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1 Introduction

1.1 Background

Machinery suppliers and their ecosystem partners need to improve their capabilities in co-creating
novel solutions in order to accelerate the implementation of automated systems and new service
solutions for the global customers. The seamless automated operation in the whole logistic chain in
ports necessitates a change also in the ship-to-shore operations. In port operations, the new
solutions based on open operating environments require system level approaches, information
exchange, technological innovations and wide collaboration at an ecosystem level.

This far, higher-level automation has been implemented mostly in the container handling systems of
large ports. However, the level of automation could increase in all sort of container handling systems
if automated solutions could provide lower lifecycle costs than the manual options. Adoption of
automation technologies at smaller ports is still a challenge from the cost-benefit perspective. Re-
design is needed for the automation solutions to make them fit for smaller ports. Major share of the
new automation installations take place as brownfield investments since investments to greenfield
harbours are seldom. When existing installations are automated, special service offering is required
to design and plan the replacement in such a way that costs and efficiency are optimized. There is
also an increasing demand for thinking the re-use of the previous assets. Processes for installations
need to be developed also to minimize interference with the terminal operations. [1]

The main container logistic processes are quite the same in port terminals. Container terminals can
be described as open systems of material flow with two external interfaces. These interfaces are the
guayside with loading and unloading of ships, and the landside where containers are loaded and
unloaded on/off trucks and trains. Containers are stored in stacks thus facilitating the decoupling of
quayside and landside operation. [2]

After the containers are unloaded from a ship they are transported to yard positions near the place
where they will be transhipped next. Containers arriving by road or railway at the terminal are handled
within the truck and train operation areas. They are handled by specific container handling equipment
and moved to the respective stocks in the yard. Additional moves are performed if sheds and/or
empty depots exist within a terminal; these moves encompass the transports between empty stock,
packing center, and import and export container stocks (See Figure 1 and Figure 2). [2]

l Truck and Train Operation Area I
T Hinterland Operation

v ‘

< » Empty Stock
Yard Yard y
Import/Export Stock | Moves 3 I
< »  Sheds

I Quayside Operation

| Ship Operation Area

Figure 1 A simplified flowchart of harbour operations [2]
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Fig. 6. Container terminal system (schematic side view, not true to size)

Figure 2 Schematic side view of a container terminal system [2]

The unmanned container handling machine or vehicle can be completely controlled by a computer
or by using a combination of robotic and remotely operated work phases in sequence. This
development follows a similar pattern seen earlier in warehouse automation; the main difference
being that the technology required for outdoor conditions has proven to be vastly more demanding.
The financial drivers of this development are related to efficiency and economics. A robotized work
sequence is more predictable, without human errors. Remotely operated container handling
machines and vehicles also make it possible for one operator to control and supervise a large volume
of equipment. In extreme cases, 100% of the work cycle has been robotized and the role of the
operator is to supervise and handle exceptional situations. [3]

Terminal Operating System (TOS) software controls the logistics of a terminal, including key
functions such as vessel planning, container inventory maintenance, job order creation and gate
operations. TOS software is provided by several commercial companies and many terminal
operators themselves. In a modern container terminal, some Container Handling Equipment (CHE)
may be unmanned and operated by a computer and navigation system while most of them are
manually operated. There is just a little differences between these modes of operation from TOS
point of view. Differences usually occur in situations where drivers improvise container moves as
computers don’t and this can cause problems with the overall logistic operation. To enable efficient
exception handling, the software should be able to handle most common exceptions automatically.

[3]

A group of automated vehicles may share a common software control module at equipment level,
often referred to as the “Equipment Control System” (ECS). ECS is handling for example safety
features and coordination between the vehicle and the terminal infrastructures. Typically, automated
vehicles operating on the same tracks or pathways, such as in Automatic Stacking Crane (ASC)
applications, where Rail Mounted Gantry Cranes (RMG) are coordinated by such software. ECS is
defined here as the software that monitors and controls all events and processes at equipment level,
either for a single CHE or group of CHEs. When it comes to coordinating interactions between
different types of automated equipment, an ECS is now an essential part of the terminal software
landscape. Driverless operation also requires some dedicated software to implement all the actions
and decisions previously executed by a driver (such as navigation, traffic rules and deadlock
resolution). This is another motivation for a layer of additional functionality (ECS) between the CHE
on-board control software system (e.g. PLC) and the TOS software. [3]

Figure 3 shows an example of Kalmar’s solution for container terminal automation and its layers
which follow the above-mentioned general system hierarchy.
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Kalmar Automation Solution o ¢ Explore
@ Automation!

Three layers of automation

Terminal Operating System (TOS)
= Plan your container moves
= Optimise your port operations

Equipment Control System = Kalmar Terminal

Logistics System (TLS)

= Control your equipment fleet to operate
optimally

Equipment automation

= Machine control system for individual
equipment control

* Manages communication between TLS and m m
TOS

Figure 3 Schematic drawing of the layers of terminal automation systems (Kalmar) [4]

1.2 Needs for new safety solutions

While in large ports and new greenfield ports full automation may be designed right from the
beginning, in smaller ports and in existing brownfields the automation investments need to be
carefully focused. Small volumes without standard cargo and machine fleet with multi-function work
cycles make small and medium sized ports difficult areas for full automation. The most important
factors in the development of the solutions for small and medium-sized ports are the scalability and
cost-efficiency of the proposed solutions. One interesting and challenging vision of advanced
operating concepts in logistic systems in small and medium-sized ports is to enable automated
machinery, manual machines and manual workers to operate and collaborate in the same open work
area. This is called a ‘Mixed traffic’ or ‘Mixed mode’ operation.

Different operating environments and work processes require different solutions to ensure safe
operation of the autonomous system. Safety critical systems are based increasingly on software
solutions and safety functions use information from several interacting systems [5]. From safety
perspective, full automation is a desired option when compared with mixed traffic where safety
regulations, system safety requirements and costly situational awareness systems bring challenges.
However, for small and medium-sized ports, mixed traffic solutions are to be emphasized [1].

There are many challenging safety aspects on the way towards more automated and even
autonomous mobile machinery. Each step towards full autonomy introduces new safety risks
compared to lower levels of autonomy and manual operation. New approaches and methods are
needed to identify, assess and manage autonomy related safety risks from system concepts to
specific procedures and functions, and to design feasible and acceptable safety solutions. Product
orientation should be changed towards system thinking also in safety engineering. According to the
general systems engineering approach, safety engineering should be a continuous top-down
process in all the system development phases from concept evaluation to detailed design of the
safety critical operations and functions [6]. The safety engineering methods should be selected not
only to support the objectives of each system development phase but also to support the overall risk
assessment process, traceability, and reuse of the analysis and assessment results [7].

Current safety engineering methods developed for automated machinery do not cover or consider
real autonomy aspects [8], [9]. Machine’s autonomous behaviour cannot be fully predetermined,
because the key element in machine autonomy is adaptability to dynamically changing environment
based on the perception of the available information [10]. New methods and tools are needed to
identify and assess machine autonomy related safety risks and specific aspects raising from the
increased autonomy in safety critical decision-making. New methods are also needed to model and
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manage safety requirements from concept level to safety functions and to design feasible and
acceptable safety solutions [11], [12].

The first safety standards have recently been published on autonomous mobile machinery. ISO
17757:2019 defines risk assessment process and general safety requirements for autonomous or
semi-autonomous earth moving machinery and mining machinery systems [13]. The key point in this
standard is that the requirements should be defined from a system-level perspective taking into
account site-specific operating conditions and risks. The standard 1SO 18497:2018 defines
requirements for agricultural machinery and tractors in respect to their automated operation and
automatic functions [14]. ISO 3691-4:2020 standard, in turn, defines the requirements for unmanned
forklifts, AGVs and associated systems [15].

According to the systems engineering approach, risk management decisions in the system-
development phase are made systematically as the system development proceeds. In practice, the
decisions to reduce the safety and availability risks are based on comparison of alternative solutions
at different layers of protection and prediction. One promising approach for the management and
documentation of safety requirements in autonomous mobile machinery is the Goal-based design
approach that has successfully been applied and demonstrated in safety qualification e.g. in marine
sector [16], [17] and it is also a main element in the new Safety case approach that has been
developed for autonomous products and systems [18].

1.3 AUTOPORT project

Research and development work on the system safety-engineering methods and safety requirement
management in VTT in Finland has been done among others in a national co-innovation project
‘AUTOPORT’ financed partly by Business Finland, VTT and participating companies
(https://autoport.fi/). The AUTOPORT project consortium consists of companies Atostek, Exertus,
Intopalo Digital, Kalmar, Solita and Huld and two research organizations Tampere University and
VTT. The research work in the AUTOPORT project focuses on autonomous mobile machinery for
cargo and container handling in small and medium size terminals.

The main goal of AUTOPORT is to pave the way towards business renewal and operational
excellence by developing ecosystem level approaches for logistic robot systems. Research activities
are focusing on digitalization, novel user-centric ecosystems and advanced control, and safety
solutions in applications, which have not been automated before. The objective is to develop
automated operations in terminals and factories by developing cost effective, reliable, safe and
secure solutions with novel system engineering methods and digital services for complex systems
in emerging open access operational environments. The project scope is limited in logistics chain of
internal cargo transport in terminals and factories.

During the preparation of AUTOPORT ecosystem project the following four important enabling
factors were identified:

Adaptable software platforms and modular control system structures
Systematic procedures and tools for design and validation

Stepwise automation towards lifetime business

Extending the service business to overall machine fleets

AN NI NN

The AUTOPORT project addresses the main goal by the following four research themes that reflect
the company-specific needs and interests as stated by the participating companies:

— Model-based design flow

— Operational excellence by novel models of information sharing
— Cost-effective logistic robot technologies

— Ecosystem models for shared benefit


https://autoport.fi/
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The aim of the safety research in AUTOPORT project is to study and implement system-driven safety
engineering methods and tools to support requirement specification, design, analysis, and
verification and validation activities especially in the early design phases of autonomous mobile
machinery.

The target case system in the AUTOPORT project for experimenting new risk analysis and
assessment methods is a container terminal application where several (a half dozen) automated
machines transport containers at the certain routes and handle them in specific loading and
unloading places (). The operation of the case system is based on the "Mixed traffic" operating
concept where manual trucks, work machines as well as pedestrians also share the same routes.

- Z  Varying weather
conditions

Crossing traffic

cyclists
Traffic to/from
buildings
Autonomous shuttle
carrier

Figure 4 An outline of the AUTOPORT case system

1.4 Objective and content of this report

The objective of this report is to introduce and discuss safety engineering approaches and system-
driven methods for the analysis and assessment of logistic systems utilising autonomous mobile
machinery. Chapter 1 first describes the background of container handling in ports and needs for
autonomous mobile machinery for container handling. Chapter 2 introduces a safety engineering
approach for autonomous mobile machinery defined in ISO 17757: 2019 standard and the database
centric safety engineering approach for safety critical machine control systems developed in VTT.
Chapter 3 introduces system-driven methods like STAMP/STPA, ALARP, and LOPA for hazard
identification, analysis and risk evaluation. Chapter 4 introduces goal-based approach for safety
requirements management and an ANSI/UL 4600 based safety case approach for autonomous
mobile machinery. Chapter 5 summarizes the review results and discusses the safety engineering
approach for autonomous mobile machinery based on the experience gained in the AUTOPORT
project.
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2 Safety engineering approaches for autonomous mobile machinery

Different industrial sectors have different safety strategies and safety engineering approaches and
there is also a big difference in safety strategies in industrial environments compared with e.g.
passenger cars and public transport. Machine safety engineering approaches have currently rather
narrow view to autonomy aspects [9].

Three interesting standardised safety engineering approaches for autonomous mobile machinery
already exist and were studied in the project. Firstly, ISO 3691-4:2020 [15] defines requirements for
the operation of driverless forklifts in different industrial operating areas and the requirements for on-
board safety related functions. The standard requires that any access to the automated area must
be controlled. It also defines speed limits for specific operating conditions and functional safety
requirements for safety functions. Secondly, ISO 17757:2019 [13] gives guidelines for earth-moving
and mining machine sector, how the safety risks should be assessed and how the system safety
requirements should be defined in autonomous mobile machine applications. The approach
emphasizes the risks related to the actual operating concepts and actual operating environment at
the site and the uncertainties related to the safety related functions and technologies. The standard
introduces the concept of an autonomous operating zone (AOZ), controlled by the access control
system, where monitored manned machines and monitored persons could work at the same time
with autonomous machines (See Figure 5). Thirdly, ISO 18497:2018 [14] defines the requirements
for the deployment and implementation, monitoring and remote monitoring of highly automated
agricultural machinery (HAAM) and their safety systems. The standard specifies requirements for
starting, movements and tool movements of a HAAM. It also sets test methods for human detection
systems.

In this chapter the safety engineering approach for autonomous mobile machinery described in ISO
17757:2019 [13] and the database centric safety engineering approach for safety critical machine
control systems (KOTOTU process and tool) developed in VTIT [19] are shortly reviewed and
discussed.

2.1 System view in ISO 17757:2019

ISO 17757 standard provides safety requirements for autonomous and semi-autonomous machines
(ASAM) used in earth-moving and mining operations, and the related autonomous or semi-
autonomous machine systems (ASAMS). It specifies safety criteria both for the machines and their
associated systems and infrastructure, including hardware and software, and provides guidance on
safe use in their defined functional environments during the machine and system life cycle. It also
defines terms and definitions related to ASAMS. [13]

The standard is basically applicable to autonomous and semi-autonomous earth-moving machinery
(EMM) defined in ISO 6165 and to mobile mining machines used in either surface or underground
applications. However, its principles and many of its provisions can be applied to other types of
autonomous or semi-autonomous machines used on worksites in various industrial sectors.

Integration of ASAMS into the site planning process is important. ASAMS are complex systems,
because of the complexity of the logistic processes themselves, their relation to people, manned
operations and the layers of safety that need to be built into them. Supporting infrastructure and
operating area requirements should be identified early in the project, as automation systems can
have specific needs (e.g. fuelling facilities, control rooms, communications network).
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Figure 5 An example of the main system elements in an ASAMS according to [13].

Based on the risk assessment, the ASAM shall be capable of adapting to environmental conditions
as long as any changes in the environmental conditions are within identified constraints. These may
include the use of human operators or automated systems to make speed adjustments, disable
operations, close off areas or other adjustments as needed to maintain safe operation.

It is emphasized that an ASAM can introduce hazardous situations not normally encountered on a
conventional manned worksite. The standard points out that the effective management of the risks
associated with operating an ASAMS requires input from the system integrator, system operator and
site manager, and potentially from diverse operational groups, ranging from system integrator,
researchers, design engineers, project managers, team leaders and control room operators to safety
and health representatives and other workers involved in the tasks, as well as emergency response
personnel [13].

The risk assessment process for an ASAMS shall be completed according to the principles of ISO
12100 [20]. Risk control options and safety measures should be evaluated according to the risk
assessment results by identifying uncertainties, failure modes and risks and assessing what level of
measures should be taken to be prepared for risks from the perspective of the whole system. The
functional characteristics of the safety related systems and the required safety integrity levels should
be based on the actual risks in the specific operating environment. Safety-related parts of control
systems shall comply with the appropriate functional safety performance level (ISO 13849-1:2015
[21], 1ISO 19014-1:2018 [22], IEC 62061:2021 [23] or IEC 61508-1:2010 [24].

Recommended methods for hazard identification are among others HAZOP, LOPA and FMEA and
workplace inspections. At the risk analysis stage, the following three viewpoints should be
considered:

— the operational environment (scale, complexity and physical environment of operations and
activities),

— the operational processes (work processes, maintenance procedures, internal and external
interactions)

— the autonomous machine systems (functionality and performance, safety and resilience
features)

Risk evaluation and risk management is advised to be accomplished by applying a hierarchy of risk
controls and safety measures:
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— Primary controls aiming to avoid, remove or change the risk type

— Contingency controls aiming to minimize the effects in case of an incident following the LOPA
principle

— Prevention and management controls aiming e.g. to minimize interactions with ASAM fleet
and to develop safe work procedures

The standard also emphasizes the importance of human-technology interaction and consideration
of human factors to ensure overall safety, which fits well with the general system safety principles
that have been applied for years in complex safety critical applications in aviation, transportation and
energy sectors. It would be useful if the standard could give more guidance how the intelligence
required by autonomous operation should be divided between the "On-board" system and the
"Supervisor" system. In addition, more guidance for the design of interactions between the "Access
control system" - "Mission planner" - "Supervisor system" could be helpful.

ISO 17757:2019 [13] does not give any fixed SIL or PL requirements for any subsystem or safety
related function. It guides system designers to define safety requirements according to the
application-specific risk assessment results. This systems engineering approach developed for
earth-moving and mining applications differs from the approach that has been developed for
driverless trucks and AGV type of machinery in ISO 3691-4:2020 [15].

2.2 Database centric safety engineering approach

A safety engineering process model for the design of machine control systems has been developed
in VTT since 2012 to support the design of automated machinery applications [19]. The so called
KOTOTU reference model follows the appropriate safety standards as 1ISO 12100:2010 [20] for risk
assessment and ISO 13849:2015 [14] standard family for the design of safety related control
systems. The safety engineering process model is closely connected to the development process of
a machine control system so that safety related tasks will be carried out systematically and in the
right phase according to the systems engineering process.

Parallel to the safety engineering process model development a safety demonstration data model
has been developed in VTT [25]. The systematic process and data model aims to help to identify
gaps in fulfilling the process and product safety requirement [26].

2.2.1 KOTOTU reference model

The KOTOTU reference model has been demonstrated using web browser techniques (Figure 6). It
includes process stages from Preliminary Hazard Analysis (PHA) (Figure 7) to the system safety
validation process. The name KOTOTU comes from the Finnish name ‘Koneiden ohjausjarjestelmien
Toiminnallinen Turvallisuus’ (Functional Safety of Control Systems of Machinery). The other process
stages included in the tool are Use Case Safety Analysis (UCSA) (Figure 8) (which is an application
of Operating Hazard Analysis, OHA), Function and Communications Analysis and Performance
Level (PL) evaluation according to ISO 13849-1 [27].

From the web-based user interface it is possible to see the safety engineering tasks related to
different process stages. All source documents that are necessary for carrying out the safety
engineering tasks can be found under each task. Result document templates and references to
relevant safety standards are also available from the user interface. One special feature in the tool
is that the reference safety standards can be opened from the particular page where the safety
requirements relating to the corresponding tasks or design phase are given. [27]

From the KOTOTU process diagram, which works as a graphical user interface, the tools and
instructions relating to the safety engineering tasks can be opened. In addition, all the documents
relating to the safety process can be opened from the process diagram of the interface for viewing
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and editing. For example, Preliminary Hazard Analysis and other worksheets can be opened from
the process diagram of the interface. Through the web-based user interface it is easy and illustrative
to show how the requirements accordant with the relevant safety standards have been followed

within the safety process.
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Figure 6 The main page of the KOTOTU tool interface.
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Figure 8 User interface for Use Case Safety Analysis (UCSA) process.
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2.2.2 A safety demonstration data model

Applying model-based engineering can help assuring the safety of complex systems, such as safety
critical systems in power plants, due to the fact that the engineering and conformity assessment
effort can be managed more systematically. The systematic process and data models support
engineering efforts aiming to fulfil the process safety and product safety requirement. Identification
of gaps in safety engineering processes can be arranged to be performed by a software tool, for
example by identifying requirements that do not have a corresponding claim, by identifying
arguments without evidence and by identifying determination results that are not used as evidence
(perhaps to hide negative test results) [25].

Model-based systems engineering provides a structured set of artefacts, not only for the design work,
but also for the conformity assessment. VIT has developed a structured data model for the
conformity assessment artefacts. The data model covers both the first party conformity assessment,
traditionally known as verification and validation, as well as the third party conformity assessment,
i.e. the attestation (qualification or certification). The data model is demonstrated in a Defence-in-
Depth example of a spent fuel cooling control system [28].

In terms of the IDEFO metamodel for systems engineering processes, the data model for conformity
assessment artefacts has been defined for the parts of the metamodel, as depicted in Figure 9 [25].

Safety Safety
demonstration Cfmt.mI demonstration
data model Directives data model
Constraints
Input Process Output

Data A hierarchical set of activities and tasks to Process data
Material transform inputs to desired outputs Products and services
Qualification Mechanism
process Resources (tools,
model technologies, infrastructure
and workforce)
Other enablers

Figure 9 IDEFO metamodel for systems engineering processes, modified from [6]

Experiences from real case studies in previous projects have shown that the data model provides
good traceability of artefacts ranging from the stakeholder domain to the organisation that designs
the system and finally to the attestation organisation. It has been noted some important aspects that
affect whether users (safety engineers and system designers) accept the new data based centric
engineering tool. It is important that the complexity of the data model does not affect the user
experience and the tool guides the users to put the engineering artefacts to correct locations and to
establish the traces between the artefacts [28].

The database-centric approach has been further developed in VTT in AUTOPORT project to support
all RAMS (Reliability, Availability, Maintainability and Safety) related activities in systems engineering
by extending the conformity assessment data model with dependability requirement taxonomy.
Additionally, a common ontology for safety, security and dependability risk assessment has been
defined to cover an entire RAMSS sector. ‘RAMSS’ acronym comes from ‘Reliability, Availability,
Maintainability, Safety and Security’. The results of this study are reported in the project internal
report ‘Database-centric RAMSS design approach for autonomous logistic systems’ [29]. In the
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report, detailed data models are presented describing FRACAS loop, as well as the STPA hazard
analysis method as examples of different approaches that are needed to manage RAMSS aspects
over a system life cycle [29].

3 System driven methods

Traditionally, a risk-based approach has been dominantly applied in safety and reliability
engineering. There are several ways to define the concept of risk, but usually it has been seen as a
combination of severity and probability of an undesired event [30], [31]. The risk-based approach,
especially with high focus on quantification of the risks, has seen increasing criticism during the
previous years, partly due to the following factors [32]:

- Systems are becoming increasingly complex. This increases the number of interactions
between system elements, leading to emergent and nonlinear behaviour that is highly
unpredictable. This makes quantifying risks increasingly difficult or impossible.

- Chain-of-event or chain-of-failure models have been argued to be insufficient in capturing
accidents that may arise in complex systems.

Due to the issues in solely risk-based approach, arguments have been presented against the use of
traditional safety analysis methods, which often focus on analysis of component failures or linear
chains of events, rather than identifying problems arising from unsafe interactions between system
elements [32]. To address the above issues, systems-theoretic approaches, focusing on safety
control instead of risk, have been proposed as a potential basis for performing more comprehensive
safety analyses.

Systems theory is a set of principles that can be applied to comprehend complex systems and their
behaviour. Based on systems theory, safety hazard analysis approaches, as well as accident
analysis methods have been proposed. In literature, comprehensive comparisons of these methods
have been performed mostly in terms of accident analysis although the methods can be applied in a
wider usage [33], [34].

Accident analysis methods such as Swiss cheese model, AcciMap, STAMP (Systems-Theoretic
Accident Model and Processes) and STPA (System Theoretic Process Analysis) are classified as
systems-based accident analysis methods. Important in these approaches is that the socio-technical
aspects are taken into account during the analysis. These methods are not domain-specific in
accident analysis for a particular industry. They have been applied in different industries such as
aviation, defence, food, public health, oil and gas, and rail transport. [33]

Abulamddi [33] has reviewed accident analysis and risk assessment methods and categorised them
into four categories based on the aspects they are focusing: Technical, Human factors,
Organisational and Systemic. The Figure 10 illustrates the development of the accident analysis and
risk analysis methods over the years and shows also in which aspects the methods are focusing.
Methods were first developed for analysis of technical failures. Human factors and organisational
aspects came up strongly as systems became more complicated in the 1980s and 1990s. The digital
development of industrial systems, which began in the 2000s, has increased the complexity of
systems significantly. This development is also reflected in the development of risk analysis methods
towards systemic analysis methods.
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Based on the literature, the most prominent approaches for system driven methods for complex
socio-technical systems seem to be the following methods [33], [34]:

— AcciMap method, originally developed by [35], provides a structured, graphical
representation of a causal scenario. Although designed as a part of an active risk
management approach, it has maostly been applied for accident analysis purposes in safety-
critical domains. Thus, its applications in product development context are largely unexplored
and its further study is omitted in this report.

— FRAM (Functional Resonance Analysis Method), developed 2012 by Hollnagel [36], is based
on identification and analysis of system functions. It provides a graphical language for
modelling the system functions, and focuses on providing insights on how the functions
interact. This graphical representation can be useful in understanding various characteristics
of complex systems.

— STAMP (Systems-Theoretic Accident Model and Processes) is developed in the MIT by
Leveson and her colleagues [32]. In STAMP a system is described by using a hierarchical
control structure. The STAMP approach is accompanied with the STPA (Systems-Theoretic
Process Analysis) hazard analysis method, which aims to identify flaws within the safety
related controls and control actions [37]. STAMP is also affiliated with another method CAST
(Causal Analysis using System Theory) specifically intended for accident analysis [38].

As relatively recent methods, only limited experiences of the use of system-theoretic approaches in
industrial systems is available. The approaches have also seen criticism especially from the
perspective of their limited contribution to risk comparison and prioritization activities. For example,
according to Ramos et al. [39], these approaches, while providing useful qualitative analysis, are still
very limited in unravelling complex failure modes and mechanisms in addition to being qualitative
and of limited value in prioritizing risks and risk reducing measures. Bjerga et al. [40] provide further
criticism, stating that systemic models are based on a number of assumptions that are impossible to
verify especially in novel technology development endeavours.

In practice, it is unlikely that risk-based approaches could be entirely replaced by control-based
approaches, or that such development would even be beneficial. Instead, the different approaches
can complement each other to understand new types of emergent issues in complex systems. In the
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following chapter, we focus on the STAMP approach and especially the associated STPA hazard
analysis method, and their applications on logistic robotic applications.

3.1 STAMP approach and STPA method

STAMP (System-Theoretic Accident Model and Processes) is the name of the new accident
causality model based on systems theory. It expands the traditional model of causality beyond a
chain of directly-related failure events or component failures to include more complex processes and
unsafe interactions among system components, and it underlies STPA (System Theoretic Process
Analysis) and other tools. [37]

STAMP is not an analysis method. Instead it is a model or set of assumptions about how accidents
occur. STAMP is an alternative to the chain-of-failure-events (or dominos or Swiss cheese slices, all
of which are essentially equivalent) that underlies the traditional safety analysis techniques (such as
Fault Tree Analysis, Event Tree Analysis, HAZOP, FMECA, and HFACS). According to [37] STAMP
extends the chain-of-failure causality model to include both component failure and unsafe
interactions of system components. In STAMP, safety is understood as an emergent system property
that arises when the components of a complex system interact with each other within a larger
environment. A set of constraints (requirements) related to the behaviour of the system components
(including physical, software, human, and social aspects) enforces the safety property of a complex
system. Safety constraints on system operation are for example [5]:

— Aircraft or automobiles must never violate minimum separation standards,
— Medical devices must not provide a harmful level of medicine,

— Toxic chemicals or radiation must not be released from a plant,

— Batteries must never experience thermal runaway,

— Aircraft must have sufficient lift to remain airborne unless landing,

— Nuclear materials must never get into the wrong hands.

Leveson argues that accidents occur when the system component interactions violate these
constraints [5]. The goal, then, is to control the behaviour of the components and system as a whole
to ensure that the safety constraints are enforced in the operating system. Instead of focusing only
on preventing accidents by increasing component reliability and treating safety as a component
failure problem, Leveson expresses that in STAMP approach safety aspects are treated as a
dynamic control problems that enforces the safety constraints where both system component failures
and system component interactions must be controlled [5].

According to [37] STAMP methodology has certain advantages like:
— It works on very complex systems because it works top-down rather than bottom up.

— Itincludes software, humans, organizations, safety culture, etc. as causal factors in accidents
and other types of losses without having to treat them differently or separately.

— It allows creating tools, such as STPA, CAST (Causal Analysis based on System Theory)
[38], identification and management of leading indicators of increasing risk, organizational
risk analysis, etc.

STPA process has been described in the freely available STPA handbook, which has seen several
updates and revisions over years. The latest version published by Leveson & Thomas is from year
2018 [37]. The handbook also provides definitions for the key terms, which are used in the following,



DocuSign Envelope ID: F39FC2A2-7BDB-4EB3-A292-CD3D7C3BC3AA

v I T RESEARCH REPORT VTT-R-00390-21

20 (31)

but may differ from terminology applied elsewhere in this report. At the time of writing, STPA consists
of the following four defined steps:

1. Definition of the analysis purpose. As with all analyses, the purpose of the analysis needs
to be defined first. In STPA, this begins with definition of system-level losses that the analysis
aims to prevent. Then, system-level hazards and constraints are defined.

2. Modelling the control structure. The system is modelled as a hierarchical control structure,
which is a system model composed of feedback control loops. This is a graphical
representation featuring controllers and controlled processes represented as rectangles, and
the interactions between them (control and feedback) represented as arrows. The hierarchy
is illustrated by the vertical axis, i.e. highest control authority is at the top of the diagram. It
should be noted that the control structure only models this control hierarchy and is not, for
example, a physical model or a simulation model of the system behaviour. However, other
available system models can and should be utilized when drawing the control structure.

3. Identification of unsafe control actions (UCASs). In this step, the control structure is
systematically analysed to find control actions that, in a particular context and worst-case
environment, will lead to a hazard. In basic STPA, four types of UCAs are considered (1. Not
providing the control action leads to a hazard; 2. Providing the control action leads to a
hazard; 3. Providing a potentially safe control action but too early, too late, or in the wrong
order; 4. The control action lasts too long or is stopped too soon). Typically, the UCAs are
documented in a table using full sentences following a defined syntax.

4. Identification of loss scenarios. STPA analysis concludes with identification of loss
scenarios, which describe the causal factors that can lead to UCAs and hazards. Main
questions to consider are “why would UCAs occur” and “why would control actions be
improperly executed or not executed, leading to hazards”. Loss scenarios are also
documented in textual format as complete sentences.

3.2 ALARP, ALARA, GAME and MEM principles

The Machinery Directive (2006) [41] encourages manufacturers to seek the best possible safety
solutions. It says that:

‘The essential health and safety requirements should be satisfied in order to ensure that
machinery is safe; these requirements should be applied with discernment to take account
of the state of the art at the time of construction and of technical and economic
requirements’. [41]

In the Annex 1 of the Machinery Directive [41] it is also mentioned that if the requirements cannot be
reached then the machinery must, as far as possible, be designed and constructed with the purpose
of approaching the safety objectives.

The widely used reference for safety risk management of complex systems, the Railway RAMS
management process described in the standards EN 50126-1:2017 [42] and EN 50126-2:2017 [43],
present three approaches and methods for the definition of acceptance criteria for new risks: ALARP
(As Low As Reasonably Practicable), GAME (Globalement Au Moins Equivalent) and MEM
(Minimum Endogenous Mortality).

3.2.1 ALARP, ALARA
The ALARP (As Low As Reasonably Practicable) or sometimes called ALARA = As Low As

Reasonably Achievable) principle considers the change in risk and the net cost of a control measure.
The ALARP principle originally arose as a legal requirement in the UK to reduce the risks arising
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from work activities “so far as is reasonably practicable”, sometimes abbreviated as SFAIRP (So far
as is reasonably practicable). The ALARP judgement of a risk controls is based on a comparison of
the net costs and the extent of risk reduction of any safety measure under consideration. In reality,
the application of established good practice, including formal codes of practice, can often be
considered to be a suitable demonstration that risk is reduced ALARP. [43]

The ALARP principle does not take into account absolute risk levels or considerations of the
tolerability of risk. It is purely based on a comparison of the costs of a measure with the risk reduction
it achieves. If the costs of a measure are judged to be disproportionate to the safety benefits, taking
into account any uncertainties in the risk estimates, then the measure is judged not to be necessary
to reduce risk ALARP [44].

ALARP is associated to Cost Benefit Analysis (CBA). Something is said to be reasonably practicable
unless its costs are grossly disproportionate to the benefits i.e. costs divided by benefits are greater
than the disproportion factor (DF). If Costs/Benefits > 1x DF then the measure can be considered
not worth doing for the risk reduction achieved. DFs that may be considered gross vary from upwards
of 1 depending on a number of factors including the magnitude of the consequences and the
frequency of realising those consequences, i.e. the greater the risk, the greater the DF. [45]

CBA cannot be used to argue against implementation of a good measure, unless the comparative
measure is as effective. Sensitivity analysis is often required to support CBA. CBA cannot be applied
to justify intolerable risks or poor engineering.

It is important to consider that all appropriate costs (incurred by duty holder) are included in the
analysis, but costs incurred by other parties are not. Lost production is measured as lost production
during the delay or interest on the lost production, depending on the loss type. HSE Cost Benefit
analysis (CBA) checklist provide following examples of cash valuations of preventing health and
safety effects (£, year 2003 value): fatality (1.336.800 £), permanently incapacitating injury (207.200
£), serious accident (20.500 £) and slight accident (300 £). [45]

ALARP can be considered also from a wider perspective. For example authorities in UK (HSE),
Australia (WHS), and New Zealand (HSWA) consider that also following factors are associated to
the ALARP [44]:

- the likelihood of the hazard or the risk concerned occurring,

- degree of harm that may result if the hazard or risk eventuated

- situational awareness and supposed knowledge of the risks of persons under the risk
- availability and suitability of ways to eliminate or minimize risks

— cost of eliminating or minimizing the risk

- advice in guidelines, standards and industry practice (de facto standards)

- comparison with similar hazards in other industries.

Quite often ALARP is related to legal matters [44]. In practice, this means that the operator or the
system supplier has to show through reasoned and supported arguments that there are no other
practicable options that could reasonably be adopted to reduce risks further.

3.2.2 GAME and MEM

The basic idea of GAME (Globalement Au Moins Equivalent, in English ‘Globally at least as good’)
is to compare two systems and their risks. The first system has the risks to be considered and the
second system has already acceptable similar risks. The risks of the new system must be equal or
in lower level than the risks of the accepted old system. It can be said that the new system has to be
globally as safe as or safer than the existing (accepted) one. [43]
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MEM (Minimum Endogenous Mortality) is a method to derive absolute values for risk acceptance
based on the natural death rate of human beings of specified age. MEM incorporates the lowest
natural death rate and uses this to assure that the total additional technical risk for an individual does
not exceed a value equivalent to this natural risk. The natural death rate includes only on natural
causes of death without any kind of accidents and native malformation influences. [43]

The natural death rate (minimum) on 5 to 15 years of age humans in industrial developed countries
is Rm = 2 x 10* fatalities /person x year). Furthermore, each single system should not contribute
more than 5 % because each individual is endangered by n different technical systems in parallel (n
< 20). This leads to a single system maximum fatality rate of a single person: R = 10-°. The relation
between fatalities, major injuries and minor injuries is here as follows: One fatality = 10 major injuries
= 100 minor injuries. [43]

3.3 LOPA

Layer of Protection Analysis (LOPA) is a simplified form of risk assessment. LOPA has its origins in
chemical process industries and its history goes back to late 1980s and 1990s. A process hazard
analysis, such as a Hazard and Operability Study (HAZOP), is a useful tool in identifying potential
hazard scenarios; however, a process hazard analysis can only give a qualitative indication of
whether sufficient safeguards exist to mitigate the hazards. Layer of Protection Analysis (LOPA) is
a risk management techniqgue commonly used in the chemical process industry that can provide a
more detailed, semi-quantitative assessment of the risks and layers of protection associated with
hazard scenarios [46]. The LOPA method description is presented in the book “Layer of Protection
Analysis: Simplified Process Risk Assessment” published the Center for Chemical Process Safety
(CCPS) [47].

However, in connection with current technological development towards more automated and even
fully autonomous systems, LOPA has recently emerged in the related discourse, as a method
possibly applicable to the engineering of these kind of systems. One example of this, in the maobile
machinery domain, is the risk assessment process described in the ISO 17757:2019 standard,
“Earth-moving machinery and mining. Autonomous and semi-autonomous machine system safety”.
In its Annex B “Safety and risk management process”, LOPA has been mentioned as one of the
hazard identification methods! to ensure risks in respect to autonomous or semi-autonomous
machine systems (ASAMS) are identified [13].

3.3.1 Background of LOPA

In the same way as with many other hazard analysis and risk assessment methods, the primary
purpose of LOPA method is to determine if there are sufficient layers of protection against an
accident scenario. In other words, is the risk tolerable? [47].

LOPA is a semi quantitative tool for analysing and assessing risks. The method uses order of
magnitude values and/or categories for the frequency of the initiating event, for the consequence
severity, and for the probability of failure of independent protection layers to approximate the risk
related to the accident scenario under consideration. In that sense it differs from purely qualitative
risk analysis & assessment methods as well as from clearly quantitative methods [47]. Figure 11
illustrates the spectrum of risk assessment methods from qualitative to quantitative methods through
semi-quantitative methods (also called as simplified quantitative methods).

Quialitative methods, such as HAZOP and FMEA, are typically used to identify scenarios and to judge
qualitatively if the risk is tolerable. Semi-quantitative (or simplified quantitative) methods, like LOPA
and quantified FMEA, are used to provide an order-of-magnitude estimate of risk. Quantitative

1 Expression modified. In the original source i.e. in the ISO 17757:2019 standard the expression “hazard
identification systems” was used.
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methods allow analysis of more complex scenarios and provide more accurate and detailed risk
estimates for comparison and risk judgment [47].
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Figure 11 Spectrum of risk assessment methods [47]

The percentages given in the Figure 11 are only illustrative from nature i.e. they do not try to describe
exactly how big portion is analysed by each approach (qualitative, semi quantitative and so on).
However, it is typical that all scenarios in a chemical process plant are identified and first evaluated
gualitatively. Those scenarios that are too laborious, complex etc. proceed to semi quantitative risk
assessment, and finally some scenarios may need more rigorous evaluation and proceed to
guantitative risk assessment (QRA). [47]

LOPA method is not known to be standardized, at least not at the highest level of international
standardization i.e. in IEC or ISO. In this respect LOPA method is in a bit different position than for
example the other risk analysis & assessment methods mentioned here, like FMEA, HAZOP and
Fault tree. All these methods have been standardized at the highest level of international
standardization i.e. as standards IEC 60812:2018 (FMEA and FMECA) [48], IEC 61882:2016
(HAZOP) [49] and IEC 61025:2006 (Fault tree analysis) [50].

3.3.2 Independent protection layers

The fundamental idea of the LOPA method is to look at possible accident situations in the system
as cause-and-effect chains (called as accident scenarios in the method), while taking into account
the various ‘Independent Protection Layers’ (IPLs) associated with the scenarios together with the
risk-reducing effects of these layers. In theory in any examined accident scenario, functioning of any
IPL is enough to prevent the ultimate unwanted consequences. However, because no IPL is
assumed to be fully perfect (i.e. 100 % reliable), a scenario may require one or more IPLs. The
number of required IPLs depends on how much risk reduction needs to be achieved by the IPL(s)
and how effective (reliable) IPL(s) relevant for the considered accident scenario are. [47]

The idea of the LOPA method can be expressed by the means of the following mathematical formula
given in [47]:

J
£ = flx 1_[ PFD,;
j=1

= f{ x PFD;; x PFDy; x = x PFDy;

where,

fi€ is the frequency of consequence C for initiating event i
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fl is the initiating event frequency for initiating event i

PFD;

i is the probability of failure on demand of the j" IPL that protects against

consequence C for initiating event i

In practical terms, the above given formula means that in LOPA method the frequency of the initiating
event of the examined accident scenario (f{') is multiplied by the ‘Probability of Failure on Demand’
(PFD) of each relevant independent protection layer (PFD;;). As a result it gives the frequency of
occurrence of the consequence C (f) with given protection layers (from protection layer 1 to
protection layer J). This result i.e. the frequency of occurrence of the consequence C i.e. f¢ is then
compared to the acceptable frequency of occurrence of the consequence. The latter one(s) i.e.
acceptable frequencies of occurrence for various consequence categories are get for example from
company’s risk matrix.

If the frequency of occurrence calculated by the above mathematical formula is smaller than the
acceptable frequency of occurrence for the consequence C then there is no need for further risk
reduction measures. If the situation is opposite i.e. the calculated frequency of occurrence is bigger
than the acceptable frequency then further risk reduction measures are needed. In practice this
means that an extra IPL or more is needed or the IPL(s) already present in the system must be more
reliable.

In machinery sector usually PFH (probability of failure per hour; high/continuous demand mode)
values are applied rather than PFD (probability of failure on demand; low demand mode). The PFD
values are good for cases, which happen once per year or more seldom. In machinery applications
similar occasion can happen e.g. once per hour (e.g. two vehicles meet at an intersection). The
safety measures related to meeting at intersection are needed then once per hour. The PFD value
used for case once per hour would not be valid for case when vehicles meet every minute. Therefore
the probability is calculated per hour and not per demand. The equations for PFH calculation differs
from equations used in PFD calculation, but the principles are similar. [51]

LOPA method provides a consistent basis for judging whether there is a sufficient number of
sufficiently reliable IPLs present in the system to control the risks related to the examined accident
scenarios. The method proceeds with the following steps described in more detailed in the CCPS
LOPA handbook [47]:

— Selection of consequences & estimating their severity, determination of risk
tolerance criteria

— Developing accident scenarios
— ldentifying initiating event frequency

— ldentifying independent protection layer(s) and related PFD(s) (probability of
failure on demand)

— Determining scenario frequency

— Making risk management decisions

Figure 12 shows a simple example of a LOPA case with three independent protection layers, their
PFD values and how the frequency of the undesired consequence is calculated.
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Selected accident scenario from the initiating event to the undesired consequence(s) through failure of all IPLs

Undesired
consequence(s)
if all IPLs fail to
operate as
intended

Initiating event First phase Third phase IPL

of the selected independent Second p hase (in this example
accident protection IPL also the last
scenario layer (IPL) phase IPL)

Frequency of
" undesired
Initiating event (P;:?Izl:leh:: =i PFD PFD consequence(s)
frequency per of the second of the third in case of all

demand) C
of the first phase IPL phase IPL IPLs fail to
operate as

phase IPL intended

PFD

year

0,01/ year 1*101 *102 0,000001 / year

Figure 12 An example of three independent protection layers and their PFD.

The method enables evaluation of inherently safe design alternatives. However, it is important to
notice that LOPA method does not suggest which IPLs from the point of view of their technology,
way of realisation etc. to add or which design to choose, but instead it assists in judging between
alternatives for risk mitigation [47]. Typical examples of IPLs in case of a chemical process plant are
[46]:

— Process design

— Basic process control systems (BPCS)

— Critical alarms and human intervention

— Safety instrumented function(s) (SIF)

— Physical protection (relief devices)

— Post-release physical protection (e.g. dikes)

— Plant emergency response

— Community emergency response

LOPA method is not a comprehensive method in that sense that the system could be analysed by
that method alone without the use of any other analysis methods. This is because for example the
information about accident scenarios is required as an input information to LOPA not something that
is generated in LOPA. Thus, LOPA method typically builds on the information developed during
some previous qualitative study of the system such as a PHA or HAZOP for example. LOPA method
is applied to one accident scenario at a time and the total number of accident scenarios considered
by the method is only a fraction of all accidents. [47]

4 Management of safety goals, arguments and evidence — safety case

According to the generic Systems Engineering approach published by INCOSE [6], risk management
decisions in the system-development phase are made systematically as the system development
proceeds. In practice, the decisions to reduce the safety and availability risks are based on
comparison of alternative solutions at different layers of protection and prediction. One promising
approach for the management and documentation of safety requirements in autonomous mobile
machinery systems is the Goal-based design approach that has successfully been applied and
demonstrated in safety qualification e.g. in marine sector [16], [17].
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4.1 Goal based approach

In [17] Heikkila has studied methodology for building and visualizing such demonstrations by using
the goal-based safety case approach. In this approach, the safety requirements (named as safety
goals) and the related safety evidence are linked together in a visual manner and they form a
structured safety case database. This approach and the visual model provide the means for
demonstrating the actions that have been taken to fulfil the safety requirements. The up to date
safety evidence documentation related to each goal or sub goal can be found from the database.
The safety case can be represented with various visualization languages, such as the Goal
Structuring Notation (GSN) [52]. An overview of a proposed safety qualification procedure utilizing
goal-based safety case approach is presented in Figure 13.

|
| |
I
Identification of new Qualification plan I _| Safety "
technologies and activities : | evidence "
| |
1 Argumentation |
A
P |
Risk identification Specification of | _| Safetygoals/ |
and assessment safety goals 7] requirements |
|
| I
|

Safety case

I L S e e e e -

Figure 13 An overview of a safety qualification process based on the safety case approach. [53]

In the development of autonomous mobile machinery, the goal-based requirement management
model could be used as a means of communication between the system designers and end users
to support the assessment and evaluation that safe operation of the system in all foreseeable
operating conditions has been achieved. The goal-based approach can support the communication
through visual representation of the system safety requirements and showing the links between the
safety goals, safety requirements and safety evidence. All the Safety Case documentation is stored
shared and managed in the database. [54]

4.2 UL 4600 General safety requirements for autonomous products

In 2020, Underwriters Laboratories published a standard UL 4600 ‘Standard for Safety - Evaluation
of Autonomous Products’ [18]. The standard aims to be a set of tools and techniques for the safety
analysis and evaluation of autonomous products, especially where the requirements of driverless
autonomy require changes to established safety measures that assume the presence of a driver or
safety driver [55].

UL 4600:2020 addresses broadly and comprehensively aspects for the safety engineering process
such as: risk analysis, safety-relevant aspects of design and process, testing and tool qualification,
validation of autonomic performance, data integrity, interaction with non-drivers, performance and
security metrics and conformance to expected safety guidelines. However, it does not provide
prescriptive performance requirements for the actual autonomous system. Instead, UL 4600:2020
recognizes other safety engineering standards and integrates them as part of its safety validation
process. [55]

UL 4600:2020 has been developed to ensure that autonomous are products and especially self-
driving cars are safe and a valid safety case is created. In UL 4600:2020 approach, the information
is collected from design and validation processes and the results are standardized, organized and
stored into a safety case database (See Figure 14).
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A safety case includes three main parts: goals, argumentation, and evidence [18]. Goals describe
what it means to be safe in a specific context, such as generic system-level safety goals e.g., ‘an
autonomous machine shall not hit pedestrians’ and element safety requirements e.g., ‘The system
must ensure correct computational results despite potential transient hardware faults’. Arguments
are a written explanation how the system is designed to achieve the goal e.g., ‘the system can detect
and avoid pedestrians, including ones that are unusual or appear in the roadway from behind
obstacles’. Evidence is information that verifies the validity of the arguments, typically results of
analysis, calculations, simulations, and tests [18].

Operational
safety /—\‘
Autonomy 150 12100 \ |
safety — UL 4600 approach

5017757, 150 26914,
S0 18497 Goals,  Goal based approach Safety Case

Arguments, | ° Technology and process ) for Highly
. neutral s Autonomous
9 Evidence . . |
Functional SrEm R Systems
* Transparent assessment
safEty 4 * Feedbacl mechanisms

150 262632, 150/PA5 21448

150 138449-1, IEC 61508, IEC 62061

Other case specific
safety assurance
activities

Figure 14 Simplified illustration of the safety case approach according to UL 4600:2020 [18]

5 Summary and conclusion

The objective of this report was to introduce and discuss safety engineering approaches and system-
driven methods that could be applied for the analysis and assessment of autonomy related safety
risks in logistic systems utilising autonomous mobile machinery.

The ISO 17757:2019 standard [13] defines a process for risk assessment and safety requirement
specification in autonomous earth moving machine and mining machine systems, but it can be
applied to any other machinery application.

A safety engineering process model to support the design of automated machinery applications has
been developed in VTT for several years. The so called KOTOTU reference model follows the basic
machinery safety standards ISO 12100:2010 [20] for risk assessment and 1ISO 13849:2015 [14] for
safety related parts of the machine control system. Parallel to the safety engineering process
development, a safety demonstration data model has been developed in VTT [25]. The data model
covers both the first party conformity assessment, traditionally known as verification and validation,
as well as the third party conformity assessment, i.e. the attestation (qualification or certification).

The traditional system safety methods PHA, OHA and HAZOP have been successfully applied in
several automated machinery applications in mining and cargo handling sectors [14]. As the level of
autonomy in machine applications increases the need for new system level methods have been
identified. The system-theoretic process analysis method STPA [37] brings in new views for the
analysis of autonomy aspects by supporting the identification of unsafe control actions. STPA
method includes the modelling of the hierarchical control structure of the machinery system and
complements the perspectives of traditional system safety methods. The method provides a formal
presentation to connect losses - system level hazards - unsafe control actions and possible risk
scenarios.
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Autonomous mobile machinery are complex systems that will require several levels of safety
measures and risk mitigation solutions for safe operation. LOPA method which is widely used in
process industry provides a consistent basis for judging whether there is a sufficient number of
independent protection layers (IPLs) present in the system to control the risks related to the
examined accident scenarios. In mobile machinery context LOPA method is introduced for the risk
assessment process described in ISO 17757:2019 [13].

Another important aspect for assessing the adequacy of safety measures is the consideration of
balance between the reduction of safety risks and the net cost of a safety measures. The ALARP
principle including Cost Benefit Analysis (CBA) does not take into account absolute risk levels or
considerations of the tolerability of risk. ALARP is based on a comparison of the costs of a measure
with the risk reduction it achieves [44]. In practice the end user or the system supplier has to show
through reasoned and supported arguments that there are no other practicable options that could
reasonably be adopted to reduce risks further.

Safety case approach described in UL4600:2020 [18] aims to gather all the needed safety evidence
and to produce a sufficient safety demonstration material of the system. The model and visualization
of the allocation of safety goals according to Goal-based design approach that has successfully been
applied and demonstrated in safety qualification e.g. in marine sector [16], [17] seems promising
also in complex machinery system context. It supports communication between all stakeholders in
the system development phase, not only safety engineers and system designers.
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