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ABSTRACT

There are several safety challenges in the development of autonomous public trans-
portation systems operating in urban environments. Special methods are needed
for the identification and treatment of important human actions and for the recog-
nition and prevention of potential human errors. This paper describes the utilisation
of Functional Resonance Analysis Method (FRAM) in development and definition of
autonomous tram transportation systems. The results are based on characteristics of
tram transportation and human factors in autonomous transportation systems. Also,
interviews of tram system operators and tram drivers were used in this study. The
paper aims to conclude main safety engineering issues in autonomous tram systems
and how to use FRAM approach to identify and solve them.
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INTRODUCTION

The objective of the present study is to identify safety engineering activities
that promote the safety design of public transportation systems. The study
is carried out in SmartRail 2 project, in which the SmartRail ecosystem is
launched, and tram transportation services are considered from passenger,
lifecycle services and autonomous system point of views. The ecosystem will
focus on themes such as predictive situational awareness, user-centric solu-
tions, efficiency and impact assessment (SmartRail Ecosystem, 2023). The
project considered tram systems in Tampere and Helsinki in Finland, but this
paper focusses on the modern Tampere tram transportation system that was
taken into use in 2021 and on the smart rail network evolving and extending
during the next few years.

There are several safety challenges in the development of autonomous
public transportation systems operating in urban environments where high
demands are set for sensors and sensor networks aiming at reliable detection
of pedestrians and other vehicles (Laarni & Viitinen, 2023). Typically, three
kinds of activities can be identified: safety analyses, safety requirements spec-
ification and user-centred design of the target systems. In this paper, we focus
on primary safety design activities, i.e., task analyses, identification and treat-
ment of important human actions, identification of potential human errors,
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and potential performance variability. Task analysis focuses on the analysis
of human tasks that are needed to support the identified human actions and
determines the risk significance levels of the tasks to be analysed. Treatment
of important human actions identifies and tracks human actions that may
be affected by introducing autonomous transportation systems, including
actions that are important to passengers and other road users. Identification
of potential human errors aids in identifying potential human errors with
important consequences so that these can be adequately treated in the design
phase.

Special methods are used in identification and treatment of important
human actions and in identification of potential human errors. We have
developed an innovative approach in which human actions analysed by hier-
archical task analysis methods are further analysed through the following
steps: task classification, human error identification, analysis of potential
consequences and recovery opportunities, semi-quantitative probability anal-
ysis and criticality and remedy analysis. The results of these analyses are then
used as an input to functional resonance analysis in which the Functional
Resonance Analysis Method (FRAM) is used (Hollnagel, 2012). The FRAM
method establishes a model of a certain activity representing the main features
of how the activity is performed, and it specifies the potential variability of
the system in terms of main functions. The method has shown to be a valuable
tool in understanding the reasons behind the gap between work-as-designed
and work-as-done (Hollnagel, 2012).

Various data collection methods have been used in identification of oper-
ator and transportation service user functions, tasks and activities. Based on
collected data, we were able conduct hierarchical task analyses and identify
potential human errors and the potential variability associated with operator
tasks. The paper will give preliminary examples of analyses and models, and
their prospects and limitations are discussed.

BACKGROUND

Tram Transport Risks

Even though tram driving is a rather complex task, tram accidents are quite
infrequent (Naweed & Rose, 2015). Nevertheless, accidents and collisions
occur on tram transportation. Trams are quite dangerous in an urban envi-
ronment because of their high mass, braking characteristics and low reaction
time (Margaritis, 2007). Typically, accidents are categorized as tram to vehi-
cle collisions, tram to pedestrian collisions, tram to tram collisions and
passenger falls inside the tram saloon (Naznin et al., 2018).

A common finding is that road users typically underestimate the proba-
bility of tramway accidents and incidents due to the fact that trams drive on
tracks and their speed is quite low (Guerrieri, 2018). A majority of tram to
vehicle collisions occur at intersections. A typical accident at intersections is
a collision between a tram and a car turning left at the intersection caused
by the fact that car drivers misperceive traffic signs or do not obey them
(Guerrieri, 2018). Tram to pedestrian collisions are more common at tram
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stops or their vicinity. Pedestrians often do not notice the tram approaching a
crossing or a tram stop (Guerrieri, 2018). They step into the street to the front
of an approaching tram; nowadays it is also common that they are looking
at their mobile device and wear earphones while walking (Guerrieri, 2018).
Pedestrians also often run close the front of a stationary tram while hurrying
to the tram causing danger if the tram starts to move (Sagberg & Satermo,
1997).

With regard to tram drivers, three causes of accidents have been identified:
situation awareness, time pressure and organizational behaviour (Naweed &
Rose, 2015). Trams are operating in a mixed traffic environment which is not
strictly separated from other road users and pedestrians. This requires higher
levels of situation awareness and constant requirements to make predictions.
Tram driving also requires that more effort is placed in the supervision of
the passenger saloon. It is also challenging to maintain required separation
between trams, which may lead to “hurry up and wait” approach (Naweed
& Rose, 2015).

Autonomous or semi-autonomous tram system may solve some of the
above-mentioned safety challenges, but simultaneously raise some others.
Autonomous public transportation vehicles at higher levels of automation
(i.e., at SAE levels of 3-5) have to operate smoothly in all kinds of traffic sit-
uations. They must perceive and analyse data, make plans and decisions and
execute actions in real time. In order to perform these tasks without operator
intervention, these vehicles need computer programs, sensors and commu-
nication devices for localization, signal and obstacle handling and vehicle
control (Figure 1).

Control

Human-Autonomy Teaming

Perception Planning & Decision
Making

b Ly Motion & Vehicle
p " Control
Signal Recognition
Obstacle Recognition

Ego-Motion

Rail Track

Environment

Figure 1: High-level system architecture for an autonomous tram system. (Adapted
and modified from Ghasemieh & Kashef, 2022 and Palmer et al., 2020.)

Many kinds of risks associated with autonomous tram transportation can
be identified such as wrong detection and recognition of other road users,
objects and traffic signs, challenges caused by delays and situation aware-
ness problems in transferring the authority from the automated system to
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the operator in emergency situations, and cybersecurity hazards caused by
unauthorized access to the autonomous control system (e.g., Iclodean et al.,
2022).

Safety Limits in Tram Driving

The concept of ‘safety limit’ is a useful tool in safety analysis and risk assess-
ment in many domains. Safety limit demonstrates a threshold value that
works as a warning signal that should not be exceeded. It is typically dis-
cussed in terms of control theory, according to which, there is a comparator
comparing the perceived state to the reference value, that is, a safety limit.
Based on the result of the comparison, an output function (i.e., a particular
behaviour) is generated, which has a specific impact on the environment.
Safety limits are established and maintained in driving. A typical limit a
driver has to monitor is the distance to the critical obstacles in the environ-
ment. One of the driver’s main tasks is to monitor that these distances are kept
large enough: the smaller the distance the more probable an error becomes.
The ability to maintain the safety limit is dependent on the system’s perfor-
mance capability and task demands: if the performance capability decreases
and task demands increase, the system’s resilience decreases until it reaches
a state where it cannot constantly maintain the safety limit and as a result
the probability of an error increases (Figure 2). In order to maintain the safe
state, a larger safety limit is needed to keep the probability of an error at
a reasonably low level. Many kinds of performance shaping factors (PSFs)
have an effect on human performance capability and task demand such as
fatigue, stress, driver skills, decision making complexity and time pressure.
What complicates the analysis is that the PSFs interact with each other in
complicating ways which is nearly impossible to anticipate in detail.

HPC Impact of PSFs

Resiliende Margin

D

Human Performance Capability (HPC) /Task Demand (TD)

Probability of Error/Required Safety Limit

Figure 2: lllustration of the dependencies between capability/task demand and proba-
bility of error/safety limit. The probability of error/required safety limit increases with
a decrease of human performance capability and an increase of task demand. This
can also been seen as a decrement of resilience margin. HPC = Human Performance
Capability; TD = Task Demand; PSF = Performance Shaping Factor.
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Safety limits have to be considered in the design of autonomous transporta-
tion systems, that is, they have to be designed in a way that the difference
between the perceived state and required value is always above some criti-
cal limit for various operations situations which are dependent on control
actions. In other words, designers have to estimate the required level of a
safety margin that offers a flexible way of acting also in less favourable
environmental conditions; they also have to justify why the proposed safety
margin is adequate and consider that critical additional uncertainties in limit
estimation are accounted for.

There are several possible methods for the estimation of safety limits in
autonomous driving. Most of these methods have a similar structure, and
they proceed along similar steps. First, they define the task under analysis,
determine its sub-goals and decompose these subgoals; second, they classify
the sub-tasks according to a particular category; third, they identify potential
error types and modes associated with the sub-tasks, determine their possible
consequences and how the errors can be recovered.

With regard to task analysis, they should be performed from the vantage
points of main stakeholders. For example, we could conduct a hierarchi-
cal task analysis of various stakeholders’ activities on a tram drive. With
regard to tram operation four different operational states are considered:
1) starting a shift at the depots; 2) approaching and stopping at a pedes-
trian crossing; 3) approaching and passing a tram stop; and 4) crossing other
vehicles at intersections (Laarni & Viitinen, 2023). With regard to passen-
gers’ activities, three phases of a tram drive can be identified: activities before,
during and after the journey. An example is given in Figure 3, which shows
a passenger’s actions during a tram journey.
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Figure 3: Example of a hierarchical task analysis: a passenger’s activities during a tram
journey.
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DATA COLLECTION

Data for the preliminary safety analysis was gathered through interviews
and a workshop session. Tram drivers were interviewed in several sessions.
The interviews conformed the semi-structured approach and addressed topics
such as:

« Perceived input and effects on own tasks

« Output of own actions

. Work conditions and requirements

« Resources and demanded skills for tram driving
« Monitoring and controlling tram

« Monitoring passenger behaviour

« Issues related to time keeping and schedule.

The autonomous traffic system expert workshop was held in June 2022.
Three experts participated in the workshop. The workshop addressed topics
such as:

. Challenges, risks and requirements related to the tram stops areas, inter-
sections with other vehicles and pedestrians, and possible obstacles on a
track

« Cabin surveillance including getting in and out of the tram

. Remote operation of the trams

. Visions for the future of autonomous tram transportation systems (2-5
years and 5-15 years from now on).

SAFETY ANALYSIS OF TRAM TRANSPORTATION

Some Results From Interviews and Workshops

As presented above, the experts thought that deficient monitoring of other
vehicles and pedestrians at intersection areas is one of the main risks faced by
tram drivers. In addition, it is challenging to ensure safe entering and exiting
while opening and closing tram doors, because monitoring of tram saloons
and tram stops are mainly camera based.

Tram transportation operators monitor tram traffic, communicate with
drivers and other stakeholders, and react to possible problems. A control
centre has multiple workstations and monitors, and there is an extensive
information flow from sensors and cameras to the control centre. It is impor-
tant that the received information is relevant and presented in an user-friendly
format so that the operators can maintain adequate situation awareness.

The experts visioned the future of autonomous tram transportation. The
development of autonomous driving will have an effect on the evolution
of tram transportation in the near future (2-5 years from now on). Lidar
based sensors are one of the main enablers of autonomous tram transporta-
tion. They are especially useful, e.g., in providing spatial information around
the tram. Despite of the advanced sensor systems and other enablers of
autonomous driving, in emergencies and other exceptional situations there
is a need to drive a tram from the control centre. For example, very harsh
weather conditions or catching up with the timetable delays might cause the
need to operate the trams remotely.
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The development of autonomous driving technology will also leverage the
development autonomous tram solutions for 5-15 years from now on. The
other vehicles can co-operate with autonomous trams, and advanced sensor
solutions help trams to adapt to other traffic. It was also visioned that further
in future the autonomous trams are able to cope with complicated and sudden
exceptions. It was seen that sensors become more versatile and accurate, and
there is also a better coverage of the sensors. This will enable self-diagnostic
solutions to detect, categorize and retrieve malfunctions.

FRAM Analysis of Autonomous Tram Driving

Safety analysis of driving automation has to take into account that the traf-
fic system is complex, non-linear and tightly coupled. The classical error
identification methods mentioned above cannot fully encompass this com-
plexity, and therefore we have turned to more systemic safety analysis
methods, which seem to be more suitable for the analysis of risks associated
with autonomous public transportation systems. Examples of such methods
are Systems-Theoretic Process Analysis (STPA) and Functional Resonance
Analysis Method (FRAM).

FRAM can be used as a tool for understanding the reasons behind the gap
between work-as-imagined and work-as-done, from the perspective accord-
ing to which the autonomous system represents work-as-imagined, and the
actual tram operation represents work-as-done. There are some recent studies
in which FRAM has been applied in analysis of autonomous driving (Grabbe
et al., 2020; Hirose et al., 2021).

A FRAM model was developed by a free software tool called the FRAM
Model Visualizer (Hill & Hollnagel, 2016), which is freely available at
https://functionalresonance.com/the %20fram %20model %20visualiser/. The
basic idea behind the FRAM is to develop questions that are discussed with
those who will use the system in their work (Laarni et al., 2020). The objective
of these questions is to identify the critical functions related to the operation
of a tram system and the interactions of these functions.

FRAM is based on a couple of principles, for example, successes and
failures are equally valued, tram operators are considered as proficient in
adjusting their behaviour to the contingencies of each phase of the tram drive,
and unanticipated events may be caused by unexpected interactions of mul-
tiple functions, e.g., in demanding weather conditions. As said, FRAM has
shown to be a valuable tool in understanding the reasons behind the gap
between work-as-designed and work-as-done (Hollnagel, 2012).

Figure 4 shows a graphical depiction of a FRAM function with the six
aspects. Input is something that is transformed by the function (e.g., infor-
mation about the traffic situation in front of the tram); Output is the result
of the function (e.g., decision to start to brake); Precondition specifies con-
ditions for the fulfilment of the function (e.g., fulfilment of critical safety
protocols of an autonomous system); Resource specifies what is consumed
when the function is executed (e.g., operators located at a control centre);
Control specifies rules and regulations followed while the function is con-
ducted (e.g., the road traffic law); and Time specifies temporal restrictions
that have to be considered (e.g., tram timetable).
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To build the FRAM model, the main functions and their interrelations were
first identified and presented by the FRAM notation. Second, the couplings
between functions were defined and illustrated by thin lines connecting the
functions (Figure 5).

What is the time frame? CONTROL What controls it?

What starts the function? FUNCTION OUTPUT What is the result?

What conditions are required? [iiEael\blylel} RaYelU e What resources are needed?
Figure 4: Constituents of a FRAM function (adapted from Hollnagel, 2012).

A simple FRAM model for pulling over the tram at the tram stop is pre-
sented in Figure 5. Only a small subset of all possible couplings is displayed.
The aim is to stop the tram at a predefined position for passengers to board
and alight. The main action is represented by two functions ‘Approach tram
stop’ and ‘Start braking’. Three functions ‘Monitor driving info’, ‘Monitor
pedestrian info’ and ‘Monitor passenger info’ demonstrate building opera-
tor situation awareness, and there is an input-output coupling between them
and ‘Approach tram stop’ and ‘Start braking’ functions. The three monitoring
functions are, in turn, coupled with ‘Be aware of current situation’ function
which demonstrates the comprehension of the overall driving situation. The
monitoring functions are also coupled with ‘Alert operator’ function. The
comprehension of the situation provides output to the next two functions
entitled ‘Plan next actions’ and ‘Pull over tram’, which terminates the task.

MONITOR
DRIVING
INFO

START
BRAKING
= ALERT
OPERATOR
APPROACH
Tram stop O ® ® 3¢
1

PULL OVER
TRAM

Figure 5: Simple FRAM model with potential couplings related to approaching and
stopping at a tram stop.
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The next task would be to evaluate the FRAM model with regard to the
number of couplings, since according to Laarni et al. (2020) their number is
associated with the variability of a particular function so that the variability
increases with the number of couplings.

DISCUSSION

Even though autonomous public transportation systems such as autonomous
trams can be safer than the present human-driven system, they have to be
developed in a precautionary manner. Since autonomous trams and busses
at the highest SAE levels are at present not necessarily safer than operator-
driven vehicles, their risks and benefits have to be carefully analysed and
evaluated (cf. Resnik & Andrews, 2023). We have proposed FRAM as a use-
ful tool in safety analysis of an autonomous tram system. FRAM could be
especially helpful in the analysis of novel technologies of which there is lit-
tle previous experience. Previous findings suggest that the method is quite
sensitive, and it is able to identify hidden couplings and low variability in
functions, which may be difficult to identify by more traditional safety anal-
ysis methods (Laarni et al., 2020). However, Laarni et al. (2020) proposed
that since FRAM may identify negligible couplings and imagined variability,
it is important to discuss with tram drivers and other experts whether they
consider the variability real or not. It is therefore important that the findings
are evaluated against an independent set of criteria.

One problem with the method is that since a hierarchical structure is miss-
ing from a FRAM model, it is difficult to zoom in or out on a model and find
the optimal level of detail (Laarni et al., 2020). In order to find the optimal
level, it is necessary to perform the modelling work at various levels of detail.

In general, safety analyses have to be performed at different levels of
detail: higher-level analyses are targeted towards the system’s overall perfor-
mance; lower-level analyses at the sub-system level focus on, e.g., designing
the system components for maintaining safety limits. And in order to see
the potential safety challenges from different vantage points, safety analyses
would have to be performed from the perspectives of main entities of the sys-
tem, that is, the autonomous tram system itself, passengers and other road
users (i.e., vehicles and pedestrians).

Safety analyses provide input not only to the design of autonomous trans-
portation systems, but they give also partial answers to ethical questions and
concerns related to autonomous public transportation. Overall, they help us
to answer one of the primary questions of autonomous driving: on what time
span could we develop and deploy autonomous public transportation systems
such as trams and shuttlebuses so that we are able to avoid and minimize all
potential risks?

CONCLUSION

Public transportation has more and more autonomous features, and the
results can be used in future autonomous transportation solution develop-
ment work and studies. Functional Resonance Analysis Method (FRAM)
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was used in safety analysis of an autonomous tram system. There is no
ready-made safety engineering baselines and guidelines to gather and inter-
pret future autonomous tram transportation systems. FRAM method enables
us to identify hidden couplings and low variability in functions, which may be
difficult to identify by more traditional safety analysis methods. The FRAM
method can help to illustrate possible risk issues and dependences among
functionalities in public transportation solutions.
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