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Abstract. The role of man-made emissions in climate change has been a large
focus of academic research and political discussion. One considerable source of
emissions is everyday driving, and finding ways to reduce driving emissions is
a great challenge. This paper presents the use of Cognitive Work Analysis as a
potential tool in helping address this problem. Focusing on Control Task Analy-
sis and Social Organization and Cooperation Analysis, this paper discusses the
indirect role governmental organizations can play in reducing driving-related
emissions. It is proposed that the use of Cognitive Work Analysis can provide
insights not typically garnered from traditional academic literature surrounding
eco-driving, including the role governmental organizations can play in reducing
everyday emissions.
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1 Introduction

The Earth’s average temperature has risen by approximately 0.6°C since the start of
the twentieth century [1]. Although this change may sound small, it is in fact a greater
increase than seen across the entirety of the preceding millennium [2]. Furthermore,
these changes are not universal, but rather are spatially heterogeneous [1], with re-
gions of high human population density and industrial activity experiencing the great-
est increase of mean temperature, in some cases greater than 1°C. These population
centers, typically Europe, North America and Asia, are primarily developed nations,
with developed economies, industrial centers and national infrastructure. Interestingly
these regions have also seen an increase in rainfall over the past century with some
seeing as much as a 20% increase in precipitation, whilst less industrially focused
regions, such as Africa, Latin America and the Mediterranean, have seen a drop in
precipitation equal to approximately 20% [1]. Based on these trends it is difficult to
suggest that human activity is not impacting our environment, and influencing both
climate and weather. Indeed, the scientific community has been increasingly vocal in
drawing links between man-made emissions and climate change [3]. Whilst the long-
term impact of climate change is still unknown, and indeed the impact of our current
emission rates still developing, an increase of temperature beyond 2°C has become
globally accepted as the final opportunity for risk mitigation [4]. The prime approach



in tackling climate change is reducing greenhouse gas emissions, including Carbon
Dioxide (CO,) and Nitrogen Oxides (NOx).

One significant contributor to greenhouse emissions is transportation. Within the
European Union (EU), transportation is responsible for approximately 25% of green-
house gas emissions, the second highest after electricity generation [5]. Road trans-
portation, typically personal cars, is the main contributor to this statistic, accounting
for approximately 75% of transport greenhouse gas emissions [5]. These emissions
trends are not limited to the EU, with similar trends being seen in the United States of
America, whereby car use accounts for between 32% and 41% of total CO, emissions
[6][7]. As a by-product of internal combustion, CO, is the main gas released from car
exhausts, and whilst an essential atmospheric element, is a greenhouse gas contrib-
uting to global warming and climate change [8]. The impact of CO, in terms of dam-
ages caused as a consequence of climate change can be considered as a financial met-
ric, in what has become known as the “Social Cost of Carbon”. This figure states the
value of damages avoided by saving one metric tonne of CO,. Estimates of this cost
however vary greatly, between $21 [9] and $220 [10] per metric tonne. In addition to
CO,, NOx gases are also released during the combustion of fossil fuels. Nitric oxide
(NO) is the main NOx emission from most combustion processes and although concen-
trations of this gas are low, it is highly poisonous. Nitrogen dioxide (NO,) is a powerful
oxidant and limited quantities are produced during combustion. Nitrous oxide (N,O)
whilst not poisonous,is a significant contributor to the greenhouse effect. In addition
to the negative impact vehicle emissions have on the environment, they also have a
negative impact on human health and wellbeing, with exposure to such emissions
leading to an increase risk of developing asthma, bronchitis, chronic obstructive pul-
monary disease, pneumonia and upper respiratory tract infection [11].

Vehicle emissions also contain numerous other toxic elements, including unburned
hydrocarbons (UHCs), long term exposure to which is known to be carcinogenic [12],
carbon monoxide (CO), which is poisonous and potentially fatal in large concentra-
tions [13], and soot, fine particulates of carbon, which can cause respiratory problems
and act as a substrate for atmospheric chemical reactions [14].

1.1 Eco-Driving

As can be seen, vehicle emissions have a negative impact on both the environment
[8][14] and human wellbeing [11][12][13] and steps are required to reduce such emis-
sions. Whilst the development of more fuel-efficient and environmentally friendly
vehicle drivetrains can be seen as a priority [15], this development and widespread
use will take a significant length of time. An approach to reduce car-based emissions
popular within the academic literature is modifying driver behaviors, to promote fuel-
efficient driving techniques referred to as eco-driving [16]. Eco-driving is character-
ized by behaviors such as modest acceleration, gentle braking, driving at lower
speeds, limiting idling, early gear changes and limiting the engine to approximately
2,500 revolutions per minute (RPM). By engaging with eco-driving, drivers can save
approximately 5% - 20% of fuel, subsequently reducing the associated emissions, in
particular, CO, emissions, since these are directly proportional to the fuel used. In-
deed, specific eco-driving training has been demonstrated to reduce fuel usage in a
variety of both simulator and on-road studies by an average of 9% [17]. Despite the



proposed benefits of eco-driving, research has suggested that drivers struggle to main-
tain eco-driving long term. Within one such study, exploring the fuel use of bus driv-
ers, it was found that despite the initial success of an eco-driving training course
demonstrated by a 10.2% reduction in fuel use, this figure had dropped to a 4.35%
saving just two months after the course [18]. Based on this and similar research [19],
it is clear that drivers require additional support to maintain long-term fuel savings.

1.2 Cognitive Work Analysis

One tool that that may be of significant value in supporting the long-term adoption of
eco-driving behaviors is Cognitive Work Analysis (CWA). CWA is a framework for
understanding complex socio-technical systems, characterized by close interactions of
people and technology [20]. CWA aims to understand the constraints that surround
different systems, seeking to understand the requirements, possibilities and potential
of the system under examination. By focusing on constraints, CWA seeks to under-
stand and support worker needs for improved efficiency and safety [21]. CWA has
been used to facilitate understanding of a variety of complex systems, including mili-
tary planning systems [22], team design [23], aviation [24] and driving [25].

The complete CWA process comprises five key phases, each of which is designed
to build on insight gained from previously completed phases. The first phase, and
most commonly completed [26], aspect of CWA is the Work Domain Analysis
(WDA), which is commonly presented within an abstraction hierarchy, mapping the
proposed system on multiple conceptual levels, ranging from its overall purpose to the
physical objects that it is comprised of [27]. The second phase, the Control Task
Analysis, examines the constraints that operate on a system within set conditions,
defining the available inputs and end goal of the system [28] via the use of the contex-
tual activity template. The third phase is the Strategies Analysis (StrA) [28] that ex-
plores the different strategies that individuals can use to achieve set end goals within
the system. This phase is typically presented within flow maps, defining start and end
states of the system and describing the steps users are required to complete in order to
transform the system from the start to the desired end state [28] [29]. The fourth phase
of CWA, Social Organization and Cooperation Analysis (SOCA), examines the allo-
cation of tasks within the system, accounting equally for both human and technologi-
cal agents [30]. SOCA maps the responsibility of given tasks to different agents and
offers an opportunity to reallocate tasks to improve efficiency and safety. Whilst there
is no clearly established dedicated methodology for this step [30], SOCA is typically
completed by annotating previous outputs of the CWA process, including the abstrac-
tion hierarchy completed within phase 1 and the contextual activity template complet-
ed within phase 2. The final phase of the CWA framework is the Worker Competency
Analysis, focusing on psychological constraints of the users of systems [31]. Worker
Competency Analysis often draws upon the Skills, Rules and Knowledge taxonomy
(SRK taxonomy) to map out the level of cognitive effort applied to the different tasks.
Although a complete CWA analysis is a considerable investment in time and work,
the insights it can offer can be used to justify the required investment. Despite a com-
plete CWA being completed for the current project, focus here will be given to phases



2 and 4, the Control Task Analysis and Social Organization and Cooperation Analysis
phases, and explore the insights that these two phases can offer practitioners.

2 Method

To create a complete CWA for eco-driving, a workshop session was run focusing on
the initial development of the CWA. Nine participants, aged 27 — 57 years old (M =
36.33, S.D. = 10.84) attended the session. Workshop attendees had an extensive
knowledge of car and drivetrain mechanics, traffic modeling, eco-driving, Human
Factors and fuel usage. The workshop guided participants through the theoretical
underpinnings of the CWA process, completing a detailed abstraction hierarchy as
well as laying the foundations for the remaining CWA stages.

Following the workshop, the research team continued to elaborate and hone the
CWA, seeking validation from the session’s attendees once each of the five phases
had been fully completed. Feedback from the session attendees was used to refine the
developed CWA to ensure that it accurately reflected participants’ opinions and the
content of the workshop. Where disagreements arose, the group was required to make
a collective decision in order to ensure that the completed CWA accurately represent-
ed the whole groups’ knowledge.

3 Results and Discussion

Whilst all stages of CWA can offer significant insight into idea development, focus is
given here to the Control Task Analysis (Phase 2) and Social Organization and Coop-
eration Analysis (Phase 4). It has been proposed [32] that an ideal tool for Control
Task Analysis is the Contextual Activity Template (CAT). Within this framework, all
Object Related Processes identified within the abstraction hierarchy are considered
across multiple potential situations. Situations can be be as a consequence of spatial
constraints, for example driving on a specific road type or temporal constraints such
as a consequence of a time sensitive task, for example waiting at traffic lights. The
primary objective of a CAT analysis is to identify when and under what conditions a
task is completed. To map this analysis, a matrix was developed whereby the object
related processes identified within the abstraction hierarchy was plotted against a
variety of different road types and road situations that a driver could be faced. The
matrix was then overlaid with box and whisker plots to map the likelihood of each
Object Related Process taking place within the situation. A box within a cell repre-
sents that the task can be completed within the situation; a circle or whisker indicating
that the activity can be performed within the current situation and typically is and a
cell with no markings indicates that an activity is not possible with the situation. For
the current analysis, all 39 Object Related Processes, identified within the abstraction
hierarchy generated in phase one, were considered in a variety of different road situa-
tions. In total 23 different situations were considered: Motorway Clear, Motorway
Congested, Urban, Major A-road, Country Road, Junction, Rural, Residential, Plan-
ning Journey, In-car Pre engine start, Waiting at Traffic Lights, Waiting at a Junction,



On a Slip Road, Post Journey, Engine Turned off, Pre Journey, Engine Started, Hand-
brake on, On a Roundabout, Initial Acceleration from Stationary, Cruising/ Steady
Speed, Overtaking, Parking, Emergency Stopping, Reversing, and General Braking.
Figure 1 presents a section of the created CAT analysis. As can be seen the majority
of Object Related Processes are common to all situations, with limited differences
based on the considered situation.
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Fig. 1. Excerpt of the completed CAT analysis, as can be seen, the functions are largely con-
sistent across different situations.

Progressing the CWA analysis, and specifically the completed CAT analysis,
SOCA seeks to identify the agents that can control and influence a situation [33]. For
the current CWA, nine agents were identified as influencing fuel efficient driving;
“Driver”, “On-Board Computers”, “On-Board Displays”, “On-Board Sensors”, “Oth-
er Road Users”, “Vehicle Mechanical Systems”, “Vehicle Electrical Systems”, “The
Law” and “Infrastructure Network”. Figure 2 presents the SOCA annotation applied
to the CAT analysis previously developed, alongside a key presented within Figure 3,
highlighting the variety of agents who can influence the fuel efficiency of the vehicle.
Of central interest to the current paper is the role played by the “The Law” and “Infra-
structure Network”. Eco-driving is typically considered from the perspective of be-
haviors the driver engages with [16], ideas related to overall vehicle efficiency [34]
and specific drivetrains [35], but the role that governmental organizations can play is
rarely highlighted within scientific literature.
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Fig. 2. Excerpt of the completed SOCA-CAT Analysis. It can be seen that multiple agents can
influence different considered situations, potentially simultaneously.
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Fig 3. Key to the generated SOCA-CAT analysis, highlighting the identified agents that can
influence fuel-efficient driving.

3.1 Infrastructure Network

It was found within the SOCA-CAT analysis that “Infrastructure Network™ contribut-
ed to 11 out of the 39 identified Object Related Processes, “Detecting Traffic Jams”,
“Most Fuel Efficient Path”, “Shortest Path”, “Fastest Path”, “Traffic Lights”, “Road
Gradient”, “Road Width”, “Road Curvature”, “Road Adherence”, “Speed Limit” and
“Smooth Motion”. These identified Object Related Processes suggest that governmen-
tal investment into infrastructure development can help support greater fuel efficien-
cy. As an example, if infrastructure developments involved the creation alternative
routes, such as the development of city ring-roads and bypasses, drivers may gain
access to new fastest paths, shorter paths and more fuel efficient paths. In addition,
developing infrastructure in this way could further improve fuel efficiency by assist-
ing traffic flow, minimizing required braking and limiting wasted energy. If drivers
are required to brake less often, less energy is lost, both during the braking process,
and subsequent required acceleration. In addition to direct infrastructure development,
investment into road maintenance can assist drivers in achieving greater fuel efficien-
cy, promoting smooth motion, and providing drivers an appropriate road surfaces on
which to drive. It should be noted that a key benefit of this approach to fuel-efficient
driving is that all these savings are gained without drivers being required to intention-
ally engage in specific eco-driving behaviors. Although governmental projects related
to infrastructure development are significant investments of public funds, such pro-



jects can offer fuel efficiency savings to drivers, and provide an indirect route to
emission reductions.

3.2 Legislation

Within the SOCA-CAT analysis it was seen that “The Law” was related to four Ob-
ject Related Processes, “Speed Limit”, “Fastest Path”, “Shortest Path” and “Most Fuel
Efficient Path”. By the nature of the road network drivers are compelled to follow
legally prescribed routes, which may not be the shortest geographical paths possible
within the network were the driver walking or using alternative forms of transporta-
tion such as public bus services. As an example, due to increasing pedestrianisation of
city centers, which limits traditional journey routes [36], drivers may be required to
follow extensive one way systems, which may at times lead drivers away from their
destination. It should be noted however that shortest paths may not be equivalent to
most fuel efficient paths. Typical shortest routes within urban environments in partic-
ular are typically characterized by increased volume of traffic and start stopping be-
haviors, increasing fuel consumption.

It can be argued however, that the most visible role of legislation influencing
driver’s fuel economy is the implementation, and potential of enforcement of, speed
limits. It has been documented [16] that traveling below the speed limit is associated
with significant reductions in fuel usage and emissions. It can be argued therefore that
the government has the potential to reduce speed limits in an effort to reach emission
targets. Although such a step could potentially prove unpopular with many road users,
reduced speed limits to tackle congestion is an increasingly common trend [37]. In-
creasingly common across the European Union, variable speed limits are seeing in-
creased deployment across many key motorways (highways) [37]. Increasing adop-
tion of variable speed limits has the potential to reduce emissions, by improving traf-
fic flow, reducing unnecessary idling, acceleration and braking. Reducing speed on
high-speed roads such as motorways (highways) can also save fuel as aerodynamic
drag forces are greatly reduced at lower speeds [38]. Aerodynamic drag is a signifi-
cant source of fuel consumption at high speed, with approximately 51% of propulsive
energy being used to overcome aerodynamic drag. This translates to 46% of the total
fuel usage when accounting for braking and idling [39]. This change can offer signifi-
cant fuel savings when applied to high speed driving, such as for motorway (highway)
journeys, whereby slowing from 70 mph to 60 mph would reduce fuel use by approx-
imately 12%. This saving is greater still were speed reduced from 70 mph to 50 mph,
whereby fuel consumption would be reduced by approximately 23%.

3.3 Benefits of Cognitive Work Analysis

As demonstrated the use of CWA has provided numerous insights into fuel-efficient
driving, including insights typically not garnered within the academic literature relat-
ing to eco-driving practices. By highlighting the role that both the infrastructure net-
work and the law can have on fuel efficient driving in terms of overall fuel use and
emissions, the role that governmental organizations can have on everyday emissions
has been highlighted. Such insights can be taken forward to provide information that



can be used as a tool to influence national policy related to emission reduction and as
a tool to lobby governmental organizations to develop inclusive strategies to tackle
climate change.

A prime benefit of changes enforced at national level is that drivers are not forced
to change their driving style, rather drivers are simply required to follow new laws
and adapt to changes of speed limits, providing a relatively enforceable approach to
emission reduction. As has been seen the potential benefits of variable speed limits,
including increased traffic flow and safety [37], can be expanded to also include re-
duced emissions and fuel use. Although the potential increase in travel time may
prove unpopular with drivers, direct financial benefits and cheaper journeys could
salve these misgivings long term.

4 Conclusions

This paper has presented an abridged account of a CWA developed to support fuel-
efficient driving, with a focus on the Control Task Analysis and Social Organization
and Cooperation Analysis phases of the CWA process. From these phases, in addition
to the roles typically considered within fuel efficiency such as driver’s behaviors and
vehicle mechanical systems, the role that the government plays in fuel efficiency was
highlighted. It is proposed that governmental organizations can take a greater role to
improve everyday fuel efficiency, leading to valuable legal changes, including the
adoption of variable speed limits and greater investment into road infrastructure,
which can lead to a significant reduction in driving related greenhouse gas emissions.
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