment cost as the same implementation from FB can be deployed in hardware-in-the-loop
testing. Thus, this can avoid potential programming errors during model translation.
The proposed co-simulator is still in its infancy as the authors acknowledged that their
work needed to be extended to different road layouts and realistic traffic data for more
meaningful results. Moreover, the proposed co-simulator also lacks wireless communica-
tion modelling, which has become the trend for networked streetlight control (Section
2.3 details on this).

Pantoni and Brandão [156] used ns-2 to evaluate their confirmation-based Geocast rout-
ing algorithm which is intended for streetlight application. By using geodesic coordi-
nates, the streetlight locations were populated into their simulation scenarios, and used
to evaluate the performance of the proposed algorithm. As compared to other proposed
simulators [19, 177, 180], optimising streetlight energy consumption is not their research
focus. Thus, road traffic modelling was excluded in their simulations.

2.4.4 Discussion and Summary

There are an extensive range of simulation tools either in open-source format or com-
mercially available. However, there is neither a single nor all-purpose simulator tool that
fits all scenarios. Many simulators are rather proprietary for certain research interest
and they are built on top of other simulators, such as, ns-2 and OMNeT++. Compared
to commercial simulators, such as QualNet [181] and Opnet [182], open-source based
simulators are widely adopted in research communities as they allow a high degree of
customisation and rapid evaluation of the research ideas. However, some researchers
prefer to use in-house simulation tools due to specific requirements and assumptions of
their work [183].

Currently, to the best of the author’s knowledge, there are three simulators, namely,
PKU-STRAW-L [178], MATLAB/Simulink [19] and OMNeT++ [179], have been devel-
oped/extended specifically for simulating streetlight operations. Although these simula-
tors have been used to evaluate the energy efficiency of traffic-aware lighting controls,
the scalability of these simulators is limited to their intended simulation scenarios. Their
road traffic models are simple, and thus do not reflect actual traffic scenarios. This
leads to inconclusive results. Moreover, there is no mechanism to evaluate the impact of
dimmed lighting from the road user’s perspective. This establishes a need for a simulator
that allows a holistic analysis of a networked street lighting system.
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2.5 Research Gaps

Based on the literature reviewed in this chapter, there are many possibilities and po-
tentials to use dimming or decreasing the lighting levels of street lighting to conserve
energy. However, there are several limitations have been identified from the literature.
The following outlines some of the identified research gaps.

There is currently no street lighting scheme which operates autonomously and adaptively,
without sophisticated centralised solution whilst preserving road users’ need for street
lighting as demonstrated by conventional street lighting. Most of the energy-efficient
lighting schemes focus on energy conservation rather than the usefulness of the street
lighting. There is a large amount of disparate research about the perception and use of
street lighting, from the perspective of both the motorists and the pedestrians, but this
has not yet been brought together to assist the design and evaluation of street lighting
schemes.

Most of the existing street lighting schemes require centralised control and relied on
developed infrastructure such as mains power grid and cellular network. In many rural
or undeveloped areas, the coverage and the reliability of the cellular network is highly
variable and wired infrastructure for street lighting is not installed. Owing to these, there
is a need for a decentralised system that can achieve the same functionality as existing
street lighting schemes, without relying on fixed infrastructure.

Solar-powered streetlights have been considered for many rural or undeveloped areas.
However, to provide a reliable light source after dark, especially during the winter seasons,
larger solar panels and energy storage devices are needed. This has led to an oversized,
and thus an overpriced system. Although the existing lighting schemes have shown
significant energy savings on ‘grid-powered’ streetlights, the application of these schemes
is restricted as they have yet to consider that the energy harvested from solar varies due
to weather conditions.

In short, these research gaps lead to the research questions in Section 1.2.





Chapter 3

StreetlightSim: A Tool for
Evaluating Street Lighting schemes

In Chapter 2, state-of-the-art lighting controls were reported to improve the sustainability
of street lighting. This could be achieved by dimming or decreasing the lighting levels.
The lighting levels of streetlights were dimmed between 20 and 60%, and increased to
100% either in groups or zones, once predefined events were triggered. However, the
impact of such schemes from the perspective of road users has seldom been investigated.
Therefore, this chapter proposes the streetlight usefulness model, an evaluation metric
to assess the usefulness or practicality of street lighting from the perspective of motorists
and pedestrians.

In Section 2.4, simulation tools have been used to evaluate lighting control schemes in
terms of their energy savings [18, 19, 178] or network routing performance in streetlight
topologies [156]. This is because these tools permit rapid evaluation and fine-tuning of
the control schemes. However, to investigate the usefulness of lighting control schemes, a
simulation tool should allow the schemes to be assessed from the road users’ perspective.
To permit this investigation, StreetlightSim, a novel simulation environment developed
as part of this research is also being covered in this chapter. This is presented in Section
3.2. Together with the proposed streetlight usefulness model, the performance of existing
state-of-the-art lighting schemes is subsequently evaluated with StreetlightSim, and is
presented in Section 3.3.

3.1 Quantifying the Usefulness of Street Lighting

To minimise the energy consumption of streetlights, the most straightforward option
is to turn them off altogether. However, this is against the purpose of having street
lighting. Ideally, streetlights would only be turned on when they are useful. This section
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considers what constitutes useful street lighting, from both a motorist’s and a pedestrian’s
perspective. These stakeholders are considered to be the major beneficiaries of street
lighting. Subsequently, a model is proposed to quantify the usefulness of street lighting,
and is referred to as a streetlight usefulness model.

3.1.1 A Motorist’s Perspective

As discussed in Section 2.1.2, street lighting helps to extend and broaden motorists’ visual
range beyond that offered by vehicle headlamps. This allows them to detect potential
hazards in their direction of travel. Hazard detection is normally associated with the
proximity of the hazard to the vehicle in either time or in distance, in which appropriate
manoeuvres can be carried out to avoid a collision, and thus reduce the probability of
injury to oneself or other road users. This distance is reflected as the stopping distance
where a motorist must be able to stop their vehicle safely after a potential hazard is
detected [184].

Based on the literature discussed in Section 2.1.2, following axiom is derived:

Axiom 3.1. Motorists require a segment of the road in their travelling path to be illu-
minated for hazard detection. The lighting level within this segment is equally important
for this task.

Thus, streetlight usefulness for a motorist, Umot, at time t is modelled by:

Umot(t) = 100−1
∫ 100

0
γ(x, t)dx (3.1)

where γ(x, t) is the ratio of lighting level at x metres ahead of a motorist at time t to
the minimum required lighting level for the road (Section 2.1 details some of the lighting
levels used in various countries) which the motorist is travelling on.

This model assumes that:

(a) The length of the required lit road segment is 100 m [184], hence allowing
motorists to detect harzard and then bring their vehicle to a stop within the
distance. This distance is based on the fact that it covers most of the stopping
distance required in a residential road, as summarised in Table 2.2. In the UK,
residential roads typically have a speed limit of 30 mph (approximately 15 m/s
or 50 km/h).

(b) The lighting level within this road segment is equally important for detecting
hazard [185] and bring the vehicle to a stop. The lighting level is at the rec-
ommended level as specified by the adopted standards or guidelines (Table 2.1
summarises some of the standards or guidelines adopted by different countries).



Chapter 3 StreetlightSim: A Tool for Evaluating Street Lighting schemes 45

3.1.2 A Pedestrian’s Perspective

From the literature discussed in Section 2.1.3, effective street lighting should assist pedes-
trians in obstacle avoidance and navigation, identification of other pedestrians (facial
recognition), and make them feel safer [35, 36]. As intuition would suggest, obstacle
detection is improved as lighting levels increase [66, 67]. However, pedestrians begin to
avoid obstacles at a distance of between 6 to 7 m [72]. To allow pedestrians to have a
sense of security, streetlights should allow recognition of other road users at a distance of
4 m [35]. Nevertheless, studies show that they prefer to avoid collision with other road
users at a distance of around 8 to 9 m [72].

Based on the above observations, following axiom is derived:

Axiom 3.2. Pedestrians require a segment of the road in their walking direction to be
illuminated for obstacles avoidance, navigation and identification of other pedestrians.
The lighting level within this road segment is equally important for these tasks.

Thus, the streetlight usefulness for pedestrian obstacle detection, navigation and facial
recognition, Uped(avoid), is given by:

Uped(avoid) = 10−1
∫ 10

0
γ(x, t)dx (3.2)

where γ(x, t) is the ratio of lighting level at x metres ahead of a pedestrian at time t to
the minimum required lighting level for the road the pedestrian is travelling on.

This model assumes that:

(a) A pedestrian begins to detect obstacle, navigate and recognise other pedestrians
at a distance of 10 m [72].

(b) The lighting level within this 10 m segment of road is equally important for
these tasks [72], and is at the recommended levels as specified by the standards
or recommendations (Table 2.1 summarises some of the standards or guidelines
adopted by different countries).

In Section 2.1.3, studies have shown that subjects have a similar, and in some cases,
better sense of safety when the street lighting has a descending lighting distribution as
compared to conventional’s [38, 64]. In the descending distribution, streetlights at the
immediate surroundings of pedestrian is fully lit according to the adopted standards
and guidelines, and gradually dimmed for those that lie further away from them. For
conventional lighting distribution, all streetlights are lit at same lighting level as specified
by the adopted standards or recommendations.

Based on the above observations, following axiom is derived:
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Axiom 3.3. To allow pedestrians to have a good overview of their surrounding and feel
safe, they require a segment of road in front of and behind them to be illuminated. The
lighting level at the proximity of pedestrians carries more weight compared to those at a
distance.

Thus, the streetlight usefulness for pedestrian’s perceived safety, Uped(prospect) , is mod-
elled as below:

Uped(prospect)(t) = 300−1
∫ 150

−150
z(x, t)dx (3.3)

z(x, t) =

ε(x, t), ε(x, t) ≤ 1

1, ε(x, t) > 1
(3.4)

ε(x, t) =
γ(x, t)

1− 0.2
⌊
|x|
30

⌋ , −150 < x < 150 (3.5)

where x is the distance in metres from a pedestrian at time t, z(x, t) is the ratio of lighting
level at location x metres from a pedestrian at time t to the lighting level required at
the illumination zone where location x is located.

This model assumes that :

(a) Pedestrians feel safe when a 150 m road segment in front and behind them is lit
[38,64].

(b) These road segments are subdivided into five illumination zones, and each zone
covers a 30 m length of road [38,64]. A pedestrian prefers the nearest zone to them
to be lit at 100% of the recommended lighting levels specified by the standards or
recommendation, and gradually decreased by 20%, with respect to lighting level as
outlined by the adopted standards or guidelines, for each zone further away from
them [38] .

Over a period of time, a pedestrian will perform both obstacle detection and naviga-
tion/awareness. Hence, the overall streetlight usefulness for pedestrian, Uped, is given
by:

Uped(t) = αpedUped(avoid)(t) + (1− αped)Uped(prospect)(t) (3.6)

where αped is the weighting of the time spent by the pedestrian looking at the footpath.
In this thesis, αped = 0.45 is adopted. This is based on the findings of Davoudian and
Raynham [36], who found that pedestrians spend 40 – 50% of their time looking at the
footpath.

To investigate the energy efficiency and the usefulness of a lighting control scheme, a tool
that enables modelling and simulation of realistic traffic for both motorists and pedes-
trians, and streetlight operations is required. Importantly, this tool needs to facilitate
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the capturing of the lighting levels used by the streetlights within the simulated traffic’s
travelling path. Then, these lighting levels are evaluated by the proposed evaluation
metrics to quantify their usefulness from the perspective of different road users.

3.2 StreetlightSim: A Simulation Environment to evaluate
Networked and Adaptive Street Lighting

As presented in Section 2.4, there have been many proprietary simulation tools developed
to evaluate various aspects of lighting control schemes. For example, Yang et al. [178]
developed PKU-STRAW-L to investigate VANET controlled streetlight operation, while
Nefedov et al. [19] used a co-simulator, which comprised MATLAB and IEC 61499 FB, to
evaluate a distributed lighting control based on vehicle sensing. These tools were intended
to investigate the energy efficiency of lighting control schemes while operating under
different traffic flows. However, their traffic models were simple, and they acknowledged
that the models needed to be extended to different road layouts and realistic traffic data
for more meaningful results [19]. In fact, evaluating the control schemes in terms of their
usefulness is not their research focus.

This section reports on StreetlightSim, a novel co-simulator environment that integrates
street lighting control with the simulation of realistic traffic.

3.2.1 Overview of StreetlightSim

As illustrated in Figure 3.1, the main components of StreetlightSim are built within
OMNeT++ modules and Simulation of Urban MObility (SUMO 0.13.1), a road traffic
simulator that acts as a real-time mobility trace generator, obeying specified road traf-
fic patterns. StreetlightSim is adapted from the Vehicle in Network Simulation (Veins
2.0 RC2) framework [169], which provides a solid foundation for bidirectional coupling
between OMNeT++ and SUMO. Veins also facilitates the modelling and simulation
of individual vehicles, which offers a feasible platform to evaluate streetlight usefulness
from the perspective of each individual road user. In addition, OMNeT++ allows the
simulation of data processing and control algorithms, and communication networks –
supporting frameworks and models including MiXiM, INET and INETMANET [186].

The following subsections explain the operation of StreetlightSim’s components in Figure
3.1.
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Figure 3.1: Block diagram of StreetlightSim. SUMO generates realistic mobility
traces based on specified road traffic patterns. Then, OMNeT++ uses these
traces as input to the lighting control algorithms. The created lighting condition
is evaluated in terms of energy efficiency (energy model in Lamppost module)
and usefulness (proposed streetlight usefulness model in Road User module).

3.2.1.1 Bidirectional Coupling

As presented in Section 2.4.2, SUMO provides TraCI developed to enable coupling with
other simulators. TraCI is a client/server architecture-based interface providing an op-
portunity for real-time retrieval and manipulation of simulated objects, such as road
users, traffic lights and streetlights, via a Transmission Control Protocol (TCP) connec-
tion. An OMNeT++ module from Veins [169] is adopted in StreetlightSim to establish
a proxy TCP connection with TraCI. During simulation, TraCI forwards a series of com-
mands via the established TCP connection, at regular time intervals. Upon arrival at
SUMO, these commands are processed, and associated values are returned to the module
at the next simulation timestep. Although TraCI specifies many standard commands, the
most frequently used is to retrieve the real-time mobility trace generated by SUMO. The
StreetlightSim uses these mobility traces as a trigger to update the simulation scenario.

3.2.1.2 Road Traffic Profile

In the original Veins implementation, road traffic profile is not explicitly specified. In-
stead, it uses the standard SUMO configurations such as flow or route to define a spe-
cific road traffic distribution. In Veins, it is justifiable to use such an approach as it
was intended to investigate the influences of inter-vehicle communication on traffic flow.
However, in evaluating the usefulness of street lighting control schemes, StreetlightSim
requires a realistic road traffic distribution during streetlight operational hours.
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To introduce a reasonable approximation of a road traffic profile, StreetlightSim uses
the time-dependent traffic distribution ratio based on the statistics provided by Depart-
ment for Transport (DfT), UK [187]. For example, Figure 3.2 (a) shows the mean traffic
distribution ratio according to the days of week, and (b) shows the aggregated aver-
age weekday and weekend traffic ratios. These distribution ratios are multiplied by the
Annual Average Daily traffic Flow (AADF) and are used to inject simulated motorists
randomly as the simulation runs. AADF represents the daily average number of vehicles
passing a point in the road network, based on empirical data collected over a complete
year. Although AADF only accounts for vehicular traffic, pedestrians also utilise street-
lights – therefore, pedestrian traffic is also introduced into the simulation. AADF with
additional pedestrian traffic, Vcomb is given by Eq. 3.7, and is assumed to share the same
distribution exhibited by the vehicular traffic.

(a)

(b)

Figure 3.2: Vehicular traffic distribution ratio: (a) based on the days of week,
and (b) aggregated by weekend and weekday (adapted from [187]).
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Vcomb =
Vmot

1−∆ped
, 0 ≤ ∆ped < 1 (3.7)

where Vmot is the AADF for vehicular traffic (vehicles per day); and ∆ped is the pedestrian
traffic composition according to the city of interest (%).

Although both Vmot and Vcomb represent an average daily traffic flow, total traffic flow
is different according to the days of week [187]. To model this, the total number of road
users introduced during the simulation according to the days of week is given by:

Γ(θ) = αθVcomb (3.8)

where θ represents either daily, weekday, or weekend traffic, and αθ is the traffic weighting
factor of these days as summarised in Table 3.1.

Table 3.1: Traffic weighting factors according to different days of the week
(adapted from [187]).

Day of week, θ Traffic weighting, αθ

Monday 1.026
Tuesday 1.042

Wednesday 1.065
Thursday 1.091
Friday 1.134

Saturday 0.839
Sunday 0.803
Weekend 0.868
Weekday 1.132

Depending on the granularity of the traffic simulation, αθ can also be aggregated into
either weekday or weekend, as shown shaded in Table 3.1. In this thesis, αθ is based
on the ratio of average daily, or average weekday and weekend traffic volumes, Vθ, to
average weekly traffic volume, Vavg, as given by Eq. 3.9. In this thesis, both Vθ and Vavg
are derived based on traffic data provided by Department for Transport, UK [187].

αθ =
Vθ
Vavg

(3.9)

The total number of road users introduced during the simulated hour h for a day θ is
given by:

Γ(h, θ) = ωh,θΓ(θ) (3.10)

where ω is the ratio of average traffic volume at hour h of day θ to Vθ, as given by Figure
3.2.
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The specified number of road users during a simulated hour h is injected into SUMO
randomly. To inject a simulated pedestrian or motorist into SUMO through TraCI, each
of these road users needs to be associated with a correct path that specifies the route it
travels as the simulation runs. SUMO provides tools to generate these random paths, e.g.
randomTrip.py and duaItera.py. However, these paths are numerically identified and are
not explicitly for either pedestrians or motorists. Therefore, they are not ‘StreetlightSim-
ready’. In order to convert these random paths into a usable format, StreetlightSim
includes a tool to categorise these random paths either for pedestrians or motorists. The
step-by-step guide for this is available at StreetlightSim’s official website [188].

3.2.1.3 Lamppost

StreetlightSim is based on the MiXiM framework, making it possible to analyse the
usefulness of street lighting schemes together with different wireless communication net-
works. As the performance of these communication networks is spatially-sensitive, their
evaluation requires knowledge of real streetlight topologies. In StreetlightSim, the topol-
ogy is derived using OpenStreetMap (www.openstreetmap.org) and JOSM (josm. open-
streetmap.de). OpenStreetMap is a community-driven free, editable map of the world,
and JOSM is a map editor for OpenStreetMap. The data from OpenStreetMap is used
by StreetlightSim as the source map for the road network and random path generation.
While it provides comprehensive data on the road network, it does not include the loca-
tions of streetlights. In order to use the OpenStreetMap in StreetlightSim, the minimum
enhancement to the data is to identify the relative locations of streetlights within the
topology. Depending on the simulation scenario, additional pedestrian footpaths could
be added to the data to simulate pedestrian traffic as distinct from vehicular traffic.
These enhancements can be accomplished using JOSM.

In the recent LED streetlight manual [87], the streetlight beam pattern is presented in
a rectangular form or, more precisely, a bat-wing form. For StreetlightSim, however,
the streetlight beam pattern is assumed to be in a circular form. This is to avoid any
unnecessary bearing adjustment of a beam pattern at a bend or winding road during the
simulations, thus reducing the complexity of the simulation models. Figure 3.3 shows the
bearing adjustment of a rectangular beam pattern at a bend road compared to a circular
beam pattern. The distance between streetlights depend on various factors, such as local
regulations, population, traffic density, function of the road, and thus the size of the
circular beam pattern depends on the actual streetlight topology studied. Based on the
author’s observation using aerial photography, an inter-lamp post distance of about 20
to 30 m is quite common on residential roads.

In an actual environment, the streetlights are always planted on the pavement or road
edge, and use a tilted light arm, reflectors and refractors to project the necessary light
onto the road surfaces [189]. However, to reduce the complexity of the simulation models,
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(a) (b)

Figure 3.3: The beam patterns in (a) rectangular and (b) circular form at a
bend road. The rectangular beam patterns need to be aligned with the road,
but circular beam patterns are not required to do this.

the streetlights are positioned in the middle of a residential road but in their actual
geographical location. Figure 3.4 shows a snapshot of the actual geographical location of
a streetlight from an aerial photograph and its relative location during the simulations.

To evaluate the energy efficiency of street lighting schemes, the energy model shown
in Eq. 3.11 is assumed. This model assumes that the streetlight energy consumption
is directly proportional to its lighting level. For example, when the streetlight lighting
level is set to 80%, the streetlight energy consumption is also reduced to 80% based on
its maximum power rating, Pmax.

Figure 3.4: A snapshot of Java OpenStreetMap Editor (JOSM) showing the
actual geographical location (dashed red circle) of a streetlight and its relative
location during the simulations (solid red circle). The travelling paths for both
the simulated motorist and pedestrian traffic are presented by the white and
green solid lines respectively.
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Econs(n) =
nT∑

t=(n−1)T

Pmaxϕt (3.11)

where Econs(n) is the energy consumed by a streetlight after n discrete timesteps; ϕt is
the lighting level of the streetlight at timestep t (%); Pmax is the maximum power rating
of the light source (W); and T is the duration of a single timestep n.

3.2.1.4 Road User

In StreetlightSim, this module has two functions: (a) represents the simulated road users
in OMNeT++ which is characterised by the mobility traces generated by SUMO; and
(b) evaluates the usefulness or practicality of the street lighting schemes according to the
latest positions of the simulated road users. Depending on the granularity of the sim-
ulation timestep, real-time mobility traces of the simulated road users are continuously
returned by SUMO during simulation runs. OMNeT++ receives these mobility traces
and uses them to update the simulation scenario by adding new road users, updating
the existing road users to their latest position, or removing them from the simulation
scenario once they have reached the end of their route. At each simulation update, the
usefulness or practicality of the street lighting is measured using the proposed evaluation
metrics, as modelled by Eq. 3.1 and 3.6.

3.2.2 Model Validation

In order to verify that the described operations of StreetlightSim are accurately translated
into OMNeT++, a series of validations are performed. The following subsections describe
the validation results of the models described in Section 3.2.1.

3.2.2.1 Road Traffic Profile

To validate the traffic model in StreetlightSim, five different Vcomb values are used: 180,
438, 1347, 3508 and 6554 road users per day. These values represent the minimum, 1st
quartile, median, 3rd quartile and maximum Vmot values respectively of residential roads
in Southampton, UK. To model realistic traffic in Southampton, UK, 14% of the traffic
is assumed to be pedestrian during validations [188]. Figure 3.5 shows the sample results
of the mean traffic distribution generated by StreetlightSim after 20 runs, according to
a weekday and weekend traffic distribution ratio shown in Figure 3.2 (b). As shown, the
generated traffic distributions match the trends shown in Figure 3.2 (b).
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Figure 3.5: Simulation results showing the weekday and weekend traffic distri-
bution generated by StreetlightSim at Vcomb = 3508 road users per day.

Figure 3.6 (a) shows that there are obvious discrepancies between generated traffic
against the data from DfT when Vcomb = 180 road users per day is evaluated. These dis-
crepancies have added three additional road users (an additional 2% more to Vcomb = 180

road users per day) during the simulations. However, these discrepancies become trivial
when other Vcomb values are evaluated. These Vcomb values result in an additional 1%
road users during validations compared to specified Vcomb values. For example, Vcomb
= 1347 road users per day as shown in Figure 3.6 (b). One of the causes of this trend
is that a round number from Eq. 3.8 and 3.10 was adopted in StreetlightSim. This is
because it is more practical to represent a simulated road user as an integer rather than
a fraction during validations. Consequently, this has caused the discrepancies as shown
in Figure 3.6 (a), when lower Vcomb is validated. However, the use of the round number
has trivial effect on the composition of the simulated traffic. Figure 3.7 shows the mean
traffic composition of the simulated pedestrian traffic with different Vcomb values after 20
simulation runs. Based on the simulation results, the mean composition of the pedestrian
traffic is about 14% as intended, with standard deviation of less than 1%.

3.2.2.2 Energy Model

The energy model is validated using 112 streetlights operating according to three ar-
bitrary lighting schemes as summarised in Table 3.2. When streetlights are operating
according to lighting schemes 1, all the streetlights are always switched on with full
brightness, whereas the lighting level of scheme 2 is gradually reduced to zero percent.
The lighting scheme 3 is exactly the opposite of scheme 2 where its lighting level is
gradually increased from zero to 100%. During the validations, all the streetlights are
assumed to be equipped with a 25 W LED light lamp.

According to the results generated by StreetlightSim, the total energy consumption of
lighting schemes 1, 2 and 3 after a 16-hour lighting operation are 44.80 kWh, 20.44
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(a)

(b)

Figure 3.6: Traffic distribution ratio of simulated traffic against the data from
DfT, according to weekday traffic distribution shown in Figure 3.2 (b). There
are some discrepancies while generating the simulated traffic which result in an
additional 2% of road users during the simulations.
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Figure 3.7: Simulation results show the mean of the pedestrian traffic composi-
tion is about 14%, while the road traffic model is validated with different traffic
volumes. The error bars represent the standard deviations after 20 simulation
runs.

Table 3.2: Streetlight operations for energy model validation.

Lighting level of the streetlight, ϕ (%)

Duration (hour) Lighting scheme 1 Lighting scheme 2 Lighting scheme 3

3 100 100 0
2 100 90 10
2 100 60 20
1 100 50 40
1 100 40 50
1 100 20 60
2 100 10 90
4 100 0 100

kWh and 20.44 kWh respectively. These results are consistent with those numerically
computed using Eq. 3.11. Figure 3.8 shows the cumulative energy consumed by all the
streetlights while operating these schemes. The energy consumption of lighting scheme 1
is proportional to simulated hours, and reaches the maximum after 16 hours of operation.
The energy consumption of lighting scheme 2 remains unchanged after operating for 12
hours as the streetlights were switched off during the remaining operational hours. As
lighting scheme 2 is exactly the opposite of lighting scheme 3, the trends demonstrated
by both schemes are mirror of each other.

3.2.2.3 Streetlight Usefulness Model

Based on the streetlight usefulness model proposed in Section 3.1, a constantly lit road
of 100 m and 150 m is required to achieve the perfect (100%) streetlight usefulness for
both Umot and Uped. In the real environment, these constantly lit road distances are



Chapter 3 StreetlightSim: A Tool for Evaluating Street Lighting schemes 57

Figure 3.8: Simulation results showing cumulative energy consumed by 112
streetlights while operating lighting schemes summarised in Table 3.2. Total
energy consumption of lighting schemes 1, 2, and 3 after a 16-hour lighting
operation is 44.80 kWh, 20.44 kWh and 20.44 kWh respectively.

occasionally unavailable because of different road geometries and streetlight topologies.
To address these scenarios, StreetlightSim uses two virtual polygons to determine the
streetlights which their beam patterns are considered in a usefulness evaluation. In
Figure 3.9, these polygons are aligned to the travel direction of simulated road users
which representing their front and rear field of views (FoVs). Figure 3.9 shows the
scenario where a pedestrian (presented by the red dot) is walking towards a bearing of
north-northwest with four streetlights (s1 to s4) within the front FoV and one streetlight
(s5) within the rear FoV, assuming the distance from the pedestrian to s1 and s5 is
150 m and 40 m respectively. In this scenario, the evaluation distance of Uped(prospect)
at the rear of the pedestrian is trimmed to the distance between the pedestrian and
the beam pattern of s5. This is applied to any scenario when the beam pattern of the
furthest streetlight is less than the lengths required by the proposed usefulness model. If
a FoV covers no streetlight, the area covered by the FoV is omitted from the usefulness
evaluation. In the event of an intersection of beam patterns, for example between s3 and
s4, the beam pattern with the higher lighting level is always used in the evaluation. If
the lighting of these streetlights are at the levels as modelled by Eq. 3.1 and 3.6, and
their beam patterns are covering the entire road surface, then the pedestrian is assumed
to have experienced perfect (100%) usefulness at the current location.

Figure 3.10 shows the lighting scenario used to validate the proposed usefulness models.
There are eight streetlights operating at full illuminance while the rest are switched
off. A pedestrian and a motorist are initially positioned at x = 0, and usefulness of
the streetlights is evaluated as they travel from left to right. The streetlight usefulness
experienced by the road users is shown in Figure 3.11. Both the pedestrian and motorist
experience 100% usefulness as they travel. However, usefulness is gradually reduced to
zero as they approach the unlit segment of road on the right. This trend is consistent
with the lighting scenario illustrated in Figure 3.10.
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Figure 3.9: The distance between the beam patterns of streetlights s1 and s5 are
considered for usefulness evaluation. In this scenario, the pedestrian (represented
by the red dot) is assumed to have experienced the perfect (100%) streetlight
usefulness if lighting levels of s1 to s5 are adjusted according to the pedestrian
needs.

Figure 3.10: Lighting scenario used to validate the streetlight usefulness model.

3.3 Evaluating State-of-the-art Street Lighting Schemes

In this section, the state-of-the-art lighting schemes are evaluated in terms of their energy
efficiency and streetlight usefulness experienced by road users. The results presented in
this section serve as baseline results to the lighting scheme proposed in Chapter 4.

A streetlight network from a residential area located in Southampton, UK is adopted
in this evaluation. This network consists of 112 streetlights which are scattered along
approximately 3.5 km of residential roads. Figure 3.12 summarises the process flow for
using StreetlightSim in this evaluation, and step-by-step guides are included with the
downloadable version of StreetlightSim (www.streetlightsim.ecs.soton.ac.uk).

www.streetlightsim.ecs.soton.ac.uk
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(a)

(b)

Figure 3.11: Simulation results showing the streetlight usefulness from (a) a
pedestrian’s perspective, and (b) a motorist’s perspective while travelling right
from x = 0 under the lighting scenario shown in Figure 3.10.

3.3.1 Simulation Setup

This section presents the simulation scenario and various parameters used for evaluating
the state-of-the-art lighting schemes considered in this thesis.

3.3.1.1 Existing Lighting Schemes

A range of different approaches have been proposed to reduce the energy consumption
of street lighting, as outlined in Section 2.2. However, this section only evaluates and
compares the state-of-the-art schemes listed in Table 3.3. This is due to the fact that the
explicit details of some of the schemes were not available when this thesis was prepared.
The Conventional or ‘always-on’ lighting scheme is also included in this evaluation to
serve as a benchmark for the proposed usefulness model.

3.3.1.2 Streetlights

An actual streetlight topology located in a residential area was modelled for this evalua-
tion. The location of these streetlights was identified using an aerial photograph. Figure
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Figure 3.12: Process flow for using StreetlightSim to evaluate the state-of-the-art
lighting schemes considered in this thesis.

3.13 shows the topology of the streetlights (represented by dots) in a residential area
in Southampton, UK. For the purposes of evaluation, each streetlight is assumed to be
equipped with a 25 W LED lamp, the beam pattern of which covers a 30 m road segment.
The streetlights are assumed to start operating at sunset and finish at sunrise the next
day. Based on the observations on the aerial photograph, the distance between street-
lights varies, for example as a result of roundabouts and junctions. Thus, a near-perfect
streetlight usefulness is achieved, as shown in Figure 3.14 (a).

The energy consumption of the different lighting schemes is influenced by the duration
of their operation. This is dependent upon the geographical location, season, weather,
and local environment. Therefore, for clarity of evaluation, the simulation scenario limits
streetlight operational hours from 16:00 to 08:00 (16 hours). These operational hours
represent one of the longest street lighting durations required during the winter months
in the UK.

3.3.1.3 Road Traffic Profile

To approximate traffic flow on the residential roads shown in Figure 3.13, two traffic
profiles are considered. They are weekday and weekend traffic profiles as shown in Figure
3.2 (b). During the simulation, Vcomb values of 180, 438, 1347, 3508 and 6554 road users
per day are considered, of which 14% of this value corresponds to pedestrian traffic. These
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Table 3.3: Summary of evaluated street lighting schemes.

Lighting Scheme Operation

Conventional/always-on All the streetlights are switched on with 100% lighting level
during the simulations.

Part-night [15]
All the streetlights are switched on at 100% except from 00:00
to 05:30 where the streetlights are switched off completely to
conserve energy.

Philips Chronosense [98]
Similar to Conventional lighting scheme except from 22:00 until
05:00 when the lighting level of all the streetlights is reduced
to 65%.

Philips Dynadimmer [98]

Streetlights operate at 40% between 23:00 and 05:00, 55% from
05:00 to 06:00 and 65% from 20:00 to 23:00. This scheme as-
sumes that the lighting level of the streetlights is overrated,
thus streetlights are switched on at 90% lighting level for the
rest of the operational hours.

Multi-sensor [42,101]

Each streetlight is equipped with a multi-sensor array that is
capable of detecting road users who come into close proximity.
The streetlights are always switched on at 40%, and increase
to 70% and 100% if the distance between the streetlight and a
detected road user is 20 m and 10 m respectively.

Zoning [21]

This lighting scheme assumes that the pedestrians are tracked
via GPS- and Internet-enabled smartphones. The streetlights
within the user-defined radius are switched on at 100% and
those beyond the defined radius are switched off completely.
For comparison purposes, the radius of 150 m is considered dur-
ing the simulations. Motorists are not tracked by the scheme,
but gain some consequential benefit from lighting intended for
pedestrians.

Figure 3.13: The locations of the streetlights (dots) and road network (shaded
lines) considered during the simulation. This streetlight topology consists of
112 streetlights scattered within 3.4 km of residential roads (the base map was
adapted from Google Maps).
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Vcomb values represent the minimum, 1st quartile, median, 3rd quartile and maximum
AADF values for residential roads in Southampton, UK, respectively [190]. The mobility
of a simulated road user is governed by a total of 100 random routes. The mobility speed
of these road users varies according to on route traffic conditions, but is limited to a
maximum 1.9 m/s for pedestrians [191] and 30 mph for motorists (the speed limit on
residential roads in the UK).

3.3.2 Simulation Results

This section presents and discusses the performance of the considered lighting schemes
after ten simulation runs.

3.3.2.1 Streetlight Usefulness Experienced by Road Users

Figure 3.14 (a) shows the interquartile ranges (IQRs) of mean streetlight usefulness ex-
perienced by each simulated road user, while streetlights are operating the Conventional
lighting scheme. Although, this scheme always switches on the streetlights at 100% light-
ing level, a near-perfect streetlight usefulness (> 90%) is demonstrated. This trend is
also demonstrated by all the schemes evaluated in Figure 3.15 and 3.16. This result,
however, is expected as some of the road segments between two adjacent streetlights are
larger than the area streetlight beam pattern (30 m) can cover. Because of this there are
small sections of unlit road that have prevented a perfect streetlight usefulness (100%)
from being achieved. In general, the streetlight usefulness experienced by the simulated
motorists is higher than that experienced by the simulated pedestrians. This is due
to StreetlightSim’s placement of streetlights at the centre of roads, and their circular
beam pattern. Therefore, the simulated pedestrians encounter larger unlit road sections
compared to the simulated motorists.

In Table 3.3, Part-night, Philips Chronosense and Dynadimmer adjust the lighting levels
of the streetlights according to predefined timetables. Thus, they are considered as time-
based lighting schemes, and, as a result of this, streetlight usefulness experienced by
the simulated road users also fluctuates according to their predefined timetable. Figure
3.14 (b) shows the streetlight usefulness of Part-night lighting scheme. As shown in the
figure, this scheme has a similar level of usefulness to Conventional lighting schemes,
except between 00:00 and 05:30. However, this is expected as Part-night lighting scheme
is scheduled to switch off the streetlights completely during these periods.

Figure 3.15 (a) shows the streetlight usefulness experienced by simulated road users while
streetlights are operating Philip Chronosense. This scheme allows lighting levels to be
reduced to a predefined value at a predefined time. In this thesis, the lighting level of the
streetlights is reduced to 65% between 22:00 and 05:00 (a typical setting of Chronosense
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(a)

(b)

Figure 3.14: The IQRs of mean streetlight usefulness experienced by simulated
road users, while streetlights are operating: (a) Conventional, and (b) Part-night
lighting schemes. The error bars represent the minimum and the maximum mean
usefulness experienced by road users. Due to placement of the streetlights at
the centre of roads, and their circular beam pattern implemented in Streetlight-
Sim, the usefulness experienced by the simulated motorists is higher than those
experienced by the simulated pedestrians.

[98]). Correspondingly, streetlight usefulness during these hours is also reduced to 68
– 72% and 60 – 65% for the simulated motorists and pedestrians respectively. For the
remaining hours, this scheme offers a similar level of usefulness to the Conventional
lighting scheme. Compared to Chronosense, Dynadimmer allows multiple predefined
lighting levels as summarised in Table 3.3. As shown in Figure 3.15 (b), the usefulness
experienced by the simulated pedestrians and motorists varies according to five different
operational periods. As the maximum lighting level of the scheme is at 90%, none
of the simulated road users are able to experience streetlight usefulness above 90% as
demonstrated by other evaluated schemes.

Figure 3.16 (a) shows the streetlight usefulness of Zoning lighting scheme. For pedestrian
traffic, Zoning has a similar performance to that demonstrated by the Conventional
lighting scheme. However, the streetlight usefulness experienced by motorists is severely
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(a)

(b)

Figure 3.15: The IQRs of mean streetlight usefulness experienced by simulated
road users while streetlights are operating: (a) Philips Chronosense, and (b)
Philips Dynadimmer. The error bars represent the minimum and the maximum
mean usefulness experienced by road users.
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(a)

(b)

Figure 3.16: The IQRs of mean streetlight usefulness experienced by simulated
road users, while streetlights are operating traffic-aware lighting schemes: (a)
Multi-Sensor, and (b) Zoning. The error bars represent the minimum and the
maximum mean usefulness experienced by road users.

impacted. This is expected as it is not designed for these users. Figure 3.16 (b) shows the
usefulness of Multi-sensor lighting. For Multi-sensor, all streetlights are always at 40%
lighting level, and this is increased to 70% and 100% when a road user is 20 m and 10 m
away from the streetlight, respectively. Thus, this scheme is unable to create the lighting
conditions that satisfy both the requirements of the pedestrian and the motorist, and
has a reduced usefulness when it is compared to the Conventional lighting scheme. The
increased traffic volumes between 16:00 – 20:00 and 06:00 – 08:00 cause the streetlights
to constantly switch on at higher lighting levels, and hence higher usefulness can be
observed at these times.
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3.3.2.2 Energy Consumption

Figure 3.17 shows the mean total energy consumption of 112 streetlights in one week for
different traffic volumes while operating the lighting schemes summarised in Table 3.3.
Since time-based lighting schemes, i.e. Conventional, Chronosense, Part-night and Dy-
nadimmer, are not dependent on traffic flow, their energy consumption remains constant
when evaluated with different traffic flow. As expected, Conventional is the least energy
efficient amongst the lighting schemes evaluated. This is expected, since the streetlights
are always switched on at 100% lighting level. Chronosense, Part-night and Dynadimmer
reduce lighting levels at specific hours, hence reducing energy consumption by 15%, 34%
and 37% respectively, compared to Conventional.

Figure 3.17: Mean weekly energy consumption of 112 streetlights while operating
various street lighting schemes from 16:00 to 08:00 the next day. The error bars
represent the maximum and the minimum energy consumption.

In general, the energy consumption of streetlights while operating traffic-aware lighting
schemes, i.e. Multi-sensor and Zoning, increases with larger traffic volumes. This trend,
however, is anticipated since these schemes are designed to save energy by switching off
or dimming the lights when less traffic is presented. As a result of increasing traffic
volumes, a near-continuous stream of traffic is developed within the detection range
of each sensor. Hence, the time each streetlight spends active is also prolonged, and
thus energy consumption is also increased. The effect of increasing traffic volumes on
Multi-sensor lighting scheme, however, is less pronounced compared to Zoning. This
is because the streetlights operating Multi-sensor are constantly switched on at 40%
lighting level even when road users are not detected. Compared to the Conventional
lighting scheme, Multi-sensor reduces energy consumption by 55 – 60%, where energy
consumption increases with larger traffic volumes.
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Amongst all the evaluated lighting schemes, Zoning consumes the least energy for all
the scenarios considered. Compared to the Conventional lighting scheme, the energy
consumption of Zoning is 1 – 8% of the energy required by Conventional, where energy
consumption increases with larger traffic volumes. However, its energy is expended for
only a small proportion of road users, i.e. pedestrians (14%). As shown in Figure 3.16
(a), streetlight usefulness experienced by motorists is lower and fluctuates significantly
compared to pedestrians’ with Zoning lighting scheme. This is because this scheme was
originally designed to address the needs of pedestrians. Because of this, Zoning fails to
provide comparable streetlight usefulness to the motorist as that demonstrated by other
lighting schemes.

3.3.3 Limitation

There are several limitations that are worth noting when using StreetlightSim to evaluate
the considered lighting schemes. As shown in Figure 3.2, the available traffic profiles are
distributed by the hour; however, details on how traffic is distributed within an hour
is unavailable. Because of this, StreetlightSim randomly injects simulated traffic as
simulation runs. This, however, possibly reflects an actual traffic scenario. While the
energy consumption of traffic-aware lighting schemes, i.e. Multi-sensor and Zoning, is
traffic dependent, the reported results in Section 3.3.2 are limited to traffic profiles in
the UK, although these evaluations are repeatable by replacing the traffic profiles with
other places of interest.

3.4 Summary

This chapter proposed a streetlight usefulness model: an evaluation metric to measure
the usefulness or practicality of street lighting from the perspective of a motorist and
a pedestrian. This model was adopted and translated into StreetlightSim, a simulation
environment developed as part of this research. This tool integrates the modelling and
simulation of traffic, traffic sensing and streetlight operation. It has been used to evaluate
the performance of lighting schemes summarised in Table 3.3. All the lighting schemes
have been evaluated with 112 streetlights, which operate from 16:00 to 08:00 the next day,
together with different traffic profiles and volumes. The performance of the Conventional
or ‘always-on’ lighting scheme is also included in this chapter as the benchmark for the
rest of the evaluated lighting schemes.

Based on the simulation results, Conventional lighting scheme consumes the most en-
ergy. In return, this scheme offers a near-perfect streetlight usefulness (> 90%) to both
simulated motorists and pedestrians during its operational hours. The energy consump-
tion of time-based lighting schemes, i.e. Part-night, Philips Chronosense, and Philips
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Dynadimmer, varies across their operational hours. The time-based lighting schemes re-
duce lighting levels of the streetlights between late evening and early morning to conserve
energy when low traffic is expected during these hours. Consequently, this also reduces
the usefulness of the lighting schemes during these hours. Traffic-aware lighting schemes
have better energy efficiency compared to time-based lighting schemes as lighting levels
of the streetlights are increased to 100% once a road user is detected in close proxim-
ity. Although traffic-aware lighting schemes outperformed time-based lighting schemes
in terms of energy efficiency, their lighting control has yet to consider different lighting
needs from the perspective of road users. An example of this is Zoning, a pedestrian-
aware lighting scheme that has the lowest energy consumption amongst all the evaluated
schemes. Although its energy consumption is the lowest, it has failed to provide equiva-
lent streetlight usefulness demonstrated by the Conventional lighting scheme, especially
for motorists. Similarly, due to lack of information sharing and collaboration between
streetlights, Multi-sensor also is incapable of maintaining the same level of streetlight
usefulness as demonstrated by the Conventional lighting scheme.

In the next chapter, the proposed streetlight usefulness model is considered in the de-
sign of a distributed traffic-aware lighting scheme, known as TALiSMaN. This scheme
aims to preserve or improve the streetlight usefulness of existing lighting schemes while
maintaining a reasonable energy use.



Chapter 4

TALiSMaN: A Traffic-Aware
Lighting Scheme

From Chapter 2, many street lighting schemes have considered the use of information and
communication technologies to allow the precise and adaptive control of street lighting
to conserve energy. Importantly, many of these existing works were primarily aimed
at reducing energy consumption, with very little consideration given to the associated
impact of such schemes on the usefulness of the streetlights. In Chapter 3, the usefulness
and the energy consumption of these schemes have been evaluated. Simulation results
showed that some of the evaluated schemes have significantly reduced the energy use
of street lighting. For example, the Part-night lighting scheme, which is widely used
by local government in the UK [14] can reduce energy consumption by 34% compared
to the Conventional or ‘always-on’ scheme. Nevertheless, the usefulness of the Part-
night scheme drops to zero when it switches off the lights. Thus, to have an effective
(fulfilling the need of road users) and efficient (low energy demand) street lighting scheme
can be considered as an optimisation problem where the scheme needs to maximise the
usefulness of having street lighting while minimising its energy consumption.

This chapter proposes TALiSMaN, a distributedTraffic-Aware Lighting SchemeManage-
mentNetwork. The aim of this scheme is to fulfil the need of road users for street lighting
by creating lighting conditions that achieve similar streetlight usefulness as offered by
Conventional or ‘always-on’ lighting scheme. Although TALiSMaN aims to maintain
similar level of streetlight usefulness as offered by Conventional lighting scheme, it is ex-
pected to have relatively lower energy demand compared to lighting schemes evaluated
in Chapter 3. In Section 2.1, road users require a section of road to be lit and streetlights
operate at variable lighting levels, thus TALiSMaN is expected to have reasonable energy
demand as compared to lighting schemes evaluated in Chapter 3. This scheme presents
a number of novel contributions over state-of-the-art lighting methods:

69
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• TALiSMaN tailors its operation to different road users. This is based on the street-
light usefulness models presented in Section 3.1.

• Instead of requiring a centralised remote controller, TALiSMaN has been designed
to operate autonomously over a short-range mesh network.

This chapter is structured as follows: Section 4.1 introduces the concept of TALiSMaN,
and is followed by its operation and implementation over WSNs in Section 4.2. The
proposed scheme is evaluated by simulating real streetlight topology from a residential
area in Southampton, UK, and considers a range of different Vcomb values. Section 4.3
presents the performance of the proposed lighting scheme in terms of streetlight usefulness
achieved and energy consumed.

4.1 Concept of TALiSMaN

Based on the streetlight usefulness models proposed in Chapter 3, two observations can
be reached: (1) the lengths of the required lit road segments are finite, i.e. 100 m
and 150 m for motorists and pedestrians respectively; and (2) within these required lit
road segments, pedestrians and motorists require different lighting conditions. TALiS-
MaN exploits these properties by progressively adjusting the lighting level of streetlights
according to different road users’ needs, and thus improves their energy efficiency by
minimising their energy use. TALiSMaN detects road users and shares the information
with nearby streetlights. Upon receiving the information, they cooperate to create op-
timum lighting conditions that meet the road users’ needs, and avoid illuminating the
road at higher levels as this simply wastes energy.

TALiSMaN considers the streetlight usefulness models proposed in Chapter 3, and the
need for street lighting is translated into a relationship between a streetlight’s proximity
to the road user and the desired lighting level. This is summarised in Table 4.1. Instead
of relying on a remote centralised control centre for managing streetlight operation, an
autonomous WSN is adopted to implement TALiSMaN. Each streetlight incorporates
a wireless sensor node with a short-range wireless communication module. This allows
streetlights to form a multi-hop WSN with neighbouring streetlights to exchange infor-
mation. The network is time-synchronised, and each streetlight is pre-programmed with
its own location information and unique identification, which is shared with others during
network setup.

The streetlights are equipped with a light controller and a road-user sensor [42,101]. The
light controller modulates the lamp output to switch the streetlight on, off, or adjust its
illuminance. To allow a near-instant response to continually changing illuminance re-
quests, it is assumed that each streetlight uses a dimmable light-emitting diode (LED)
lamp. The beam pattern of the lamp covers a limited area of a single road segment.
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Table 4.1: The relationship between road users’ distance and streetlight lighting
levels.

Road User Type Distance from streetlight, d Lighting level

Pedestrian 0 ≤ d < 30 100 %
30 ≤ d < 60 80%
60 ≤ d < 90 60%
90 ≤ d < 120 40%
120 ≤ d ≤ 150 20%

d > 150 0%

Motorist 0 ≤ d ≤ 100 100 %
d > 100 0%

Although this sensor-based method provides less accuracy in detecting a road user’s po-
sition than a GPS-based system [21], it does not require road users to be instrumented
with dedicated smartphone apps or other hardware. Nevertheless, this method can pro-
vide substantial energy savings, as demonstrated in Section 4.3.2

In short, TALiSMaN is an alternative lighting scheme that creates adjusted lit road
sections to satisfy different road users’ needs for street lighting. This can be achieved by
the collaboration of a group of networked streetlights. However, it is not the intention of
this scheme to propose a new method of selecting appropriate lighting levels for streets
as presented in existing standards or recommendations. Thus, it is assumed that lighting
levels are predetermined according to adopted standards or recommendations, before this
scheme is implemented.

4.2 Operation and Implementation of TALiSMaN using Au-
tonomous Networked Sensors

As established in Chapter 2, there is an increasing interest in networking streetlights
using a wireless communication network. Thus, this section presents the operation and
the implementation of TALiSMaN from the perspective of WSNs.

4.2.1 System Operation

In order to enable the progressive control of streetlight lighting level, based on either
presence detected by local sensors or information relayed by neighbouring streetlights,
four different operational states are defined in TALiSMaN: ‘Lamp on by sensor’, ‘Lamp
on by neighbour’, ‘Lamp on by delay’ and ‘Lamp off’. Within these operation states,
‘Lamp off’ and ‘Lamp on by sensor’ are shared between neighbouring streetlights via an
on-board wireless communication module. Figure 4.1 shows the state machine of these
operation states during streetlight operational hours.
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Figure 4.1: TALiSMaN operation state machine during streetlight operational
hours.

When TALiSMaN shifts to ‘Lamp on by delay’, the state delay counter is reset and
activated (Section 4.2.3 details on this). The operation state will remain here until the
state delay counter expires or a road user is detected by a local road-user sensor. When
the state delay counter expires, the received neighbours’ operation states are evaluated,
and the operation state shifts to ‘Lamp on by neighbour’ only if the neighbours are on.
At this state, the streetlight remains switched on and its lighting level is adjusted to
deliver the required lighting conditions (Section 4.2.2 details on this). The streetlight
is switched off if none of the local or neighbouring road-user sensors have detected the
presence of any road user. While the operation state is ‘Lamp on by neighbour’ or
‘Lamp off’, the operation states from neighbouring nodes are evaluated as each packet
is received.

4.2.2 Adjusting the Lighting Level

For TALiSMaN, the lighting level of streetlights is adjusted for energy conservation while
maintaining the optimum usefulness of having street lighting. However, creating a lit road
segment that satisfies different road users’ needs requires coordination between several
streetlights. This is due to the assumption that a road-user sensor has a limited detection
range and the coverage from the streetlight beam pattern is finite. The coordination
between streetlights is facilitated by sharing road users’ presence information with other
streetlights within the required lit road segments. By sharing this information, the
relative distance to the road user can be approximated using the Euclidean distance
to the streetlight that detects the road user. When the precise location of a road user
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is unknown, the receiving streetlights assume that the detected road users are at the
‘best-case’ distance from them. This approximate relative distance, daprox, assumes
that the road user, from the perspective of the receiving streetlight, is always located at
the nearest edge of the sensor range, as illustrated in Figure 4.2 and 4.3.

The following sections detail the modulation of the streetlight lighting level upon detec-
tion of a pedestrian and a motorist.

4.2.2.1 Modulation of Lighting Level Based On Detected Pedestrians

Figure 4.2 shows the development of the required lighting condition after a pedestrian is
detected by a road-user sensor at streetlight s2. After the presence of the pedestrian is
shared amongst the streetlights s1 to s8, the lighting level of the respective streetlight,
ϕped is progressively modulated according to the following algorithm:

1: if operation state is ‘Lamp off’ then
2: ϕped = 0

3: end if
4: if operation state is ‘Lamp on by sensor’ or ‘by neighbour’ then
5: ϕped = 1− 0.2 Zped(daprox)

6: end if
7: if if operation state is ‘Lamp on by delay’ then
8: current ϕped remains
9: end if

where ϕped is the required lighting level of the streetlight based on the approximate rela-
tive distance to the detected pedestrian, daprox (m); and Zped determines the illumination
zone of the streetlight according to daprox.

In Section 3.1, five different illumination zones were considered for pedestrians, and the
required lighting level of each zone sequentially reduced by 20%, with respect to the
lighting level specified by the adopted standards and guidelines for the road. To allow
streetlights in each zone to operate at these lighting levels, ϕped is sequentially reduced by
a factor of 0.2 per zone. Since each illumination zone is 30 m in length and a pedestrian
prefers a lit road segment of 150 m before and after them, Zped has a maximum value of
five. The illumination zone of a streetlight, Zped with respect to daprox is given by:

Zped(daprox) =


0,

⌊
daprox
30

⌋
= 0⌊

daprox
30

⌋
− 1, 0 <

⌊
daprox
30

⌋
≤ 5

5,
⌊
daprox
30

⌋
> 5

(4.1)



74 Chapter 4 TALiSMaN: A Traffic-Aware Lighting Scheme

Figure 4.2: A lit road segment developed by streetlight s1 to s12 based on the ap-
proximate relative distance, daprox, to the detected pedestrian. As daprox(s5, s6)
and daprox(s6, s7) are less than 30 m, streetlights s5, s6 and s7 are switched on
at full brightness (100%). Assuming the streetlight beam pattern can cover a
30 m of road segment, these streetlights creates a 30 m and a 60 m of illumi-
nation zone behind and in front of the pedestrian respectively. For streetlights
s2 – s4, and s8 – s11, their lighting levels are sequentially reduced by factor 0.2
with respect to the level of the streetlight that detects the pedestrian. Since
daprox(s6, s12) > 150 m, streetlight s12 is completely switched off.

daprox =

0, drad ≥ ddet
ddet − drad, drad < ddet

(4.2)

where ddet is the Euclidean distance to the nearest streetlight that detects the pedestrian
(m); and drad is the maximum detection range of the road-user sensor (m).

4.2.2.2 Modulation of Lighting Level Based On Detected Motorists

As the difficulty in detecting potential hazards increases with darker lighting conditions
[185], the streetlight lighting level required by a motorist, ϕmot is always at 100% for a
road segment 100 m ahead of them. Since road-user sensors are assumed to be unable to
detect the direction that the detected motorist is travelling in, both road segments be-
fore and after the motorist are lit. Figure 4.3 illustrates the development of the required
lighting condition upon detection of a motorist by a road-user sensor at streetlight s1.
After the presence of the motorist is shared between streetlights s1 to s5, their lighting
level is modulated according to the following algorithm:

1: if operation state is ‘Lamp off’ then
2: ϕmot = 0

3: end if
4: if operation state is ‘Lamp on by sensor’ or ‘by neighbour’ then
5: ϕmot = 1− Zmot(daprox)
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6: end if
7: if if operation state is ‘Lamp on by delay’ then
8: current ϕmot remains
9: end if

where Zmot is the function that determines whether a streetlight is within the required
road segment that is needed to be lit. Zmot is given by:

Zmot(daprox) =

0,
⌊
daprox
davg

⌋
≤

⌊
100
davg

⌋
1,

⌊
daprox
davg

⌋
>

⌊
100
davg

⌋ (4.3)

where daprox is the approximate relative distance to the detected motorist (m) as given
by Eq. 4.2; and davg is the average distance to the next adjacent streetlight (assumed to
be 30 m).

Figure 4.3: A lit road segment created by streetlight s1 to s8 while operating
TALiSMaN. This lighting condition is created based on the approximate relative
distance, daprox, to the detected motorist. For streetlights s1 to s7, their daprox to
s4 is less than 100 m, thus they are switched on at full brightness (100%); whereas
daprox(s4, s8) is more than 100 m, thus streetlight s8 is completely switched off.

4.2.2.3 Combined Pedestrian-Motorist Light Level Modulation

Whenever pedestrians and motorists are detected simultaneously, the lighting level of the
streetlight is set to max(ϕped, ϕmot). This is to ensure that an optimum lit environment
can be provided both to pedestrians and motorists.
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4.2.3 Accommodating the Void Region

Void regions result from gaps in sensor coverage between streetlights. When road users
travel into them, they can potentially cause unnecessary adjustment of the lighting levels.
To reduce the impact of void regions, a state delay counter is adopted to prolong the
TALiSMaN operation state at ‘Lamp on by delay’ until the road user is believed to have
left the void region and has entered the sensing range of the next streetlight. This feature
also mitigates the latency of the communication network, which is particularly relevant
when neighbouring sensor nodes detect the presence of road users simultaneously and
compete for the communication channel to disseminate the information.

In this thesis, the expiration time of the state delay counter, texp, is given by:

texp =
dadj − 2drad

v
, dadj ≥ drad (4.4)

where dadj is the distance to the furthest adjacent streetlight (m); drad is the detection
range of the sensor node (m), and it is assumed to be 13 m [101]; and v is the expected
slowest travelling speed of a particular road user (m/s).

Considering that only the presence of road users is known, the road user’s slowest trav-
elling speed is used to compute texp. The slowest travelling speed of a motorist on
residential roads is assumed to be 4.5 m/s (10 mph). For pedestrians, 0.73 m/s is as-
sumed to be the slowest walking speed after considering the 5th percentile of pedestrian
walking speed distribution (mean walking speed is 1.34 m/s and standard deviation is
0.37 m/s) [191]. If both motorists and pedestrians are detected at any one moment, the
pedestrian’s slowest walking speed is always used to compute texp.

4.3 Evaluating the Performance of TALiSMaN

This section evaluates the performance of TALiSMaN from two metrics: (a) streetlight
usefulness experienced by road users, as previously presented in Section 3.1; and (b)
energy consumed by the streetlights while operating this scheme; the energy model pre-
viously presented in Eq. 3.11 is used for this.

4.3.1 Simulation Setup

To evaluate the performance of TALiSMaN, the scheme is translated and implemented
into StreetlightSim. For clarity of the simulation, the simulation scenario and parameters
previously used in Section 3.3.1 are also adopted in this chapter. Since TALiSMaN uses
WSNs to relay and exchange information, a detailed setup of WSN is presented here.
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4.3.1.1 Wireless Sensor Node

As presented in Section 4.2, the lighting level of streetlights is individually controlled
by a wireless sensor node, based on the presence of road users. To enable the effective
detection of road users, these nodes are assumed to be equipped with a multi-sensor
array. Details of the sensor array, however, are outside the scope of this research. The
sensing range and sample rate vary considerably between technologies [101]. For the
purposes of evaluation, Table 4.2 summarises the parameters that are adopted in this
evaluation.

Table 4.2: Sensor parameters and values.

Parameter Value

Sensing range 13 m [101]
Sensor sampling rate 20 Hz

Information on detected road users is time-sensitive, so it has to be relayed to neigh-
bouring sensor nodes with minimal delay. If this information is relayed too late, the
performance of TALiSMaN will be reduced, because streetlights will respond less quickly
to road users’ movements, reducing streetlight usefulness and/or increasing energy con-
sumption. To address this need, all the sensor nodes are assumed to operate using an
IEEE 802.15.4 non-beacon enabled mode and adopt carrier sense multiple access with
collision avoidance (CSMA-CA) as their media access control layer protocol [140]. While
operating in this mode, sensor nodes are always active and ready to relay any informa-
tion as required. Table 4.3 summarises the communication parameters adopted during
the simulations. Since the focus of this work is on the energy efficiency of street lighting
schemes and their respective streetlight usefulness, the simple path loss radio propaga-
tion model from the MiXiM framework was used in this work. To account for random
variation in the channel, log-normal shadowing is also applied.

Table 4.3: IEEE 802.15.4 parameters and their values.

Parameter Value

Bit rate 250 kbps
Radio propagation model1 Simple path loss model with log-normal shadowing effect
Minimum bit error rate 1x10−8

Radio transmission power2 -3 dBm

1. An alpha value of 2.5, and a standard deviation of 6 with mean attenuation of 0
are used for the simple path loss and log-normal models respectively [192].

2. Based on the IEEE 802.15.4 model provided by the MiXiM framework [192], a
transmission power of -3 dBm allows all the streetlights to communicate with
their adjacent neighbours with a 99.9% successful packet delivery rate.



78 Chapter 4 TALiSMaN: A Traffic-Aware Lighting Scheme

4.3.1.2 Routing Protocol

During simulations, the necessary information for TALiSMaN’s operation is communi-
cated using a 19–byte packet: 4 bytes for the packet source and destination address, 1
byte for the message type coding, message versioning, command coding, command data
length and data, 4 bytes for the packet timestamp, and 2 bytes for the packet checksum.
Given that the travel direction of the detected road users is not available to TALiSMaN,
and to allow sensor nodes to create the lighting conditions that offer optimum streetlight
usefulness collaboratively, information on detected road users is relayed to any sensor
node within a 150 m radius of the source node. However, this requires a routing protocol
to govern real-time end-to-end information propagation to all the streetlights within 150
m radius. As discussed in Section 4.3.1.1, the information on the detected road users is
delay-sensitive and will be of limited use if the information is delay. Thus, retransmission
or guaranteed delivery of this information is not the focus of this protocol, but it should
allow propagation of the information to all the sensor nodes within the confined distance
with minimum delay.

As discussed in Section 2.3.2.2, there is a number of routing protocols that could be
adopted for disseminating necessary information for TALiSMaN’s operation within the
networked streetlights. However, the performance evaluation of these protocols for TAL-
iSMaN operation is not the focus of this thesis. Therefore, packet flooding is adopted
in our simulations due to its simplicity. Nevertheless, uncontrolled flooding can lead to
unnecessary network congestion and increased delays, which would consequently affect
the performance of TALiSMaN. Therefore, the packet flooding is refined by discarding
packets once they have reached a distance of 150 m from the source node. During sim-
ulations, propagation errors and packet collision are introduced which cause packets to
be dropped (see Köpke et al. [193] for details about radio propagation errors and packet
collision).

To administrate end-to-end network packet propagation, the refined packet flooding pro-
tocol decides if a received packet is further forwarded to other streetlights depending
solely on three forwarding conditions given by:

1: receive a packet from a node
2: if (C1 and C2 and C3) = true then
3: insert the packet in to forwarded list, and then forward the packet
4: else
5: discard the packet
6: end if

where
Condition C1 is true for a received packet if distance to source node is less than 150 m,
which is half of the lit road segment (150 m before and after) required by pedestrians;
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Condition C2 is true for a received packet if it is not found in the forwarded list; and

Condition C3 is true if a packet’s lifetime is less than 2 s. This duration was chosen
based on the assumption that the permitted maximum travelling speed of a vehicle on
residential roads is 30 mph (∼13 m/s) and the streetlights are 30 m apart.

To prevent the WSN from generating and forwarding redundant information, streetlights
only propagate their operational state when a road user is detected. After detection,
nodes continually report their operational state to neighbouring streetlights at a rate of
2 Hz, while the road user continues to be within its sensing range. 2 Hz was chosen based
on the simulation scenario considered, i.e. a 30 m average distance between two adjacent
streetlights and a residential road with a speed limit of 30 mph, therefore allowing each
passing road user to be detected at least twice.

Due to the routing protocol adopted and the high network congestion that results (packet
loss of between 23 – 29% was experienced during simulations, see Appendix B), nodes
are programmed to continue to generate packets for an additional period of time at a rate
of 2 Hz, if a streetlight is entering ‘Lamp off’ state. This extra mechanism increases the
probability of streetlights receiving the latest operational state from other streetlights,
which consequently switch off their light if no road user is detected.

To determine the most appropriate of this additional packet generation time, the same
streetlight topology as shown in Figure 3.13 is evaluated with additional packet genera-
tion time of 1 s, 5 s, 10 s, 15 s, 20 s, 30 s, 40 s, 50 s, and 60 s. As the traffic during 17:00
– 18:00 is the busiest during the streetlight operational hours considered in this thesis,
the additional generation time that allows streetlights to consume the less energy within
this hour is adopted. Figure 4.4 shows the mean energy consumption of 112 streetlights
after ten simulation runs when evaluated with 1000 road users (14% of them pedestrians)
over an hour of lighting operation (17:00 - 18:00). The results show that generating and
forwarding the ‘Lamp off’ state for an extra 15 s yields the lowest energy consumption
compared to other durations considered. Thus, in this thesis, the nodes are programmed
to continue to generate packet of an additional 15 s at a rate of 2 Hz.

4.3.2 Simulation Results

In this section, the performance of TALiSMaN is presented in terms of the streetlight
usefulness experienced by simulated pedestrians and motorists, and the total energy
consumed by 112 streetlights over a week (5 days for weekday traffic and 2 days for
weekend traffic).
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Figure 4.4: Effect of different additional packet generation times of ‘Lamp Off’
state on the energy consumption of 112 streetlights. The error bars represent
the maximum and the minimum mean energy consumption of the streetlights.

4.3.2.1 Streetlight Usefulness Experienced by Road Users

To illustrate the behaviour of TALiSMaN, Figure 4.5 shows the lighting conditions of a
road segment at different times as a result of a simulated pedestrian travelling towards
streetlight s12. At t = 2, the presence of the pedestrian is detected by streetlight s8
and this information is shared between neighbouring streetlights, i.e. s3 to s12. Upon
receiving the information, the lighting levels of these streetlights are adjusted to create
the lighting conditions needed by the pedestrian. As the pedestrian travels towards
streetlight s12, these optimum lighting conditions are shifted to the right along with the
presence detected by streetlight s9 to s12. Under such lighting conditions, TALiSMaN
offers near-perfect streetlight usefulness to the pedestrian.

Figure 4.5: The dynamics of lit road segments (from top view) when a pedestrian
is travelling from left to right.
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Figure 4.6 shows the power output of a streetlight while operating TALiSMaN. During
early operational hours, the power output of the streetlight is consistently 25 W. This
trend is due to the near-continuous stream of road traffic during these ‘rush hours’ pre-
venting streetlights from switching off. The same trend can be observed as it approaches
the morning rush hour. The streetlight is mostly switched off between midnight and
early morning as road traffic is lower compared to other operational hours. Although
the streetlight is mostly switched off during these hours, TALiSMaN still retains the
near-perfect usefulness of lighting to its users, as shown in Figure 4.7.

Figure 4.7 (a) shows the distribution of mean streetlight usefulness experienced by each
simulated road user from 16:00 to 08:00 the next day, when streetlights are operating
the TALiSMaN lighting scheme. For comparison, the distribution of average streetlight
usefulness while streetlights operating conventional, which serves as the benchmark re-
sult for streetlight usefulness, and Zoning, which consumes the least energy to operate

Figure 4.6: Power output modulation of a streetlight (25W) during operational
hours from 16:00 until 08:00 the next day when TALiSMaN is evaluated with
Vcomb = 3508 road users per day.
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(a) TALiSMaN

(b) Conventional

(c) Zoning

Figure 4.7: The IQRs of mean streetlight usefulness experienced by simulated
road users, while streetlights are operating (a) TALiSMaN, (b) Conventional
and (c) Zoning schemes during different operational hours.
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amongst the lighting schemes evaluated in Chapter 3, are also included here. With TAL-
iSMaN, it can be seen that all simulated road users experience at least 90% streetlight
usefulness during these hours. This result is consistent whilst streetlights are operat-
ing the Conventional (or ‘always-on’) lighting scheme, as shown in Figure 4.7 (b). As
discussed in Section 3.3.2.1, this near-perfect streetlight usefulness (> 90%) is due to
streetlight topology, streetlight beam pattern and placement of streetlights implemented
in StreetlightSim. Compared to the performance of the other two traffic-aware schemes,
i.e. Multi-sensor and Zoning, as shown in Figure 3.16, both schemes have failed to de-
liver comparable streetlight usefulness as demonstrated by the Conventional scheme. In
fact, the experienced streetlight usefulness widely fluctuates at times due to their design
considerations. This is also demonstrated by time-based lighting schemes where the use-
fulness is reduced at certain operational hours, because of reduced streetlight lighting
levels. In short, TALiSMaN is capable of improving streetlight usefulness of existing
schemes, and maintaining it at a similar level as demonstrated by the Conventional
scheme.

4.3.2.2 Energy Consumption

To evaluate the energy demand of various street lighting schemes, the energy model
shown in Eq. 3.11 is used. This model assumes that streetlight energy consumption
is directly proportional to its lighting levels, e.g. when the streetlight lighting level is
reduced to 80%, streetlight energy consumption is also reduced to 80% based on its
maximum power rating.

With Shapiro-Wilk normality test, some of the simulation results appear to be not nor-
mally distributed (Appendix C details the normality test to some of the simulation data
generated). Thus, instead of using t-test which requires data to be normally distributed,
Mann-Whitney U -test is used in this section to evaluate the statistical significant of
traffic volume, pedestrian-motorist ratio, and motorist’s travelling speed to energy con-
sumption of the traffic-aware lighting schemes, i.e. Multi-sensor, Zoning and TALiSMaN.

A) Effect of Different Traffic Volumes

Figure 4.8 shows the total energy consumption of 112 streetlights in a week according to
different Vcomb values (14% of the traffic is pedestrian) while operating TALiSMaN light-
ing schemes. For comparison, the energy consumption of Conventional, which serves as
a benchmark for streetlight usefulness, and two traffic-aware schemes, i.e. Multi-Sensor
and Zoning which were previously presented in Chapter 3, are also included.

Table 4.4 shows the U -test results on different traffic volume pairs to Multi-sensor, Zoning
and TALiSMaN lighting schemes. The U -test results indicate that the increasing traffic
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volume has statistically significant effect (p < 0.05) to energy consumption of traffic-
aware lighting schemes. However, the magnitude of such effect to Multi-sensor is less
as compared to TALiSMaN and Zoning. As shown in Figure 4.8, Multi-sensor lighting
scheme consumes ∼14% more energy as traffic volume increases from 180 to 6554 road
users per day, while energy consumption of Zoning and TALiSMaN increase more than
13 and 10 times respectively, under same traffic volume increment.

Table 4.4: Significance (2-tailed) p-value of U -test on different traffic volume
pairs for Multi-sensor, Zoning and TALiSMaN lighting schemes.

Lighting scheme Tested pair (road users per day) p-value

Multi-sensor 180 vs. 438 <0.05
438 vs. 1347 <0.05
1347 vs. 3508 <0.05
3508 vs 6554 <0.05

Zoning 180 vs. 438 <0.05
438 vs. 1347 <0.05
1347 vs. 3508 <0.05
3508 vs 6554 <0.05

TALiSMaN 180 vs. 438 <0.05
438 vs. 1347 <0.05
1347 vs. 3508 <0.05
3508 vs 6554 <0.05

Figure 4.8: Mean weekly energy consumption of 112 streetlights while operating
various street lighting schemes from 16:00 to 08:00 the next day. The error bars
represent the maximum and the minimum energy consumption over ten repeated
simulations.



Chapter 4 TALiSMaN: A Traffic-Aware Lighting Scheme 85

TALiSMaN requires almost three times more energy on average compared to Zoning.
This result is justifiable because TALiSMaN aims to provide the lighting conditions that
fulfil different road users’ needs for street lighting. In fact, as shown in Figure 3.16 (b),
only pedestrians (14% of the total simulated traffic) experienced near-perfect streetlight
usefulness from the energy consumed by Zoning, whereas motorists gained little benefit
from the lighting intended for pedestrians. While Zoning may have application to areas
with pedestrian-only traffic, for example some commercial areas and parks, it is clearly
not applicable to those that have a mix of pedestrians and motorists. Furthermore,
while Zoning requires pedestrians to carry GPS-enabled smartphones, TALiSMaN pro-
vides reasonable energy savings without any such demands. Therefore, the adoption of
TALiSMaN in residential areas is more viable when compared to Zoning because traffic in
such places normally comprises both pedestrians and motorists. Therefore, disregarding
Zoning, TALiSMaN can be seen to consume between 2 – 55% (depending on Vcomb value)
of the energy required by Multi-Sensor, the best-performing state-of-the-art technique.
Furthermore, compared to the Conventional lighting scheme, TALiSMaN only consumes
1 – 2% of the energy.

TALiSMaN exchanges information between streetlights via a wireless communication
network, thus it requires additional infrastructure, i.e. wireless sensor motes, compared
to Conventional or ‘always-on’ lighting scheme. With a TelosB wireless sensor mote
which costs ∼ £65 [194], this additional infrastructure investment can be absorbed within
five years with the energy saved by operating TALiSMaN. This is based on TALiSMaN
consumes 1 – 2 % of the energy required by Conventional lighting scheme, and the 2013
electricity price for non-domestic in the UK (10 pences per KWh) [75]. However, in near
future, this initial investment is expected to be less significant due to the advance in
single-board computing hardware, such as Raspberry Pi Zero which costs USD 5 [195],
has driven down the cost of computing hardware.

To evaluate the worst-case energy overhead of using wireless sensor mote, each streetlight
has an IEEE 802.15.4 transceiver which is active for up to 16 hours per day, and consumes
100 mW for both data transmission and reception [196]. This represents an overhead of
1.25 kWh per week for 112 streetlights (or 1.6 Wh per day per streetlight) while operating
these schemes. However, this overhead is 2 – 3% of the 40 – 65 kWh per week of energy
saved by TALiSMaN compared with the Multi-sensor lighting scheme.

B) Effect of Different Pedestrian-Motorist Ratios

To investigate the effect of pedestrian-motorist ratios on traffic-aware lighting schemes,
i.e. Multi-sensor, Zoning and TALiSMaN, ∆ped values of 0%, 30%, 50% and 70% are
considered in this evaluation. The ∆ped value of 14% is also included as it represents
the pedestrian-motorist ratio of Southampton, UK, and is the default value used in this



86 Chapter 4 TALiSMaN: A Traffic-Aware Lighting Scheme

thesis. With a desktop computer equipped with Intel Core i7-2600, 16 GB of main mem-
ory, and 64-bit Windows 8, StreetlightSim requires approximately 140 to 180 minutes to
simulate an hour streetlight operations (17:00 – 18:00) while validating TALiSMaN with
Vcomb = 6554 road users per day and considered ∆ped values. Due to the extensive simu-
lation time required, traffic between 17:00 – 18:00 and 02:00 – 03:00 of a weekday traffic
profile are presented here. As shown in Figure 3.2, these hours represent the highest and
the lowest traffic ratio in the UK. Although the simulations are limited to these hours,
the results can be extrapolated to demonstrate the upper bound of the energy required
by these schemes. Each of the scenarios is evaluated 30 times, and the results are shown
in Figure 4.9 and 4.10, respectively.

Table 4.5 and 4.6 show the U -test results on the different pedestrian-motorist ratio
pairs to Multi-sensor, Zoning and TALiSMaN lighting schemes during 17:00 – 18:00 and
02:00 – 03:00, respectively. These results suggest that an increasing pedestrian-motorist
ratio has statistically significant effect (p < 0.05) to energy consumption of traffic-aware
lighting schemes. This applies to all the pedestrian-motorist ratios, traffic volumes and
streetlight operational hours considered, excepts for Multi-sensor and TALiSMaN when
traffic volume is at 180 and 438 road users per day, and traffic is less busy, i.e. between
02:00 and 03:00. This is consistent with the energy consumption trend shown in Figure
4.9 and 4.10 as an increasing pedestrian-motorist ratio causes more energy use to all the
traffic-aware lighting schemes considered. As a result of increasing pedestrian-motorist
ratio and traffic volume, more pedestrian traffic is introduced during the simulations.
As the pedestrian’s walking speed is relatively slower (maximum speed at 1.9 m/s [191])
compared to a motorist’s travelling speed (limited to 30 mph), the time each streetlight
spends active is also prolonged, and thus energy consumption is also increased. However,
the effect of an increasing pedestrian-motorist ratio on Multi-sensor is less pronounced,
compared to the Zoning and TALiSMaN lighting schemes. This is due to the fact that
streetlights operating Multi-sensor are only switched on to 100% when a pedestrian is
within 10 m from the streetlights, whereas Zoning and TALiSMaN require streetlights
within a 150 m radius from a detected pedestrian to be lit. Owing to this, Zoning and
TALiSMaN require more streetlights to be switched on at higher lighting levels compared
to Multi-sensor. In fact, as shown in Figure 4.9 (e), both schemes consume more energy
compared to Multi-sensor, and approach the Conventional’s (2.8 kWh) when larger ∆ped

and Vcomb values are evaluated. This trend suggests that Zoning and TALiSMaN can
cause streetlights to be consistently switched on at times or places dominated by high
∆ped and Vcomb values.

Another trend worth noting is that, for TALiSMaN, the effect of ∆ped values to energy
consumption is directly proportional when evaluated with lower Vcomb values, i.e. 180
and 438 road users per day. This effect, however, soon becomes saturated at ∆ped value
of 50%, and this is more noticeable when Vcomb values of 3508 and 6554 road users per
day are evaluated. One of the causes of this trend is that the majority of streetlights
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(a) 180 road users per day (b) 438 road users per day

(c) 1347 road users per day (d) 3508 road users per day

(e) 6554 road users per day

Figure 4.9: Energy consumed by 112 streetlights with different pedestrian-
motorist ratios between 17:00 and 18:00 while operating different traffic-aware
lighting schemes. The error bars represent the maximum and the minimum
energy consumed by the schemes after 30 simulation runs. The dashed line
represents the energy consumption of the Conventional (or ‘always-on’) lighting
scheme.



88 Chapter 4 TALiSMaN: A Traffic-Aware Lighting Scheme

(a) 180 road users per day (b) 438 road users per day

(c) 1347 road users per day (d) 3508 road users per day

(e) 6554 road users per day

Figure 4.10: Energy consumed by 112 streetlights with different pedestrian-
motorist ratios between 02:00 and 03:00 while operating different traffic-aware
lighting schemes. The error bars represent the maximum and the minimum
energy consumed by the schemes after 30 simulation runs. The dashed line
represents the energy consumption of the Conventional (or ‘always-on’) lighting
scheme.
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Table 4.5: Significance (2-tailed) p-value of U -test on different pedestrian-
motorist ratio pairs during streetlight operational hour between 17:00 – 18:00.

Traffic volume (road users per day)

Lighting scheme Tested pair 180 438 1347 3508 6554
Multi-sensor 0% vs. 14% <0.05 <0.05 <0.05 <0.05 <0.05

14% vs. 30% <0.05 <0.05 <0.05 <0.05 <0.05
30% vs. 50% <0.05 <0.05 <0.05 <0.05 <0.05
50% vs. 70% <0.05 <0.05 <0.05 <0.05 <0.05

Zoning 0% vs. 14% <0.05 <0.05 <0.05 <0.05 <0.05
14% vs. 30% <0.05 <0.05 <0.05 <0.05 <0.05
30% vs. 50% <0.05 <0.05 <0.05 <0.05 <0.05
50% vs. 70% <0.05 <0.05 <0.05 <0.05 <0.05

TALiSMaN 0% vs. 14% <0.05 <0.05 <0.05 <0.05 <0.05
14% vs. 30% <0.05 <0.05 <0.05 <0.05 <0.05
30% vs. 50% <0.05 <0.05 <0.05 <0.05 <0.05
50% vs. 70% <0.05 <0.05 <0.05 <0.05 0.32

Table 4.6: Significance (2-tailed) p-value of U -test on different pedestrian-
motorist ratio pairs during streetlight operational hour between 02:00 – 03:00.

Traffic volume (road users per day)

Lighting scheme Tested pair 180 438 1347 3508 6554
Multi-sensor 0% vs. 14% 0.30 <0.05 <0.05 <0.05 <0.05

14% vs. 30% 0.55 0.34 <0.05 <0.05 <0.05
30% vs. 50% 0.22 <0.05 <0.05 <0.05 <0.05
50% vs. 70% 0.62 0.53 <0.05 <0.05 <0.05

Zoning 0% vs. 14% <0.05 <0.05 <0.05 <0.05 <0.05
14% vs. 30% 0.18 <0.05 <0.05 <0.05 <0.05
30% vs. 50% 0.09 0.46 <0.05 <0.05 <0.05
50% vs. 70% 0.72 0.06 <0.05 <0.05 <0.05

TALiSMaN 0% vs. 14% 0.30 0.12 <0.05 <0.05 <0.05
14% vs. 30% 0.74 0.16 <0.05 <0.05 <0.05
30% vs. 50% 0.82 0.11 0.07 <0.05 <0.05
50% vs. 70% 0.72 0.11 0.06 <0.05 <0.05

have already been switched on for motorists, and thus an increasing ∆ped value has little
effect on TALiSMaN’s energy consumption, especially with higher Vcomb values. Since
Zoning operates according to detected pedestrian traffic, there is no obvious saturation
point for the evaluated ∆ped and Vcomb values, as demonstrated by TALiSMaN.

Although, in some scenarios, TALiSMaN and Zoning consume more energy than the
Multi-Sensor lighting scheme, as shown in Figure 4.9 (c) – (e), the overall energy con-
sumption of Zoning and TALiSMaN is expected to be relatively lower compared to
Multi-sensor. This is because during non-rush hours, for example between 02:00 and
03:00 as shown in Figure 4.10, streetlights are mostly inactive while operating Zoning
or TALiSMaN lighting schemes. Based on a survey, up to 30% of a road user’s journey
is accomplished by walking [197]. However, this data is based on the journeys which
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constitute the major/longest part of the whole journey which is likely to happen during
the daytime – out of streetlight operational hours.

C) Effect of Different Motorist Travelling Speeds

In this section, the effect of various motorist speeds on the energy consumption of Multi-
sensor and TALiSMaN is investigated. Since the Zoning lighting scheme only considers
pedestrian traffic, it is not included in this evaluation. During the simulations, the simu-
lated traffic is comprised of 14% pedestrians, and the rest is motorist traffic which travels
at speeds of 10 mph (∼5 m/s), 20 mph (∼9 m/s), 30 mph (∼13 m/s) and 40 mph (∼18
m/s).

Based on U -test result, as shown in Table 4.7 and 4.8, an increasing motorist travelling
speed has statistically significant effect (p < 0.05) to energy consumption of all the traffic-
aware lighting scheme considered. This applies to all the travelling speeds and streetlight
operational hours considered. However, there are some exceptions, especially at lower
traffic volumes when motorists travel at and above 20 mph, and traffic is less busy.
This results are expected as the duration of the streetlights to stay active is relatively
shorter when the road is clear and motorists travel in high speed. Although U -test shows
that an increasing travelling speed has statistically significant effect in reducing energy
consumption to Multi-sensor, the magnitude of the effect is less compared to TALiSMaN.
Whilst this scheme is evaluated, its energy consumption is virtually unchanged with all
the travelling speeds and Vcomb values considered. This is shown in Figure 4.11 and 4.12.
This result is expected as the streetlights are always switched on with 40% lighting level,
and only increased to 100% lighting level once motorists are in proximity (10 m from the
streetlight). However, this happens within a relatively short distance compared to 100
m in TALiSMaN.

Travelling speeds have an observable effect on TALiSMaN’s energy consumption. Based
on the simulation results, energy consumption is decreased by a rate of between 44
and 148 kWh per hour with every speed increment of 10 mph. This trend is expected

Table 4.7: Significance (2-tailed) p-value of U -test on different motorist speed
pairs during streetlight operational hour between 17:00 – 18:00.

Traffic volume (road users per day)

Lighting scheme Tested pair 180 438 1347 3508 6554
Multi-sensor 10 mph vs. 20 mph <0.05 <0.05 <0.05 <0.05 <0.05

20 mph vs. 30 mph <0.05 <0.05 <0.05 <0.05 <0.05
30 mph vs. 40 mph 0.13 <0.05 <0.05 <0.05 <0.05

TALiSMaN 10 mph vs. 20 mph <0.05 <0.05 <0.05 <0.05 <0.05
20 mph vs. 30 mph 0.07 <0.05 <0.05 <0.05 <0.05
30 mph vs. 40 mph 0.12 <0.05 <0.05 0.11 0.13
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Table 4.8: Significance (2-tailed) p-value of U -test on different motorist speed
pairs during streetlight operational hour between 02:00 – 03:00.

Traffic volume (road users per day)

Lighting scheme Tested pair 180 438 1347 3508 6554
Multi-sensor 10 mph vs. 20 mph <0.05 <0.05 <0.05 <0.05 <0.05

20 mph vs. 30 mph 0.05 0.05 0.05 <0.05 <0.05
30 mph vs. 40 mph 0.26 0.15 0.39 0.13 <0.05

TALiSMaN 10 mph vs. 20 mph <0.05 <0.05 <0.05 <0.05 <0.05
20 mph vs. 30 mph <0.05 0.30 0.58 <0.05 <0.05
30 mph vs. 40 mph 0.82 0.31 0.06 <0.05 0.87

as the time streetlights remain lit is shortened when motorists increase their travelling
speed. However, the reduction rates vary according to streetlight operational hours. For
example, between 02:00 and 03:00 as shown in Figure 4.12, the energy reduction rates
decline to between 3 and 70 kWh per hour.

D) Effect of Different Operational Durations

Figure 4.13 shows the weekly energy consumption of various lighting schemes accord-
ing to seasonal change in different months of the year when evaluated with Vcomb = 6554

road users per day. The operational hours of the streetlights are based on average sun-
set and sunrise times in Southampton, UK [198]. As the energy consumption of the
streetlights is partially influenced by the duration of streetlight operational hours, all
the lighting schemes exhibit a trend with the summer months having the lowest energy
consumption over a year, reaching their peak during winter months. The length of day-
time (i.e. when the streetlights are not switched on) is typically longer in summer months
than winter months, hence shortening the required operational hours of the streetlights.
In addition, as shown in Figure 3.2, road traffic during these hours is also expected to
be lower. Because of this, energy consumption during these months is significantly lower
compared to other months. Although energy consumption is reduced during the summer
months, traffic-aware lighting schemes still outperform time-based lighting schemes.

4.4 Summary

This chapter proposed a distributed Traffic-Aware Lighting Scheme Management Net-
work (TALiSMaN) to create lighting conditions that maximise the usefulness of street
lighting, and improve the energy efficiency of streetlights by minimising their energy use.
TALiSMaN uses a short range mesh network to relay and exchange information about
detected road users. Based on this information, several networked streetlights collaborate
to create lighting conditions that meet different road users’ needs for street lighting. TAL-
iSMaN has been evaluated with 112 streetlights together with different traffic profiles,
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(a) 180 road users per day (b) 438 road users per day

(c) 1347 road users per day (d) 3508 road users per day

(e) 6554 road users per day

Figure 4.11: Energy consumed by 112 streetlights with different motorist speeds
between 17:00 and 18:00 while operating Multi-sensor and TALiSMaN light-
ing schemes. The error bars represent the maximum and the minimum energy
consumed by the schemes after 30 simulation runs.
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(a) 180 road users per day (b) 438 road users per day

(c) 1347 road users per day (d) 3508 road users per day

(e) 6554 road users per day

Figure 4.12: Energy consumed by 112 streetlights with different motorist speeds
between 17:00 and 18:00 while operating Multi-sensor and TALiSMaN light-
ing schemes. The error bars represent the maximum and the minimum energy
consumed by the schemes after 30 simulation runs.
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Figure 4.13: Weekly energy consumption of 112 streetlights for different months
of the year. The error bars represent the maximum and the minimum energy
consumption for Multi-sensor, Zoning, and TALiSMaN lighting schemes over 10
repeated simulations with Vcomb = 6554 vehicles per day.

traffic volumes, operational durations, pedestrian-motorist ratios and motorist travel-
ling speeds. Its performance has been evaluated and compared with other traffic-aware
lighting schemes, i.e. Zoning and Multi-sensor.

Overall, streetlights operating TALiSMaN have a lower energy consumption than many
evaluated lighting schemes, while offering comparable streetlight usefulness to Conven-
tional (or ‘always-on’) lighting. TALiSMaN achieves this by adjusting the lighting levels
within required lit road segments and switched off those beyond these segments. Com-
pared to Conventional lighting scheme, TALiSMaN requires extra infrastructure, i.e.
wireless sensor network, to allow streetlights to collaborate and then create the required
lighting conditions. Although, TALiSMaN requires extra infrastructure to operate, the
cost for this infrastructure can be absorbed within 5 years with the energy saved by
operating streetlights with TALiSMaN. Furthermore, the return of this extra infrastruc-
ture is expected to be faster as TALiSMaN can offer better energy savings compared
to Philips Chronosense, Dynadimmer, and Multi-sensor lighting schemes of which also
require extra infrastructure to operate.

In certain circumstances, TALiSMaN may require more energy consumption compared
to other traffic-aware lighting schemes. However, this occurs during the busiest hour of
weekday traffic (17:00 – 18:00), especially when larger traffic volumes and pedestrian-
motorist ratios are considered. As the traffic profile varies according to the time of
day, for example between late evening and earlier morning when low traffic is expected,
streetlights operating TALiSMaN are mostly inactive during these times. Therefore, its
energy consumption is relatively lower compared to the Multi-sensor and other time-
based lighting schemes. While the Zoning lighting scheme has a relatively lower energy
consumption, it typically cannot offer comparable streetlight usefulness as demonstrated
by the Conventional lighting scheme. Zoning can maintain near-perfect streetlight use-
fulness to pedestrian traffic, but motorists gain little benefit from this scheme. Thus,
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disregarding Zoning, TALiSMaN provides an energy saving of 45 – 98% (depending on
traffic volume) compared to the lighting schemes considered in Chapter 3. In short, al-
though TALiSMaN is not necessarily the optimal lighting scheme, it is a relatively good
solution compared to state-of-the-art.

In the next chapter, TALiSMaN is extended to energy-management for ‘off-grid’ street-
lights; these have become popular in areas where access to the power grid is restricted.





Chapter 5

Energy-Neutral Lighting with
Predictive and Adaptive Behaviour

In Chapter 4, a distributed adaptive street lighting scheme, TALiSMaN, was proposed.
This scheme used sensor nodes mounted on streetlights to detect road users passing
by. It switched on the streetlights to create the lighting conditions that deliver near-
perfect usefulness to road users, whilst still conserving substantial energy. Based on
simulation results, this scheme was able to maintain a comparable or improved streetlight
usefulness to road users whilst substantially improve the energy efficiency of state-of-
the-art lighting schemes. Although TALiSMaN has improved performance in terms of
its energy efficiency and streetlight usefulness compared to other lighting schemes, this
scheme is yet to consider the limited and variable energy budget encountered by solar-
powered streetlights.

This chapter proposes TALiSMaN-Green, an enhancement of TALiSMaN, to address
the shortcomings of existing solar-powered streetlights. These streetlights have limited
energy storage and variable energy budget due to weather conditions. As a result, large
solar panels and energy storage are required to provide a reliable source of light through-
out the night. This leads to an oversized and thus overpriced system. Although these
shortcomings can be solved as an optimisation problem, i.e. maximising the use of lim-
ited energy budget while offering high level of streetlight usefulness, TALiSMaN-Green
lighting scheme can be considered as an acceptable solution to the problems. The nov-
elty of TALiSMaN-Green is to use an energy demand predictor to maximise the use of
limited energy budget by modulating the lighting levels requested by TALiSMaN. As a
result, the proposed scheme prolongs the streetlight operational lifetime, and provides
more consistent and useful street lighting to road users.

The remainder of this chapter is organised as follows: Section 5.1 demonstrates the
limitation of TALiSMaN whilst operating with a limited energy budget, and Section
5.2 overviews the enhancement to TALiSMaN because of this. Section 5.3 explores the
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performance of various low-complexity online predictors to estimate the energy consump-
tion of TALiSMaN until the next sunrise. Section 5.3 investigates the estimation of the
next sunrise time. In Section 5.5, the proposed TALiSMaN-Green is evaluated with a
controlled experiment, and is then validated with actual traffic flow and solar readings.

5.1 Limitation of TALiSMaN

As established in Chapter 2, some had considered solar-powered streetlights to be not
cost effective and visually intrusive. This is because larger solar panels and energy
storage devices are needed to harvest and store the solar energy required for lighting
operation throughout the night. This leads to an oversized and overpriced system. In
order to size the components for solar-powered streetlights, one must consider the energy
required for lighting, local weather conditions, and the efficiency of its components (solar
panels, charge controllers, energy storage devices) [17]. In Chapter 4, TALiSMaN offered
near-perfect streetlight usefulness (> 90 %), whilst still conserving substantial energy.
This scheme used sensor nodes mounted on streetlights and switched on the lights for
detected pedestrians as well as motorists. This was an advancement over the state-of-
the-art lighting schemes, which naively set all streetlights in the vicinity of road users to
maximum lighting level without considering the different needs of road users. Although
TALiSMaN has improved performance in terms of its energy efficiency and streetlight
usefulness compared to other lighting schemes, the proposed scheme is yet to consider
the limited and variable energy budget encountered by solar-powered streetlights.

Whilst most lighting schemes (including TALiSMaN) have improved the energy-efficiency
of ‘grid-powered’ streetlights, their application to ‘off-grid’ streetlights – powered locally
by renewable energy – is restricted. This is because energy harvested from solar [27] or
wind [29] fundamentally varies due to weather conditions, whereas grid-powered street-
lights have a reliable electricity supply to sustain their daily operation. Furthermore,
off-grid streetlights also store energy in batteries that have a restricted capacity, which
limits the amount of energy that can be harvested from these sources.

A multi-sensor system [42] can prolong the operational lifetime of off-grid streetlights
by reducing their power consumption by 40%. Although Chapter 4 showed TALiSMaN
requires 2 – 55 % (depending on traffic volume) of the energy required by Multi-sensor, it
is unable to budget energy to ensure the streetlights can continue to operate throughout
the entire night. This means streetlights may, for example, operate normally until the
middle of the night, but run out of energy and be completely inoperable after that.
Figure 5.1 illustrates this scenario where TALiSMaN is operating with 50% of energy
required for a 16-hour lighting operation. For the first four hours, TALiSMaN is able
to maintain near-perfect useful lighting (> 90% according to the streetlight usefulness
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Figure 5.1: The performance of TALiSMaN whilst operating with 50% of the
energy required for a 16-hour lighting operation. Streetlight usefulness drops to
0% when energy storage is depleted after four hours of operation.

model proposed in Section 3.1) to road users. However, this drops to zero after the
energy storage is completely depleted at around 20:00.

5.2 Overview of TALiSMaN-Green

To address the limitation of TALiSMaN operating ‘off-grid’ streetlights, TALiSMaN-
Green is proposed. The aim of this scheme is to deliver consistent usefulness of street
lighting across a whole night, even if the stored energy is less than what would be required
by TALiSMaN. The idea of the scheme is loosely based on adaptive adjustment of the
operation cycle of the energy-harvesting sensor nodes [199–201].

Figure 5.2 overviews the components of TALiSMaN-Green. The operation of TALiSMaN-
Green is classified into Control and Learning/Prediction modules. The Control module
includes a TALiSMaN block, which monitors the presence of pedestrians and motorists,
and requests a certain lighting level ϕ. A lighting modulation block, which reduces
the requested lighting level if energy stored is predicted to be insufficient to operate
TALiSMaN, is also included in the module. The Learning/Prediction module comprises
a Sunrise Time Estimation block, which estimates the time when the streetlights will be
switched off completely, and an Energy Demand Predictor which estimates TALiSMaN’s
overall energy demand until sunrise, E′demand. To enable TALiSMaN-Green to learn and
then estimate the energy that is likely to be required by TALiSMaN until sunrise, it
uses historical data on energy potentially used by TALiSMaN. These data are provided
by the Energy Use Logger, which collates data on the energy required by TALiSMaN
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Figure 5.2: System overview of TALiSMaN-Green.

over a time interval according to its requested ϕ values. This block is situated in the
Learning/Prediction module.

As TALiSMaN-Green is an enhancement of TALiSMaN, the solar-powered streetlights
are also controlled and networked with wireless sensor nodes. These sensors are equipped
with a road-user sensor to detect the presence of road users from a distance, and their
real-time clock is synchronised. The solar cell block represents the actual solar panel
of the streetlights and their function is to harvest solar energy. For TALiSMaN-Green,
the harvested solar power acts as an input for the next sunrise time prediction. The
harvested solar power is used to charge the energy storage devices and the stored energy
is used to power the lamps after dark.

To predict E′demand, the day is divided into N equal sized prediction timeslots. At each
timeslot the energy required by TALiSMaN for creating the lighting conditions (Figure
4.2 and 4.3), Econs, is logged, and then is used to estimate the energy required in future
timeslots, E′cons. E

′
demand is the summation of all the E′cons until sunrise and is given by:

E
′
demand(nt, nt′rise

) =

n
t
′
rise∑

i=nt

E
′
cons(δi, i) (5.1)

where nt is the prediction timeslot where time t is enclosed; n
t
′
rise

represents the predic-

tion timeslot where next estimated sunrise time, t′rise, is enclosed; δn represents the day
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where prediction timeslot n is enclosed; and E
′
cons is the predicted energy required by

TALiSMaN at a specific prediction timeslot and day.

With the knowledge of E′demand, along with information on the amount of energy stored,
Estored this allows the requested ϕ values of the streetlight to be modulated, if necessary
to conserve energy. TALiSMaN-Green reduces the requested ϕ when the amount of
energy stored is predicted to be insufficient to sustain the operation of the system with
the ϕ values requested by TALiSMaN. TALiSMaN-Green utilises a conditioning factor,
αcond, to modulate/reduce the requested ϕ value based on the ratio of Estored to E

′
demand.

The modulation of requested ϕ and acond are given by Eq. 5.2 and 5.3 respectively.

ϕ
′
(t) =

αcond(nt) ϕ(t), Estored(n) < E
′
demand(nt, nt′rise

)

ϕ(t), Estored(n) ≥ E′demand(nt, nt′rise)
(5.2)

αcond(nt) =
Estored(n)

E
′
demand(nt, nt′rise

)
(5.3)

where ϕ′ is the modulated lighting level; Estored is the energy estimated to be stored in
the energy storage device, typically the battery, at time t (Wh); E′demand is the estimated
energy demand to operate TALiSMaN from timeslot nt until sunrise (Wh); and αcond is
the conditioning factor to requested ϕ.

In short, these additional functions require:

(a) Prediction of E′demand until sunrise if the lighting levels requested by TALiSMaN
are to be delivered.

(b) Prediction of the next sunrise time, t′rise, when streetlights are expected to be
switched off.

(c) Estimation of Estored in the energy storage device (e.g. battery).

(d) Knowledge of the current time, t.

This chapter focuses on items (a) and (b) as listed above, whereas for item (c), a simple
energy storage model for Estored, given by Eq. 5.12 and 5.13, is assumed. Streetlights
operating TALiSMaN-Green are incorporated with wireless sensor nodes to form a multi-
hop WSN. Thus, it is assumed that t is synchronised within the network and is available
to TALiSMaN-Green.
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5.3 Low-Complexity Online Predictors

There are a variety of time series modelling and prediction algorithms that can be used
for estimating the energy consumption of TALiSMaN. For example, several variants of
Auto-Regressive Integrated Moving Average model (ARIMA) were proposed to predict
the changes in sensory data, and subsequently suppress unnecessary data propagation
in WSNs [210, 211]. Although the studies showed that ARIMA gives a high prediction
accuracy, the main disadvantage is that it possesses high overheads during its initial
model building. To build an ARIMA model, a considerable amount of historical data is
required to train the model. Furthermore, the ARIMA model requires re-computation
once it is outdated.

Two primary factors affect the energy consumption dynamic of TALiSMaN are: traffic
profile and traffic volume. As a result of unitary school and office hours, the traffic profile
of local areas is vary repeatable on different weekdays and different weekends [187], which
is illustrated by Figure 3.2. Traffic volume, however, can vary depending on the function
and demography of the local area [190]. For example, locations near to business or school
premises can experience higher traffic volumes which can change over time (Figure 4.8
showns the effect of traffic volumes to the energy consumption of TALiSMaN). Street
lighting is a ubiquitous utility that can be found in almost all streets. Thus, using the
ARIMA model may not be an efficient way for streetlight energy demand prediction.
This is because it could involve numerous ARIMA models to be trained for different
areas, and re-computation of the models is necessary over time.

Thus, considering the potential divergence traffic profile and traffic volume at differ-
ent places, the energy demand predictor for TALiSMaN-Green should capable of online
learning and then predict E′demand according to local traffic conditions. Additionally, the
predictor should consider the potential changes to traffic profile and volume over time.
As WSN systems are resource-constrained, the energy demand predictor for TALiSMaN-
Green also should be of relatively low demand for computing resources, such as pro-
cessing power and memory storage. Therefore, this chapter focuses on investigating
low-complexity online predictors only.

In the following subsections, the considered low-complexity online predictors are detailed.

5.3.1 Naïve

This predictor utilises the data at timeslot n which was previously logged at (ϕ − 1)

day to estimate the E′cons. The mathematical representation of this predictor is given by
Eq. 5.4. This predictor has a remarkable performance in many economic and financially
related estimations [202], and has been the baseline in several WSN studies related to
sensory data prediction [203,204]. In fact, studies show that Naïve is a robust predictor
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in estimating temperature changes for a WSN-based building monitoring application
[204].

E
′
cons(δn, n) = Econs(δn − 1, n), δn ≥ 2 (5.4)

where δn represents the day where prediction timeslot n is enclosed; and Econs is the
energy potentially to be consumed by a streetlight at a specific timeslot while operating
at ϕ values requested by TALiSMaN. Note that Econs can be numerically computed using
Eq. 3.11, with an additional parameter δn indicating the day when the data at timeslot
n is logged.

5.3.2 Simple Moving Average

Simple moving average (SMA) works by averaging previous D days of data. For WSN
application, SMA is used to reduce the noise [205] and recover the lost sensory data
[206]. However, some researchers have argued that SMA is not suitable for two dimen-
sional sensory data that involves both spatial and temporal components [207]. Since the
energy consumption of TALiSMaN involves one dimensional time series data, SMA is
also considered in this investigation. SMA estimates the E′cons needed at timeslot n by
averaging the energy required by TALiSMaN at timeslot n from previous D days of data.
Eq. 5.5 gives the mathematical representation of SMA. Based on the Eq. 5.5, Naïve can
be considered as a special case of the SMA predictor when the D value is limited to one
day.

E
′
cons(δn, n) = D−1

δn−1∑
i=δn−D

Econs(i, n), (δn − 1) ≥ D ≥ 1 (5.5)

where D represents the number of previous days of data.

5.3.3 Fixed Weighted Moving Average

Fixed weighted moving average (FWMA) [204], or simply referred to as weighted moving
average in some literature [203,207], estimates future values as a weighted sum of previous
D data. As the name implies, FWMA utilises fixed weightings, αfix, to each D data,
and the sum of these weightings approximates to one. However, it is not clear how
the weightings were derived in literature, or how they were optimised for a given D

value. In a study, αfix = {0.5, 0.25, 0.125, 0.125} was used to evaluate the performance
of FWMA in estimating the temperature temporal changes in a building [204]. For
a similar application, however, αfix = {0.5, 0.25, 0.125, 0.0625, 0.0625} was reported in
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another study [208]. In this thesis, FWMA for estimating E′cons is given by:

E
′
cons(δn, n) =Econs(δn − 1, n) +D−1

D∑
i=1

αfix(i)[Econs(δn − i− 1, n)−

Econs(δn − i− 2, n)], (δn − 3) ≥ D

(5.6)

5.3.4 Exponentially Weighted Moving Average

One of the alternative energy sources to power WSNs involves harvesting ambient energy.
This configuration is essential, especially for WSNs that require an extended operational
lifetime (up to decades) or embeds in structures where battery replacement is impractical
[209]. Due to the dynamic of ambient conditions, the amount of harvested energy fluctu-
ates over time, and thus an adaptive adjustment to the operation cycle of a sensor node
is needed. One of the ways to permit this is by estimating harvestable energy with an
exponentially weighted moving average (EWMA) [199–201]. This predictor is renowned
for delivering reasonable prediction accuracy whilst imposing relatively low demand for
computing power and memory. As opposed to FWMA where previous data is always
assigned with fixed weightings, EWMA applies weighting which decreases exponentially.
In this thesis, EWMA for estimating E′cons is given by:

E
′
cons(δn, n) =αexp Econs(δn − 1, n− 1)+

(1− αexp) µD(δn − 1, n), (δn − 2) ≥ D ≥ 1
(5.7)

µD(δn, n) = D−1
δn−D∑
i=δn−1

Econs(i, n) (5.8)

where αexp is the weighting limited to 0 ≤ αexp ≤ 1.

5.3.5 Evaluating Low-Complexity Online Predictors in Estimating the
Energy Demand of TALiSMaN

There are several factors that can influence the accuracy of considered predictors in
estimating the energy demand of TALiSMaN. These factors include the resolution of
the prediction timeslot, N ; the weighting factor, α; and number of previous D days of
data required. Thus, this section investigates the values of these factors that give the
most accurate energy demand prediction for TALiSMaN. Subsequently, the most efficient
predictor is considered for TALiSMaN-Green implementation.

To determine the values for α and D that give minimum prediction error, N = {288,
144, 96, 72, 48, 24} are used. As the Naïve predictor utilises data logged on the previous
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day to estimate the energy demand of TALiSMaN, its D value is limited to one day.
For SMA and EWMA predictors, the D value is limited to between 2 and 20 days. The
weighting for EWMA is limited to 0 ≤ αexp ≤ 1 with steps of 0.1. Whereas, for FWMA,
D is limited to six days, and a weighting vector with the following values is evaluated
[203]:

• ‘Even’ weights, αfix = {0.2, 0.2, 0.2, 0.2, 0.2}

• ‘Heavy left’ weights, αfix = {0.5, 0.25, 0.125, 0.0625, 0.0625}

• ‘Heavy right’ weights, αfix = {0.0625, 0.0625, 0.125, 0.25, 0.5}

For a given N , the objective is to find the value of α and D that yields the most
accurate prediction for a given traffic volume and streetlight topology. The investigation
is performed with the dynamics of linear streetlight topology in a residential area. As
shown in Figure 5.3, this topology consists of 17 streetlights distributed across the road
along a distance of 560 m. As opposed to the topology considered in Chapter 3 and
4, this scaled-down topology aims to reduce the duration of required simulation time
(Section 4.3.2.2 B details on the required simulation times). Streetlights are operational
between 16:00 to 08:00 the next day. The energy consumption data of these streetlights
is generated by StreetlightSim according to the UK’s daily traffic profiles shown in Figure
3.2 (a) with Vcomb of 180, 438, 1347, 3508, and 6554 road users per day as previously
used in Chapter 3 and 4, over a period of 20 weeks.

Figure 5.3: The streetlight topology (grouped with dashed lines) considered for
the evaluation of energy demand predictors. The dots represent the location of
the streetlights and shaded lines represent the road network (the base map was
adapted from Google Maps).

The accuracy of the predictors to estimate E′demand is evaluated with mean absolute error
(MAE) [210] and is given by:

MAE = m−1
m∑
i=1

|ei| (5.9)
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where ei is the difference between pairwise matched estimated and observed values. Here,
the estimated value is the expected energy consumption of a streetlight whilst operating
TALiSMaN, whereas the observed value is the actual energy used by the scheme, Edemand.

As shown in Figure 3.2 (a), the road traffic profiles exhibit observable trends throughout
the days of week. To investigate the effect of these trends on the predictors whilst
estimating E′demand, three data aggregation strategies are considered in this investigation.
These are:

• Previous-D-Days (PDD): utilises the energy potentially consumed by a streetlight
on previous D days to estimate E′demand at timeslot n.

• Weekday-Weekend (WDE): aggregates the energy potentially consumed by a street-
light according to either weekday or weekend. Therefore, this strategy requires 2D

days of data to be available for prediction. To estimate E′demand with WDE strat-
egy, for example on a Saturday when D = 3 is considered, the energy potentially
consumed for the street lighting on the previous two Sundays and one Saturday is
required.

• Day-of-Week (DoW): aggregates the energy potentially consumed by a streetlight
according to the day of the week. When this strategy is used, for example, to
estimate E′demand on a Saturday when D = 3 is considered, the energy potentially
consumed by a streetlight on three previous Saturdays is required. Since this
strategy is of higher granularity compared to PDD and WDE, this strategy requires
7D days of historical data to be available for prediction.

With Shapiro-Wilk normality test, some of the simulation data appear to be not nor-
mally distributed (Appendix C details the normality test to some of the simulation data
generated). Thus, instead of using t-test, Mann-Whitney U -test is used in this section to
evaluate the statistical significant of N , D, α and data aggregation strategy to improve
the energy demand prediction of Naïve, SMA, FWMA and EWMA.

5.3.5.1 Resolution of N Value

To determine the resolution of the N value that results in the most accurate prediction
for the energy demand of TALiSMaN, N = {24, 48, 72, 96, 144, 288} is considered.
From the U -test results, as shown in Table 5.1, the increasing resolution of N value has
statistically significant improvement (p < 0.05) on prediction accuracy of FWMA and
EWMA, except Naïve and SMA predictors. These results are consistent with IQRs of
MAE values for various predictors at different resolutions of N value as shown in Figure
5.4. The MAE distributions shown in the figure comprise all the considered D values,
traffic volumes, and data aggregation strategies. Based on the observations, the accuracy
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of the predictors is improved with higher resolutions of the N value. Although there is a
slight decline in the maximum MAE, the overall improvement on prediction accuracy of
Naïve and SMA predictors is trivial whilst higher resolutions of N are evaluated. This
can be observed where the 1st quartile, median and 3rd quartile of the MAE values
are almost consistent for all the resolutions evaluated. Compared to Naïve and SMA,
there is noticeable improvement in FWMA and EWMA estimating the energy demand
of TALiSMaN when the resolution of N increases from 24 to 48. The IQRs of the
MAE values for FWMA reduce from 6 to 3 Wh, whereas this is from 3 Wh to 2 Wh
for EWMA. Additionally, the IQRs of FWMA and EWMA shift toward lower MAE
values as the resolution of N value increases. However, the improvement slowly reaches
a plateau where the IQRs for FWMA and EWMA remain almost consistent after N =
48. When evaluated with N = 288, the IQR of the MAE values is 3Wh and 2 Wh for
FWMA and EWMA respectively.

Table 5.1: Significance (2-tailed) p-value of U -test on different resolution pairs
of N value to different energy demand predictors.

Predictor

Tested pair Naïve SMA FWMA EWMA

24 vs. 48 0.97 <0.05 <0.05 <0.05
48 vs. 72 0.36 0.16 <0.05 <0.05
72 vs. 96 0.80 0.36 <0.05 <0.05
96 vs. 144 0.85 0.14 <0.05 <0.05
144 vs. 288 0.87 0.38 <0.05 <0.05

In short, all the predictors show the most accurate prediction when N = 288 is evaluated.
This trend suggests that the predictors can capture more accurate energy use if the
historical data is logged within a shorter time interval.
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(a) Naïve (b) SMA

(c) FWMA (d) EWMA

Figure 5.4: The IQRs of the MAE values for various predictors at different N
values. The dots represent the mean of MAE values, and the error bars represent
the minimum and the maximum MAE values.

5.3.5.2 D Value

From Section 5.3.5.1, all the considered predictors showed improved performance pre-
diction accuracy whilst higher resolutions of N value were evaluated. As N = {24, 48,
72, 96, 144, 288} were considered in that section, N = 288 is used here to determine
the number of previous D days of data that yield the most accurate energy demand
prediction. The D value for Naïve and FWMA predictors is limited to one and six days
respectively, thus these predictors are excluded from this investigation.
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To determine the best performing D values for SMA and EWMA predictors, the D
values ranging from 2 to 20 days are evaluated. Figure 5.5 shows the D values for
these predictors that yield the minimum 3rd quartiles of the MAE values at N = 288
when historical data is aggregated with different strategies. For these predictors, the
D values appear to be diverse depending on the data aggregation strategies and the
traffic volumes evaluated. This trend suggests that to gain the most accurate prediction
for SMA and EWMA, different D values are needed to be recomputed for roads with
different traffic volumes. Also, the D values for both SMA and EWMA are relatively
higher than those required by Naïve and FWMA predictors which are limited to one
and six days, respectively. Thus, both SMA and EWMA will not be at their best
performance to predict the energy demand of TALiSMaN before the required D days of
data is collected.

(a) Naïve

(b) SMA

Figure 5.5: The D values for (a) SMA and (b) EWMA at different traffic vol-
umes and data aggregation strategies that yield the minimum MAE values (3rd
quartiles) with N = 288.
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5.3.5.3 Data Aggregation Strategy

To reflect the UK’s daily traffic patterns shown in Figure 3.2 (a), three data aggregation
strategies, namely PDD, WDE and DoW, are considered in this investigation. To deter-
mine the strategy for Naïve, SMA, FWMA and EWMA predictors that yield the most
accurate energy demand prediction, N = 288 and the required D values for the respec-
tive predictors at different traffic volumes, as presented in Section 5.3.5.2, are adopted
in this section.

From the U -test results, as shown in Table 5.2, all the predictors have shown statistically
significant improvement on energy demand prediction, especially when higher traffic vol-
umes are considered, if a suitable data aggregation strategy is used. Figure 5.6 shows the
IQRs of the MAE values of the predictors whilst using these data aggregation strategies
to estimate the energy demand of TALiSMaN. Based on observations, the majority of the
MAE values become denser and shift to lower values with DoW, followed by WDE and
PDD strategies for all the predictors except FWMA. This trend, however, is expected as
StreetlightSim uses daily traffic profiles shown in Figure 3.2 (a) to generate the required
historical data for this investigation. Additionally, there are distinct trends between
weekdays and weekend traffic. Hence, the results are obtained; however, DoW shows
slight improvement over WDE for all the considered traffic volumes. This is mainly due
to the small differences between weekday and weekend traffic profiles during streetlight
operational hours (16:00 – 08:00 the next day) as shown in Figure 3.2 (a). These results
suggest that Naïve, SMA and EWMA have the most accurate prediction with DoW.
For FWMA, the data aggregation strategies have a contrasting effect/trend compared to
other predictors. This predictor shows better prediction accuracy with PDD, followed
by the WDE and DoW strategies.

Table 5.2: Significance (2-tailed) p-value of U -test on different data aggregation
strategy pairs to different energy demand predictors and traffic volumes.

Traffic volume (road users per day)

Predictor Tested pair 180 438 1347 3508 6554

Naive PDD vs. WDE 0.30 0.25 <0.05 <0.05 <0.05
PDD vs. DoW <0.05 <0.05 <0.05 <0.05 <0.05
DoW vs. WDE 0.10 0.25 <0.05 <0.05 <0.05

SMA PDD vs. WDE <0.05 0.14 0.62 <0.05 <0.05
PDD vs. DoW 0.69 0.60 <0.05 <0.05 <0.05
DoW vs. WDE 0.16 0.42 <0.05 <0.05 <0.05

FWMA PDD vs. WDE <0.05 <0.05 <0.05 <0.05 <0.05
PDD vs. DoW <0.05 <0.05 <0.05 <0.05 <0.05
DoW vs. WDE <0.05 <0.05 <0.05 <0.05 <0.05

EWMA PDD vs. WDE <0.05 <0.05 0.68 <0.05 <0.05
PDD vs. DoW 0.75 0.31 <0.05 <0.05 <0.05
DoW vs. WDE <0.05 0.21 <0.05 <0.05 <0.05
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(a) Naïve (b) SMA

(c) FWMA (d) EWMA

Figure 5.6: The IQRs of the MAE values for various predictors using different
data aggregation strategies at different traffic volumes. The error bars represent
the maximum and the minimum MAE values.

5.3.5.4 Weighting Factor

Amongst the considered predictors, only FWMA and EWMA use weighting factors to
estimate the energy demand of TALiSMaN. To determine the weighting factors that
yield the most accurate energy demand prediction, the required values of N , D and data
aggregation strategies for respective predictors, as presented in Section 5.3.5.1 – 5.3.5.4,
are used in this section. For FWMA, three different weighting factors are considered:
‘Heavy left’, ‘Even’ and ‘Heavy right’.

Figure 5.7 shows the IQRs of the MAE values for FWMA whilst estimating the energy
demand of TALiSMaN with these weighting factors at N = 288, D = 6 and whilst the
historical data is aggregated using PDD strategy. For FWMA, this data aggregation
strategy yields the most accurate energy demand prediction. For all the considered
traffic volumes, the ‘Even’ weighting factor yields the lowest 1st and 3rd quartiles of
the MAE values, whereas the ‘Heavy right’ results in the highest 1st and 3rd quartiles
amongst all the weighting factors considered. Based on the U -test results, as shown in
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Table 5.3, the weighting factor ‘Even’ has statistically significant improvement on energy
demand prediction to FWMA (p < 0.05), as compared to ‘Left’ and ‘Right’ in all the
traffic volumes considered. These trends suggest that at N = 288, D = 6, and when
the historical data is aggregated with the PDD strategy, FWMA has the most accurate
energy demand prediction with an ‘Even’ weighting factor.

Figure 5.7: The IQRs of the MAE for FWMA with different weighting factors
at N = 288 and PDD data aggregation strategy. The error bars represent the
maximum and the minimum MAE values for each weighting factor.

Table 5.3: Significance (2-tailed) p-value of U -test on weighting factor ‘Left’,
‘Even’ and ‘Right’ to FWMA energy demand predictor at different traffic vol-
umes.

Traffic volume (road users per day)

Tested pair 180 438 1347 3508 6554

Left vs. Even <0.05 <0.05 <0.05 <0.05 <0.05
Left vs. Right 0.81 0.63 0.98 <0.05 <0.05
Right vs. Even <0.05 <0.05 <0.05 <0.05 <0.05

For EWMA, weighting factors with range 0.0 ≤ αexp ≤ 1.0 with steps of 0.1 are consid-
ered. To illustrate the performance of EWMA with these weighting factors, Figure 5.8
shows the IQRs of the MAE values when this predictor is evaluated with different traffic
volumes. The resultant MAE values are based on N = 288 whilst the historical data is
aggregated using the DoW strategy. As presented in Section 5.3.5.3, for EWMA, this
strategy yields the most accurate energy demand prediction. Also, the D values used
here are according to respective traffic volumes as presented in Section 5.3.5.2. As shown
in Figure 5.8, the IQRs of the MAE values become denser and shift to lower MAE values
when lower αexp values are evaluated. This trend is consistent with the U -test results
shown in Table 5.4, indicating that EWMA has statistically significant improvement (p <
0.05) on energy demand prediction with lower αexp values. These trends suggest that the
second term of the EWMA predictor as shown in Eq. 5.7 is not relevant for estimating
the energy demand of TALiSMaN.
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(a) Vcomb = 180 road users per day (b) Vcomb = 438 road users per day

(c) Vcomb = 1347 road users per day (d) Vcomb = 3508 road users per day

(e) Vcomb = 6554 road users per day

Figure 5.8: The IQRs of the MAE values for EWMA with different weighting
factors at N = 288, and whilst the data is aggregated with DoW strategy.
The error bars represent the maximum and the minimum MAE values for each
weighting factor.
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Table 5.4: Significance (2-tailed) p-value of U -test on weighting factor ranging
from 0.0 to 1.0 to EWMA energy demand predictors at different traffic volumes.

Traffic volume (road users per day)

Tested pair 180 438 1347 3508 6554

0.0 vs. 0.1 0.15 0.10 0.14 0.21 0.11
0.0 vs. 0.2 <0.05 <0.05 <0.05 <0.05 <0.05
0.0 vs. 0.3 <0.05 <0.05 <0.05 <0.05 <0.05
0.0 vs. 0.4 <0.05 <0.05 <0.05 <0.05 <0.05
0.0 vs. 0.5 <0.05 <0.05 <0.05 <0.05 <0.05
0.0 vs. 0.6 <0.05 <0.05 <0.05 <0.05 <0.05
0.0 vs. 0.7 <0.05 <0.05 <0.05 <0.05 <0.05
0.0 vs. 0.8 <0.05 <0.05 <0.05 <0.05 <0.05
0.0 vs. 0.9 <0.05 <0.05 <0.05 <0.05 <0.05
0.0 vs. 1.0 <0.05 <0.05 <0.05 <0.05 <0.05

To conclude, Table 5.5 summarises the required N , D, data aggregation strategy and
weighting factor for Naïve, SMA, FWMA and EWMA predictors that yield the most
accurate energy demand prediction. These values are resulted from streetlights operating
the TALiSMaN scheme after considering the different traffic volumes that are distributed
according to the UK’s traffic patterns.

5.3.6 Prediction Overhead

One of the challenges in a wireless sensor nodes based application is that sensor nodes
are very limited in terms of computing resources, such as processing power and memory
storage [211]. The processing power of a typical sensor node can be limited to eight
million instructions per second (MIPS) with restricted memory storage configurations,
such as 32, 64, 128, 256 KB [196]. Thus, when integrating an energy demand predictor in
TALiSMaN-Green, it needs to consider the available computing resources of the targeted
platform.

As established in Section 5.3, traffic profile and traffic volume vary depending on the
function and demography of the local area. Additionally, streetlight is a ubiquitous utility
which can be found at most of the streets. Therefore, TALiSMaN-Green considers energy
demand predictor that capable of online learning and then predict E′demand according
to local traffic conditions. Figure 5.9 summarises the daily amount of mathematical
operations required by each predictor to search for the N , D, weighting factor and
data aggregation strategy that results in minimum MAE value. As shown in the figure,
Naïve is very simple with virtually zero cost to compute with an eight MIPS sensor
node [196]. Considering a sensor node with eight MIPS processing capability [196], all
the considered predictors require less than one second to search the required values,
assuming one mathematical operation is accomplished by one instruction. Furthermore,
the search can be performed during daytime, i.e. when sensing and transmitting of
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Table 5.5: The N , D, data aggregation strategy and weighting factor that yield
the most accurate energy demand prediction for Naïve, SMA, FWMA, and
EWMA predictors and their respective MAE values at different traffic volumes.

Predictor Traffic volume † N D‡ α* AggregationStrategy** MAE

Naïve 180

288 1 n/a DoW

6.55
438 7.32
1347 8.06
3580 5.76
6554 4.49

SMA 180

288

20

n/a DoW

6.79
438 20 4.47
1347 19 5.95
3580 17 3.62
6554 13 3.23

FWMA 180

288 6 ‘Even’ FDD

0.54
438 0.57
1347 0.74
3580 0.95
6554 0.94

EWMA 180

288

9

0 DoW

0.20
438 20 0.26
1347 19 0.42
3580 20 0.66
6554 16 0.83

†14% of the traffic volume (road users per day) is pedestrian and remainder is
motorist.
‡D values for Naïve and FWMA is limited to one and six days respectively, whereas
SMA and EWMA are evaluated with 2 ≤ D ≤ 20.
*Weighting factor is not applicable (n/a) for Naïve and SMA predictors.
**Evaluated data aggregation strategies include Previous-D-Day (PDD), Weekday-
Weekend (WDE) and Day-of-Week (DoW).

Figure 5.9: Amount of mathematical operations required for different predictors
to search for the N , D, weighting factor and data aggregation strategy that
result in minimum prediction error. The search is performed online and on daily
basis as local traffic profile [187] and traffic volume [190] can change over time.
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detected road user is not required, to minimise the potential processing latency that
could be introduced to sensor. Therefore, the processing overhead for all considered
predictors is negligible.

Due to the amount of historical data needed for energy demand prediction, most of
the considered predictors require a considerable amount of memory storage. In Section
5.3.5, various parameters which influence the accuracy of the predictors were considered.
Whilst weighting factor is purely a parameter that tunes the accuracy of the FWMA
and EWMA, the N and D values, and data aggregation strategy have implications
on the storage needed on the embedded device. Assuming that each Econs value is
represented as a single-precision floating-point format that occupies 4 bytes of memory
[212], Figure 5.10 shows the maximum storage needed by each predictor against some
memory configurations of a typical wireless sensor node [196]. Both SMA and EWMA
require nearly 160 KB of memory to hold the data for estimating the energy demand of
TALiSMaN, ifD = 20 is required. This figure suggests that sensor nodes with at least 256
KB of memory [196] are needed if these predictors are adopted. To accommodate limited
memory storage, this memory requirement can be reduced to about 46 KB with WDE
data aggregation strategy, if certain prediction error is acceptable (Section 5.3.5.3). For
Naïve and FWMA, the D value is limited to one and six days respectively, and thus the
required memory storage is affected by the resolution ofN value and the data aggregation
strategy used. Naïve and FWMA showed improved prediction accuracy at N = 288, and
when data is aggregated with DoW and PDD respectively. At these configurations,
both Naïve and FWMA require about 8 KB of memory or 5% of the maximum memory
required by EWMA.

Figure 5.10: The memory footprint for various predictors at N = 288 against
available memory configurations of a typical sensor node whilst historical data
is aggregated with different strategies.
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5.3.7 Predictor Selection

The purpose of predictor selection is to determine the most suitable predictor for TALiSMaN-
Green. Normally, the selection of a predictor is determined by its prediction error – the
differences between observed and estimated values [204]. However, a predictor selection
solely based on prediction accuracy is inapplicable in the context of TALiSMaN-Green.
This is because the overheads for estimating E′demand also needed to be taken into ac-
count due to the limited computing resources in wireless sensor nodes [211]. Note that
it is possible that the predictor with the best prediction accuracy may not be possible
to be implemented into a sensor node because of the computational complexity of the
algorithms involved [213]. Therefore, in selecting the predictor for TALiSMaN-Green,
it needs to consider the trade-off between prediction accuracy and required computing
resources.

Taking the above observations into account, the criteria for selecting the most suitable
predictor for TALiSMaN-Green is based on a metric modelled by Eq. 5.10. This model
uses an adjustable coefficient, αsel to determine the relative weighting between a pre-
dictor’s prediction accuracy and the computing resources required. The value of αsel is
between 0 and 1, inclusively. A larger αsel value favours the prediction accuracy of a
predictor, whereas a smaller value of this favours the required computing resources. The
predictor that minimises the metric Isel is adopted for TALiSMaN-Green.

Isel = αselRMAE + (1− αsel)Rresources (5.10)

where RMAE is the ratio of MAE to average daily energy demand of TALiSMaN at
specific traffic volume; and Rresources is the ratio of computing resources required by a
predictor to available computing resources of a wireless sensor node.

As discussed in Section 5.3.6, the processing overhead is negligible for all the considered
predictors. Therefore, in this thesis, the required computing resources for Isel consider
the maximum memory storage needed by the predictors to search for the required N ,
D, weighting factor, and data aggregation strategy that yield the most accurate energy
demand prediction. Figure 5.11 shows the mean Isel resulting from the MAE values
produced by the predictors with the N , D, weighting factor, and data aggregation strat-
egy for all the traffic volumes summarised in Table 5.5. As shown in the figure, both
the FWMA and EWMA predictors exhibit the relatively lower mean Isel compared to
other predictors considered. EWMA predictor exhibits lower mean Isel values compared
to other predictors when αsel > 0.65 are considered. However, with these αsel values,
the selection of the most suitable predictor for TALiSMaN-Green favours the prediction
accuracy rather than required computing resources needed by the predictor. In this
thesis, both prediction accuracy and required computing resources are equally impor-
tant, thus αsel = 0.5 is used. As shown in Figure 5.11, FWMA predictor exhibits the
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Figure 5.11: Isel of various predictors at different αsel values.

lowest mean Isel value with this αsel value, compared to other considered predictors.
Owing to this, FWMA predictor is adopted in TALiSMaN-Green. The performance of
TALiSMaN-Green with the FWMA energy demand predictor is presented in Section 5.5.

5.4 Sunrise Time Estimator

In Section 5.2, E′demand is considered as a summation of several E′cons terms. This
represents the estimated streetlight operating time until sunrise for a particular day.
The required number of terms is determined by the predicted next sunrise time, i.e. the
time at which street lighting is no longer needed. Generally, the conventional streetlights
are expected to be switched off within the civil twilight time zone. For the purpose of
this thesis, ‘sunrise’ is considered to be the time of day when solar power readings first
exceed the threshold value of 0.03 W/m2 (approximately 7.5 lux [214], a typical light
level where streetlights will switch off/on [215]).

The next sunrise time, t′rise, can be estimated using SMA predictor over D terms of
previous sunrise time values, trise, as given by Eq. 5.11. The Naïve predictor is a special
case of SMA when D = 1 is used. This also means that the last sunrise time is used for
estimating t′rise. Note that Eq. 5.11 is identical to the SMA predictor used in estimating
E
′
cons, except for the type of data used.

t
′
rise(δ + 1) = D−1

δ−1∑
i=δ−D

trise(i), (δ − 1) ≥ D (5.11)

where δ is the current day; and D is the number of previous trise values.

The prediction accuracy of both predictors to estimate is measured with MAE as given
by Eq. 5.9, where ei is the pairwise difference between t′rise and trise. The performance
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of the Naïve and SMA predictors to estimate t′rise is evaluated with actual solar power
readings over a year [216]. Figure 5.12 shows the scatter plot of the estimated t

′
rise

compared to trise with these predictors at various D values. Although a long-term trend
of t′rise can be observed with largerD values, for exampleD = 20 as shown in Figure 5.12,
TALiSMaN-Green requires an estimation of next t′rise. In addition, the estimated t′rise
values show an increased error with larger D values, as shown in Figure 5.13. Based on
observations, SMA gives a reasonable estimation of t′rise values as it exhibits a minimum
mean prediction error of 4.5 minutes at D = 2. This error is insignificant compared
to the overall operational duration for street lighting. Although t′rise can be estimated
using the last trise, this method results in almost 50% greater error compared to SMA
with D = 2.

Figure 5.12: The estimated sunrise times with different D values according to
solar power readings over a year taken from Humboldt State University [216].
The actual sunrise time, trise, is considered to be the time of day when solar
power readings first exceed the threshold value of 0.03 W/m2(approximately 7.5
lux [214]).

5.5 Evaluating the Performance of TALiSMaN-Green

In this section, the performance of TALiSMaN-Green is evaluated in two case studies.
In order to have a performance overview of TALiSMaN-Green, Section 5.5.1 evaluates
TALiSMaN-Green with controlled values, whereas Section 5.5.2 investigates TALiSMaN-
Green with real traffic profiles and solar radiation readings. As established in Section
5.3.7, the FWMA predictor with PDD data aggregation strategy resulted in the minimum
Isel value, compared to other considered predictors. Also, as shown in Table 5.5, FWMA
exhibited the most accurate energy demand prediction at N = 288, when an ‘Even’
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Figure 5.13: The mean MAE of Naïve and SMA predictors at different D values
in estimating the next sunrise time.

weighting factor was used. Thus, to evaluate the performance of TALiSMaN-Green,
FWMA with these settings is implemented in StreetlightSim.

5.5.1 Case Study A: Controlled Experiments

To gain a performance overview of TALiSMaN-Green on solar-powered streetlights, in
this case study, the Estored of each streetlight is abstracted to a static level. These levels
are 10%, 30%, 50%, 70% and 90% of the energy actually required by TALiSMaN for a
period of lighting operation. As the effectiveness of the Sunrise Time Estimator has been
evaluated in Section 5.4, here streetlights are assumed to operate from 16:00 until 08:00
the next day (sunrise time), which represents one of the longest streetlight operational
hours during the winter months in the UK. Thus, in this case study, the energy-harvesting
system (solar cell size and battery capacity) of solar-powered streetlights is built to
harvest and store energy required for a 16-hour TALiSMaN lighting operation with a 25
W LED lamp. This study is performed with the same linear streetlight topology and
traffic profiles as previously used in Section 5.3.5, over a period of 12 weeks, and traffic
volume is limited to 3508 road users per day (14% of them being pedestrian traffic).

5.5.1.1 Modulation of Lighting Level

When Estored is predicted to be insufficient to sustain the operation of TALiSMaN until
sunrise, TALiSMaN-Green use αcond to reduce the ϕ value requested by TALiSMaN.
For TALiSMaN-Green, the modulation of the requested ϕ is modelled by Eq. 5.2 and
5.3. Figure 5.14 shows the IQRs and the mean values of the αcond whilst streetlights
are operating TALiSMaN-Green, at different Estored values. Overall, the mean values of
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the αcond are about the same as the Estored values evaluated. This trend is expected as
the αcond adopted in TALiSMaN-Green is based on the ratio of Estored to E

′
demand. This

trend also suggests that FWMA is able to predict energy demand accurately for most of
the time. On close observation, as shown in Figure 5.15, the αcond is relatively consistent
at the beginning of the simulations, but begins to fluctuate as it approaches 08:00.

Figure 5.14: The IQRs and mean values (dot) of the αcond whilst TALiSMaN-
Green is evaluated with different available energy levels required by TALiSMaN
for a complete night. The error bars represent the maximum and the minimum
values of the αcond values.

5.5.1.2 Operational Lifetime of Streetlights

The operational lifetime of a solar-powered streetlight is determined by when its energy
storage is completely depleted. To evaluate the operational lifetime of streetlights, the en-
ergy consumed by a streetlight is modelled by Eq. 3.11. Figure 5.16 shows the number of
depleted solar-powered streetlights whilst operating TALiSMaN and TALiSMaN-Green.
As shown, the majority of the streetlights operating TALiSMaN fail well before sunrise.
In Figure 5.16 (a), even with 50% of the energy needed to operate TALiSMaN, nearly
80% of the streetlights operating TALiSMaN become non-operational before 20:00, 12
hours before sunrise. With TALiSMaN-Green, this is extended to almost 07:50 the next
day as shown in Figure 5.16 (b). It is worth noting that, with all the considered Estored
values, almost all the streetlights operating TALiSMaN-Green are still operational until
07:30 the next day, which is 30 minutes before sunrise. Although the number of depleted
streetlights starts to increase after that time, it is within the twilight zone where ambient
lighting begins to increase. In fact, more streetlights are still operational and offering
streetlight usefulness compared to those operating TALiSMaN. Overall, with TALiSMaN-
Green, the operational lifetime of solar-powered streetlights is able to cover nearly 97%
of the designated operational duration (16 hours). The advantage of TALiSMaN-Green
is more significant with lower Estored values. For example, at 10% of the energy needed
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Figure 5.15: The αcond values of a streetlight at different prediction timeslots
between 16:00 and 08:00 the next day.

to operate TALiSMaN for a complete night, TALiSMaN-Green can prolong streetlight
operational lifetime until sunrise, compared to less than two hours with TALiSMaN.

5.5.1.3 Usefulness of Street Lighting

The usefulness of street lighting to road users, whilst streetlights operate TALiSMaN
and TALiSMaN-Green, is measured with the streetlight usefulness model proposed in
Section 3.1. The impact of modulating the lighting conditions requested by TALiSMaN
on the resultant streetlight usefulness is shown in Figure 5.17. The usefulness of street
lighting experienced by road users is dependent on the αcond discussed in Section 5.5.1.1.
The aim of TALiSMaN-Green is to deliver consistent usefulness across the whole night.
Based on the simulation results, whilst TALiSMaN provides either near-perfect or zero
streetlight usefulness, TALiSMaN-Green achieves considerably more consistent useful-
ness throughout the night. Again, this indicates that the FWMA delivers satisfactory
prediction accuracy for E′demand value. It is worth noting that the peak usefulness of
TALiSMaN-Green is typically less than the peak usefulness delivered by TALiSMaN.
This is because TALiSMaN creates the lighting conditions that satisfy the needs of road
users for street lighting, whereas TALiSMaN-Green trades-off streetlight usefulness for
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(a) TALiSMaN

(b) TALiSMaN-Green

Figure 5.16: Simulation results showing the number of depleted solar-powered
streetlights whilst operating (a) TALiSMaN and (b) TALiSMaN-Green at dif-
ferent energy levels required to operate TALiSMaN for a complete night.

an extended operational lifetime. With TALiSMaN-Green, streetlight usefulness shows
an upper bound limiter which is consistent with Estored values evaluated. This trend,
however, is expected as the proposed streetlight usefulness model is influenced by light-
ing levels of the streetlights, which are determined by Estored and E

′
demand values. When

the Estored value is estimated to be insufficient for lighting across a complete night,
TALiSMaN-Green modulates the lighting levels based on the ratio of Estored to E

′
demand.

Thus, the results are obtained.
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(a) TALiSMaN

(b) TALiSMaN-Green

Figure 5.17: Simulation results showing the mean streetlight usefulness experi-
enced by simulated road users using (a) TALiSMaN and (b) TALiSMaN-Green
with different energy levels required to operate TALiSMaN for a complete night.

5.5.2 Case Study B: Real Traffic Flow and Solar Radiation Readings

To further evaluate the performance of TALiSMaN-Green on solar-powered streetlights,
in this case study, actual traffic flow, observed by a vehicle-counting application [217],
and solar radiation readings from Humboldt State University [216] are used. For the
clarity of the simulation, the streetlights are assumed to be operated from 16:00 until
08:00 the next day, as adopted in Case Study A.

The traffic flow at Salisbury Road which is next to the Zepler Building of the University
of Southampton was observed, with a webcam located at Level 4 of the building. Figure
5.18 shows the road section of Salisbury Road where the traffic flow was observed. This
road is an access road to staff parking and residential areas to the south of the University.
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Figure 5.18: Location of real traffic flow.

There are 12 streetlights which are 13 to 20 m apart, along 200 m of road. The traffic
was observed and counted from 10-02-2015 to 07-05-2015; however, due to human and
technical errors encountered during these dates, such as power failures and unidentified
application errors, not all the traffic was 24-hour logged. Because of this, this case study
uses the traffic flow logged between 16-02-2015 and 29-03-2015 (6 weeks). Based on
traffic counts during these dates, the average traffic volume is 1560 vehicles per day.
Although only vehicular traffic is observed, for consistency, 14% of the traffic during the
simulations is assumed to be pedestrian. Figure 5.19 shows normalised traffic profiles to
their respective mean daily traffic volume during these dates.

Due to the shorter days and reduced sunlight intensity, winter is the most challenging
time of year for solar-powered streetlights. To evaluate the performance of TALiSMaN-
Green during these months, solar radiation readings from 21-12-2009 to 31-1-2010 (6
weeks, the same length as the real traffic flows), recorded by Solar Radiation Monitoring
Station, Humboldt State University [216] are used. This dataset was used as it was high
resolution (one minute interval) and open, and from a similar latitude and environment
to Southampton (51◦ vs. 41◦, coastal location).

The energy model of the solar-powered streetlight is given by Eq. 5.12 and 5.13. These
models assume that energy stored in an energy storage device is a summation of residual
energy from the previous lighting operation and harvested solar energy, Eharvest, and is
reduced by the energy consumed during lighting operation, Econs, as previously presented
in Eq. 3.11. The energy harvesting system (the battery capacity and solar cell size)
is built to harvest and store sufficient energy required by TALiSMaN for a one-night
lighting operation. With the streetlight topology shown in Figure 5.18 and the observed
traffic flow, the maximum daily energy consumed by the streetlights while operating
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(a) TALiSMaN

(b) TALiSMaN-Green

Figure 5.19: Normalised traffic profiles during (a) weekdays and (b) weekends
observed at Salisbury Road, Southampton, UK between 16-02-2015 and 22-03-
2015.

TALiSMaN is about 35 Wh. Thus, in this case study, the battery capacity of the solar-
powered streetlights is limited to Ecap = 35 Wh. This energy can be harvested using a
10 W solar panel with four hours of sunlight. To vary the amount of energy harvested
between streetlights, a random noise factor, αsolar, ranging between 0 and 1, inclusively,
is also applied in these models.

Estored(n) = min{Ecap, Estored(n− 1) + Eharvest(n) − Econs(n)} (5.12)

Eharvest(n) = αsolarPefficiencyPsize

∫ nT

t=(n−1)T
Psolardt (5.13)

where Estored(n) is the energy stored after n discrete timestep (Wh); Ecap is the capacity
of the energy storage devices (Wh); Eharvest(n) is the harvested solar energy between
(n− 1)T and nT (Wh) based on the actual measurement value, Psolar (W/m2); T is the
duration of single timestep n; Pefficiency is the solar conversion efficiency and is at 10%
[218]; and Psize is the size ratio of the solar cell.
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Figure 5.20 shows the distribution of energy stored in the streetlights according to these
models before operating TALiSMaN and TALiSMaN-Green. As shown, nearly 60% of
the streetlights are able to charge their energy storage up to 90 – 100%. This suggests
that if the streetlights continue to operate with TALiSMaN 40% of them are unable to
provide lighting until sunrise.

Figure 5.20: Distribution of Estored of the solar-powered streetlights before a
16-hour lighting operation.

5.5.2.1 Modulation of Lighting Level

Figure 5.21 shows the IQRs and mean values of the αcond values, whilst TALiSMaN-Green
is evaluated with real traffic flow and solar radiation readings, over a period of six weeks.
Based on the simulation results, the median and mean values of the αcond are around
0.8. These results are consistent with the energy level distribution shown in Figure 5.20,
where more than 60% of the streetlights were able to gain at least 80% of the energy
required for a complete night. Based on these figures, the potential streetlight usefulness
is expected to be limited to around 80%. This is based on the results presented in Section
5.5.1.3 which suggests that streetlight usefulness has an upper bound limiter consistent
with Estored values evaluated. Note that the IQRs demonstrated by TALiSMaN-Green
share some similarities with the Estored value of 90% as evaluated in Case Study A, where
the 3rd quartile of the αcond values is the maximum value. Figure 5.22 shows the αcond
values of an arbitrary streetlight on different times and days. As shown in the figure,
day 5 has the highest αcond value, followed by day 4, 7 and 6. This shows that the
streetlight manages to harvest the most of the required energy on day 5, but on other
days the streetlight only manages to harvest less than 50% of the energy required by
TALiSMaN. The αcond values remain rather consistent between 23:00 and 07:00 the next
day, compared to the rest of the operational hours. This is because traffic is relatively
low during these hours, and therefore little energy is consumed. As a result, the αcond
value exhibits relatively small changes, compared to other operational hours considered.
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Figure 5.21: The IQRs and mean values (dot) of the αcond whilst TALiSMaN-
Green is evaluated with (a) Estored value of 90% in Case Study A, and (b) real
traffic flow and solar radiation readings.

Figure 5.22: The αcond values of a streetlight during different operational times
and days.

5.5.2.2 Operational Lifetime of Streetlights

Figure 5.23 shows the number of depleted solar-powered streetlights whilst operating
TALiSMaN and TALiSMaN-Green. Whilst streetlights are operating TALiSMaN, more
than 50% of them become non-operational after 22:00. However, due to relatively low
traffic count (five road users per hour on average) for the next eight hours (23:00 and 7:00
the next day), as shown in Figure 5.19, the number of non-operational streetlights remains
almost consistent around 60% during these hours. With TALiSMaN-Green, almost all
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the streetlights are able to provide light until 07:50 the next day, or 10 minutes before
sunrise. For both TALiSMaN and TALiSMaN-Green, the number of non-operational
streetlights increases to 100% exponentially, 5 minutes before sunrise. This trend is
consistent with the traffic counts at Salisbury Road shown in Figure 5.19, which has a
significant increment between 07:00 and 08:00.

Figure 5.23: Simulation results showing the number of depleted solar-powered
streetlights during operational hours from 16:00 to 08:00 the next morning whilst
operating TALiSMaN and TALiSMaN-Green.

5.5.2.3 Usefulness of Street Lighting

Figure 5.24 shows the streetlight usefulness experienced by simulated road users ac-
cording to the traffic flow observed at Salisbury Road (Figure 5.19). With TALiSMaN,
streetlight usefulness experienced by road users decreases over time, and begins to go
below 50% after 22:00. During the morning rush hour (07:00 – 08:00), usefulness is below
30%. Compared to TALiSMaN-Green, streetlight usefulness is more consistent where the
majority of the road users are still able to experience streetlight usefulness between 60
and 80% (mean = 73% with standard deviation of 9%), at most of the time. Also, use
a linear regression, TALiSMaN and TALiSMaN-Green show a R2 value of 59% and 5%
respectively. These figures suggest that TALiSMaN-Green is capable of maintaining rela-
tively more consistent streetlight usefulness across the night as compared to TALiSMaN.
Streetlight usefulness widely fluctuates, for both TALiSMaN and TALiSMaN-Green, be-
tween midnight and early morning (6:00 the next day). This is because the traffic count
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during these hours is relatively low, thus providing an inadequate sample during sim-
ulations, compared to the rest of the times. This is also exhibited by observed traffic
profiles shown in Figure 5.19. It is expected, with sufficient samples, that TALiSMaN-
Green is able to maintain streetlight usefulness between 70 and 80%, across the whole
night. This is based on the fact that the IQRs of the αcond of the streetlights operating
TALiSMaN-Green are mostly at between 0.6 and 1 as shown in Figure 5.21.

Figure 5.24: Simulation results showing mean streetlight usefulness experienced
by simulated road users using TALiSMaN and TALiSMaN-Green. TALiSMaN
shows a huge decline (Linear regression, R2 = 59%) in streetlight usefulness
when approaching sunrise time, whereas TALiSMaN-Green remains relatively
more consistent (Linear regression, R2 = 5%) throughout the entire night.

5.6 Summary

This chapter proposed TALiSMaN-Green, an adaptive lighting scheme for solar-powered
streetlights. It incorporates TALiSMaN, a lighting scheme that conserves energy whilst
maintaining near-perfect usefulness of grid-powered streetlights by detecting road users,
and dynamically setting lighting levels in their vicinity. TALiSMaN performs relatively
poorly for off-grid streetlights which come with limited energy storage, as it can allow
energy reserves to become depleted before sunrise. Also, energy harvested from solar
power varies due to the season and weather conditions. TALiSMaN-Green overcomes
these limitations by using an energy demand predictor which forecasts the energy required
by the streetlight over a complete night. TALiSMaN-Green trades-off lighting conditions
required by TALiSMaN to deliver more consistent streetlight usefulness to road users,
across the whole night. It also prolongs the operational lifetime of these streetlights until
sunrise.
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To identify a suitable energy demand predictor for TALiSMaN-Green, four low-complexity
online predictors, namely Naïve, simple, fixed, and exponentially weighted moving aver-
age, were evaluated in terms of their accuracy in predicting energy potentially consumed
by the solar-powered streetlight whilst operating TALiSMaN, and the computational
resources required by these predictors. These predictors were evaluated with different
prediction timeslots, amount of historical data required, data aggregation strategies,
weighting factors, and traffic volumes. With a predictor selection metric, FWMA is
found to be the most suitable predictor for TALiSMaN-Green amongst the considered
predictors. This predictor has most accurate energy demand prediction with an ‘Even’
weighting factor, 5-minute prediction timeslot, 6-day historical data, whilst the data is
aggregated with PDD strategy.

The proposed scheme together with FWMA energy demand predictor has been validated
through two case studies. In Case Study A, the energy level of the streetlights is ab-
stracted to five different levels. Based on the simulation results, the αcond and streetlight
usefulness experienced by simulated road users were directly proportional to these energy
levels. In an extremely constrained environment, where only 10% of the energy required
to run TALiSMaN was available, TALiSMaN-Green extended the operational lifetime
of the streetlight from 1.5 to 16 hours, and maintained average streetlight usefulness
at 10%. This compares with TALiSMaN, where simulated road users experienced zero
usefulness after 1.5 hours of lighting operation.

The performance of TALiSMaN-Green is further validated in Case Study B, where real
traffic flow and solar radiation readings were used. The simulation results showed that
about 40% of the streetlights were not fully charged (energy level below 90%). This
has demonstrated the need for TALiSMaN-Green in solar-powered streetlights. For
TALiSMaN-Green, almost all the streetlights were still operational 10 minutes before
sunrise. This was an increase of 9 hours (56% of the 16-hour operation) compared to
TALiSMaN, where nearly 60% of the streetlights were non-operational at 23:00. In terms
of streetlight usefulness, the simulated road users experienced a more consistent useful-
ness (mean = 73% with standard deviation of 9%) with TALiSMaN-Green, whereas the
usefulness had a tendency to decline in time with TALiSMaN, and it dropped to below
30% during the morning rush hour (07:00 – 08:00).

To summarise, although TALiSMaN-Green is not necessarily the optimal solution to the
shortcomings of existing solar-powered streetlights, simulation results indicating that it
can prolong the operational lifetime of the streetlights while maintaining more consistent
streetlight usefulness throughout the entire night.





Chapter 6

Conclusions and Future Work

6.1 Conclusions

Street lighting is a ubiquitous utility which can be found in most urban areas. It il-
luminates walkways and roads after dark. As presented in Chapter 1, street lighting
can enhance the safety and security of road users, and thus encourages more socioeco-
nomic activities after dark. Due to the vast deployment of street lighting and rising
energy costs, sustaining lighting operation is a heavy burden, both financially and envi-
ronmentally. In Chapter 2, various energy efficiency initiatives for street lighting have
been considered. These initiatives include retrofitting more energy efficient lamps, reduc-
ing the lighting levels of streetlights or dimming, and using renewable energy to power
streetlights. Amongst these initiatives, dimming was widely adopted in lighting control
schemes to conserve energy in grid-powered streetlights. The requirements for street
lighting from the perspectives of a pedestrian and a motorist were considered in Chapter
2. Although existing lighting schemes have improved the energy efficiency of Conven-
tional or ’always-on’ street lighting, their impact on road users’ requirements for lighting
is often omitted.

In order to investigate the impact of a street lighting scheme from the perspectives of
a pedestrian and a motorist, an evaluation metric, known as the streetlight usefulness
model, was proposed in Chapter 3. This model was based on the literature about the
lighting needs for different visual tasks and perception of safety according to these road
users. With StreetlightSim, a streetlight simulation environment developed as part of
this research, the performance of existing lighting schemes has been evaluated in terms of
energy efficiency and streetlight usefulness. Five existing lighting schemes, namely Con-
ventional, Part-night, Philips Chronosense and Dynadimmer, Multi-sensor and Zoning,
were evaluated. These schemes were evaluated with 112 streetlights from a residential
area in Southampton, over a 16-hour simulated lighting operation (16:00 – 08:00 the next
day). Simulation results showed that the Conventional or ’always-on’ lighting scheme
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consumed the most energy. However, it offered a near-perfect streetlight usefulness (>
90%) to both simulated pedestrian and motorist traffic. Part-night, Philips Chronosense
and Dynadimmer adjusted lighting levels according to a predefined schedule. Although
these schemes showed improved energy efficiency between 15 – 37% compared to Con-
ventional, their usefulness was reduced to below 90%, and as low as zero during some
streetlight operational hours. Amongst all the evaluated lighting schemes, the Zoning
lighting scheme required the least energy (1 – 8% of the energy consumed by Conven-
tional) to operate. This was because its energy is spared for pedestrian traffic only,
which constitutes a mere 14% of the total simulated traffic. Although, pedestrian traf-
fic received similar streetlight usefulness as demonstrated by the Conventional lighting
scheme, motorists gained little benefit from Zoning. The Multi-sensor lighting scheme
increases the lighting level from 40% to 100% when a motorist or a pedestrian is in
close proximity. It reduces energy consumption by 55 – 60% compared to Multi-sensor
lighting scheme. Due to a lack of information sharing, neighbouring streetlights were
unable to cooperate to create the lighting conditions required by road users. As a result
of this, its usefulness was limited to between 65 – 77% on average. In short, although
existing lighting schemes can improve the energy use of street lighting, they have failed
to address the lighting needs from the perspective of road users, as demonstrated by the
Conventional method. To summarise, this chapter addresses research questions (a) and
(b) listed Section 1.2.

In Chapter 4, Traffic-Aware Lighting Scheme Management Network (TALiSMaN) was
proposed to address the limitations exhibited by existing lighting schemes. This scheme
considers the streetlight usefulness proposed in Chapter 3 to seek a balance between
reducing the energy use for street lighting whilst preserving its usefulness according to
different road users’ needs. The basis of this scheme is that streetlights are governed
in such a way to create lighting conditions that meet lighting needs for various visual
tasks and safety perception of different road users. This scheme is a distributed lighting
control that operates over a short-range wireless mesh network, without relying on a
centralised control. With the same simulation scenarios and parameters used in Chapter
3, TALiSMaN demonstrated a comparable streetlight usefulness (> 90%) as offered by
the Conventional lighting scheme. Importantly, TALiSMaN consumed 2 – 55% of the
energy needed to operate the Multi-sensor lighting scheme, the energy of which increases
with increasing traffic volume. By comparison to the Zoning lighting scheme, TALiSMaN
requires three times more energy. However, this is justifiable as TALiSMaN satisfies
the lighting needs of both pedestrian and motorist traffic. To summarise, TALiSMaN
addresses research question (c) listed in Section 1.2.

Chapter 5 proposed TALiSMaN-Green to address the limitations of solar-powered street-
lights. This scheme is TALiSMaN enhanced with an energy demand predictor. By
combining knowledge of the current level of energy stored and predicting sunrise time,
TALiSMaN-Green prolonged the operational lifetime of solar-powered streetlights, and
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maintained a more consistent level of streetlight usefulness across the entire night. When
the remaining energy stored is predicted to be insufficient to sustain the operation of the
street lighting, the lighting levels required by TALiSMaN are modulated to a lower level to
conserve energy. As a result, this prolonged the operational lifetime of the solar-powered
streetlights. To determine the most suitable energy demand predictor for TALiSMaN-
Green, four low-complexity online predictors were evaluated by considering the required
computational resources and their accuracy in predicting the energy demand required by
TALiSMaN. Analysis showed that the fixed weighted moving average outperforms other
considered predictors using an ’Even’ weighting factor, 5-minute prediction timeslot,
whilst the 6-day historical data is aggregated with PDD strategy.

The performance of TALiSMaN-Green was evaluated with two case studies. For both
case studies, the energy harvesting system (solar cell size and battery capacity) of solar-
powered streetlights was sized to harvest and store sufficient energy required by TAL-
iSMaN for a 16-hour lighting operation per night with a 25 W LED lamp. For Case
Study A, the performance of TALiSMaN-Green is analysed where the energy level of the
solar-powered streetlights was abstracted to a level. Based on a 16-hour simulated light-
ing operation, TALiSMaN-Green enabled the limited energy budget of the solar-powered
streetlights to distribute fairly over a complete night, even in a highly constrained sce-
nario. As lighting levels requested by TALiSMaN were modulated based on the ratio
of the remaining energy in energy storage to the predicted energy demand to operate
TALiSMaN, the streetlight usefulness of TALiSMaN-Green is directly proportional to
the available energy level evaluated. For example, with 30% of the energy stored which
is required to run TALiSMaN, TALiSMaN-Green maintained streetlight usefulness at
about 30%. Whilst the streetlights were designated for a 16-hour simulated lighting
operation, with the same energy level, the streetlight usefulness of TALiSMaN declined
to zero after two hours of operation. In contrast, TALiSMaN-Green can extend the
operational lifetime of almost all the streetlights until 30 minutes before sunrise.

For Case Study B, actual traffic flows were used to evaluate the performance of TALiSMaN-
Green. To resemble the operation of solar-powered streetlights in the winter season, ac-
tual solar readings during winter months were used during simulations. Using six weeks of
traffic flow along with solar readings during winter months, the simulation results showed
that about 60% of the streetlights are able to charge their energy storage at between 90 –
100%. For a 16-hour simulated lighting operation, about 60% of the solar-powered street-
lights became non-operational after seven hours whilst operating TALiSMaN. However,
with TALiSMaN-Green, almost all the streetlights were still operational 10 minutes be-
fore sunrise. In terms of streetlight usefulness, TALiSMaN-Green was able to maintain
it at 60 – 80% (mean = 73% with standard deviation of 9%). For TALiSMaN, streetlight
usefulness declined during operational hours, and below 30% before sunrise. In short,
TALiSMaN-Green addresses research question (d) listed in Section 1.2.
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In summary, this thesis has evaluated the energy efficiency and usefulness of existing
street lighting schemes. Although these schemes have improved the energy efficiency
of street lighting, they were unable to maintain a comparable streetlight usefulness as
demonstrated by the Conventional lighting scheme. TALiSMaN addressed this problem
by maximising the usefulness of the streetlights with a reasonable energy consumption.
The obtained results showed that TALiSMaN can offer comparable or improved street-
light usefulness of the existing schemes with 1 – 2% energy consumption of the Conven-
tional lighting scheme. Although TALiSMaN outperformed existing lighting schemes, its
application to solar-powered streetlights was limited. This led to TALiSMaN-Green, an
energy-neutral lighting scheme with predictive and adaptive behaviour. The results were
promising as TALiSMaN-Green can prolong the operational lifetime of solar-powered
streetlights 10 minutes before sunrise whilst maintaining streetlight usefulness at 60 –
80% throughout the entire night. Although both TALiSMaN and TALiSMaN-Green are
not necessarily the optimal solution, simulation results suggest that both of schemes
are relative good compared to the state-of-the-art. Compared to Conventional lighting
scheme, TALiSMaN schemes require extra infrastructure, i.e. WSN to operate. However,
this extra investment can be absorbed by energy saved and offset by smaller solar-powered
streetlight system required to operate TALiSMaN schemes. The undertaken research has
also contributed to international conference and journal publications as listed in Section
1.3. Also, the author also been invited to participate in a panel discussion at the OM-
NeT++ Community Summit 2015.

6.2 Future Work

The research that has been undertaken in this thesis has successfully answered the re-
search questions in Section 1.2. However, there are still additional investigations that
could be carried out as this is a comprehensive application area. This section lists some
of the extension works from this research.

• To relay and to enable information exchange between streetlights, TALiSMaN and
TALiSMaN-Green require a reliable and real-time routing protocol to govern in-
formation flow. This is because information about the detected road user is time
sensitive, and will have limited use if it is delayed. Due to the fact that the trav-
elling direction of traffic is not available to TALiSMaN schemes, the information
is shared amongst all neighbouring streetlights within a 150 m radius. In this
thesis, both TALiSMaN schemes adopted a refined packet flooding protocol for
this. Although the simulation results suggested that the refined protocol is ad-
equate to support the operation of the TALiSMaN schemes, it suffers a packet
loss rate of between 23 and 29%. Due to the packet loss, streetlights can remain
active even though no traffic is in proximity. Consequently, this increases energy
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consumption for the street lighting. To ensure the information is received by all
neighbouring streetlights, the TALiSMaN schemes continue to broadcast the last
operational status of the streetlights for an additional 15 seconds. However, this
approach can create unnecessary network congestion, and increase channel compe-
tition. To further improve the performance of the TALiSMaN schemes, a low-power
acknowledgement-based protocol could be used.

• TALiSMaN schemes utilise traffic sensors to detect the presence of pedestrian and
motorist traffic. During the simulations, this traffic was detected from a distance
of 13 m. However, the performance of various sensors to detect the presence of the
traffic can vary [101], and thus this needs further investigation. Currently, there
are several sensors that could be used for detecting traffic, for example, passive
infrared, audio, vibration, inductive loop, magnetic, and radar, and each has its
own limitation. To improve road user detection and to extend the detection range,
a multi-sensor array could be considered. This, however, requires further research.

• One of the side effects of operating TALiSMaN schemes is that streetlights are
regularly dimmed. Dimming the streetlights with high frequency can cause street-
lights to flash and could bring discomfort to nearby residents; however, to what
extent still needs further investigation.

In this thesis, the performance of TALiSMaN schemes has been evaluated via simulation.
Thus, some aspects of WSN have been abstracted. For example, issues regarding security,
time synchronization, and resilience to errors (sensing and radio transmission) are yet to
be fully investigated in this thesis. Owing to this, TALiSMaN requires further evaluation,
and a field test could be conducted to validate the actual potential of the schemes in real
environment. This, however, requires hardware design and implementation to support
the operation of TALiSMaN schemes.
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Due to copyright restriction, the selected publications are not included in this version
of thesis.



Appendix B

Performance of IEEE 802.15.4 in
TALiSMaN

This section presents the performance of refined packet flooding, which was presented in
Section 4.3.1, in supporting TALiSMaN over IEEE 802.15.4 network. The performance
of the protocol is evaluated in terms of its packet loss ratio and packet delivery latency.
Since flooding is not designed to provide guarantee of packet delivery, a high packet
loss is expected by the refined packet flooding protocol. Figure B.1 shows the protocol
suffers 23 – 29% packet loss ratio whilst TALiSMaN operates at different traffic volumes.
Although the protocol suffers from increasing packet loss as traffic volume increases, it
is still sufficient to support TALiSMaN operation. This is because all the simulated
road users are able to experience near-perfect (> 90%) streetlight usefulness as shown in
Figure 4.7.

In Section 4.3.1, the operation states of TALiSMaN have a validity of 2 s was considered.
This is based on the average distance of 30 m between streetlights and speed limit of
30 mph (∼13 m/s) for residential roads in the UK. Figure B.2 shows the end-to-end
delay of the protocol whilst TALiSMaN is evaluated with different traffic volumes. The
simulation results show that packet delivery latency increases between 1 and 3 ms or
requires 3 to 15% more time when traffic volume of 180 road users per day is evaluated.
However, these results are expected as the communication channel becomes congested
with packets resulted from increasing number of road users. Based on the simulation
results, this protocol is able to have packet delivered below 30 ms which is below the
validity period of 2 s required by TALiSMaN.
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Figure B.1: Packet loss ratio (mean) of the refined packet flooding whilst TAL-
iSMaN is evaluated with different traffic volumes. The error bars represent the
maximum and the minimum packet delivery ratios.

Figure B.2: End-to-end delay (mean) of the refined packet flooding whilst TAL-
iSMaN is evaluated with different traffic volumes. The error bars represent the
maximum and the minimum packet delivery latency.



Appendix C

Shapiro-Wilk Normality Test

This section presents the Shapiro-Wilk (S-W) normality test on the simulation data
generated in Chapter 4 and 5. The objective of this test is to assess the distribution of
the simulation data, thus appropriate statistical tests can be used in this thesis. If the
p-value of the S-W test is < 0.05, then the null hypothesis of the test is rejected that
the data is from a normality-distributed population.

Table C.1 and C.2 show the statistical results of the S-W test on some of the simulation
data used in Chapter 4 and 5, respectively. As shown in Table C.1, some simulation data
appear to be normality-distributed. However, as shown in Table C.2, the significance
(2-tailed) p-value of the S-W test is < 0.05 for mean absolute error generated in Chapter
5. Owing to this, these data are not from a normality-distributed population.

Table C.1: Statistical result of S-W normality test for energy consumed by
the traffic-aware lighting schemes at different pedestrian-motorist ratios during
streetlight operational hour 17:00 – 18:00.

Lighting scheme Ratio
Traffic volume (road users per day)

180 438 1347 3508 6554

W p W p W p W p W p

Multi-sensor 0% 0.96 0.23 0.86 <0.05 0.88 <0.05 0.61 <0.05 0.64 <0.05
14% 0.89 <0.05 0.97 0.64 0.99 0.98 0.88 <0.05 0.87 <0.05
30% 0.95 0.19 0.98 0.75 0.98 0.90 0.98 0.73 0.57 <0.05
50% 0.86 <0.05 0.95 0.15 0.95 0.18 0.97 0.51 0.98 0.57
70% 0.96 0.29 0.98 0.58 0.97 0.44 0.98 0.90 0.99 0.97

Zoning 14% 0.87 <0.05 0.98 0.78 0.96 0.28 0.96 0.32 0.98 0.82
30% 0.96 0.40 0.94 0.12 0.92 <0.05 0.97 0.42 0.96 0.38
50% 0.95 0.12 0.98 0.88 0.97 0.49 0.95 0.13 0.94 0.10
70% 0.98 0.74 0.97 0.50 0.98 0.59 0.96 0.30 0.98 0.86

TALiSMaN 0% 0.89 <0.05 0.96 0.26 0.92 <0.05 0.98 0.87 0.56 <0.05
14% 0.94 0.10 0.97 0.35 0.94 <0.05 0.96 0.32 0.97 0.43
30% 0.97 0.58 0.97 0.54 0.98 0.76 0.99 0.95 0.98 0.87
50% 0.98 0.68 0.70 <0.05 0.54 <0.05 0.91 <0.05 0.96 0.36
70% 0.97 0.51 0.75 <0.05 0.52 <0.05 0.99 0.97 0.90 <0.05
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Table C.2: Statistical result of S-W normality test for mean absolute error given
by FWMA and EWMA energy demand predictors at different weighting factors,
α, and traffic volumes.

Predictor α
Traffic volume (road users per day)

180 438 1347 3508 6554

W p W p W p W p W p

FWMA Left 0.87 <0.05 0.91 <0.05 0.93 <0.05 0.91 <0.05 0.92 <0.05
Even 0.83 <0.05 0.87 <0.05 0.96 <0.05 0.93 <0.05 0.89 <0.05
Right 0.98 <0.05 0.91 <0.05 0.91 <0.05 0.86 <0.05 0.82 <0.05

EWMA 0.0 0.59 <0.05 0.72 <0.05 0.65 <0.05 0.71 <0.05 0.90 <0.05
0.1 0.59 <0.05 0.72 <0.05 0.65 <0.05 0.71 <0.05 0.90 <0.05
0.2 0.59 <0.05 0.72 <0.05 0.65 <0.05 0.71 <0.05 0.91 <0.05
0.3 0.59 <0.05 0.72 <0.05 0.66 <0.05 0.71 <0.05 0.91 <0.05
0.4 0.59 <0.05 0.72 <0.05 0.66 <0.05 0.72 <0.05 0.91 <0.05
0.5 0.59 <0.05 0.72 <0.05 0.66 <0.05 0.72 <0.05 0.91 <0.05
0.6 0.59 <0.05 0.73 <0.05 0.67 <0.05 0.73 <0.05 0.92 <0.05
0.7 0.59 <0.05 0.73 <0.05 0.67 <0.05 0.74 <0.05 0.92 <0.05
0.8 0.59 <0.05 0.73 <0.05 0.69 <0.05 0.77 <0.05 0.88 <0.05
0.9 0.61 <0.05 0.70 <0.05 0.66 <0.05 0.87 <0.05 0.89 <0.05
1.0 0.80 <0.05 0.31 <0.05 0.37 <0.05 0.97 <0.05 0.94 <0.05
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