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The Day 1 C-ITS Application Green Light Optimal Speed Advisory—A Mapping Study
Niklas Mellegård
Frida Reichenberg
Mobility and Systems Division, RISE Research Institutes of Sweden AB
1 INTRODUCTION
The C-ROADS platform [1]—initiated in 2016 and funded by the EU CEF program (Connecting
Europe Facility)—aims at harmonizing the deployment of C-ITS (Cooperative Intelligent
Transport Systems) across Europe. C-ITS functions are realized by communication between
road vehicles and infrastructure together with on-board vehicle software, and are expected
to improve traffic safety and efficiency. Among the stated objectives of the C-ROADS platform is to facilitate interoperability of C-ITS cross-border between the EU member states by
standardizing necessary infrastructure elements and providing a common portfolio of service definitions, and thereby also increase the speed of deployment. Among these service
definitions are the Day 1 services [3] which build on mature technologies, have expected
societal benefits and, are assumed to be available in the short term. Still, many of these Day
1 services have yet to see wide-spread deployment and it is of interest to survey the current
state of scientific knowledge.
In this paper we report on a systematic mapping study to survey the current state of research by analysing and categorising scientific publications related to the Day 1 C-ITS application Green Light Optimal Speed Advisory (GLOSA) [2], enabled by the C-ITS service “Signalized Intersections”. The overarching question we address in this paper is:
What is the current body of scientific knowledge related to the C-ITS application GLOSA?

To address this, 64 scientific publications were analysed. The study was done in the CEF
(Connecting Europe Facility) funded project Nordic Way 2 [4] which demonstrates and evaluates C-ITS in the Nordic countries.
The contributions of the paper can be of interest to commercial and public organisations
that have a stake in C-ITS services in general and in GLOSA specifically, and that wish to
know the current state of research, as well as to researchers to identify gaps in need of further investigation. In addition, the paper provides a methodological description for a mapping study in the area of C-ITS which could be applied to other service definitions and applications, and could thereby contribute with more uniform evaluation of the current state of
research.
The paper is organized as follows: the next section provides background to the C-ROADS
platform and the GLOSA application specifically, section 3 describes the research method
and the research questions that were addressed, section 4 summarizes results from the
mapping study and section 5 discusses the results. Finally, section 6 concludes the paper.
2 BACKGROUND AND RELATED WORK
Cooperative Intelligent Transport Systems (C-ITS) [3] are a family of functionality enabled by
vehicle-to-vehicle (V2V) and vehicle-to-infrastructure (V2I) communication technologies and
aim to improve safety and efficiency of transport and mobility systems. With the C-ITS Directive in 2011, EU initiated work to accelerate development and deployment of C-ITS ser-
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vices throughout Europe, and aimed with the C-ROADS platform [1] in 2016 at harmonizing
cross-border deployment of such systems in the EU. Among the key elements in the CROADS platform are joint development of technical specifications for pilot deployments, and
cross-site tests to demonstrate interoperability of deployed C-ITS services within EU [5].
It is expected that C-ITS applications will have considerable positive impact on efficiency and
safety of road transports—freight as well as personal transports—but also that their deployment suffers from the chicken-and-the-egg problem: where should investments begin,
how to stimulate the emergence of business cases, how to foster interoperability and on
which basis should cooperation amongst public and private stakeholders be pursued [3].
Specifically, while it is anticipated that wide-scale deployment of C-ITS has the potential to
benefit society as a whole, no individual actor has the power or incentive to alone ensure
successful deployment. The C-ITS and C-ROADS platforms aim to harmonize specifications,
stimulate collaboration and pilot deployments, and thereby accelerating roll-out of such
applications.
The C-ITS Platform specifies a list of applications—Day 1 services—which build on mature
technologies, have societal benefits and are expected to be available in the short term.
Among these is the signage application Green Light Optimal Speed Advisory (GLOSA). GLOSA
advises a driver—human or autonomous—about the speed to keep to arrive at green light in
the upcoming intersection(s), by utilizing communication with traffic lights and on-board
vehicle functionality. GLOSA is expected to improve road safety and fuel consumption by
reducing the number of decelerations and accelerations, thereby also contributing to a
smoother traffic flow.
There are a number of challenges in realizing GLOSA. Firstly, it requires standardized communication infrastructure (e.g. ETSI ITS-G5 [6]), cellular communication (e.g. 5G [7]), or a
hybrid approach) and protocols (e.g. SPAT and MAP [8]). Secondly, there are challenges for
the on-board functionality, such as: how to reliably handle possibly inaccurate predictions of
time-to-green and time-to-red for dynamic traffic lights (that adapts to current traffic and
pedestrians); how to predict the route to be able to plan optimal speed across multiple road
segments; how safety and fellow road users are affected.
While there is much research published about GLOSA, to our knowledge there is no published secondary study attempting to summarize the current state of knowledge and identifying research gaps.
3 METHOD
Literature reviews, also known as secondary studies, aim to survey publications within a
research field to answer a set of questions. Systematic literature reviews (SLR) [9] and Systematic mapping studies (SMS) [10]–[12] are two structured methods for conducting literature reviews and can be seen as two ends on a spectrum [12]—from SLRs which typically aim
to answer very specific research questions and require a deep analysis of the publications
included in the selection, to SMSs which typically aim to give an overview of the current
state of research. In their most basic form an SMS would require little or even no analysis at
all of the publication contents by mapping only topic-independent attributes, such as publication venues or the most active researchers in the field. Common to both methods is that a
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large selection—if not all—of the publications that fit a selection criteria are reviewed according to a well-defined analysis instrument.
In this paper, we have conducted a systematic mapping study with deeper thematic analyses
than the most basic SMS, but addressing broader research questions than would a typical
SLR. The overarching aim of this SMS is to provide an overview of the current scientific
knowledge regarding the C-ITS application GLOSA and to identify what topics have been
researched and to identify gaps. Specifically, the following research questions were addressed:
RQ1: What has been published about the C-ITS application GLOSA?
RQ2: What gaps in knowledge about the C-ITS application GLOSA can be
identified?

Figure 1. Method overview

illustrates the method applied. An initial search in the Scopus academic publication
database [13] using the search term ’GLOSA’ yielded 104 publications (the final search was
conducted May 28, 2019). Reviewing title and abstract resulted in 43 relevant publications
which were divided randomly between the two researchers. In the first full-text review
round the aims were three-fold: a) to develop a classification scheme to categorize the publications; b) to expand the publication sample by snowballing from references, and; c) to
apply the inclusion/exclusion criteria.
To be included in the sample, publications must fulfil these criteria:
1. Be a peer-reviewed scientific publication;
2. Focus on the GLOSA application as defined by the C-ITS platform, or on technologies
with the specific purpose of enabling GLOSA;
3. Provide original contribution. This would for instance exclude publications that solely summarize existing work.
In the first review round, using thematic analysis [14], a classification scheme was developed
following the generic pattern proposed by Wieringa et al. [15]. From the high-level classes
proposed in their paper, more detailed classes were defined to address the research quesFigure 1
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tions in our study. The classification scheme along with initial classification data was presented in a validation workshop with practitioners (March 2019) to ensure that the scheme
captured the relevant aspects of the publications. Participating in the workshop were representatives from two Swedish vehicle manufacturers (cars as well as heavy vehicles), city and
traffic planners. Feedback from the workshop was used to adapt the scheme, which was
then used in the second review round.
In the second review round, all 64 publications were reviewed by both researchers in collaboration. The subsequent analysis of the classification data resulted in a set of preliminary
conclusions that were presented at a second workshop (June 2019) with the aim to validate
the conclusions and to catch aspects that the researchers had missed or misinterpreted.
Participating in the workshop were representatives from two Swedish manufacturers of
heavy vehicles, suppliers of communication and of road infrastructure equipment, the Swedish road administration and, city and traffic planners. Feedback from the workshop was
incorporated in this paper.
The classification scheme comprises four main areas, as illustrated in Figure 2: Topicindependent, The GLOSA Function, Publication focus, and Evaluation Context.

Figure 2. Publication classification scheme (abbreviated). Numbers in circles indicate number of sub-categories

For brevity we here provide only an overview of the classification scheme with details provided for the classes that are central to the analysis reported in this paper. The full classification scheme with descriptions, together with the publications and classification data is made
available2.
The topic-independent group of classes are not specifically related to GLOSA but generally
describe publication and study trends: what type of empirical data the publication bases its
contribution (theoretical, simulation, controlled experiment, field operational test, or pilot
deployment); publication type indicating the maturity of the research (workshop, conference, journal or book chapter); where the study was conducted (only used when the loca-
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tion matter, e.g. for pilot deployments or where a specific road section has been modelled
and used in simulation), and; publication year.
The GLOSA Function group of classes describe what kind of functionality is assumed or proposed, and details about the communication infrastructure that is assumed or proposed.
The Publication Focus group describes what the main focal topics of the publication is and
comprises three main categories: methodology publications that propose methods on how
to evaluate or simulate GLOSA; solutions proposals, comprising on-board GLOSA algorithms,
holistic system designs including communication infrastructure, and predicting time of signal
phase changes for dynamic traffic lights; evaluation describes what aspects of GLOSA or its
enabling technologies that were evaluated.
The Evaluation Context group describes how GLOSA and its enabling technologies were
evaluated. The group is intended to illustrate in what degree of realism the evaluation was
done which can give an indication of the reliability of the results: evaluation perspective
describes from whose perspective the evaluation was done, i.e. effects on the equipped
vehicle, fellow road users, or on a broader societal perspective (e.g. safety or traffic
throughput); functional context maps for instance the type of traffic lights used, the fidelity
of the driver models and assumed communication range.
3.1 Validity Evaluation
The following are considered the main threats to validity.
Selection validity—although we cannot guarantee that all relevant publications have been
included, the researchers are confident that the search and selection procedure applied—
with a wide search in the Scopus database and snowballing from references—resulted in a
representative sample of the current state-of-the-art with respect to GLOSA.
Still there may be additional relevant results from projects that were not published in scientific venues; for instance, white papers and project reports. For a complete picture of stateof-the-art these should also be included. However, in our mapping study we chose to only
include peer-reviewed publications to ensure established scientific rigour.
Construct validity—the classification scheme used to categorise the publications were constructed by the researchers when reviewing the publications, and may not include all relevant aspects of GLOSA. To mitigate this threat to validity, the basic structure of the classification scheme was based on previous research [12], [15], and a workshop with practitioners
was organized to validate its relevance.
Conclusion validity—researcher bias can threaten the validity of conclusions. To mitigate
this risk and validate the conclusions, a workshop with practitioners was organized, which
included a draft of the conclusions from the study. Another threat to conclusion validity
stems from publication bias (a.k.a. the file drawer problem [16])—the decision to publish
depends on the strength of the results, leading to publications more often showing strong
and positive results and where non-significant or negative results tend not to be published.
This poses a threat especially to secondary studies, as these collate and summarize only published results. As mitigation, we here refer our conclusions to what has been published about
GLOSA rather than to claim conclusive evidence on the GLOSA application itself.
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4 RESULTS
The results presented here are divided into three sections: Publication Trends presenting
analyses of topic-independent data such as publications over time and their geographical
distribution; Publication Focus, showing what specific GLOSA-related topics publications
focus on, and; GLOSA Evaluation, reporting on how evaluations of GLOSA and its related
technologies have been done.
The presented results are a subset of the data gathered in the study. The full set of mapping
data is made available2.
4.1 Publication Trends
To characterize publication trends, Figure 3a shows the number of publications per year with
the earliest in 2006 [17].

Figure 3. Publication trends. Diagram a) shows publications per year, and b) shows the geographical distribution of GLOSA studies, where considered relevant. Note that a publication may refer to studies from multiple
locations

From 2011 there is a clear increase in the number of publications which gradually decreases
and seems regain intensity around 2016 after which it seems to increase again. This correlates with the EU directive regarding C-ITS in 2011 and the first release of the C-ROADS specification in September 2017, suggesting the directive has had an effect on research activity.
Regarding geographical location of conducted studies, Figure 3b shows that publications tend
to mainly refer to a European context with more than half of the publications and most of
these are set in a German context. Note, however that, approximately a third of the publications does not explicitly relate to a geographical context.
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Figure 4. Distribution of the empirical basis used in the publications. Note, a publication can use multiple types

From Figure 4, illustrating the empirical basis used in the publications, it is evident that an
absolute majority of publications base their findings on simulation. While there are publications reporting findings from real-world deployments (Pilot [18]–[27] and FOT1 [28]–[33]),
these are comparatively few and there does not seem to be any trend when analysing empirical basis over time—a maturing research field would presumably show a trend over time
with increasing data from real-world test deployments.
4.2 Publication Focus
Analysing publication focus, Figure 5a shows that publications tend mainly to propose technical solutions and evaluate their effects.

Figure 5. Publication focus. Figure a) shows an overview of the publication focus, and diagrams b) – d) on the
right provide details about each. Note that a publication may appear in multiple categories

Details on evaluation, illustrated in Figure 5b, show that the absolute majority focus on evaluating effects of the GLOSA application for the equipped vehicle (further details given in Figure
6 and Figure 8). There are also a number of publications evaluating infrastructure elements,
mainly related to communication [20], [23], [25]–[27], [30], [32], [34]–[37] and traffic light
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control strategies [38]–[40]. Considerably fewer publications, however, examine driver behaviour [17], [24], [41]–[44], safety [39], [43], [45] and economic aspects [46].
A considerable number of publications propose various solutions, where two thirds focus on
the on-board GLOSA algorithm—as shown in Figure 5c—and typically also evaluates its efficiency in simulation. About a third proposed whole system solutions, including traffic lights
and communication infrastructure. Further, about a third focuses on how to predict signal
changes in dynamic traffic lights [21]–[23], [28], [47]–[50] and report promising results.
Quite a few publications focus on methodology (Figure 5d), broadly on how to perform evaluation [23]–[26], [51]–[53] and simulation [32], [37], [39], [41], [51], [53]–[58] to evaluate
effects of GLOSA.
4.3 GLOSA Evaluation
Considering aspects of how GLOSA has been evaluated; Figure 6 clearly shows that most publications focus on the GLOSA equipped vehicle. This is noteworthy since GLOSA is expected
to have societal effects such as improving traffic flow and reducing congestion as well as
pollution. Adding to that, only one publication analyses cost/benefit for deploying GLOSA
[46].

Figure 6. Evaluation perspective showing what object was in focus for the evaluation. Note that a publication
may include several perspectives

Furthermore, few publications examine the fellow road users’ perspective and especially
how they perceive vehicles equipped with GLOSA. This is especially concerning as one pilot
study [18] reports that fellow road users appeared notably irritated when test drivers followed the recommended speed. However, two publications [43], [44] that report on a controlled experiment where fellow road users’ behaviour was examined, found that the perceived frustration increased and headway decreased when fellow road users were made
aware of the GLOSA equipped vehicle. The authors note that this finding was unexpected
and counter-intuitive, and that it may be due to weaknesses in the experiment design.
Examining further details of the context in which GLOSA was evaluated; Figure 7a and Figure 7b
show that a majority of the publications focus only on the simpler cases with fixed-time traffic lights where the precise time to signal shift is known beforehand and for a single road
junction (i.e. only for the upcoming traffic light).
Although one comparative study [59] shows that improved effectiveness can be expected
optimizing over several segments, it may be challenging as it requires accurately predicting
the vehicle’s route. One paper assumes integration with the route planner to provide GLOSA
with the necessary information [55]. However, no study was found that considered the re-
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percussions of assuming the wrong route and by consequence recommending the wrong
speed—this however also applies to single segment GLOSA when approaching a complex
intersection where the time to signal shift differs depending on which lane is selected. Still,
most studies show improvements even when considering only the next intersection.
The relatively limited focus on dynamic traffic lights (Figure 7b), however, may be cause for
more concern. Dynamic traffic lights can be unpredictable up until a short time before the
lights change—effectively limiting an application’s ability to provide reliable advice. Additionally, in urban areas where GLOSA is expected to be most effective, dynamic traffic light
are most prevalent.

Figure 7. The functional context in which the GLOSA application has been evaluated. Note that a publication
may appear in any number of categories

The majority of the reported evaluations base their findings on simulation (Figure 4). The accuracy of these results is highly dependent on the context in which the simulations were
done. From reviewing publications we identified the following factors most frequently occurring: the density of the surrounding traffic, as it may limit the driver in following the recommended speed (Figure 7c]); the GLOSA penetration rate as it would have an impact on the
surrounding traffic (Figure 7d); driver behaviour will impact how well the recommended
speed is followed (Figure 7f); communication range or activation distance, has an impact on
how far from the traffic light that recommendations can be made (Figure 7e).
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As can be seen in Figure 7c, most publications assume either a fixed amount of fellow road
users or free-flow traffic (i.e. no other vehicles on the road), but quite a few varies the
amount of traffic to evaluate its impact on GLOSA effectiveness [18], [23], [34], [38], [45],
[60]–[69]. A smaller number of studies examine GLOSA in real traffic [19]–[22], [24], [26],
[27], [53], these are typically pilot studies [19]–[22], [24], [26], [27] but also simulations using measured traffic data [53]. In Figure 7d it can be seen that less than a third of the 64 publications consider the impact of amount of GLOSA vehicles in traffic, but most of these examine the effect with varying penetration rates [34], [37], [40], [41], [46], [60], [62]–[64], [69]–
[71].
Relatively few publications consider the impact of the communication range on the effectiveness of GLOSA as can be seen in Figure 7e, and most of these make assumptions based on
the ETSI ITS-G5 specifications (up to 1280 meters [34]) which may not be accurate in a typical urban setting. A few publications report on FOTs to examine the real-world range of G5
communication [18], [20], [23], [26], [30], [32] and find that the range is considerably less
than what is specified as maximum.
As previously noted, few publications examine driver behaviour and no publication was
found that examine drivers ability to follow the recommended speed—although one pilot
project3 (without scientific publication) noted that drivers found it difficult to follow the recommended speed. Yet, as shown in Figure 7f, most publications assume an ideal driver following exactly the recommended speed. A few publications use custom driver models [40],
[54], [62], [71]—for instance by letting speed vary according to a probability curve [62],
[71]—but still a considerable number of publications include a human driver [18]–[24], [27],
[29], [31]–[33], [41]–[44], [72].

Figure 8. Overview of the effects evaluated. Note that a publication may examine multiple effects

Considering what effects that have been examined; as can be seen in Figure 8, the majority of
the effects relates to the equipped vehicle. Although some societal effects can be extrapolated, few publications examine those specifically—two publications examine how traffic
flow is affected [45], [54] and three examine accidents/conflicts (i.e. safety) [39], [43], [45].
Energy (fuel) consumption is often calculated using vehicle models taking decelerations and
accelerations into account, and emission typically derived from that.
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Further, nine publications examine miscellaneous effects, such as how acceleration/deceleration is affected [19], [24], [55], battery state-of-charge for hybrid vehicles [55],
and additional time that public transport can spend at stops instead of at intersections
(dwell time) [73]–[75].
Although a large number of publications evaluate GLOSA effects on the equipped vehicle,
there is a considerable variation in the size of the effects observed. For instance, the reduction in energy consumption varies from 0.5% [71] to 69.3% [76], and travel time varies from
a moderate 0.96% reduction [32] to 50% [66]—there are also publications that observe an
increase in travel time under certain circumstances [41], [60], [68]. In pilot studies, the effect
variations are smaller, but the size of effects is also more moderate, perhaps due to a smaller sample of publications – energy consumption reduced by 6–20% ([20] and [21]) but with
little [19] or no [20] effect on travel time observed.
5 DISCUSSION
It is clear that the GLOSA algorithm and potential effects on the equipped vehicle have been
well investigated. The size of effects reported, however, varies considerably between evaluations. As most are done using simulation, this variation is likely due to how the context is
modelled. For instance, most simulations assume that the driver will follow the speed if possible (e.g. unless following a slower car), even though no publication was found that investigate, or attempt to provide a realistic model of, driver behaviour.
Furthermore, few publications examine the effects on fellow road users, such as how their
behaviour is affected. For more accurate simulation results more accurate driver models are
required—not only for optimizing the algorithm in the equipped vehicle, but also for traffic
planners that need to understand how drivers equipped with new C-ITS applications will
behave and affect traffic. This is in line with Sokolov et al. [24] who note that most studies
focus on simulation or FOTs which may not capture the complex factors involved in realworld deployments.
Especially the impact on fellow road users is lacking attention—GLOSA is designed to alter
driver behaviour. Three publications report that fellow road users found the behaviour of
the GLOSA vehicle irritating [18], [44], but no publication was found that examines possible
impact on safety or attempts to model their behaviour. Such models are required for more
accurate simulation results, not only for safety investigations but also for (for instance) evaluating traffic flow.
Considering traffic lights, accurate and reliable speed recommendations depend on reliable
information about signal phase changes. A significant challenge for GLOSA lies with dynamic
traffic lights, which adapt their schedule based on the surrounding traffic—for instance by
the arrival of pedestrians or public transport, or traffic from a priority lane. While there are
several publications proposing methods for predicting the time of signal change with promising results [21], [22], [28], [47]–[50], only a few publications include a GLOSA algorithm and
driver in the loop [21]–[23]. Furthermore, as the prediction may change at any time up until
shortly before the actual signal shift, a GLOSA algorithm is bound to occasionally recommend the wrong speed. No publication, however, was found that examine impact on driver
behaviour or what precision is required to not negatively affect traffic flow.
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There is generally considerable focus on the equipped vehicle and little on societal effects.
While some societal effects could be extrapolated—such as pollution from emissions—few
publications focus on that wider perspective specifically. Such insights would be useful for
traffic planners to, for instance, identify which intersections would benefit most, or even to
consider alternative strategies for traffic light scheduling and synchronization. But perhaps
more pressing, to be able to justify decisions on whether to invest in enabling technologies
for GLOSA—or any other C-ITS application—analyses of their benefits are needed (the costs
are typically more straight-forward to estimate). Only one publication was found that report
a cost-benefit analysis for GLOSA [46]. The estimation of benefits was—as would be expected—based on results from previously published studies. We found, however, that these
effects varied considerably between publications, possibly casting doubt on the reliability of
such analyses. To address this, more reports from pilot studies are needed, not only measuring effects but also to more accurately model driver and fellow road user behaviour.
Widening the perspective, this may be a more general challenge for the C-ROADS platform,
which focus on the harmonization of the technological aspects of C-ITS services; resonating
with Crockford et al. [52], there may be a need to also harmonize evaluation, not only to
produce more reliable effect evaluations but also to understand how vehicle behaviour is
affected by C-ITS applications. With more C-ITS applications being deployed, the risk increases of unforeseen interactions. To validate expected and discover unexpected system
effects, more uniform ways of modelling vehicle behaviour—whether controlled manually or
autonomously—with C-ITS applications enabled are needed.
6 CONCLUSION
In this paper we have reported on a mapping study to investigate what is known and what
gaps in knowledge there is regarding the Day 1 C-ITS application GLOSA. In the study, 64
publications between 2006 and 2019 where reviewed and classified according to a schema
developed using thematic analysis of the selected publications.
We found that the typical publication is published after 2011, proposes an on-board algorithm for calculating an optimal speed for a single intersection with C-ITS enabled traffic
lights with a fixed time schedule, and evaluates its effects in simulation and typically does so
with ideal models of the driver and surrounding traffic. While an absolute majority of the
publications report positive results—mainly for fuel consumption and travel time—the size
of effects reported varies considerably between evaluations. The few pilot studies published,
report results with less variation but also with more moderate effect sizes.
It is clear that publications focus mainly on the equipped vehicle, leaving considerable gaps
in investigations of societal effects—for instance traffic flow, and how road layouts and traffic intensity affects the overall traffic flow. Especially lacking is the understanding of driver
behaviour, and how fellow road users are affected. Accurately modelling such behaviour is
required to create reliable simulations, which are needed when making decisions regarding
where and when, or even whether at all, to invest in developing and deploying the GLOSA
application—for road infrastructure maintainers to developers of the on-board vehicle function.
In the wider perspective, this might be a more general challenge for the C-ROADS platform:
to establish a shared approach to evaluating effects of C-ITS applications in which various
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required models—such as driver behaviour—can be independently created and validated by,
and made available to researchers and practitioners.
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NOTES
1
FOT (field operation test) are here considered to be real-world tests, but in some artificial
environment—typically in an enclosed space such as a test track.
2
The data set is available for download (https://tiny.cc/7r6ybz) or by contacting the authors.
3
Reported by Intelematics Australia Pty Ltd (https://www.intelematics.com/)
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