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Abstract
Different characterization methods that rely on electron accelerator technology, in particular
synchrotron light sources, have become major research tools for expanding fields in various
natural sciences. While traditionally physics research has been the motivation for new
accelerator facilities and system designs, newly emerging areas in life sciences, molecular
sciences and material science are additionally driving forces today.
Light sources and similar research facilities rely heavily on computing systems to fulfill their
tasks. The application areas of computing systems include system control and monitoring
tasks, data acquisition and processing, networks and a variety of information technology
related services, both for in-house users and visiting research groups.
Previous research on computing systems for light sources has usually been focused on
technical designs and solutions for particular systems, mostly motivated from natural
science point of views. This thesis describes the field of computing systems for light sources
as a research field of its own, with its special properties, challenges, and relations to other
engineering fields in the accelerator world. Further, this thesis evaluates relevant
technologies for computing systems with a focus on accelerator facility control system
frameworks. Best practices in the development of computing systems are introduced, and
related to Systems Engineering (SE) and system lifecycle management.
The thesis elaborates a work process framework encompassing organizational and technical
processes concerning computing systems at light sources, which is based on the ISO/IEC
15288 standard. The framework enhances work process analysis and improvements, and
consequently the effective and efficient achievement of facility goals. An improved approach
for Requirements Engineering concerning computing systems at light sources is introduced.
Further, a compilation and evaluation of modern design principles and guidelines for
controls and IT groups is presented.
As a research field, engineering of computing systems for light sources represents a part of
the development of a complex socio-technical system. As such, this research field faces
particular challenges and properties, such as the uniqueness and often prototypical
character of the systems and complex relations of stakeholder interests. The thesis presents
and discusses a research approach customized to this research field, both to allow for a
holistic approach (using SE) and to accommodate for the practical research constraints. This
concerns the study of technical and non-technical research subjects, the basis for scientific
study and reasoning, and the role of the researcher as active participant in the field. Finally,
an outlook is given on further research opportunities in the field.
The thesis work has been accompanying, and been part of, the design and construction of
the MAX IV facility, a new state-of-the-art synchrotron based light source in Lund, Sweden.

Sammanfattning
Olika metoder för karakterisering som förlitar sig på elektronacceleratorteknik, särskilt
synkrotronljuskällor, har blivit viktiga forskningsverktyg för expanderande fält inom olika
naturvetenskaper. Från början var det den fysikaliska forskningen som var den största drivkraften för att ta fram nya acceleratoranläggningar och för att utforma designen av nya
system. Men idag utgörs den drivande kraften även av de framväxande områdena inom
biovetenskapen, molekylärvetenskapen respektive materialvetenskapen. Ljuskällor och liknande forskningsanläggningar är starkt beroende av datorsystem för att genomföra sina
uppgifter. Applikationsområdena för datasystem omfattar systemets styr- och övervakningsuppgifter, datainsamling och bearbetning, samt nätverk och tjänster relaterade till informationsteknik, såväl för interna användare som besökande forskargrupper.
Tidigare forskning om datasystem för ljuskällor har oftast varit inriktad på systemdesign och
lösningar för särskilda system, framförallt drivet av naturvetenskapliga frågeställningar.
Denna avhandling beskriver området datorsystem för ljuskällor som ett eget forskningsområde med sina speciella egenskaper, utmaningar och relationer till andra tekniska
områden i acceleratorvärlden. Vidare utvärderas i denna avhandling relevant teknik för databearbetande system med fokus på ramverk för styrsystem i acceleratoranläggningar.
Etablerade tillvägagångssätt för utveckling av datorsystem presenteras och sätts i relation till
”Systems Engineering” (SE) och styrningen av systems livscykler.
Avhandlingen presenterar ett ramverk för organisationella och tekniska arbetsprocesser
anpassade till ljuskällors datorsystem, som baseras på ISO/ICE 15288 standarden. Ramverket
främjar arbetsprocessens analys och förbättring, och därmed ett kostnadseffektivt
uppnående av anläggningens mål. Ett förbättrat tillvägagångssätt för kravhantering för
ljuskällors datasystem presenteras också. Vidare presenteras en utvärdering av moderna
designprinciper och riktlinjer för ljuskällors styrsystem och IT-grupper.
Konstruktionsprocesserna för datorsystem för ljuskällor beskrivs här som ett forskningsområde, som är en del av utvecklingen av ett komplext socio-tekniskt system. Forskningsområdet i sig innehåller speciella utmaningar och egenskaper, till exempel den unika och
ofta prototypiska karaktären av systemen och de komplexa relationerna mellan olika
interessentområden. Avhandlingen presenterar och diskuterar en forskningsmetod som är
anpassad till detta forskningsområde, både för att möjliggöra ett holistiskt synsätt
(tillämpning av SE) och för att kunna ta hänsyn till praktiska begränsningar. Detta omfattar
studier av tekniska och icke- tekniska ämnen för forskning, grunderna för vetenskaplig slutledning och argumentation, samt den roll forskaren spelar som en aktiv deltagare inom detta
fält. Avslutningsvis beskrivs exempel på ytterligare forskningsmöjligheter inom området.
Arbetet med avhandlingen har utförts i samband med aktivt deltagande i utvecklingen och
utformingen av MAX IV-anläggningen, en nybyggd modern synkrotronbaserad ljuskälla i
Lund, Sverige.
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1 Introduction

1.1 Introduction to this work
Different characterization methods that rely on electron1 accelerator technology have
become major research tools for expanding fields in various natural sciences. While
traditionally physics research has been the motivation for accelerator development, newly
emerging areas in life sciences like microbiology and medicine are additional driving forces
for new facilities and design solutions. Molecular sciences, material science and nanotechnology add to the list. Depending on the counting method, one can identify about 70 to
100 existing or ongoing electron accelerator based laboratories in the world.2 Other types of
accelerator based facilities, e.g. for high energy physics3 or neutron spallation based
characterization methods4, share a good part of properties with light sources. However,
these facilities are often more specialized in their scope and distinct in their structure,
organization and technologies.
The most widely spread type of research facility based on electron accelerators is the
synchrotron light source, which uses an electron or positron storage ring (a synchrotron) for
the production of primarily x-rays and VUV (vacuum ultra violet) light with certain desirable,
otherwise hard to obtain properties. This type of facility, so called 3rd generation light
sources, is expected to be complemented by free electron lasers (4th generation light
sources) in the coming decades, which are based on linear accelerators (LINAC).
Modern 3rd and 4th generation light sources and comparable accelerator-based research
facilities rely heavily on an IT (information technology) infrastructure to fulfill their tasks.
Looking at today’s laboratory topologies, we can see that more or less all functional systems
are integrated in some IT based infrastructure. The activities of laboratory users are
characterized by use of laboratory IT resources throughout their research activity. In the
staff structure of modern light accelerator facilities, we can see that typically about 10% to
15% of the entire staff is in some way ‘IT personnel’. Every year there are several
1

A few research laboratories utilize positrons instead of electrons, but we tacitly include those when speaking
of electron accelerators. To this thesis concerns, this makes no difference except for +/- sign changes of
electromagnetic fields within the accelerator.
2

A good overview on existing light source projects can be obtained on [53].

3

E.g. the Large Hadron Collider (LHC) at CERN, Switzerland [54].

4

E.g. the European Spallation Source (ESS) project in Lund, Sweden [55].
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conferences and international collaboration meetings, where accelerator IT related
practitioners present their solutions and system developments. Yet this is a field which is
usually not perceived as a research field of its own; partially because it tends to fragment
into specific systems, or because it is viewed as an appendix of other systems.
This thesis describes the field of computing systems for light sources and similar facilities as
a research field of its own, with its special properties, challenges, and relations to other
engineering fields in the accelerator world. Further, this thesis evaluates relevant
technologies and best practices, and relates them to Systems Engineering (SE) and system
lifecycle management. Finally, a closer analysis on the management of requirements in this
field will be given. It should be noted that this thesis focuses on accelerator based light
sources, the most widespread type of accelerator based research facilities, though many
aspects can be transferred to other accelerator facilities as well.
The intended audience for this work includes the accelerator controls and IT community as
well as other stakeholders in accelerator controls, e.g. interested scientists and members of
the management. Another group of readers addressed are engineers and scientists with
background in Systems Engineering or Requirements Engineering without experience in the
accelerator domain.
The work for this thesis has been accompanying the design and construction of the MAX IV
facility, a new state-of-the-art synchrotron based light source in Lund, Sweden. The MAX IV
project had been initiated by the former MAX-lab laboratory, which constructed and
operated the synchrotrons MAX I, MAX II and MAX III. Today, the former MAX-lab
organization has been integrated in the new MAX IV laboratory. MAX-lab and in succession
MAX IV provided the funding for this thesis work, as well as primary study object and test
environment for case studies and discussions.
The second pillar for this thesis work was the supervision provided by Prof. Martin Törngren,
Department of Machine Design at the Royal Institute of Technology in Stockholm, Sweden.
A glossary of terms or concepts commonly used only within one of the addressed
communities can be found in chapter 8.
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Accelerator, sometimes called “the machine”

A particle accelerator structure in a research
laboratory for electrons, protons, hadrons or
neutrons, usually excluding the experimental
systems.

Accelerator facility, accelerator laboratory

A laboratory utilizing a particle accelerator,
including experimental systems.

Light source5 (accelerator based)

An electron or positron accelerator primarily
used for the production of light, typically in the
X-ray and VUV regime.

Storage ring, synchrotron

A circular accelerator structure, used to “store”
particles accelerated close to the speed of light
in a closed orbit.

Linear accelerator (LINAC)

A straight accelerator structure.

Beamline

Part of a light source in which a photon beam
(created in the accelerator) is guided to an
experiment. Comprises usually optical systems
and the experimental station.

Free Electron Laser (FEL)

A LASER for the X-ray or VUV regime, typically
based on a linear electron accelerator.

IT, computing systems

Information Technology, in this context mostly
synonymous with computing systems. Essentially
all components (hardware and software)
processing digital information in a light source
facility, e.g. controls related components,
personal computers, networks, various services.

Controls

Computing systems related to steering and
monitoring real-world devices.

Table 1: Introduction to accelerator terminology

1.2

The System of Interest for this thesis

Light source facilities commonly maintain an IT and controls group, which is responsible for
the development, installation and maintenance concerning the facility’s computing systems,
and the provision of a variety of IT related services. These include the control systems for the
accelerator machinery, beamlines and experiments, back-end systems, networks and the
associated services enabling the usage of these systems. This thesis work started out with
control systems for light sources as the System of Interest (SoI), but soon expanded the

5

In this context, the term ‘light source’ never refers to room illumination devices, astronomical bodies,
luminescent animals or exothermic reactions, but only to particle accelerators producing synchrotron light.
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scope to the processes and organizational issues of a controls and IT group. Also, related
systems and services are included to an extent. Figure 1 shows a schematic view of the
System of Interest.

Figure 1: Schematic view of the System of Interest

The thesis views the controls and IT group and its concerns as the System of Interest within
the complex socio-technical system that an accelerator based light source is. The analysis and
evaluation covers engineering relevant aspects both in the technological dimension and
human interaction dimension, including work processes and organizational matters. Thus
the thesis elaborates a holistic view on the System of Interest. As a controls and IT group is a
product and service delivery oriented entity, it answers to external needs, essentially
stakeholders within the light source facility (such as accelerator and beamline physicists, the
laboratory management, other engineering groups) and visiting researchers. Figure 2 gives
an overview: From stakeholder needs, requirements are derived concerning systems, work
processes and organizational matters. These requirements are satisfied by various entities,
such as technical system designs and implementations, the definition and execution of
human work processes, or the implementation of the organization.
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Figure 2: Stakeholder Needs

1.3 IT and controls at an accelerator based light source
The level of complexity in accelerator based research facilities presents serious challenges to
their IT infrastructure. The heterogeneity and the speed of innovation of applied technologies require considerable integration efforts. At the same time new advantages arise for
data processing and instrument accessibility.
Modern control systems for the accelerators and beamlines at synchrotron light sources are
commonly developed with an integrative software layer for a variety of control purposes and
other closely related tasks. These tasks include data acquisition, data storage and export,
data analysis and representation, system integration and system change. The resulting
complex of software and hardware infrastructure is usually simply called the ‘control
system’, though it expands far over the traditional ‘control’ dimension. It provides the facility
operators, scientists, engineers and experiment users with a set of control, monitoring and
analysis features for machine and experiment operation and research-relevant data
generation.
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In the accelerator community, there are several definitions of the term “control system”
used implicitly, depending on the context. The meanings can overlap and blur. Typical use of
the term includes:
1.

2.

3.

Site-oriented: The entirety of computing systems at a given facility dealing with
equipment steering, monitoring, data acquisition and processing can be called “the
control system”. Depending on the facility’s tradition, certain areas may be excluded,
e.g. some data acquisition and processing tasks.
Technology-oriented: System integration is at any light source a crucial task for the
controls and information infrastructure. Virtually all accelerator based laboratories
since the 1990’s have a dedicated integration layer using a digital communication
network. In most facilities, an accelerator control system framework is used to
implement a homogenous integration layer covering large parts of the given facility.
In the accelerator community, these frameworks are often called “the control
system”.
System-oriented: The computing system controlling a particular physical device. This
can again mean a physical device instance or the device type standard.

The prevalent use in this thesis is site-oriented; for the technology-oriented use the term
“accelerator control system framework” is used.
The accelerator control system frameworks mentioned in 2. comprise of a set of software
libraries and tools which offer a variety of useful services (e.g. control, integration,
visualization) to an accelerator’s control system group. In this respect, one can see them as
domain-oriented SCADA6 (Supervisory Control and Data Acquisition) systems, with the
domain being accelerator facilities, or more general, large physics experiments. Additionally,
these frameworks also incorporate a community, including communication platforms for the
users, and collaborations driving the development of these frameworks. Accelerator control
system frameworks are studied in more detail in chapter 3.1.
1.3.1 Challenges and risks for light source control systems
With both accelerator based research technology and IT technology pacing forward at
separately high speeds, the alignment of both domains is one of the driving moments for

6

In the IEEE paper [22], Galloway and Hancke define SCADA as “A SCADA system is a purely software layer,
normally applied a level above control hardware within the hierarchy of an industrial network. As such, SCADA
systems do not perform any control, but rather function in a supervisory fashion […]. The focus of a SCADA is
data acquisition and the presentation of a centralised Human Machine Interface (HMI), although they do also
allow high level commands to be sent through to control hardware - for example the instruction to start a
motor or change a setpoint. SCADA systems are tailored towards the monitoring of geographically diverse
control hardware, […].”
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changes in the light source domain, imposing both opportunities and risks for the success of
new light source projects.
The research efficiency and effectiveness of storage ring based synchrotron light sources can
be described, for example, in the number of studied samples per beam time unit or the
quality of the measured data. This is prone to be increasingly influenced by the quality of the
laboratory infrastructure, of which the control system, in wide sense, is a significant part.
New and advanced requirements on controls and analysis are introduced by 4 th generation
light sources - LINAC based free electron lasers - relating to high performance data
acquisition and feedback systems, data processing systems and advanced analysis tools.
After all, challenges emerge from a variety of fields:










Resource efficiency in the software and systems life cycle: While hardware and
software acquisition costs do play role, the primary resource limitation for IT groups
at accelerator facilities tends to be the available working time of dedicated IT staff.
User needs driven software and systems development: Light sources are hosts for
numerous research groups in widely varying fields, which independently advance in
their respective research interests, experimental methods and technological
requirements. Hence IT groups need to manage a significant amount of requirements
consciously.
Control system related project risks and risk management: The complexity and often
novelty of controls and IT engineering in light sources creates emergent phenomena,
which introduce risks to light source projects. Consequences can be development
delays perpetuating to other groups, or long-term maintenance issues due to
extensive system diversification.
New technologies for new capabilities: To accommodate a state-of-the-art research
environment, an IT and controls group needs to utilize modern IT and controls
technologies, for example, in order to improve system performances or
maintainability.
Collaborations between laboratories: Most light sources and other accelerator
facilities nowadays collaborate in systems and software development. These
international collaboration enable great profits for the individual facilities, but also
create further challenges, technological (e.g. integration issues) and managerial (e.g.
international funding, communicative issues).

The high diversity among the users of light sources’ control systems with a variety of
scientific and engineering backgrounds, professional interests and different degrees of
system familiarity imposes complex requirements on all parts of a light source’s control
system. Feature requests range from general control and data processing tasks to highly
specialized applications, both at the accelerator machinery and the beamline facilities.
Stable machine operation over long periods has to be ensured. Control and monitoring tools
have to provide efficient means of diagnosis and system configuration, which are suitable for
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a large-scale, distributed and complex control environment. The experiment execution and
data acquisition needs to be supported by tools providing the necessary flexibility, usability
and performance for successful research activities. Adequate methods for operations
recovery need to be available for potential system failures. Due to the nature of an everchanging research facility, the control system can be seen as being exposed to a permanent
upgrade process, not foreseeable in its details. Hence the control system design has to
provide for efficient means for the utilization of new technologies throughout the facility’s
lifetime, introducing high demands towards changeability and integration.
While controls and IT are usually not considered the core business at accelerator facilities,
their relative importance to overall project success can be estimated by considering a list of
risks related to this field:




Unavailability of critical functions, which can hamper research activities.
Missed research opportunities: Lack of features or performance limitations can
reduce the quality of measurements, and prevent certain research results.
Hindrance of system exploitation due to sub-optimal accessibility: Even technically
capable systems may not be used to their full potential, if their usability is limited by
unsatisfactory human-machine interfaces. Examples could be obscure system
configuration or limited data export features.

1.3.2 Perspectives on subsystems at light sources
When talking about the structure of a light source and its control system, the breakdown
into subsystems can be done in a variety of ways. The result depends on the perspective on
the facility, which guides the decisions of where boundaries of systems and subsystems are
seen. Four perspectives are presented here, which often play a role in daily practice.
Physics-related perspective:
The main interest in this perspective concerns electron or photon beam qualities and their
interactions with their environment (accelerator structures, mirror systems, experimental
stations, etc). This is commonly approached by splitting the facility in spatial (geographical)
sections. A schematic overview on some relevant systems for a light source according to the
physics oriented perspective is given in Figure 3.
As a guiding principle, one can think of “following the energy downstream”, a colloquial term
which relates to the mental model of energy travelling down its path through an accelerator
facility in various forms7:


7

electron beam “generation”: excitation, formation of an electron cloud in UHV,

For example, the kinetic energy of electrons which is transformed to the wavelengths of photons etc.
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numerous acceleration stages8, typically longitudinal by RF systems, transversal by
magnetic structures,
transformation of the kinetic electron energy into photons (synchrotron light beam)
in insertion devices and bending magnets,
photon beam optics (mirror systems, monochromators, slit systems etc.),
photon interaction within the experimental setup,
experiment signal generation for data acquisition, typically in the form of electric
signals or pictures of area detectors.

This perspective suggests to separate top-level accelerator structures and experimental
facility components, and split them further in sub-levels.

Figure 3: Physics oriented perspective on a light source

Examples of top-level accelerator structures are



8

injectors (sources for beams, e.g. so-called electron guns and initially accelerating
structures),
linear accelerators (straight accelerators for beam acceleration),
storage rings (circular accelerators for maintaining a stable beam on a circular orbit),

acceleration in the widest sense, both longitudinal and transversal, e.g. a synchrotron ring orbit
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beamline optics (mirror systems, monochromators, slit systems),
transfer sections (passing electron beams from one accelerator section to another),
experimental stations,
other laboratory sections (support systems such as cooling systems).

On a sublevel, common system families are






magnet systems (electromagnets defining the electron beam trajectory),
RF systems (providing radiofrequency waves for longitudinal electron acceleration),
optical systems (mirror systems, monochromators, slit systems lenses, choppers),
various types of sensors (monitoring beam qualities, temperatures etc.),
combined systems of the above (e.g. an electron bunch compressor section).

It might be interesting to note, that the spatial perspective and a beam quality oriented
perspective are not coincidental, e.g. some beam dynamics effects in a storage ring cannot
really be located, such as resonant beam movements (betatron functions). In spite of such
inaccuracies, the spatial perspective on system breakdown is quite natural and close to
beam physics interests.
Technical perspective:
The technical perspective breaks down a facility structure according to operation-enabling
services for an accelerator. These can be complex and can affect many parts of a facility.
Typical examples are






Ultra-high vacuum system (the electron and photon beam operation and most
research relevant measurements require excellent vacuum conditions),
Equipment Protection System (to prevent machinery damage),
Personnel Protection System (to prevent personnel injury),
Timing Systems (distributes pulses for synchronization in the MHz regime),
Conventional building systems for water, air, heating, electric power.
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Figure 4: Technical perspective on a synchrotron light source

Figure 4 outlines some common systems in a technical perspective on a synchrotron light
source.
Computing systems perspective:
Typically, computing systems (hardware or software) are described implicitly either in a
type-oriented fashion (genotypical) or instance-oriented (phenotypical). Type-oriented
description is predominantly used for descriptions of system properties and features. On a
top level, one can group system types





Integration systems (accelerator control system frameworks, local networks)
hardware types (controllers, servers, PLCs)
backend systems (network, services)
software entities (classes, file types, etc)

Instance-oriented description is primarily used in installation and maintenance processes,
system configuration and operation. Figure 5 gives an overview on the computing systems
perspective.
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Figure 5: Computing systems perspective on a light source

Lifecycle perspectives
The above introduced perspectives are more breakdowns of a facilities’ structure at a given
moment. In contrast, a life cycle perspective on systems emphasizes the processes which
systems are exposed to over time, including requirements analysis and design,
implementation, operation, verification, validation and maintenance phases. This
perspective is used to define work processes and describe the relation to work processes of
the controls and IT staff.
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Figure 6: The Lifecycle Perspective on a light source

Organizational Perspective
The organizational perspective shows the entities of an organization as functional units
based on expertise or roles, and their relations to each other. This perspective can also be
used to describe laboratory traditions and values, existing expertise and future plans,
decision authority allocation and practice. As the organizational perspective allows to
consider the organization as a system in a particular environment, this perspective is also
used to relate external properties to internal processes and decisions. This includes the
research environment, e.g. funding requirements or changing trends in natural science
research fields, but also society properties such as the labor market or demographics.
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Figure 7: The organizational perspective on a light source

Relevance of perspectives
Commonly these perspectives are not made explicit, but tacitly implied. The varying
perspectives and the system structure breakdown is reflected e.g. in the presentation of the
facility’s status by software tools, e.g. in control tools or equipment management tools. In
the process of gathering and analyzing requirements, it is desirable to analyze according to
all perspectives, for which an explicit statement of perspectives can be beneficial (see 4.2.3
Case study).
1.3.3 Comparable facilities or systems
To gain a better view on the particular difficulties of this field, a short outline some of the
main differences to comparable systems is listed:


Industrial plants: Typical facilities comparable to accelerator facilities in size and
complexity are industrial plants, e.g. power plants or chemical processing plants. A
major difference here is the stability of the facility over time. Production plants
usually operate in relatively stable fashion over years or decades. Light source
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facilities, in contrast, tend to be never-finished business, adapting to new user
demands on varying schedules down to the weekly change of visiting groups. The
open nature of research itself demands open evolutionary adaptation of the facility
for its entire lifetime.
Prototypes: Prototypes are typically built to test a system configuration for a limited
time, either to proof the viability as a series prototype or to acquire new insights.
Accelerators for research facilities do have a strong prototypical character, as they
are practically never built in series; however, their primary function is usually the
deliverance of some sort of particle beam over several decades. During this time,
they remain prototypical due to ongoing optimization and changes in user
requirements, which are often conflicting with continuous beam “production”
demands.
Commercially available of-the-shelf products (COTS): COTS products built in series
(for retail, industry, governmental acquisition)9 tend to be significantly less tailored
to a specific environment. Accelerators are usually built by, or in close collaboration
with their later users, with relatively clear ideas on their use intentions. COTS
products are also not expected to be both in operation and concurrently under
development over several decades, instead, new series are brought to market.

Compared to other research laboratories, light sources demand a much higher level degree
of automation, because the size of technical devices usually larger. Furthermore, the
operational complexity is higher, because technical interdependencies across the experiments are stronger. For example, electron beam property optimization for one experiment
needs to suit all other experiments’ needs nonetheless. E.g. LASER centered laboratory
installations can usually be maintained by a smaller number of persons, usually in a more
confined space. Chemistry centered laboratories use devices which are not as closely
intertwined, and these laboratories typically spend less in development and engineering
efforts of their own customized devices.
These differences to comparable facilities or systems apply to the design and processes of
the facility or the system as a whole. In particular, such differences are also reflected in the
IT and controls domain. For these reasons, the design and management of IT and controls
throughout their entire life cycles deserve their own attentions, which this thesis aspires to
do.

9

One can think of comparable COTS products in capital-intensive high-tech industries, such as automobile,
aerospace, ship construction, mass transportation, telecommunication or military industry.
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1.4 Key areas and topic prioritization
Figure 8 gives an overview on the key areas related to this thesis.
Surrounding the centered activities are key areas for engineering control systems for
accelerator facilities. The orange arrow indicates roughly the passing time of this thesis
work, and the appearances of areas. The prioritized areas (blue, touching the arrow) have
been the main activity areas for this thesis work; other related areas (grey, not touching the
arrow) have appeared during the work, but have not been in the focus.

Figure 8: Key Areas encountered throughout this thesis’ work

As the thesis has gained strong motivation from the MAX IV project, the choice of topic
prioritization was significantly influenced by the ongoing development of the project. In the
beginning, the primary interest was in the exploration of state of the art technologies in the
controls and IT domain, with adaptation options for MAX IV in mind. Early on in this phase, it
became apparent that significant challenges in the field are not only good technological
choices, but also life cycle issues – development, maintenance – pushed into the center of
attention. Over time, the focus shifted increasingly from technical questions towards issues
concerning systems engineering and requirements engineering. In other words, the overall
interest has shifted from things to activities, from products to the production process, from
systems to processes.
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Early on in the course of activities, several fields of interest related to controls and IT for light
sources emerged, as indicated in Figure 8, sometimes unexpectedly. In various degrees,
these were picked up, and brought to attention in the MAX IV development. However, for
this thesis some had to be prioritized. The choice was based on both research interest and
practical considerations concerning participation in ongoing MAX IV processes. The
technology choices and requirements engineering for the MAX IV project have been running
in parallel with the work on this thesis and benefited from each other, while installation and
verification processes for MAX IV will become dominant at later stages.
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2 Research Goals
This chapter gives an overview on research goals of this thesis and the methods to achieve
them.

2.1 Research goals and questions
The overall goal for this research work is to develop a lifecycle framework that allows
efficient and effective management of the controls and IT infrastructure at synchrotron light
sources. This goal is motivated partially by the MAX IV project, in which the author is one of
the contributors to the MAX IV facility in the controls and IT domain, and partially by the
general progress interest in the accelerator research domain as well as the systems
engineering domain. In regard to this overall goal, the following sub-goals have been
identified:
1. To obtain an overview of state-of-the-art system technologies and tools in the area of
accelerator controls.
2. To investigate the best practices in system life cycle and process management
support for computing systems at light sources.
3. To gain an overview on state-of-the-art methods for system life cycle and process
management support for similar systems as the studied accelerator based research
facilities. Criteria for system similarity include system lifecycles, organizational size,
technological properties or system purpose.
4. To develop a process and system life cycle framework for IT and control systems in an
accelerator based research laboratory. This emphasis will be on the entire life cycle
of controls and IT systems, and on the development of corresponding principles and
guidelines.
5. To outline and clarify open issues for accelerator light sources. The aim is to offer
improvement opportunities in the management of IT-related system life cycles and
processes.
While this goal enumeration describes a more far-reaching program, the concrete activities
for this licentiate thesis have been carried out according to a number of guiding research
questions:
Q1. What are the common IT and control system technologies at synchrotron light
sources, and how do they affect a facility’s service quality or resource efficiency?
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Q2. What is the current situation on processes and system life cycle management at
synchrotron light sources?
Q3. What standards exist for the design and operation of systems comparable to the
studied systems? How to these standards relate to the studied systems?
Q4. What should be contained in a process and systems life cycle framework, given the
requirements of the studied systems and their usage scenarios? What are desirable
process definitions, design principles and guidelines today for computing systems for
accelerator based light sources?
Q5. What are the future trends and research topics in the field of systems life cycles and
processes of computing systems?
Table 2 gives an overview of the research questions and the chapters containing the main
contributions to answer them:
Research question/topic

Chapter

Q1: What are the common IT and control system technologies at synchrotron light
sources, and how do they affect a facility’s service quality or resource efficiency?

3.3

Q2: What is the current situation on processes and system life cycle management at 3.2
synchrotron light sources?
3.4
Q3. What standards exist for the design and operation of systems comparable to the 3.4
studied systems? How to these standards relate to the studied systems?

Q4: What should be contained in a process and systems life cycle framework, given 4
the requirements of the studied systems and their usage scenarios? What are
desirable process definitions, design principles and guidelines today for computing
systems for accelerator based light sources?

Q5: What are the future trends and research topics in the field of systems life cycles 5.5
and processes of computing systems?
Table 2: Chapter overview

2.2 Delimitations
This work is concerned with a holistic view on and approach to the life cycles of computing
systems and their development and usages as an integrated whole. A key word is integration
on the levels of product, process and organization. Therefore, topics, which do not fall into
the scope of this thesis, include:
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natural sciences
other engineering domains found at an accelerator facility
facility-specific systems in the IT and controls domain
base technology choices not specific to light sources or accelerators (e.g. personal
computer hardware, network hardware)

2.3 Research approach and methods
Throughout the research, both descriptive study and prescriptive study10 have been applied
iteratively. By descriptive study, we mean the iterative process of
1. understanding the stakeholder needs in a certain domain,
2. analysis of the requirements (e.g. system requirements, process requirements)
derived from those needs,
3. study of the state-of-the-art,
4. evaluation of the domain solutions and generation of rules or principles based on
studies of conditions, properties etc. and their consequences.

Figure 9: The iterative descriptive study loop

Figure 9 shows the basic scheme of the iterative descriptive study loop. This loop has been
executed many times, and on a variety of systems, processes and organizational properties.
By prescriptive study we mean actively feeding the acquired results back by active
participation. Participation took place mainly in two ways, for once, in the primary study
case of the System of Interest, in other words, the controls and IT staff working for the MAX
IV project including the related environment within the laboratory11. Second, participation
was performed within the accelerator controls community, including conference
contributions and many discussions with highly experienced practitioners in this community.

10
11

The terms descriptive and prescriptive study are oriented at the Design Research Methodology (DRM), [56].

This includes laboratory staff who are not part of the controls and IT group, such as interested scientists or
the management. Further, a dedicated controls and IT group at MAX-lab respectively MAX IV was formed only
after the work of this thesis had already obtained first results, and the foundation was partially influenced by
this thesis work.
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Again, this loop has been executed many times, and on various subjects. Figure 10 shows the
scheme of the prescriptive study loop. The prescriptive study loop comprised the steps
1. understanding the stakeholder needs of the target system12,
2. analysis of the requirements for the target system,
3. solution design for the target system, based on the requirements, possibly
implementation, or prototyping,
4. testing of the target system, or in case of “social tests”, exposition of the design, and
based on the results, evaluation of the design,
5. evaluation of the obtained results.

Figure 10: The prescriptive study loop

Note that the loops are intertwined, e.g. initial iterations of the descriptive study loop can
lead to a prescriptive study loop, which in turn may lead to refined iteration of the
prescriptive study loop, or further descriptive study loops.
Finally, some of the research results reached a sufficient level of maturity to be applied to or
affect the System of Interest respectively the MAX IV project. The results of this work
supported decisions on technological choices, design principles, work processes and
organizational issues. The overall relation of descriptive study, prescriptive study and
application is shown in Figure 11, which also indicates the recurrent iterations of the
descriptive and prescriptive study loops.

12

In this case, the target system should be understood in a broad sense, such as a software or hardware
system, or a work process, or an organizational entity or property.
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Figure 11: Descriptive and prescriptive study loops in this research work

These proceedings have constituted the basis for deriving the thesis’ research results.
To obtain scientific results with a high validity, it is most favorable to underpin the proposed
hypotheses with quantitative empirical data, which confirm the hypotheses’ predictions.
This is the case for the given research goals as well. However, the domain of accelerator
control systems imposes a number of constraints on research activity, which necessitate an
approach according to these constraints. The properties of the accelerator based research
domain, which impose constraints on the topics covered by this thesis, include:









Complex systems at accelerator facilities or at comparable facilities are usually
unique in respect to the system-of-interest, stakeholders, used technologies, involved
staff.
Computing system development and usages are side-affected by organizationspecific properties, such as staff capabilities and financial constraints.
Computing system development and usages are side-affected by issues external to
the organization, such as national research culture.
The impact of human factors on projects can be very high, in terms of availability of
highly competent staff.
The degree of improvisation concerning design solutions and technology choices
during development and maintenance can be significant.
The resource costs of individual projects are usually not monitored and archived in
detail.
Complex systems at accelerator facilities often maintain a prototypical character
throughout their life cycle.
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Accelerator laboratories’ core business is research in natural sciences, not underlying
technologies, discouraging in-depth considerations of technological issues.

Hence this domain is limited in practically viable ways to generate quantitative empirical
data that are needed for the study of this thesis work. However the difficulty of precisely
defining the causality and other relationships in the domain of accelerator computing
systems should not discourage a systematic approach to system development and
management. This requires a careful selection of research approaches and methods in order
to obtain reasonable and acceptable scientific results for the presented research goals. The
presented methods are reviewed retrospectively in chapter 5.2.
In particular, the following measures have been applied.
Inference to the best explanation




processes analysis
analysis of organizational issues

Review and Reflection



technology evaluation

Action Research




application of research results
process analysis concerning requirements engineering
and design

Ethnographical stance or attitude




human work related issues
analysis of organizational issues

Table 3: Primary application domains of research methods

2.3.1 Inference to the best explanation
The approach known as Inference to the best explanation refers to the idea, that a theory
may be taken as true, if it best explains the available evidence. It builds on the view of the
philosophical position of scientific realism, assuming that our theories on unobservable
things are quite close to reality, if we have a good scientific explanation for them - a lesson
drawn from the history of science in general. The conditions, which allow us to infer to the
best explanation as method for reasoning in science, have been discussed by Lipton. [1]
Modern accelerator facilities as an integrated whole are complex socio-technical systems,
and a holistic view on the given matters (including technical, organizational, managerial
dimensions) certainly necessitates to infer from phenomena which are emergent from
practically non-reproducible conditions. Inference to the best explanation can guide the
reasoning in particular on research questions 4 and 5.
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An empiricist and a hermeneuticist are sitting in a train, observing the landscape passing by.
Hermeneuticist: “Oh look, a flock of sheared sheep!”
Empiricist: “At least, on our side…”
--- philosophical joke, unknown origin

Of course the empiricist is perfectly correct in his judgement on the scientific validity of his companion’s
statement, limiting it to the actual observation. Yet it strikes us as awkwardly academic, leaving us, on
second thought, with the question of sound justification of the intuitive assumption of fully-sheared
sheep. If we wish to omit the proper test of the hypothesis of full shearedness (e.g. using the emergency
break to consolidate the observation from other perspectives) for appropriate reasons, how can we
argue?
Inferring to the best explanation for the observed phenomenon – sheep sheared on our side – means to
enhance our phenomena’s description by careful considerations of our knowledge of the environment.
We might put forward:






Behavioral argument: Sheep in flocks tend to orient themselves in random directions. However,
environmental conditions such as sunshine from the train’s side and cold wind from the opposite
might encourage synchronized rotation according to a half shearing.
Economic argument: Sheep herding and sheering is commonly done for economic interests,
which would be disregarded by shearing only one half. Also, shepherds have an economic
interest in shearing sheep as a whole, to reduce the time and effort for this activity.
Sociological argument: Commonly, shepherds’ traditional labor habit is to shear sheep as a whole
(presumably at the time of the observation).

Inferring to this explanation as the best for the observed phenomena, we can consider our description and
interpretation
of the
scientifically sound, though empirically not fully underpinned.
2.3.2
Review
andobservation
Reflection

Review of publications in the field and reflection on the subject in discussions with
experienced practitioners has been a valuable source of knowledge throughout the work.
First and foremost, reflections were enabled by the participation in many activities at MAXlab and the MAX IV project, which provided the object of study for this research. The
participation of the author in this environment ensured a continuous bond to practical
issues, with the spectrum ranging from everyday problems to strategic design decisions
relevant for a facility’s life cycle.
A significant source for the literature study for this work are contributions from accelerator
controls conferences13, and engineering standards. The reading activities were
complemented with visits of representative accelerator facilities, which helped to gain a
better understanding of both state-of-the-art technology and practices. Participation in
conferences and collaboration meetings has offered possibilities to engage in discussions
with experienced practitioners.

13

The largest database for accelerator facility controls papers is the Joint Accelerator Conferences Website,
[52].
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2.3.3 Action Research
Action Research is the participation (intervention) in a problem-solving process in an
organization with the goal of additionally contributing to knowledge. To enhance the
conduction and evaluation of action research, Davison et al. describe a set of five principles
and related criteria [2]. Their principles for canonical action research aim at improving the
methodological rigor and relevance of action research studies:







The Principle of the Researcher-Client Agreement aims at the clarification of
organizational situation and cooperation form to avoid a variety of likely problems.
The Principle of the Cyclical Process Model suggests a spiral model reiterating the
phases Diagnosis, Action Planning, Intervention, Evaluation, Reflection repeatedly.
The Principle of Theory emphasizes the relevance of research being guided by a
theory or set of theories.
The Principle of Change through Action reflects on the research relevance of the
transformations due to the researcher’s participation, on the organizational or
personal level.
The Principle of Learning through Reflection describes the relevance of learning for
both the researcher and the client (organization) side.

The action research methodology is well suited for the introduction of new methods, tools
or design principles to the accelerator IT and controls domain. It allows to combine a
laboratory’s interest in improvement and the demand for methodological soundness in the
acquisition of scientific results. Action research has been the guiding approach for the entire
thesis, particularly visible in chapter 4.
2.3.4 Ethnographical stance or attitude
Ethnographical methods focus on participatory observation for the empirical data base. The
emphasis is typically on social rules and norms to describe the behavior of members of a
community. The ethnographical attitude in research on Systems and Software Engineering
opens a path for the scientific description of common beliefs, norms, assumptions and sets
of valuations of the involved communities. The researcher takes a neutral, distant stance on
positions within the communities, and delivers positivistic14 descriptions of the communities.
The goal of an ethnographic research approach on complex engineering situations is to gain
a better understanding of typical stakeholder groups beyond the scope of projects. The
usefulness of this knowledge is given by its relevance
14

The positivistic stance on descriptions considers these scientifically valid only, if they refer to logical or
mathematical statements, or empirical observations. While this is the predominant approach in natural
sciences, it is also applied, in domain-adapted forms, in social sciences such as economics, ethnography,
psychology and sociology.

Research Goals | 33





to explain communication problems (synchronization of meanings),
to explain differences in professional value systems,
to explain differences in epistemological15 models (a discourse analysis of stakeholder groups – what informational structures or systems do make sense to whom?),
to describe areas of interest for pre-emptive actions in order to improve
communication and reduce conflict potential.

An example of an ethnographic study of an engineering centered environment has been
described in “An Ethnographical Study of XP Practice” [3]. Sharp and Robinson give here an
ethnographic description of a small software business using the extreme Programming (XP)
method.
The ethnographical approach applies to research goals 2 and 5.

2.4 Published contributions
Below are presented published contributions to the accelerator community, the systems
engineering community and MAX-lab (today MAX IV). These contributions represent
snapshots of the time of writing, and their contents are developed further in this thesis:
I.

T. Friedrich, M. Törngren. Systems and Software Engineering for the MAX IV Facility.
ICALEPCS conference. Kobe, Japan, 2009.
Abstract: This paper describes the systems and software engineering issues related to
the construction and maintenance of the MAX IV facility, and outlines the
development of an engineering approach suitable to the possibilities and constraints
of the MAX IV project. Key subjects are requirements and specifications, architectural
design, standardization, organizational structure, systems and software lifecycle
management and development processes.

This conference contribution was presented at the International Conference on
Accelerator and Large Experimental Physics Control Systems in Kobe, 2009, and
represents a snapshot of the time concerning the state of the art in accelerator control
systems frameworks.

15

“Defined narrowly, epistemology is the study of knowledge and justified belief” according to the Stanford
Encyclopedia of Philosophy [43]. As such, epistemology describes what scientific knowledge is, how it is
acquired, and where its boundaries are. As philosophy of science, it goes back to the classical Greek
philosophers (and engineers) with Aristotle’s (Physics, Metaphysics) being the most influential until the late
medieval period. Over the centuries (prominent e.g. Descartes’ rationalism, Hume’s empirism, Kant’s critical
idealism) the subject can be tracked towards modern epistemological “schools”, e.g. critical rationalism
(Popper), Hermeneutic (Gadamer), System theory (van Bertalanaffy, Maturana&Varela, Luhmann) and others.
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II.

T. Friedrich, M. Törngren. Surveying Software Technology for Accelerator Control
Systems. PCaPAC conference. Ljubljana, Slovenia, 2008.
Abstract: Motivated by the planning of MAX-lab’s new light source project, the MAX
IV facility, we have conducted a state-of-the-art survey of these technologies, which
will serve as a knowledge base for upcoming design decisions. This paper provides a
summary of the topics and conclusions of our survey. In this scope the survey
compares software technologies with respect to user features (scientific analysis and
operation requirements), quality requirements (integration, performance, services,
reliability, security, safety), and other issues. Control system design goals are
beneficial long-term effects on future improvements, development costs and
maintenance costs.
This conference contribution introduces to the ISO/IEC 15288 standard and its tailoring
for the MAX IV project. It concludes a general usefulness of the standard for computing
systems related work processes at accelerator light sources.

III.

T. Friedrich, J.H. Dunn, B. Wrenger, D. Arvanitis. Development of a Software Based
Control System for the I1011 Beamline Front End System. MAX-lab Activity Report
2006.
This work describes the control system for the beam optics of a MAX II beamline, which
the author of this thesis successfully designed, implemented and tested. It can be seen as
an example of the former MAX-lab approach to controls and IT development.
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3 Best Practices and State of the Art
For the development and implementation of control16 systems17 for light sources and similar
accelerators, a set of best practices has been established and these will be introduced in this
chapter.
Subchapter 3.1 introduces the general architectural concept for modern light source control
systems including a reference model, which allows the general classification of utilized
technologies, and discusses the subject of technology classification and acquisition. A special
focus of this chapter is on properties and best practices of the integrative tier of accelerator
facility controls systems, where commonly accelerator facility control system frameworks are
used. For a general view on accelerator control systems, these are the most suitable
technologies to study, rather than facility-specific systems. Subchapter 3.2 approaches the
best practice subject by processes, and describes software and systems engineering
practices commonly used at light sources. Subchapter 3.3 introduces System Engineering
standards used in other industrial domains, which also could be applied to accelerator
control systems.

3.1 Architecture of accelerator facility control systems
Architecture of the control system in this context describes the composition principles of
controls related systems and services within an accelerator facility. Integration describes the
ability of a facility control system to incorporate software and hardware subsystems and
technologies, and to provide their services to other parts of the facility. For various
purposes, e.g. relating to flexibility and maintainability, it is best practice to establish a multitier software architecture in a divide and conquer fashion – division of problems in chunks
which are easier to handle, and give flexibility for changes in the future. In a rough view, the
established tiers are (compare Figure 12):


a client tier for user applications (human-machine interfaces, data processing
software)

16

Etymological source is French contrôle, contrerolle, contre role: against the roll, register. Originally refereeing
to the counter-register used to check against the original or main register.
17

Etymological source is ancient Greek system: ‘a from parts arranged whole, entity’. From syn- ‘together’ and
histánai ‘cause to stand, erect, raise’
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a service tier for a variety of services (e.g. archives, configuration tools) and the
actual integration of distributed nodes (e.g. name service)
a control tier integrating distributed systems (devices, sensors, data acquisition
systems)
an electronics tier comprising of various electronics hardware technologies (e.g. PLCs,
CompactPCI express, VME crates), embedded systems (e.g. Ethernet-connected
devices) or fieldbus subnets (e.g. based on CAN, Profibus, Modbus, etc)
A network (typically Ethernet based) provides the means for data exchange within
and between the client, service and control tier (in Figure 12 symbolized by the node
connecting lines).

There is no firmly established terminology in this field, hence one can find slightly deviating
terms and varying emphases in presentations. As a result, sometimes practitioners describe
their system as a “three-tier-system”, though it follows the same ideas as the own here
presented. However, the main characteristics are similar in modern facilities. Depending on
the focus of presentation, the service tier may not be made explicit, and subtiers may get a
varying degree of attention.
Real time tasks are preferably implemented on the electronics tier, where the required timedeterminism can be achieved more reliable. One could describe some real-time systems,
which stretch over large part of an accelerator facility, as tiers within the electronics tier, e.g.




timing system (analogue pulses in the MHz or GHz regime)
equipment protection system (e.g. high speed vacuum valves)
personnel protection system (e.g. entrance to areas temporarily exposed to high
radiation)

All modern accelerator control systems are built with mulit-tier software architecture, as can
be seen in numerous presentations and papers at accelerator facility control system
conferences (ICALEPCS [4], PCaPAC [5], NOBUGS [6]).
The structure presented in Figure 12 can essentially be found as the guiding model in about
any modern 3rd/4th generation light source, independent of technological choices. A useful
extension of this model is the distinction of control layer components according their
functional purpose. We can distinguish between behavior control, device integration and
hardware interfaces18:


18

Behavior control components perform physical tasks such as magnet cycling or data
generation in complex operations, such as scans over a set of changing parameters.

This differentiation emerges naturally with growing integration levels, but is typically not made explicit. It has
however been described e.g. by SOLEIL developers as a guiding principle in collaboration meetings, facility
visitations and other meetings.
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Device integration components provide a physics-oriented, unified representation of
complex, composed devices (system-of-systems), which themselves comprise a
variety of subsystems. Examples for complex devices are insertion devices,
monochromators or experimental stations or entire beamlines which can be
composed of a mix of sensors, motors, power supplies, etc. Thus the device
representation abstracts from all underlying implementation details and reduces the
interface to the actually required functionality. Part of the required functionality is
the suitability to perform complex operations as issued by the behavior control layer.
Components of the hardware interface layer implement the communication with the
hardware as required by the hardware interface. Typically this utilizes a software
driver or a proprietary field bus protocol. Thus can hardware abstraction be achieved
for the higher, domain-specific parts of a control server.

Accordingly one can use the term behavior control tier, device integration tier and hardware
interface tier to clarify functions within the control tier.
While in practice these distinctions are often reflected in a device’s controls architecture for
reasons on its own, the realization of this structure can yield benefits in effects if
transformed to a general architectural guideline. The most common approach is to separate
hardware interfacing components from device integration and functions. As a general rule,
one tries to encapsulate systems with a tight coupling from systems with a loose coupling.
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Figure 12: Architectural overview – representative multi-tier structuring and nodes
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The communication between nodes (clients or servers) is organized by a dynamic name
service, which provides automated network address resolution based on the required data
point’s name, and enables aliasing or redirection19.

3.2 Control system technology classification and acquaintance
A simple reference model can help us to classify technologies in their relation to the overall
facility goals and acquaintance preferences. Technologies can be described in these
groups20:




facility- specific technologies, related to e.g. a particular experiment or machine
equipment
domain-specific technologies, generally useful for synchrotron light sources or similar
accelerator facilities
base technologies, used in various domains, usually industrial products (e.g.
computational hardware, standard sensors, off-the-shelf products)

The technology acquisition strategies for these technology groups tend to correlate with
different acquisition strategies, but there are exceptions. The acquisition of systems usually
can be distinguished in these groups:




in-house development (resp. out-sourced system development)
collaboration based acquisition (usually collaborations with other accelerator
laboratories)
acquisition as industrial technology (commercial products, or comparable open
source)

Figure 13 gives a schematic overview on this classification. In recent light source projects and
comparable projects (SOLEIL21, ALBA22, DIAMOND23, etc.), the strategic decision has been
made to build strongly on the participation in collaborations with other light source
laboratories (TANGO24, EPICS25). These collaborations promote shared development and

19

Not equally supported by all systems. See the TANGO Control System Manual, Version 6.1 [9] or for TINE
based “redirection” [8]
20

Following the classification in [34]

21

The French national synchrotron light source. [44]

22

The Spanish national synchrotron light source. [45]

23

The United Kingdom’s national synchrotron light source. [46]

24

The TANGO collaboration for accelerator facility control systems: [9]

25

The EPICS collaboration for large scale physics experiments control systems. [7]
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technology transfer between the facilities on a non-commercial basis, notably in the
software domain. The participation in these collaborations is a global trend since the 1990’s,
and is widely reported as a key for the success of modern facilities, in spite of the additional
efforts of new technology introduction or collaboration frictions. This is reflected e.g. in the
proceedings of relevant conferences in this field (ICALEPCS, PCaPAC) and related
publications.
While acquisition as industrial technology is usually referring to COTS products such as
general computer hardware, it can also refer to acquisitions in a small industry specialized
on the supply of COTS products for accelerator laboratories. The available products address
issues which are common for accelerators, in particular light sources. An example for this are
particle beam position monitors (BPM) and their connected data processing systems.26

Figure 13: Technology classification and acquisition strategies

Facility specific systems or technologies are commonly developed in the construction phase
of a new light source facility or accelerator, and as such are required to implement a specific
requirement. Such new requirements often deal with performance in some way, or with new
features which are needed due to progress in science. Examples for facility specific systems
can be unique measurement devices, or quite common, entire accelerator sections. These
systems may require a custom made IT solution for control or data acquisition, either to
26

A prominent example is the I-TEC Libera BASE system for electron beam positioning. [47]
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meet increasing requirements e.g. on performance or maintainability, or to avoid using
legacy technology from existing installations.
Domain specific technologies refer to systems, which are typically used in light sources and
comparable accelerators, and in higher quantities. E.g. sensors such as beam position
monitors (BPMs), or software libraries used for beam dynamics calculations, have not much
use outside these environments.
Base technologies comprise all products for a significantly wider application range than
accelerator based research facilities. These range from consumer and office products (PCs,
operating systems etc) to industrial products (electricity related systems, controller
electronics, etc).
Facility-specific systems often integrate domain-specific technologies, which again are built
using base technologies.
When comparing computing systems of light sources of various ages, one can see a trend in
the acquisition practices: In older facilities, a large part of systems was custom made by inhouse staff, which in newer facilities tends to be acquired from industrial vendors (in
particular hardware) or other light sources (in particular software)27. Several causes
supported this trend:








27

Versatility and performance improvements of commercial products (consumer
products and industrial products) enable their use in fields, where in former times
only custom-made systems could deliver a certain function. Prominent examples of
such commercial systems, which greatly enhance the possibilities of light source
computing systems, are of course standard computing hardware (CPUs, networks,
storage media), but also sensors and actuators (CCD cameras, motor control, electric
I/O).
The increasing relevance of collaborations between light sources and other
accelerators (e.g. EPICS, TANGO (see 3.3.4) and collaborations in certain scientific
fields.
The growing number of light sources and other accelerators allowed a small niche
industry to develop, which specialized in supplying and subcontracting these
laboratories.
A shift in attitude among the IT related staff at light sources, moving away from selfmade solutions towards integration of existing solutions where possible.

A notable position in the commercial market of control systems for large physics experiments is taken by the
Slovenian company Cosylab. The company functions as a control systems integrator, and provides domain
specific COTS products, device integration, facility specific solutions and related services. [57]
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For the discussion of accelerator controls technologies in this work, the domain-specific
technologies are naturally the most interesting ones. Facility specific technologies are usually
highly connected to particular facility design purposes and not well transferable to other
facilities. Base technology choices are usually mostly determined by price, and qualities
which are not closely related to the light source domain. Thus, the focus in chapter 3.3 will
be on the discussion of accelerator control system frameworks, the most prominent domainspecific technology.

3.3 Accelerator Facility Control Systems Frameworks
This subchapter discusses primary aspects of accelerator control system frameworks, which
are domain-specific SCADA systems (see footnote 6) used in accelerator facilities and
comparable large physics experiments. The subchapter discusses the following topics:







Technology supported by frameworks: The ability to incorporate various hardware
and software technologies. This corresponds mainly to the electronics and hardware
integration tier in Figure 12.
Communication: As the information exchange between the nodes of a control system
is a central feature of these frameworks, aspects on communication are presented.
This corresponds to the connecting lines representing the communication in Figure
12.
Support and services: Common features and services are discussed. This corresponds
mainly to the service and client tier, and parts of the control tier in Figure 12.
Collaboration aspects: Discusses non-technical benefits of participation in
collaborations on frameworks.

The reader will gain an overview on the most relevant subjects of accelerator control system
frameworks.
3.3.1 Technology supported by frameworks
While all accelerator facilities demand the application of a notable variety of technologies by
themselves, the general openness towards technologies and their integration is especially
important for light sources. Today’s experiment beamlines at light sources are commonly
visited by numerous research groups from various scientific fields, usually changing on a
weekly schedule. According to their various demands and preferences, e.g. installation of
external experimental equipment or specialized software, it must be assumed that about
any modern software or hardware technology will sooner or later appear. A good user
support thus includes technical support for common operating systems, hardware,
programming languages and experiment-related software.
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Providing a common mean for this very general requirement to light source control
infrastructures is a primary task for accelerator control systems frameworks. A variety of
technologies are commonly used in accelerator facilities; these are introduced in the
following.
Operating systems: As main operating systems for software on PCs, today’s light sources use
Windows and Linux distributions, but also other UNIX-related operation systems can be
occasionally found (Solaris, BSD variants).
Programming languages: Typical choices for software development are C/C++, Python,
LabVIEW, C# .NET (succeeding VisualBasic), and Java. As all choices provide varying
advantages, also depending on situational conditions, support for any of them is desirable.
Typically C/C++ is the primary language for hardware interfacing and generally, distributed
hardware control servers. Behavior control and device integration is more flexible in the
choice of programming languages, and besides C++, Python and Java based systems are
increasingly used in this domain. Client applications are typically based languages based on
interpreters (such as Python, MATLAB, Perl) or just-in-time compilers (Java, C#), for reasons
mainly related to development efficiency and portability. For human user interfaces, there
have been numerous libraries available, often tailored to specific needs of an accelerator
facility or certain types of experiments.
Field bus systems: Many distributed control nodes in an accelerator control system connect
to physical devices over field busses. Often used bus types include:








Industrial field bus systems: MODBUS, Profibus, CAN, EtherCAT. Industrial field
busses are used for integration of controllers with a according interfaces (e.g. motor
controllers), and have advantages regarding reliability, integration of a significant
number of devices, and for real time systems.
Ethernet: Dedicated Ethernet networks can be a good alternative to other field
busses wherever devices support it. In particular, the data throughput and cable
length makes Ethernet as field bus interesting or superior to other bus systems28.
Serial field bus systems: GPIB, RS-232, RS-485, USB. Serial connections are required
by some commercial equipment, so appropriate interface options are generally
desirable.
IEEE 1394: Required for some CCD systems.

In the newest facilities, one can see a strong trend towards the use of Ethernet as the
preferred field bus technology. The increases in performance and reliability, combined with
its low acquisition cost and ease of installation, make this technology the preferred choice
for most cases.
28

E.g. the role of a dedicated GB network within the Libera Grouping in the Libera Brilliance system [47]. For
the FERMI@ELETTRA global feedback systems, see the FERMI@ELETTRA Conceptual Design Report, p. 343, [25]
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Distributed control servers: Distributed control servers are usually rack-based computers,
which require a certain physical proximity to their controlled devices and/or perform real
time tasks, which are safety or operation critical. Typical technologies include VME29 crates,
Programmable Logic Controllers (PLC), CompactPCI30 systems or microTCA31.
Backend servers: A number of hardware servers are typically used for information
processing services (archives, configuration utilities, data acquisition, etc) and virtualization
of (software) server processes. For backend servers, laboratories use available COTS
products as commonly used in server farms.
Network technology: The commonly used network technology used for control system
frameworks is Ethernet.
Generic Interfaces to Hardware
Generic interfaces to hardware encapsulate hardware and operating system specific
communication details such as driver usage or field bus protocol usage. The encapsulation
allows to program components on the device integration tier (see Figure 12) using a
standardized interfaces. Thus the development can be relieved of hardware-specific and
operating system specific details or some threading issues. Further, a change of hardware or
hardware specification can be performed by providing the adequate generic interface, and
does not entail changes on higher levels. Examples of generic interfaces for hardware
technologies provided by accelerator control systems frameworks are asyn [7], CDI [8] or
abstract classes [9].
3.3.2 Communication capabilities provided by the frameworks
This subchapter introduces to aspects of the communication or protocol level of accelerator
control system frameworks, which is also called the middle layer.
Addressing
Naming convention: The naming convention of physical or logical entities within an
accelerator control system can emerge to be difficult task, as it requires agreement on a
(partially) shared structuring scheme. The problematic part is to merge the various
perspectives stakeholders develop on the accelerator depending on their scientific or
engineering field. Hierarchies of accelerator control systems can be developed in accordance
with varying perspectives:


Accelerator structure (LINAC/ring/beamline, accelerator functions)

29

Versa-Module-Eurocard bus

30

A PCI standard for industrial 19” rack computers.

31

A backplane standard for rack computers, mostly used in the telecommunication domain.
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Support system structure (vacuum, cooling, power supplies; support device
functions)
Control network structure (network connections, field bus connections, etc.)
Software architecture

5-layer-scheme: On the technical level, a 5-layer naming scheme for addressing has evolved
as a quasi-standard used in several frameworks (for each framework entity terminology, see
Table 4). Leaning towards object orientation terminology, it can be described as:
Context/Group/Object/Method or Attribute/Method or Attribute property
“Context” describes a top-level system with very loosely coupled physical functionality with
other top-level systems (“LINAC”, “storage ring X”, “beamline X”), and the operational
context of the context unit’s purpose: “machine operation”, “simulator”, “test environment
#1”, etc. This often corresponds to an enclosed network.
“Group” denotes a group of objects or devices which are grouped together in order to
present a part of the machine in a certain perspective. The perspective is given by a certain
user’s interest in the machine. Examples for groups:






all vacuum gauges of the same type
all vacuum gauges within a storage ring
all vacuum gauges within a certain bending section
the first vacuum gauges within each bending section
etc., for all kinds of devices

“Object” is here used to describe a system represented by a server software component. In
most cases, this is a server software controlling a single physical device. It can also be a
device integration server controlling other subsystems, a behavior control server, or a
middle layer service.
“Methods or Attributes” relate to activities, which the object can perform, such as delivering
data, actuating the system, configuring process variables, etc.
“Method and Attribute properties” are descriptions of the according method or attribute,
declaring min/max values, physical units, display options, etc.
Table 4 gives an overview on the corresponding entities in the various framework
terminologies:
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Framework Context Group

Object

Method
Attribute

TANGO

device,

command,
attribute

property

domain

class,
32

TINE

context

or Method or
property

family

member

device server,

device

property

meta-property

Attribute

device
group33
DOOCS

facility

device34

location

property

via API

EPICS

-

-

address
string35

record

field

Table 4: 5-layer-scheme addressing overview

The communication middle layer
The protocol’s performance to transport data between nodes is heavily dependent on the
communication design patterns applied, and the implementation of the underlying network
protocol. While the difference for small installations may not be so important, data
throughput performance can become crucial in systems with a large number of nodes, or
nodes with high data output (e.g. lossless36 compression video streams).
In [10] (chapter 3) Bartkiewicz and Duval describe four design patterns for data exchange
between nodes in an accelerator control system, which are helpful to understand the
performance for communication middle layers. Each design pattern describes a
communication model for two or more nodes within a control system.




Client-server: Synchronous message exchange. The client waits for the server to
answer a request for the value of a data point.
Publisher-subscriber: Asynchronous message delivery on change. The publisher
informs each subscriber on value changes of the requested data point.
Producer-consumer: A data producer transmits data changes via broadcast or
multicast groups to consumers. Typically used for dissemination of widely used data
(e.g. current beam properties).

32

Alternative group definitions are possible using the API; aliases for devices and attributes, see the TANGO
Control System Manual, Version 6.1 [9].
33

Alternative group definitions are possible by redirection service [8].

34

same as for TINE

35

requires extra gateways for aliasing

36

For some beam studies, video stream compression with losses can introduce artifacts, which spoil analysis
results.
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Producer-subscriber: A hybrid model of the latter two, the producer-subscriber model
describes data exchange on demand (as in the publisher-subscriber pattern) but not
by 1-to-1 connections, instead using multicast groups (as in the producer-consumer
pattern). This pattern is the most efficient, if either a high number of nodes are
involved, or if large amounts of data are send to multiple receivers.

Improving Scalability and Performance of the middle layer
In [11], Duval and Herb describe features of the middleware of accelerator control systems
as n-th order methods to achieve higher scalability and performance. Scalability refers to a
control system’s ability to cope with an increasing number of clients and servers, while
performance refers to its ability to process high data loads on single nodes (clients or
servers). Schematic formulas for load calculations are used to demonstrate the effects for
server process load (regarding the physical server processor) and server transaction load
(regarding the server’s network port). The scalability and performance factors discussed are






number of clients,
number of transactions per client,
average processing load of a transaction on the server side,
average client polling rate,
average transaction payload.

As on 0th order, the authors describe the simplest approach of data exchange based on the
client-server pattern, which is inherently simple and sturdy, but quickly introduce scalability
problems. As 1st order optimization, the authors describe as benefits




the contract-based publish-subscribe pattern, which allow to disregard the number
of client requests as factor in the server process load calculation,
the ‘send-on-change’ policy for average transaction reduction,
multicast delivery for transaction (network) load reduction.

As 2nd order optimization, the authors describe a number of strategies for further scalability
and performance improvements.







server caching of read values,
automated contract negotiations between client and server for the best applicable
communication pattern, while simulating the programmer’s requested
communication pattern on the client side. (This replaces the enforcement of
undesired policies for programmers.)
automated transformation of client request according to predefined data
dissemination structures (e.g. “multi-channel access”),
automated dissection of oversized data requests to attenuate fitting requests,
automated collapsing of overlapping requests,

48 | Best Practices and State of the Art




establishment of minimum request intervals (e.g. human user interfaces hardly need
more than 10 Hz-50Hz updates due to human processing constraints),
forced redirection of synchronous requests to asynchronous requests on the server
side,
defining access privileges to high data load sources for a client subset.

Protocol interoperability
While an agreement on an accelerator control system framework is certainly desirable for a
facility for the benefits coming with it, it can also exclude or hamper the utilization of
technologies, devices or software not supported by the chosen framework, but by others.
This raises the question of interoperability of frameworks and their associated components.
In a programmatic paper by some accelerator control system developers [12], the
diversification of control system “dialects” and efforts to overcome the resulting problems
has been called “Babylonization37”. The authors proclaim the usefulness of generic adapters
in control system middlewares which enable the integration of components of other
frameworks. The discussed methods for this goal are




server-side plug-in: a middleware software for distributed servers, which allows to
integrate a server component of another framework,
client-side plug-in: a middleware software for the clients, which allow a client to
speak via a non-native framework protocol,
gateways: dedicated nodes, which know both framework protocols and enable
access to two frameworks running in parallel in the same network.

Since the publication of this paper, a number of bridges between the frameworks have been
developed and are used in various places38.
3.3.3 Services and Features of control system frameworks
Portability and Migration
Portability describes software’s ability to be used on a variety of platforms, including
hardware and software platforms. A high degree of portability supports sharing of high level
code within a facility, and between laboratories.
Migration describes the process of moving a high level software to another hardware or
underlying software platform (e.g. another operating system), and addresses a facility’s
evolution over time.
37
38

A reference to the diversification of languages in the biblical story of the Tower of Babel, Gen 11, 1-9.

In particular at the German research center DESY (Deutsches Elektronen Synchrotron), hosting several large
accelerator based research facilities including synchrotrons and free electron lasers, this type of technology is
used. At DESY, four control system frameworks (TINE, DOOCS, TANGO and EPICS) are used in various contexts.
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For high-level applications such as data displays or data processing applications, the
standard way of realizing a good portability is the choice of runtime-based or interpreted
programming languages. Distributed control servers can be quite closely coupled to the
underlying hardware, so hardware migration tends to be tied to options given by hardware
vendors, if desirable at all. Standardization of interfaces using generic hardware interfaces as
described in 3.3.1 can facilitate hardware migration for common component types.
Portability of control server software between facilities requires according hardware or
operating system platforms.
Synoptic Views
Organizing the information provided by an accelerator control system in a useable, efficient
way poses an increasing difficulty with the growing complexity of accelerator machines:
typically there are several thousands of devices, with several ten-thousands control points
(not counting meta-data such as format, engineering unit specifications, graphical
representation settings, etc.). In the accelerator community, the term synoptic view has
been established for graphical applications, which visualize complex accelerator states in a
concise way. Synoptic views (or short synoptics) usually offer a varying degree of
abstraction; e.g. one can describe an entire accelerator section as “operational” or its
subsystems on various layers. The design of synoptic views hence becomes a relevant
efficiency factor for practical machine operations. Synoptic views usually show the present
situation, as opposed to archives and alarm viewers, which log measurements, events or
other data over time.






Geographical synoptics present systems according to spatial position. Typically based
on physical device distribution, this type of synoptic offers an intuitive access to
subsystems. It can be used for device-specific machine analyses and manipulations.
Functional synoptics present complex machine parameters or functions, which
cannot be simply localized geographically. Examples are
o beam dynamics (e.g. beam current, beam energy, betatron tunes),
o complex behavior (e.g. repetition rate of electron gun shots),
o scans (e.g. involving insertion devices and optical elements),
Logical synoptic present dependencies typically in the form of states. Logical
synoptics can e.g. report on the operational status of high-level systems, and offer
more detailed logical synoptics on lower level systems.

Synoptic views usually are connected to enable user-friendly browsing to points of interest.
Depending on the design principles and specific circumstances, modern accelerators provide
several dozens or hundreds of synoptic views, or even thousands.
Accelerator control system frameworks support the development of synoptic views with
software libraries, which provide repeatedly required components:
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graphical display components, e.g. graphs which show measured data values over
time
actuator components, used for manipulating machine parameters (widgets such as
knobs, buttons, sliders, etc)
protocol communication components, which enable a user or programmer friendly
way to access available data in the network

In [13], the authors describe the design of synoptic views according to two ideal-typical
principles: Following the principle of user customization, the idea is to enable users to build
their own customized (“light-weight”) panels with save and restore functions (e.g. the jddd
tool [14]). This allows users to develop views according to their unique interests and
personal preferences. On the downside, this approach can lead to a magnitude of suboptimal panel designs. Following the principle of optimized viewer design, in-house experts
design synoptic viewers with rich functionality (“heavy-weight”) with the users. This allows
to offer functionally rich, mature tools, however more difficult to customize by individual
users.
Process automation
For automating repetitive processes, methods for defining control processes and their
execution related properties are commonly used. Automated processes are needed when
tasks are repetitive and time consuming to do by hand, or when a certain execution speed is
needed. An example is the de-magnetization of electromagnets, where a loop of pole
inversions with decreasing currents has to be performed, in order to neutralize the physical
memory effects (hysteresis loop).
While this is in principle possible by experts’ programming, it is considered desirable to
enable control process definitions and configurations which can be used by users (e.g.
accelerator operators, experiment users) at run-time, even if those do not have classical
programming skills. Hence accelerator control frameworks offer to establish scripting,
sequencing or batch-processing of control processes at a high abstraction level, which do not
require in-depth programming skills on level close to the utilized hardware. This scripting
option can be realized with relatively popular languages such as Python or Perl, and
supporting frameworks such as SARDANA39 or with customized scripting tools (e.g. the
Passerelle tool [15]).
Alarms or events system
Accelerators are usually built with an alarm system, which notifies a machine operator of
events in the accelerator, which could impair or disable operation, cause damage to the
machine, or pose a threat to personnel. However, alarms can be seen as undesired events,

39

A generic user and development environment for control applications built on TANGO. [49]
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and one can consider desired events as well, leading to the idea of an event system
(including also positive events such as “successful injection”).
Event systems need to be designed according to the typical work situations of human
operation staff, which includes stress situations, distractions, and the balance between
information abstraction and information overflow. Hence, usability improvements typically
make up a considerable part of the development, and increase with machine complexity.
Alarm or event viewers can be built by customizing synoptic views for this purpose, but
focused event viewer applications can offer additional features compared to mere synoptic
displays (e.g. an alarm history, filters, acknowledge states).
Accelerator physics simulations
Various examples of physics modeling software are commonly used analyze specific machine
setups and optimize their operation. Some of these are stand-alone programs, others are
based on a simulation environment like MATLAB. For efficient scientific evaluation of an
accelerator’s behavior, the integration of the needed simulation software is desirable.
Typically, machine data is exported to physics analysis software either on-line for fast on-site
analysis or read from an archive for more detailed or time-intense analyses. In the reverse
direction, export functions from modeling software to the accelerator control system can
enable to test simulated machine settings on a real machine, and quicken accelerator tests
and operation. A software packages is the Accelerator Toolbox, using a MATLAB middle layer
and supplying libraries for accelerator physics simulation. Other software used for
accelerator calculations are Tracy-III, OPA, ELEGANT or WinAgile.
Experiment analysis software and data export
Experiment users and machine physicists typically import acquired data into tools for
detailed analyses. These programs are often based on a scientific analysis toolkit and
commonly have been developed by scientists in the field. The particularities of the individual
experiments can make it necessary to offer custom solutions.
An accelerator control system infrastructure can support the use and development of
scientific software by providing data access in convenient ways. A common method is the
export of measured values to text files (.csv, .txt, etc) or standard visual formats. There are
also efforts to establish common data standards suitable for specific scientific fields. These
however can seldom be managed and implemented by individual research groups, and
demand a collaborative effort or supervising institution. Benefits anticipated by standardized
experiment data formats include:



development efforts for advanced analysis software can be shared between research
groups and laboratories, thus improving the automated data analysis options,
data exchange between research groups,
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comparison of data taken at different labs (supporting the standard) ,
coherent inclusion of metadata.

Metadata summarizes information on an experiment’s environment beyond the actually
measured values. This includes the experimenter’s background (Who took this data when,
where, how, for what purpose?), but also properties of the technical experiment
environment during the data acquisition, such as machine properties, electron beam
properties, vacuum properties, etc. Meaningful metadata inclusion increases significantly
the traceability und understandability of data sets for experimenters and other analysts
during off-site analysis.
A data format with notably wide use in the light source community is the HDF (Hierarchical
Data Format) [16]. HDF is hybrid format between self-describing data as in the XML format,
but can also contain binary data. HDF typically used for large data quantities. A specialization
of the HDF format is the NeXus [17] format, which is tailored towards usage at light sources
and neutron facilities.
Services
A variety of services are supported by accelerator control system frameworks to enable data
access for various demands. These service concepts are introduced in following.
History archive system: The history archive40 system is a data server, which reads and stores
machine parameters on a periodical basis. The data is stored permanently and made
available for analysis over the network. Archives store data in a physics oriented structure,
rather than reflecting the control system structure, e.g. including engineering units.
Event archive system: Event archive systems records detailed system information about
physical system changes of notable character. Also called “post-mortem analysis”, the term
“event-analysis” widens the focus from e.g. undesirable beam losses to successful injections.
Event analysis strives to enable the analysis of causality chains at the highest possible
precision, as possible with the given in hardware constraints. The high level of detail (e.g.
kHz resolution measurements) of event analyses are likely beyond the possibilities given by a
history archive, and a specialized archive installation is required. A dedicated event-analysis
system generates machine parameter snapshots, using scripts, which collect data at the
highest possible resolution (which is usually not stored), for example detailed beam position
recordings or RF data. This data can be acquired by readouts of local temporary buffers. For
an analysis, special visualization software may be required.

40

For the status of the TANGO archiving service, see [36]
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Temporary archive server: Continuous archiving at high intervals is sometimes not desirable
or economically feasible, but can be achieved by temporary archiving. A temporary shortterm archive system adapted for high data loads can be useful for some cases.
Local archives: For monitoring distributed devices, a local archive functionality built into the
generic control server software can be useful.41
Control archive: To monitor system interaction, a control flow archives can be used to
document interactions between distributed nodes.42
System configuration snapshots: To revert to known system states, a snapshot functionality
for system configurations is desirable, which allows the automated restoration of the given
configuration. While a parameter list is already of use, the achievement of defined system
states may also necessitate behavior execution to neutralize memory effects. A combined
functionality would prove to be valuable.
Alarm system: A dedicated alarm handling system needs to provide operators with the
appropriate awareness of machine states, potential problems and hazards. Architectural
elements of an alarm system include local alarm functionality on distributed servers from
the central alarm node, which rather collects alarms and propagates them to alarm system
clients such as alarm displays.
Alarm functionality on distributed servers: The local control server determines if the
conditions are met which to issue a warning or an alarm. If required a local response is
executed e.g. for error containment or recovery of subsystems. The local control server
needs to be configurable to handle flickering alarms.
Central alarm server: A central alarm server collects alarms and propagates them to clients.
A central alarm server can also issue alarms if servers are not responding.
Alarm system clients: Client applications either display alarms in human-machine-interfaces,
or react on incoming alarms.
An alarm overview will be given by an alarm listing applications, providing display, report
and management options, as e.g. required for tracing alarm cascades to initial sources.
Human notifications are achieved by displays and audible tones (on-site) and email or SMS
(off-site). Context information for alarm system users, e.g. problem solution procedures, and
interoperability with electronic logbooks are considered to improve the problem solution
capabilities.

41
42

See “Local archiving” at [8].

An example is the TANGO logging server built into device servers. See: The TANGO Control System Manual,
Version 6.1 [9].
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Web service: A web service enables the graphical display of machine data in a web browser.
While this is of use in the intranet, e.g. in offices, it also allows to publish selected data in the
internet. Advanced web server software use and built upon accelerator control system
frameworks to enable remote control of experiments and other equipment, including
required functionality concerning security, performance and other quality requirements.
Web services are also used for experimental data export to external databases.
Security features of control system frameworks: Security addresses a control system’s
protection from unauthorized access, information corruption or intellectual property
violations. A serious threat to think of is malicious software infiltration into the network 43.
This is primarily handled by general IT administration and network policies rather than
accelerator control frameworks: it is considered best practice to separate accelerator networks in subnets with firewalls, and to provide data bridges for sufficient information flow
between offices, beamlines and the machine.

To protect systems and data from unwanted changes, it is desirable to restrict the write
access to critical control servers to a restricted amount of data sources. This lowers the
probability of wrong configurations or unintended data corruption due to user mistakes or
programming errors (e.g. wrong addresses, committing test data, etc.). A way of
implementing these restrictions is defining the network addresses from which certain
control servers accept actuating data, which is partially supported by accelerator control
frameworks, or is realized by network configuration. These security concepts are viable for
safety or stability purposes, but security issues related to intellectual property or personal
data (in case of medical applications) are not addressed by accelerator control frameworks.
3.3.4 Frameworks as a collaborative community effort
In the last two decades, major improvements related to accelerator-specific control and data
processing have been achieved in the context of domain-specific open-source software
collaborations between laboratories. Domain-specific software, yet not research specific
software, is developed on the basis of common technical standards, and the exchange of
experiences and ideas of the participation developers. The most prominent examples are the
EPICS and TANGO collaboration, but also, though smaller, the TINE and DOOCS
developments should be considered.
The means by which collaborations work together include

43

A famous example for malicious software infecting industrial control platforms is the Stuxnet worm, targeted
at Siemens PLCs. For more information, see [50].
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a shared infrastructure for software development (code repository, documentation,
downloadable tutorials),
established forms of communication on short term issues (mailing lists, weekly video
conferences or meetings),
regular meetings (e.g. bi-annual conferences).

The advantages of participation in collaborations can be described from several sides:











Shared development will provide shared efforts, in particular development
manpower, by using existing components (drivers, services, application development
technology).
More development effort can be channeled into research specific improvements and
extension of existing, shared software, rather than re-inventions or reimplementations. The relative part of resources spent on research-specific
development grows.
The complexity and quality of software developed by collaborations can hardly be
achieved by single facilities alone.
Software maintenance is also shared.
A multitude of applications increases the chances of finding bugs, and tends to
increase the software reliability.
A very important side effect of collaborative efforts is the dissemination of advanced
concepts, ideas, knowledge and skills among the involved control system staff. For
on-going improvements of existing features, this exchange of ideas is commonly
accepted to be very important, not just for copying, but also to learn about technical
or process alternatives to established ways.
Laboratories can initiate technological enhancements beyond its in-house
possibilities.

It is generally accepted, that these benefits clearly outweigh the associated costs of
participation, which arise from additional communication efforts, adaptation to standards,
interest clashes and friction, and related risks for shared projects.
The primary collaborative form for software development is based on integrative
frameworks, typically EPICS [7], TANGO [9], TINE [8] and DOOCS [18]. The basic principles
and achievements are alike for these frameworks, yet there are some differences in the
primary accelerator domain (e.g. accelerator types) and architectural design principles and
regional prevalence, which may result in preferences for new laboratories in field.
Project collaborations can be focused at the development of specific system integration,
standards, data structures and tools with more or less research specific goals.
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Collaborations in scientific domains
Software which for specific characterization methods (experimental methods) related to
synchrotron radiation is potentially reusable for other research groups or laboratories.
Collaborations focused on experimental methods can coordinate this and more easily reach
the critical mass for new, advanced development efforts:






lower costs per facility for software components
advanced analysis and evaluation tools beyond a single group's scope
generic control interfaces to improve the integration of moveable experimental
equipment
advanced visualization tools
exchange of ideas and experiences and network establishment among developers for
scientific software and experiment controls software

Collaborations on controls and IT centered on scientific domains not as developed as
collaborations for accelerator controls frameworks, but in some fields, in particular in the xray diffraction domain, efforts have lead to common data acquisition and analysis tools.

3.4 Systems Engineering practices and organizational aspects
This subchapter gives a general insight into organizational aspects and practical system
engineering activities at light sources and comparable accelerator laboratories. These are
then contrasted with general introduction to Systems Engineering as an interdisciplinary
field.
Accelerator laboratories today
Within accelerator laboratories, the systems engineering processes related to controls are
established and executed by a number of individuals related to software development and
electronics, which are commonly organized in one or more controls related organizational
units. The organizational structures vary between the laboratories for historical reasons.
Typically one can see two primary principles for separation lines:




Horizontal separation: separate groups have evolved for different parts of a facility. A
commonly found practice is the separation of a machine controls group and a
beamline control group. One can further consider scientific computing or scientific
data acquisition groups as being horizontally separated.
Vertical separation: Controls and IT personnel may be separated according to the tier
(see Figure 12) they primarily work in, e.g. application development, or a PLC and
electronics groups. Also, scientific computing can be described as being vertically
separated.
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Traditionally, controls and IT personnel at accelerator facilities has been recruited among
people with a background in natural sciences or engineering domains, often persons, who
were involved at a facility at some time for research or engineering reason and grew into the
controls and IT field for practical reasons. Nowadays younger personnel more often have a
formal education in computing science, software development or related IT technology, as a
consequence of increased requirements on individual specialization, and the vastly
expanded education related to computing science in western societies. As this tendency in
professional background overlaps with career stages and age, it can be helpful to make this
generation difference explicit at this point, in order to better understand the generation
differences in individuals’ engineering approaches, their problem awareness and tacit
assumptions. In an admittedly rough approximation, we see hence a spectrum of controls
and IT personnel ranging from –typically- male baby boomers44, highly experienced in the
field, particularly at their home facility, with a natural sciences or engineering background,
and on the other end young developers of both genders, age 25+, formally educated in
computing science domains, often with high international mobility.
The software and systems engineering processes at accelerators usually built heavily on the
experiences and traditions within a facility, and often rely on personal engagements of
senior practitioners. Practitioners also tend to describe informal communication and
agreements as an important factor to the successful implementations of complex control
systems. In accelerator controls conferences publications, the focus is generally much more
on technical issues rather than processes or organizational matters.
An example of a description of best practice processes is the project management approach
for the PETRA III controls project [19]. The project was a major upgrade of the PETRA III
synchrotron light source at DESY, Hamburg, and successfully completed. Core elements for
the technical and managerial implementation were, as described by the project manager,







a work-breakdown plan, describing high and mid-level task (web-based, continuously
synchronized with project progress),
weekly team meetings,
quarterly meetings of the project manager with the individual team members,
problem-oriented focus meetings,
customer meetings to enlist user needs,
agreements on semi-automated work processes (e.g. code generation, builds,
interface standards).

Practitioners from other laboratories tend to describe their processes often in a similar way.
Work processes and information management are often implicitly described by the
explanation of tools, e.g. bug trackers, code repositories, inventory databases, etc.

44

People born after World War II (1946-1964). [51]
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Systems Engineering – domain overview
Systems Engineering is an interdisciplinary field that describes the human activities required
to enable an organization to accomplish system’s full operational capability for its users and
to enable the desired environmental integration.
The human activities are called processes, or system lifecycle processes. System engineering
typically focuses on technical processes (requirements engineering, architectural design,
implementation, verification, validation, deployment, maintenance, disposal), but also
includes or overlaps with managerial processes (project management, risk analyses,
information management, agreement processes, acquisition processes, logistics).
Systems Engineering as an explicit engineering discipline emerged in the 1940’s and 1950’s
in the United States, when systems used in the telecommunication industry, and later, in the
NASA space program reached a level of complexity and interdependency, that new
engineering methods had to be developed. These methods addressed emerging properties
of complex systems, which could no longer be sufficiently managed by a continuous
evolution of subsystems. Other domains where systems expanded in complexity adopted
Systems Engineering methods, hence it is a crucial domain nowadays for a wide range of
industries, including the automobile and mass transportation industry, aerospace,
information technology, shipbuilding, military and other often capital-intense industries.
Over the decades, the newly emerging field needed to settle its methods and terminology,
and in this process the development of Systems Engineering Standards prove themselves in
practice. In the following, some Systems Engineering Standards are shortly introduced with
their applicability scope, focus and origin.
The International Council on Systems Engineering (INCOSE), an organization promoting
Systems Engineering methods and their dissemination, has published the INCOSE Systems
Engineering Handbook [20], which serves as a reference for systems engineering
practitioners. The handbook defines processes, explains their purposes and activities, and
offers recommendations on the process implementation.
The INCOSE handbook is oriented at a standard of the International Organization for
Standardization, the ISO/IEC 15288: Systems and software engineering - System life cycle
processes. The standard describes a general framework of processes suitable for the creation
of systems, products or services. ISO/IEC 15288 describes the purpose, outcome and
activities of system cycle processes summarized under the topics Agreement processes,
Organizational Project-Enabling Processes, Project processes and Technical processes. The
standard gives furthermore instructions for tailoring the standard towards a specific system
for cases where a full compliance to the standard is not intended.
The United States Department of Defense requires for its major acquisitions the application
of its Department of Defense Architecture Framework (DoDAF), which establishes a
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structured approach to describe stakeholder’s views by predefined viewports on a given
system. It requests the models for architectural data, and “Fit-for-purpose views” according
to viewpoints, organized collections of views, which can represent e.g. capabilities, projects,
services or systems. The DoDAF requires six core processes for projects, among this a
“Systems Engineering” process.
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4 Engineering Aspects for Modern Light Source Control Systems
This chapter highlights some aspects on the engineering of control systems for new or
modernizing light source laboratories. It presents approaches to the management of
engineering work processes and reflects on some of the experiences encountered in the
participation on the MAX IV project during its earlier development stages. The main subjects
are as follows:





4.1.1 describes challenges concerning engineering processes for modern light sources
4.1.2 describes the ISO/IEC 15288 standard [21] for system engineering and life cycle
management in relation to control systems at light sources
4.1.3 outlines numerous relevant processes concerning control systems for light
sources for demonstration purposes
4.1.4 discusses ISO/IEC 15288 and its suitability for the light source control systems

4.1 Lifecycle processes
4.1.1 Challenges on the level of engineering processes
Complexity growth is a key term when describing challenges for modern accelerator facilities
in general, or control and IT engineering for light sources in particular. One can think of the
increasing stakeholder diversity on the user side, introducing new scientific fields to
laboratories, while older traditional fields persist or refine their methods. One can also
consider the increase of bare numbers of distributed systems and data points in modern
control systems: While early accelerators and experiments were run mostly using analogue
technologies (1950’s-60’s) or coped with computing systems in quantities of 10’s or 100’s
(1970’s-1980’s), nowadays a modern light source comprises 10.000+ computing devices,
servers, etc. with 100.000’s of data points. On the human side, the personnel quantities have
not grown on the same scale; typically 10%-15% of accelerator laboratory employees are
controls and IT related staff. To cope with the complexity growth, engineers have acquired
new skills and learned to utilize new technologies. This trend required increasing
specialization of staff members, and today’s laboratories have since reached a point, where
one can say, no single person is capable anymore of understanding an entire accelerator
laboratory (accelerator physics, experimental physics, IT systems, engineering support,
administration). As this reduces the applicability of the traditional approach of building
heavily on the experience of knowledgeable staff, the organization of system engineering
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processes correspondingly gains significance, and motivates the consideration of systems
engineering standards and principles in this field.
In the controls and IT domain this trend is especially visible, partially because the technical
complexity and the controls complexity depend on and affect each other, but also due the
changes in staff structure (see 3.4): Younger IT personnel is nowadays more commonly
specialized in an IT field, therefore lacks a natural sciences background, and one needs to
prepare for the general trend of higher job mobility.
Barriers
In the accelerator facility community there is traditionally an inherent resistance against the
introduction of organized work processes, which is viewed upon as being formal. This makes
an initial motivation of process analysis and definition, as typical for systems engineering,
difficult to an extent. This resistance reflex is rooted in a conglomerate of reasons:






an established culture of ad-hoc-development and informal work organization,
reference to successful projects in the past without (explicit) systems engineering
methods,
appreciation of a high degree of engineering flexibility, risk of losing that flexibility
staff with primarily natural sciences or engineering background is not used to think in
terms of work process concepts and terminology,
the plant’s complexity and regularity of small or large changes create the impression,
that formalization of processes will create exorbitant workloads.

4.1.2 Lifecycle processes of light source control systems and ISO/IEC 15288
In this chapter, the application of the Systems Engineering standard ISO 15288 (introduced
in 3.4) in the accelerator facility controls and IT domain will be introduced.
The ISO/ICE 15288 standard “Systems and software engineering – System life cycle
processes” [21] is designed to be applicable as a general framework of processes suitable for
the creation of man-made systems, products or services. While its scope is reaching beyond
the systems and life cycles discussed in this thesis, it is however well applicable due to its
adaptability towards specific domains – it even contains instructions for a tailoring process
towards a certain task. The standard is designed to support practitioners in coping with
complex processes for complex systems, and therefore fits into the broad area of accelerator
laboratories quite well.
In ISO/IEC 15288 terminology, the adaptation of the standard towards a particular domain is
called tailoring. Note that ISO 15288 describes the processes on a generic level, while the
following outline sets a domain-specific focus. The accelerator controls and IT domain has a
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special character due to a number of differences to other systems and software
development projects:










Complexity: A modern mid-sized synchrotron facility comprises typically a number of
devices (power supplies, sensors, etc.) in the lower ten thousands magnitude
(10.000+). Further, the systems are more heterogeneous, and their interdependencies grow in regard to synchronization and coupling.
Flexibility: Due to the nature of a research laboratory, the evolution of a light source
facility is never finished. On-going progress in the field demands fast system changes
or system integration throughout the facility’s lifetime. This is in particular true for
experiment equipment, as visiting research groups change usually on a weekly
schedule.
Dependability: The degree of robustness is varying between different parts of the
facility, depending on the potential impact on operation due to failures. Overall, the
operational dependability is not comparable to safety-critical systems like airplanes
or power plants. An overall operational accelerator availability of 95%-99% is
considered as reasonable.
Uniqueness: Synchrotron light source laboratories are rare, with about thirty to fifty
3rd generation and about five 4th generation medium or large sized light source
projects worldwide. Each laboratory responds to its particular national research
environment and state of the art at construction time, usually pushing some kind of
boundary. Hence each facility has to be treated as an ‘individual’.
Cost efficiency: The staff size related to IT infrastructure for today’s 3 rd generation
light sources usually is in the magnitude of 10-40 full time positions. The
overwhelming limiting factor tends to be the available manpower.

These high-level concerns need to be taken into account for the tailoring process of life
cycles for an accelerator light source.
4.1.3 Overview on lifecycle processes
In this chapter, an overview on the lifecycle processes for the computing systems in a new
synchrotron light source facility will be given, with a short outline on the practical content
and what this process means or addresses. The overview is oriented by the ISO/IEC 15288
standard for “Systems and software engineering – System life cycle processes” (ISO, 2008),
which describes a set of generic processes. The purpose of this description is to demonstrate
the standard’s capability to guide towards a more comprehensive process description for
controls and IT divisions at light sources, and thus serve as a basis for work process analysis,
related risks management and process improvements. The standard defines more processes
than those introduced in the following; a few have been omitted as they are appeared to be
too fine-grained or distracting to be listed in this context.
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According to this, the following processes and process groups for computing systems at light
sources have been identified, as shown in Table 5. These include: 1. Agreement processes; 2.
Project-enabling processes; 3. Technical processes; 4. Organizational processes.

Table 5: Process overview
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Agreement Processes
Agreements have to be achieved with various stakeholders inside and outside of a
laboratory’s organization, e.g. physicists, technical groups, system suppliers, collaboration
partners in order to specify requirements and technical preferences. This includes the 1.
Acquisition Process and 2. Supply Process.
Acquisition Process: The acquisition process includes the acquisition of systems, software or
services from external sources, commercial or otherwise. Typical acquisition strategies are:






Commercial-of-the-shelf acquisition: Usually controls and IT engineers are required to
comply to a formal acquisition procedure dictated by governmental acquisition law
and institutional policies for COTS purchases.
Collaborative software systems acquisition: Domain-specific collaborations on
software between various accelerator laboratories are important means to acquire
state-of-the-art software components, which address the special needs of such
laboratories. Fundamental decisions for any accelerator laboratories are the choices
of accelerator control system frameworks, as these usually predetermine further
choices on software technologies due to dependencies, e.g. choices of programming
languages or libraries for human user interfaces.
Outsourced projects: Typical candidates for outsourcing are domain-specific systems
which require expert knowledge and relatively loose coupling to connected systems,
or manpower intense bulk tasks during the construction, such as cabling. Outsourced projects still demand requirements and validation processes as in-house
activity.

Supply Process: Physical systems are handed over to in-house users or beamline staff, or
remain in the maintenance of the controls and IT division. For software, shared repositories
and distribution policies are established.
Organizational Project-Enabling Processes
Organizational and project-enabling processes are those activities of a control and IT
division, which create the capability of the organization to carry out projects successfully and
enable the desired services for the laboratory and its users. This includes: 1. Lifecycle Model
Management Process; 2. Infrastructure Management Process; 3. Project Portfolio Process; 4.
Human Resources Process; 5. Quality Management Process.
Lifecycle Model Management Process: The lifecycle model managing process comprises the
activities which define and organize all other system life cycles; it is the meta-process. It is
typically performed e.g. by settling work definitions for personnel or by defining guidelines
for typical tasks within a controls group. The lifecycle model management process defines:


technical processes that concern systems and software development
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project processes that concern work management and planning, including
o projects in the physics-related perspective, e.g. LINAC project, the storage
ring project, etc.
o projects in the technical perspective, e.g. drivers for certain devices,
visualization tools, etc.
o projects in the computing systems perspectives, e.g. framework related
software or software tools development.
organizational project-enabling processes, which focus on resource provision
(workflow, communicative activities, staff training)

Infrastructure Management Process: Required enabling activities for the infrastructure or
an IT and controls division include:







defining responsibilities, budgets, accounts, etc. for the acquisition process,
defining responsibilities for tool and technology responsibility,
establishment of periodical communication (meetings, mailing lists, seminars, etc),
defining contact responsibility for laboratory internal communication,
defining contact responsibility for international collaboration with other laboratories,
provision of adequate rooms and equipment.

Project Portfolio Management Process: This process defines active development projects.
Establishing project milestones like feature freezes and close procedures can help to prevent
successive late changes, never-ending projects, or help to promote the cancellation of
unrealistic projects.
Human Resources Process: For developing a successful group for the IT infrastructure
development, a good overview and planning is needed on the existing and the required
skills. This knowledge can further guide decisions for outsourcing projects and technology
choices in order to avoid the introduction of newly required skills. The skill and knowledge
management can enhance the staff’s development and knowledge sharing, e.g. by training
of development techniques (e.g. XP, AGILE etc) or periodical seminars on internal issues.
Plans for long-term skill development (consider skill redundancy to account for staff
turnover risks) are generally recommendable.
Quality management process: A constructive quality management process builds on
feedback by system users, which is traditionally given during system development time and
issue-dependent during maintenance time. Feedback from internal users is usually immediate, but may lack background knowledge for comparison. The visiting users’ feedback may
be obtained by on-site interviews, which are recommendable to be planned, and results
being collected. Domain expert user feedback can be gained by conference presentations of
internal projects or invitations of domain experts for reviews. Quality management is
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recommendable to be supported by according information systems, e.g. a bug tracker tool.
This process enables quality control and quality assurance for other processes.
Project Processes
Project processes focus on activities related to specific work defined in the Project Portfolio
Management Process. Such project-related activities include the following: 1. Project
Planning Process; 2. Risk Management Process; 3. Configuration Management Process; 4.
Information Management Process.
Project Planning Process: The typical issues addressed are:





roles and responsibilities,
time plans, schedules for deadlines,
dependency analysis between projects,
resource allocation, in particular, reasonable manpower management.

Risk Management Process: Major risks types for the development of a light source’s IT
infrastructure are




overrunning deadlines, which impacts other group’s progress,
budget overruns (e.g. due to hardware acquisition costs),
quality compromises (e.g. due to close deadlines), with undesirable consequences at
later stages. Such could be
o lack of functionality,
o lack of documentation,
o architectural compromises which prevent or complicate standardization of
components, resulting in poor maintainability.

The risks need to be seen in a lifetime perspective in order to minimize quick fixes that may
later backfire. Policies for dealing with typical risks need to be formulated in advance.
Configuration Management Process: A laboratory IT architecture can be seen as dealing
with configuration management, if a strategy is adopted, which tailors generic system and
software components to control and data acquisition tasks at various experimental facilities
(beamlines or accelerator machines). E.g. archiving systems may be optimized towards a
particular experiment as target system, with particular data formats, storage needs, etc. In
that case it is necessary to distinguish between the generic system requirements, and
specific requirements and tailored components. A separation of issues has to be put in
reality both on the requirements level and the actual software level, with consequences for
the versioning and deployment of systems and software.
Information Management Process: The information management needs to take into
consideration
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the overall facility’s information management system:
o information structure, information model,
o information management culture (formal and informal),
o relations of the control system group information management to the other
groups’ information management.
IT specific information management (control system group internal) concerns:
o project planning, scheduling,
o requirements management (e.g. a requirements engineering tool) and
validation,
o test cases, plans, results,
o source code management,
o software and systems documentation (e.g. including cabling database),
o software availability for users.

An information system such as a Content Management System (CMS) is desirable to be
utilized in modern facilities, so information can be maintained as current, available, valid and
complete as possible. Other useful functionalities of such systems could be e.g. information
“sandboxes”, which enable restricted external access to support shared project information
with outside parties.
Information management includes the establishment of meetings for synchronization on
current issues and seminars for knowledge dissemination.
Technical Processes
The technical processes in the development of an synchrotron light source facility’s IT
infrastructure cover the definition of requirements, the architectural design and
implementation of systems fulfilling these requirements, the verification and validation of
these systems, bringing the system to operation and the on-going evolution regarding
maintenance and extension of services. The processes identified include: 1. Stakeholder
Requirements Definition Process; 2. Requirements Analysis Process; 3. Architectural Design
Process; 4. Implementation Process; 5. Integration Process; 6. Verification Process; 7.
Transition Process; 8. Validation Process; 9. Operation Process; 10. Maintenance Process; 11.
Disposal or Retirement Process.
Stakeholder Requirements Definition Process: For different parts of the machine or
laboratory, different stakeholder groups need to be considered. An overview on the toplevel stakeholder groups comprises:





accelerator physicists,
operators (for standard 24/7 operation),
beamline physicists and technical staff,
visiting research groups (laboratory “customers”),
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technical groups (vacuum, optics, etc.),
control system group,
outside suppliers,
laboratory management.

Dependent on the individual project, a sub-group of the above given stakeholders needs to
be identified for the project requirements.
Practically, this is usually done in comparatively informal ways (oral, emails with
attachments, offices files on personal hard drives). A shared requirements information
repository can improve the information availability and quality. Requirements can be
described in the form of use cases or scenarios. Viable strategies to provide requirements
documents which are available, current, valid and complete are outlined in the following:







An office file based approach (text files, bullet lists, tables, etc), where requirements
documents are stored in a content management system, can improve the mentioned
requirements quality properties, if consequently used.
Wikis can be introduced, which allow a basic linking of requirements (‘articles’) for
traceability to the sources of needs.
Wikis can be combined with the office file based approach, if these can be linked (e.g.
on a file server or in a central content management repository. Both aforementioned
options can be utilized with only low learning efforts, which is important in
requirements definition activities where people outside the control system group are
temporarily to be included.
A professional requirements tool is suitable rather for the internal use in a control
system group, and thus is better applicable to the accelerator machinery
requirements. Such a professional requirements engineering tool certainly covers the
aforementioned functionality, but is realistically restricted to be used only by a small
number of system architects within a control system group.

Requirements Analysis Process: The requirements analysis process needs to ensure that




research requirements and operational requirements for the accelerators,
experiments and enabling systems are met
resources are not spent on unneeded functionality
functional dependencies are resolved in accordance with the project schedule

Besides completeness and correctness, the requirements prioritization and dependency
structure are important results of the analysis process. Test requirements, where
measurable, should be defined in advance to give developers and architects clear goals. The
analyzed requirements need to be reviewed by the stakeholders to minimize changes late in
the development process. The need for revisions needs to be communicated in advance, as
the costs for late changes, in particular for software, may tend to be underestimated.
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Architectural Design Process: The architectural design process needs to be seen at least on
two levels. On a strategic level, a set of internal standards for software frameworks,
components, hardware platforms, design patterns, software development methods,
software versioning and deployment methods and other standards have to be established
early on, which serve as the tools & methods environment for particular system
development projects. Decisions on the strategic level can be fixed in policies and guidelines.
It is recommendable to motivate the general outline of those strategic standards by
explaining the underlying concepts and principles, and their consequential benefits for the
laboratory; otherwise the temptation exists to use development shortcuts, which can easily
lead to maintenance issues later on. An example is system diversification by the introduction
of non-standard hardware and software due to an individual’s familiarity with the
technology, which is likely to cause maintenance problems in the long run.
On the system development level, (i.e. beginning with the actual system design in the
laboratory construction phase) architectural design decisions are guided by the standards on
the strategic level. A system design review before implementation by the responsible for
strategic decisions within the control system group should be sufficient to assure accordance
of the design with the facility standard.
Implementation process: The implementation creates an actually existing, testable system
according to a given design. The tools, methods and design patterns are to an extent
predetermined by the standards of the strategic architectural design (software frameworks
including tools, hardware standards, in-house policies and guidelines).
Integration Process: Integration activities include the physical deployment, assembly and
configuration of pre-operational properties of systems and software. Hardware installation
can include a large number of systems of the same kind being deployed in the facility, such
as electronics for vacuum equipment, typical sensors, cooling flow monitoring systems, etc.
which go beyond the hundreds in some cases, and present extra challenges in regard to e.g.
cabling.
Integration for a synchrotron light source means to go beyond simple functional tests such
as for individual sensors and actuators, and test systems in interaction. Integration includes
configuration of software services such as archives, central alarm systems, synchronized
multi-actor control tasks and complex error states.
Verification Process: The outline of a verification strategy for a synchrotron light source
needs to reflect the various perspectives of stakeholders. Verification activities, in the light
sources environment primarily system tests45, can be performed regarding the system type

45

An example for a testing method usually not applied at light sources is proof. In such cases, the correct
behavior of computing systems needs to be proofed for any possible state. This is unfeasible for light source
control systems, but applied e.g. in the aerospace industry.
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(e.g. software or hardware systems in test stands) or the system instance (e.g. deployed
devices). Test trails need to be defined in respect to






device integration tests (e.g. for singular commercial of the shelf systems),
behavior of complex devices (e.g. an electron gun, a protection system),
software services tests (archive, general alarm system functionality, snapshot
functionality),
physical behavior and measurements,
complex behavior tests, interactions with the environment.

Transition Process: The transition of systems from development to operation is mostly an inhouse activity, therefore in practice oftentimes done in a more informal way. Maintenance
development is often discussed and picked up as issues appear. It is however desirable to
have transition processes as part of system development project closure, so that a project
management can confidently judge on present and future workload.
Validation Process: The validation of systems needs to be performed as requirements
validation to ensure a high degree of requirements quality and as system validation during
the system development (e.g. using prototypes) and during transition to operation.
Requirements validation can be done by user reviews of requirements documents. System
validation of software can be based on prototypes, e.g. by drawing or demonstrating graphic
user interfaces to users. The development of a control system simulator could be desirable
for complex validation tasks, e.g. a control system simulator can produce complex simulated
data, which can be stored in an archive, and made available for analysis applications. Thus
users can evaluate physics analysis applications before these are used on actual machine
data, giving the chance of preparing applications of good quality for the start-up phase of a
physical system.
Operation Process: The actual machine operation process is mainly a concern of operators,
physicists and technical groups. For a control system group, the operation process comprises
user support in the form of user training, and general monitoring of the control system’s
functionality. Maintenance development is part of the maintenance process.
Maintenance Process: To provide on-going operational service of sufficient quality during
the facility lifetime, maintenance development of systems and software is needed. These
tasks are extensions of the existing IT infrastructure, optimizations, repairs or replacement
of failing components and changes in the overall setup of parts of the laboratory (e.g.
beamline modernization).
For the on-going maintenance work, a well-documented initial system is desirable, which
allows to track design decisions (requirements traceability) and perform impact analyses on
system changes. This emphasizes the desirability of a consistent requirements engineering
process.
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Disposal or Retirement Process: A disposal or retirement strategy for software components
is desirable to allow for modernization at later times (e.g. due to increased performance
requirements or the need to replace outdated, possibly unavailable components with newer
counterparts. As a central part of a disposal strategy one can see documentation of system
functionality and system dependencies, so judgments on system removal risks can be done
at later times, and requirements for replacements can be easier found.
4.1.4 Conclusions on ISO 15288 in the accelerator IT environment
To demonstrate the usefulness of work process definitions as proposed by ISO 15288, it is
useful to focus first on its capability to guide analytical efforts towards a better
understanding of the activities of a control and IT group. This has beneficial effects:





a common terminology is established to describe work processes,
an explicit awareness of single work processes, their relevance and their properties is
established,
work process related issues can be specified more precisely (e.g. improving a process’
efficiency without reducing flexibility),
responsibilities are clarified.

This development towards an explicable awareness of work processes, guided by a standard
like ISO 15288, can hence, at a second stage, enable clarifications and improvements of the
work processes at hand. Reapplying process analysis and process improvements
continuously, one can see a feedback loop. By supporting this type of organizational
feedback loop, the customized use of ISO/IEC 15288 can support a controls and IT group to
become a more efficient and better learning organization.
A typical problem encountered with ISO/IEC 15288 in the course of this work was to create
an initial interest in the standard and its potential use. Terms such as “Lifecycle model
management process” tend to be rather deterring or at least confusing, including to those
with a positive attitude towards improvements of life cycle processes. In order to gain an
initial interest and legitimacy for the introduction of this standard to a light source
environment, is seems to be recommendable to avoid a large part of its terminology. It is
also recommendable to explain from the beginning on, that “processes” are actually not
really “new”, additional activities – as these are at least intuitively performed already – but
that the point of the standard in this case rather lies in increased process awareness, and
thus better improvement possibilities. Another aspect is the learning process of a group, to
which ISO/IEC 15288 is introduced. The adaptation of ISO/IEC 15288 in a group not used to
explicit system lifecycle definitions etc. could be seen as a process itself though it could also
be seen as part of the human resources process. This activity, adaptation of ISO/IEC 15288,
demands special considerations of the particular environment on the following levels:
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Domain considerations: what are the particular properties of the light source controls
and IT environment?
Organizational considerations: what is the situation at the particular adapting
laboratory or group?
Individual considerations: to what extent is a particular individual trained in viewing
his or her own activities as processes of system life cycles?

Defining and describing a “Systems engineering adaptation process” might actually help to
focus on the problems and issues coming with adaptation. Guidance to achieve the
successful implementation of the ISO/IEC 15288standard, as a dedicated process being part
of the Organizational Project-Enabling Processes, could be supportive for the adaptation in
the light source controls and IT domain.
In the following chapter (4.2) a closer look is offered on the requirements related processes
for light source controls and IT.

4.2 Requirements Engineering for Light Source Control Systems
Requirements engineering is the structured collection, analysis and documentation of the
stakeholder demands of towards a given system. The collected information is used in the
later technical processes, in particular for system design, verification and validation.
In this chapter, fundamental aspects of Requirements Engineering for light sources and
comparable accelerator facilities will be highlighted. The typical stakeholders in this domain
are introduced in 4.2.1 (this relates to the Requirements Stakeholder Definition process
mentioned in 4.1.3). An overview on typically relevant requirement areas is given in 4.2.2
with an outline of domain-specific aspects on requirements processing aspects (this relates
to the Requirements Engineering process mentioned in 4.1.3). A case study is presented in
4.2.3. Concluding comments on requirements engineering are given in 4.2.4.
4.2.1 Stakeholders of Accelerator Control Systems
An introduction to each main stakeholder groups of controls and IT systems at an
accelerator light source is given, in respect to their typical interest in controls and IT:
Accelerator physicists: Accelerator physicists’ primary activities are electron beam related
analysis and manipulation. For the electron accelerator’s machinery configuration,
integrated and flexible control applications are needed. On-going tuning and accelerator
physics experiments require comprehensive electron beam analysis features and detailed
data archives of the machine history.
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Beamline staff: A laboratory's beamline scientific staff conducts experiments and supports
visiting user groups. Additionally, certain engineering and maintenance tasks are executed.
Major use case groups are general control of beamline and experimental equipment,
including parts of the accelerator equipment, and in experimental data acquisition and
analysis. Beamline staff works in the roles of beamline scientists (research, experiments
consulting), beamline technicians (system maintenance), system developers and project
managers.
Machine operators/System maintenance: Standard operation of the electron accelerator
comprises mainly of machine configuration and monitoring tasks. Errors have to be located
and their effects minimized; when required, hardware failures have to be repaired. These
tasks are routinely performed by machine operators.
Technical Groups and Engineers: As accelerator facilities are usually in a permanent
improvement process, new systems are frequently added to a facility. Technical groups and
external engineers of various fields accomplish the development, integration and tests of
new systems. Engineering fields involved are


CAD, mechanical engineering, motion control



ultra high vacuum systems (UHV)



safety (radiation, high voltage/current, laser systems)



electrical engineering, cabling



cooling systems (cryostat and conventional cooling)



x-ray optics

Experiment Users: Experiment users visit a laboratory and beamline usually on a weekly
schedule to conduct experiments in their research field. For these experiments, a number of
related control operations regarding the beamline in use are necessary. The actual
experimental activity commonly comprises the collection of digital data and its analysis. The
data analysis and evaluation is usually performed with the help of science specific software.
To some extent, this is done on site, and influences the on-going experimental activities.
Control systems developers and IT services: Control system and software developers
develop, adopt and integrate various systems for control purposes. This involves


low-level control of power supplies, diagnostics, x-ray optics, vacuum, various
protection systems, etc. These systems may have real time requirements.



data acquisition, processing and storage,



user applications for the aforementioned stakeholders,



provision of the IT infrastructure including backend systems and a variety of services.
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Laboratory management: An accelerator laboratory's management is interested in financial
expenditures related to controls and IT infrastructure, general operational reliability,
experiment user satisfaction, and long-term competitiveness of the laboratory.
4.2.2 Typical requirement areas
In the following, typical requirement areas are introduced, which need to be considered in
development projects at accelerator facilities in varying degrees.
Performance and Scalability
Performance describes a control system’s ability to cope with quantitative challenges
concerning resource utilization, data processing and communication. Performance
requirements need to be identified in relation to significant data loads on nodes and on
networks, and the overall data processing properties (e.g. response time requirements, hard
or soft real time requirements).
Data processing and communication: Control systems for light sources have to integrate
nowadays several thousands of nodes, control processes and data acquisition tasks. For
certain tasks, e.g. the orbit feedback correction it is advisable or even indispensable to
design dedicated subsystems, including encapsulated, customized networks. Further,
uncertainties about future use cases make it necessary to consider the data throughput of
the overall system. Lately, the increasing use of area detectors (e.g. the Pilatus detector
family, or CCD based measurement systems) introduce new data throughput demands to
control systems, as they produce high data loads, in particular, as these systems usually
operate with lossless data compression for precision measurements. While the issue of high
network loads obviously addresses basic network hardware performance properties, it is
furthermore heavily influenced by communication design patterns (compare 3.3.2);
depending on the concrete problem, the latter one may be the dominating factor. For
performance and scalability analysis on existing systems, appropriate network traffic analysis
tools are necessary.
Response timing: It is common practice to consider the integrative tier of a light source
control system to be a soft real time system. This means in principle, the faster it works, the
better it does. Time critical systems, or hard real time systems, are commonly implemented
using electronics (e.g. PLCs), to assure time predictability on actions responding to hazards
or risks (equipment protection system, personnel protection system).
Scalability: With the number of nodes, data points, etc. going in the 10.000’s region at
modern light sources, scalability of control systems has to be considered. Modern network
hardware with dramatic performance increases in the last two decades can handle these
amounts of clients and servers quite well in classical setups. However, scalability still needs
to taken into account. This applies in particular to 4th generation light sources (free electron
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lasers), which introduce new requirements in this respect: Shot frequencies ranging from 1
Hz to 200 Hz featuring shot-by-shot analysis and archiving multiply the data throughput,
compared to synchrotrons. Then, FEL-typical use of two-dimensional data sources can
seriously increase the data load per transaction, with significant impacts both on local nodes
and the network.
Data structure: One might postulate a trend in the development of data structure, which
light source control systems have to cope with. In the early days of network based control
systems (1980’s), data was usually 0-dimensional point data, meaning, individual data points
were read and possibly set and archived (e.g. a power currents or voltages). During the
1990’s and 2000’s, 1-dimensional data sets, meaning data arrays (e.g. spectra of advanced
measurement devices) were increasingly used, adding to the performance demands. In the
2010’s the availability of extremely powerful area detectors lead to an increasing amount of
2-dimensional data processing. If we draw this line into the future, admittedly with some
fantasy on future sensory devices, we may anticipate 3-dimensional (e.g. spatial) data or in
other ways multidimensional data sources, and expect performance requirements to
increase accordingly.
System configurability
Operational states of high level systems, e.g. a LINAC, a storage ring with a certain lattice,
require means to achieve advanced subsystem configurations. A typical use case is the wish
to save the setup of a particular lattice of the electron beam in synchrotron, which
comprises the magnetic field configuration (and according power supply settings for
electromagnets) for several hundred magnets, and other values. Another use case is the
setup of an experimental station or beamline optics (mirrors, monochromator settings). The
management of the configurations is of growing importance as system complexity and
automation increases. Configuration management tools are software tools, which help to
save, restore and manage complex system states.
System Dependability
Dependability of accelerator facility controls systems describes the systems’ property to
provide the desired services to its users. Some dependability aspects of light sources are
outlined in the following.
Availability: The typical availability goal for light sources is to enable operation 24 hours per
day on scheduled operation days (typically 300+ days a year). Modifications such as system
installation and software updates are generally performed outside accelerator operation. In
practice, operational availability between 95%-99% (of the light producing accelerator) is
considered reasonable.
Reliability: Due to the complex technical and physical interdependencies in light sources, it is
desirable to design systems with a reasonable degree of reliability. A typical strategy to
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achieve reliability builds on the identification of potential error containment regions, and
design systems accordingly to prevent excessive error spreading. Failure impact analyses of
system dependencies as part of the requirements engineering can help to improve the
overall robustness.
Light source protections systems (accelerator protection system, equipment protection
system, personal protection system) and other real-time systems are typically based on
industrial control standards (PLCs or equivalent hardware) which may even operate without
connectivity to the integrative control system. Controllers of subsystems with special
vulnerability such as cryogenic systems can be additionally equipped with high reliability
technologies, such as uninterruptible power supplies or redundant power supplies.
Recoverability: The recoverability of systems determines how fast operations can be
resumed after system failures. High recoverability demands can be addressed by
requirements for automated recovery, or the establishment of recoverability plans, which
describe steps towards operations recovery after a failure with facility-wide impact, e.g. a
facility power failure. Recoverability of computing processes can raise additional
requirements for remote administration.
Testability: Designing systems with good testability properties can enable more efficient
system analyses during development and operation.
Safety: Controls and IT are related to safety by safety systems, introduced in the following,
which protect humans and systems from physical damage. Due to the requirements
concerning reliability, robustness, and the deterministic real time behavior needed, these
task are commonly industrial PLC systems. The protection systems are connected so that e.g.
the personal protection system can remove the permission for accelerator operation of the
accelerator protection system. The integrative control system connects to the protection
systems for monitoring, configuration, archiving, event analysis, etc., but the protection
systems’ operation is not dependent on it.




Personal protection systems: During operation, particle accelerators generate
various types of radiation which are harmful to humans. This is limited to specially
shielded areas with restricted access. Entry to these areas is possible during machine
downtimes for especially qualified staff. Individual access needs to be granted by
accelerator operations staff and requires the de-activation of any potentially harmful
accelerator activity. Personal protection systems (PPS) monitor the access to the
restricted areas, and door openings during accelerator operation result in an instant
dump of the electron beam into an appropriate beam dump, RF devices are switched
off, and alarms are issued. Equivalent systems are used for beamline hutches, where
humans may be exposed to harmful radiation.
Accelerator protection systems: Accelerator protection systems (APS) prevent
physical damage of accelerator machine equipment. The protection systems
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monitors critical subsystem dependencies, and accordingly enforce or block the
switching on or switching off of other subsystems to prevent serious damage.
Typically monitored systems include:
o Water cooling systems: the APS monitors sufficient coolant flows and
temperature signals e.g. of electromagnets.
o Cryostats utilizing nitrogen and helium based cooling systems.
o Vacuum leaks requiring beam dumps and section isolation.
o Klystron and modulator monitoring for anomalous behavior.
o High voltage and high current systems.
o Alarms typically result in electron beam dumps, RF devices are switched off,
and alarms are issued.
Equipment protection systems: Equipment protection systems (EPS) control the
beamlines’ beam stoppers, vacuum valves and high-speed vacuum valves and
associated cooling systems.
Safety on the integrative control system level: To prevent machine damage due to
control system user mistakes, access control restrictions can help to preventing
unforeseen write-actions to sensitive equipment. This access security is aimed to
prevent staff mistakes or configuration disarray, not malicious attacks.
Sanity checks: Checks on the reasonability on user or operator requests can prevent
errors caused by mistakes. Potential mistakes include twisted numerical inputs, clicks
on wrong buttons, temporary confusion of values, etc. Sanity checks can include
more complex rules and condition than min-max values can prevent unintended
machine state changes.

Maintainability and development efficiency
The following paragraphs outline requirement areas on newly developed systems, which
arise from internally in a controls or IT group, as they affect the group’s long term efficiency.
Version management: Source code repositories are used for software version management
and access.
Reusability: describes the ability of re-using existing code, functionality or system design in
newly developed systems or new environments. While it requires a more extensive
requirements analysis, it allows saving resources in the long run by preventing reimplementation of similar functionality and simplifies maintenance tasks.
Documentation: Documentation of requirements, systems, code, functions, tests,
deployment procedures.
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Usability
Usability refers to the clarity and efficiency by which the control system features can be used
by accelerator operators, experiment users and other users. Here we discuss the relevance
of the various usability properties and strategies to reach a high usability level46:
Learnability: How easy is it for various users to learn the system? Learnability is in particular
important for occasional light source users such as visiting experiment users, as any (on-site)
learning effort subtracts from experimental work. Provisions to improve learnability include:





user manuals and tutorials for software and system control,
hiding of technical details to focus on commonly used functionality; e.g. a standard
user mode and expert user mode,
presentation of facts in a generic, physics oriented view as opposed to
implementation oriented view,
help functions providing explanations of the system.

Task efficiency: How efficient can users perform their intended task? This quality property
applies in particular to operation interfaces which are in permanent use by well-acquainted
staff. Task efficiency can profit from high grade of user involvement in the development of
applications.
Memorability: Ease of remembering is important for occasional users such as experiment
users, who visit the laboratory in sporadic intervals. Memorability is also relevant for
features which are seldom used, e.g. rare critical incidents.
A central requirement for memorability is the facility-wide consistency of terminology and
symbolic representations. Memorability as a top-level requirement can generate as further
requirements a variety of codifications:
Glossary: A glossary defining the control system related in-house terminology provides a
reference base for communication clarity. It defines the meaning of words or expressions
and enlists the standard abbreviations used in in-house software and manuals. A glossary
should best be started with the initial requirements engineering and be updated
continuously. An in-house Wiki can prove to be a suitable electronic form.
Naming convention: In the process of assigning names to systems, it is recommendable to
establish a convention on name generation (e.g. avoiding cryptic abbreviations) and
document these. A naming convention guideline should define syntax guidelines, standard
abbreviations and reserved words.

46

see [37] p. 256: Usability factors
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Style guide for graphic user interfaces: A style guide for human user interfaces promotes
consistency in the structure of software applications and defines the encoding of
information in colors or symbols. E.g. the color code for alarm states is highly desirable to
follow a facility wide standard. Agreements on the style guide need to accompany the design
of the according systems.
Entity structure: Light source control systems needs to present systems in entity structures
suitable for the various users’ perspectives. This can be supported by defined viewports and
according naming conventions.
For these types of codifications of meanings, it is a common problem to reach a high degree
of conformity in practical use. The codification needs to actually suit the demands of
intended users, to allow for clear expression and comprehend all entities desired to be
addressed. To obtain clarity, completeness of expressions and finally regular adaptation of
the codified expressions, it is recommendable to foster their content by assigning ownership
of codifications to members of the control and IT group.
Subjective satisfaction: The user’s subjective satisfaction with a control system is not only
influenced by goal achievement, but also by frustration experiences caused by suboptimal
technical qualities, disorientation, waiting times, the need and availability of expert
assistance and other issues. The acceptance of systems can thus be raised by consideration
of anticipated subjective feedback in the design and feedback at operation time. This can
generate requirements both on the system in question and on work processes of the
controls and IT staff.
Understandability: Understandability describes the users’ ability to understand the physical
state of the system. Requirements improving understandability can be generated by
consideration of:
Complexity encapsulation: Technical details without experiment relevant or accelerator
relevant impacts are encapsulated and hidden for standard use. This includes issues like
network and field bus connectivity, protocol details, encoder details, unit conversions, etc.
User interest guided display design: The data displays, alarm displays, state displays, etc., are
designed to give users the possibility of quick overviews (“all green”), and enable to browse
to detailed displays, if required, in an intuitive way.
Error display and problem solving help: Errors, which are expected to occur in a higher
frequency during normal operation, are presented to the user in better understandable way.
Problem solving help is provided, where experience or system design indicates probable
solution strategies. An electronic logbook provides search functionality for similar error
reports and solution descriptions.
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Usability tests: Usability tests with non-development personal are needed to ensure a high
usability level. Usability tests collect information regarding the various categories presented
in this chapter on specific end-user software components.
4.2.3 Case study and Conclusions on Requirements Engineering
During the design phase of the 3 GeV LINAC for the MAX IV facility, a parallel approach to
requirements engineering has been followed as part of this work, besides a classical
approach which builds on requirements documentation based on text documents. In this
second approach, which is novel in the light source domain, two professional requirements
engineering tools (Psoda and Borland CaliberRM) have been used to document and analyze
requirement for the linear accelerator. The tool based approach was meant to enhance the
understanding of the group on the viability and properties of professional requirements
tools in the light source controls domain. For this purpose, the tool’s databases were
populated with a significant part of the actual requirements available at that time. The tools
were also used for the automated generation of human readable documents, printable text
documents, of the requirements. For this purpose, various filter functions were used.
The choice of requirements tools were motivated by their financial costs and their
anticipated capabilities. The first tool tested, Psoda, is a low-cost, web-based tool, which
offers a multitude of the desired functions. However, it turned out to be increasingly
cumbersome to use, partially due to the limitations inherent to being web-based, partially
due to interface design. As the time spend with it appeared to increase exponentially in
relation to the number of entered requirements, it was abandoned and dismissed during the
test. We concluded, Psoda may be adequate for projects with a small number of
requirements (in the 10’s or 100’s magnitude), but not suitable for light source projects, for
which we anticipated 1000’s or 10.000’s of requirements.
The other tool tested, Borland CaliberRM, is a commercial and full-fledged professional tool
for software and systems development, including features for synchronization for
distributed teams. Hence we considered it clearly beyond our needs in some respects;
however it turned out to be well suited for the amount of requirements in our test project.
We also made promising experiences with the comparatively good export features for the
generation of human readable text documents.
Different viewpoints on requirements database structure
The experience of database population of the requirements tool exhibited the need to
account for the major viewpoints on an accelerator laboratory’s control systems and their
controlled devices (see 1.3.2). Thus the requirements database structure has been designed
to accommodate access (i.e. database browsing) according to three top-level views,
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domain requirements, physics perspective: the entity structure according to the
physics features, e.g. accelerator machinery,
domain requirements, engineering perspective: the entity structure according to
typical maintenance activities (e.g. magnets, vacuum, etc),
specifications: according to software and computing systems activities (e.g. device
servers, applications, hardware standards).

The perspectives are schematically presented in Figure 14: Viewpoints of the requirements
database structure. The fourth perspective in Figure 14, “Deployment”, is another significant
perspective in for a controls and IT group, but its information is better suited to be stored
and managed in a dedicated equipment management tool, which contains information on a
part’s physical location, physical connection, serial number, acquisition and warranty details,
issue log, etc.

Figure 14: Viewpoints of the requirements database structure

The requirements engineering approach based on the professional requirements
engineering tool is currently not finished, as it has not yet progressed to the stage of
integration into the work processes for the MAX IV facility.
4.2.4 Concluding comments on Requirements Engineering
The collection and analysis of requirements are commonly performed as rather informal
activities at light sources, and steps towards formalization tend be seen both with
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affirmation – if practitioners are well aware of flaws deriving of inconsistent design,
maintenance issues, etc. – and with skepticism, for much of the same reasons as mentioned
before, concerning systems engineering in general (4.1.1). Key to successful improvements
in the requirements engineering practice at light sources is evidence that any effort in
requirements management will pay off. This evidence can be given by arguments relating
the need for good requirements to verification methods – system tests of good quality – and
validation. Also, maintenance work, years or potentially decades after operation, can profit
highly of good requirements descriptions. However, it is naturally difficult to argue about
unknown future problems, even in an environment which is anticipating a high degree of
changes (performance improvements, new research methods, etc) throughout its life cycle.
Hence it is for legitimacy reasons alone highly recommendable to strive for requirements
engineering methods with low costs concerning human work hours.
A promising approach can be seen in database driven requirements analysis, if it allows
system requirements (functional, technical) to be re-used as a basic form of system
documentation for in-house purposes. For this goal, automated documentation generation
seems to be a viable option, as the experience with the MAX IV requirements database tool
indicated (4.2.3). System documentation also tends to be a neglected field at light sources,
again due to the situation explained in 4.1.1, and this approach could increase the benefits
from requirements engineering efforts.

4.3 Reflections on design principles and guidelines
This chapter presents the key reasoning of design principles and guidelines for controls and
IT groups of light sources.
4.3.1 Optimization focus of individual accelerators
Control system and IT groups at today’s accelerator based laboratories share many common
goals, technologies and process practices, yet they differ to varying extents as well.
However, the different challenges of control and IT groups lead to the variety of approaches
to technical and process solutions. Depending on a facility’s research goals, national
environment, financial possibilities, traditions and other factors the optimization interests
may vary, and this will influence the design principles and guidelines established by a control
system group.
Light sources or accelerator facilities have certainly different preconditions, and hence
choose different approaches. E.g. laboratories with less financial constraints can strive for
newly developed, advanced systems already from the beginning. Laboratories with already
established controls and IT groups, and established collaborations, usually tend to continue
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to build on existing technology lines. Laboratories with a specific research focus may orient
themselves according to commonly used practices within that research community for
interoperability reasons. The explicit presentation of a strategic focus can support the
acceptance of the activities and decisions of a control and IT group, both laboratory-internal
and external, as it legitimates potentially unexpected or uncommon paths.
In the case of MAX IV, the initial focus for controls and IT was strongly determined by the
MAX-lab laboratory’s state and traditions during the early MAX IV design phase. Until that
time, the average level of technology was intentionally basic, as MAX-lab built its
accelerators with a very low staff footprint, and managed to enable quality research with a
system design approach which could be described as simple but cost-efficient, building
heavily on individual’s skills and efforts in in-house developments. The lack of a dedicated
control and IT group, and the exclusion of an integrative, framework-based approach proved
sufficient for the MAX I to MAX III accelerator projects and associated beamlines, but was
not scalable to the needs of the new MAX IV project. Hence the focus for the MAX IV project
was initially to establish a new, dedicated controls group which was to join development
collaborations and build heavily on existing solutions from other laboratories. As one
prominent result, this has lead MAX IV to join the TANGO (see 3.3) collaboration. This
strategy has been considered the appropriate approach to remain cost-efficient, but close
the technological and skill gap to other laboratories. In recent times, with a controls and IT
group being better established, this focus has changed to an extent by including also goals
aiming at the development and provision of new best practices.
4.3.2 Collaboration aspects
As with the technical side of system development and maintenance tasks, it is reasonable to
contemplate about the long-term implications of a laboratory’s collaboration partners.
For light sources, a preference for collaborations with a manageable number of laboratories
can be seen as advantageous under the condition, that the organizational constraints and
scientific goals are similar, as these imply similar approaches to technical solutions and
development processes. The shared experience overlap is bigger, as well as the probability
for choosing shared solutions. Intense interactions with other laboratories, especially on
daily development work, are possible with a limited number of laboratories anyway.
Manageable personal contacts are then a good basis for informal collaborative work on
smaller and mid-sized issues (typical examples are: finding out why a certain device is not
working smoothly, how to deal with a database issue, tweaks about remote control, etc).
Developer groups working together over distance are then also better acquainted with each
others’ skills and knowledge, and can direct questions more efficiently.
Accelerator based science is clearly world-spanning. However, a time-zone oriented
collaboration focus in the engineering domain (particularly software development), has
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practical advantages. Within the either the European time zone, the American or the Asian,
it is possible to exchange more than 1 email per day (resp. 5 per week), which is useful when
a lot of emails are going forth and back to solve a certain problem quickly. For example,
software debugging frequently requires a lot of small function tests. The communication
with a remote mentor guiding through the tests can easily produce dozens of emails. Within
in time zone, phone calls and video conferences are easier to realize.
Future funding options for collaborative efforts are also relevant to long-term consideration.
For example, the European Union provides funding schemes for improvements of the
European research infrastructure (FP7, FP847). While these projects are less significant for a
facility’s construction phase, they outline future potential for continuous improvements
during the facility’s routine operation decades. An example for an IT infrastructure project in
the FP7 framework is PaNdata [22], an effort pushing for an integrated information
infrastructure for European accelerator based research facilities.
4.3.3 Organizational structure
Light source staff performing controls and IT activities is sometimes spread over several
groups within a laboratory organization. The spread scheme is usually given by the nature of
tasks, but also often by the historical development of the laboratory, and therefore can
differ even among similar laboratories. The common problem of fragmented controls staff is
described in the following.
Control System group structure
Often, the laboratory-internal group structure is related to the structure of the physical
structure, respective the top-level mental model of physicists (see 1.3.2 for the physics
oriented perspective on light sources), which could be described as ‘following the energy
downstream’.
A typical approach in light sources has been to establish small control groups according to
sections of the laboratory, which may lead to a separated accelerator control group, a
beamline control group, a scientific computing group and support systems groups (Figure
15).

47

Framework Programmes for Research and Technological Development. The funding program by the
European Union to support European Research Areas (ERA); an important contributor for collaborations of
European light source facilities.
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Figure 15: Sectorized control groups structure, partitioning oriented by subsystems
in the physics related perspective

In this case it is a question, where the boundaries of responsibility are (Is the insertion device
part of the accelerator or of the beamline? Is the experiment part of the beamline?). The
answers and the control group responsibilities vary in this regard, and can be often seen as a
result of historical, lab-specific evolution.

Figure 16: Systemigram on control group sectorization
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A systemigram48 can help to understand the advantages of such organizational structures,
and also helps to point out the undesirable effects. The arrows in the systemigram (Figure
16) indicate either a ‘reinforce’-relationship, meaning the source node’s degree of
realization49 influences the sink’s node degree or realization proportionally (blue arrows): “A
reinforces B”. E.g. “Sectorization reinforces the developers’ sectoral competence.” Alternatively, an ‘oppose’ relationship reverses the source node’s degree of realization (red arrows),
“A high degree of A leads to a low degree of B”. E.g. “A high degree of sectorization lowers
the degree of laboratory-wide standardization.”). Now one can track the relation chains from
the source condition to the organization goals, and identify the chains supporting the goals,
and chains adverse to the goals.
The extended explanation of the systemigram (Figure 16) shows the advantages (sectoral
competence, IT diversity competence within the sector), but also visualizes the
disadvantages (laboratory wide standardization, effects of developer encapsulation, lack of a
certain type of IT specialism). This figure contains organizational goals (green), laboratory
properties (turquoise) and developer concerns (violet), with the latter one being group in as
concerning a developer’s practical work situation and developer’s properties, which relate to
the developer’s knowledge and skill development over time. It should be noted that in
Figure 16 the relation of the developer’s situation and the resulting developer’s properties
over time are partially ambiguous rather than clear, with desirable and undesirable effects
going hand in hand; an extended explanation is necessary for the in-depth understanding.
A more modern approach for a controls and IT staff organization is following the matrix
organization approach, in order to emphasize the IT specialism of individual developers, yet
maintaining a strong sectoral competence. The matrix organization approach builds on the
idea to




maintain a controls and IT group with a number of capabilities, in which individual
members foster personal skills and competences in capability areas,
define projects on the laboratory level,
allocate the control and IT staff to projects according to the project’s technical
requirements, and the individual developer’s skills and competences.

A schematic overview of a control and IT group following the matrix organization is given in
the following Figure 17.

48
49

For an introduction to systemigrams, see chapter 6 in [38]

Degree of realization can be any property which can be described as high/strong/intense/widespread/ etc.
and its opposite. E.g. “A high degree of caffeine reinforces a high degree of wakefulness”. Whether this is
positive/negative, desirable/undesirable, etc. is depending on the goals, e.g. “Alertness” or “Sleep likelihood”.
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Figure 17: Matrix organization with controls and IT group

Figure 17 demonstrates two examples projects, “Storage ring” and “experiment #5” in
project portfolio (left boxes) and their allocated capabilities from the controls and IT staff
(upper boxes). Note that the control and staff IT boxes indicate service or development
capabilities of the control and IT group, which can be executed by one or several individuals.
Typically the control and IT group members are specialized in one or few of such capabilities.
“Storage ring contributions” to the Storage ring project are performed by all four shown
subsections in the controls and IT group. Project “experiment #5” receives its contributions
only from the control server developers and user interface developers.
If we now look at the Systemigramm (Figure 18) for the matrix organization structure, we
can see changes in the relation of a developer’s situation, developer’s properties and the
degree of standardization.
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Figure 18: Systemigramm on matrix organization

Significant changes include the following:




the degree of standardization of technologies, systems and procedures can be raised,
the specialist skills and knowledge of controls and IT staff improves the overall work
efficiency,
the sectoral encapsulation of developers is reduced, thereby adverse effects on
developers’ overview and technology diversity competence are reduced.

However, the matrix organization approach demands a control systems staff with a high
degree in team work skills and competence in executing systems engineering and
requirements engineering processes. On the one side, they have to communicate with other
developers in the group, who work on the same project, but on different parts due to their
personal skills and competences. Then, the variety of projects environments is high:
accelerator machine sections, various beamline installations, various experiment systems
and domain-specific system development in collaborations. To ensure effective information
flow of user needs, technical requirements and specifications, policies etc. a certain
competence in communicative skills and understanding of life cycle processes is needed.
An example for the restructuring of controls and IT staff from a sectoral structure to a matrix
organization is the Restructuring program executed at the ESRF in ~201050. The MAX IV

50

According to personal discussions of the author with ESRF controls and IT managers and their talks in
accelerator controls related meetings.
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laboratory is also organizing its controls and IT projects according to the matrix organization
principle51.
4.3.4 The IT group and its communication within the laboratory
Group contacts - Dedicated user contact persons: To provide in particular beamline users
with a clarified, consistent communication possibility, the concept of dedicated user contact
persons has been recommended (Soleil). In practice, a member of the control system group
is associated with e.g. one or two beamlines, for which they are the responsible contact
person. The responsibility includes:





capturing of beamline specific requirements,
forwarding required issues to the control system experts (e.g. a software developer
forwarding the requirement for a motorized sub-system to the right electronics
group expert for motor encoders and motorized real time systems),
coordination of control system jobs according to the beamline user needs.

The advantage of this model is first of all on the user side, by having a clear personal point of
contact with good understanding of the particular beamline requirements. Then, this model
promotes problems to be solved by the relevant experts in the specific field, with positive
effects on solution quality and development time (see matrix organization in 4.3.3). From an
organizational point of view, this model enables desirable effects on the spreading of
knowledge: With control system group members being exposed to issues and requirements
of complete beamline systems, there is also a spreading of domain-specific sub-group
knowledge over time. For example, pure user application developers learn about the issues
related to low-level signal conditioning and vice versa. Hence the general understanding of
techniques, problems, etc. of other system developers is getting spread; raising the general
competence and experience level, while still promoting component development by
developers with expert knowledge.
4.3.5 User autonomy as strategy for cost efficiency
The typical growth loop for functional and quality improvements of synchrotron light
source’s IT infrastructure can be described by an archetype52, see Figure 19:

51

While this applies to the MAX IV facility, the older MAX I, MAX II and MAX III rings are maintained following
the old low-budget approach.
52

Archetype in this context is a type of diagram useful for descriptions of relations of complex socio-technical
systems. It features in particular growth loops and limiting loops to enhance the awareness of improvement
opportunities and limitations. See chapter 18 in [39]
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Figure 19: Desire-for-improvement growth loop

The goal is to achieve good operational efficiency. Initial or existing functionality is used in
operation, where a desire for improvements arises over time. This leads to further functional
and quality improvements, with the control system group’s workload being the main limiting
resource in a limiting loop (see Figure 20):

Figure 20: Limiting workload growth loop

Over time, the amount of existing systems and their maintenance load grows, thereby
reducing the control system group’s resources for new developments and improvements.
The growth loop saturates due to the limiting loop.
User autonomy and its organizational effects
The concept of user autonomy in this context describes the degree of autonomy of users to
perform complex control-related tasks without the involvement of control system group
staff. The user activities in scope comprise the assembly of customized graphical user
interfaces and the definition and execution of complex system behavior.
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The archetype diagram in Figure 21 demonstrates the effects of introducing user autonomy
optimization into the growth loop. For the control system group workload, the introduction
of a high degree of user autonomy achieves a desirable shift of burden of the maintenance
load, away from the control system group to control system users (user maintenance load).
In practice, typical maintenance work for developers involves scripting tasks and user
interface implementations. Such tasks can arise on short notice e.g. due to upcoming
operational problems. Raising the degree of user autonomy thus typically involves the
provision of accessible, easy-to-learn yet powerful scripting tools or optimizations of the
human user interface design53. User autonomy now allows control system users to deal with
these problems themselves, relieving the control system group. This is acceptable for users,
because it furthermore increases the operational efficiency: Users are enabled to react
themselves immediately and it leaves the issues in expert’s hands, e.g. injection behavior is
directly defined by the person who actually performs the injection, not some software
developer.
For a controls and IT group, diversified technologies introduce maintenance problems, as
they multiply the number of system types that the group has to develop and maintain. As a
consequence, the group has less resources of its usually fixed budget to spend on
optimizations, improvements of accessibility and usability, or novel system developments.

Figure 21: Introducing user autonomy to the growth loop

53

It should be noted however, that opinions on the best approach for user autonomy improvements differ in
the accelerator community. For a discussion concerning human user interfaces, see [13].
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In the archetype54, we can see that the user autonomy optimization adds an additional
burden to control system group during software development, before diminishing the
limiting loop’s connection towards maintenance load. Thus, in the long run, the overall
limiting loop saturates much later, providing more resource capacity for functional and
quality improvement, while at the same time improving the overall operational efficiency.
4.3.6 Technology standardization
Technology standardization55 of controls and IT system at a light source means the
establishment of norms on technological choices and their usage. The goals of technology
standardization are increases in efficiency and effectiveness of the control and IT group’s
activities.
A major problem for aging light sources is the maintenance of diversified technologies. The
tendency towards technology diversification over time is driven by the relatively high
number of separated or loosely coupled stakeholder in the overall facility, e.g. visiting
research group and accelerator engineers may push for technological choices for their own
reasons. Then, the traditional high independence of engineers and developers – generally a
desirable situation - can contribute to an unmanaged diversification of computing
technologies.
To counter the problems of technological diversification, the standardization of technologies
is a widely used approach, reported from any newer light source project. The arguments in
favor of standardization include the following:






Efficiency: The reduction of system types for similar tasks reduces the system-type
related development and maintenance work, such as initial software driver
development and updates to newer version of operating systems or firmwares. Also,
a singular bug fix effort improves the reliability of more system instances than bug
fixes for non-standard components.
Accessibility: Knowledge of systems, their behavior and their operation, is
transferable between various parts of the facility. This is interesting for all visiting
researchers who use more than one experiment, as well as support staff for several
sections of the laboratory (e.g. vacuum engineers, x-ray optics engineers, etc).
Reliability: Standardized computing components such as software drivers for device
integration or motor systems for optical elements profit in terms of reliability over

54

This archetype example also demonstrates the relevance of clarification of otherwise vague thoughts on a
comparatively abstract issue. It should be noted that the archetype includes entities of quite different domains,
including software quality properties, organizational resources, motivations, and the overall laboratory’s
competitiveness.
55

For an inspiring paper on standardization, see [34]

94 | Engineering Aspects for Modern Light Source Control Systems



time from the higher number of deployed instances. For often deployed system
types, the probability of finding rare bugs increases, and the system type can reach a
reasonable reliability degree earlier in the facility lifetime
Acquisition: Bulk orders of standardized hardware components may reduce the price
per piece and allow better support or warranty contracts. Also, fewer components
are needed for in-house stock, thus reducing the amount of dead capital needed for
stock provision.

However, technology standardization comes with caveats. Standardized technologies are
typically not matching the exact needs of a particular system. Either the standardized
technology is more powerful than needed; in the case of hardware this means that a
cheaper hardware alternative is dismissed. While the difference is usually balanced by
savings in development and maintenance, there may be exceptions. Conflicts on the
technological choice between stakeholders may arise, if the funding sources for acquisition
and maintenance costs are not the same, for example, if a system development project is
eager to reduce acquisition costs, but the maintenance costs are borne by the controls and
IT group. In the other direction, users of the target system may veto against technology
standards, if they consider the standard technology potentially insufficient, or prefer
technologies they are more familiar with.
These issues with technology standards lead us towards principal considerations on
standardization: What elements and properties should a good standard contain, and what
are requirements for the standardization process within a laboratory?
A template for technology standards
In the following, a template56 for desirable standard contents is given.
Standard description:






56

Standard object: Description of the target system
Standard objective: Goals for this standard
Stakeholders: Parties with interest in this standard
Users: Intended users of this standard.
Standard constraints: E.g. other standards influencing this standard.

During an early stage of the MAX IV project, this template was established for in-house standard description.
However, the regular usage of standard definition has been postponed at the time of writing this thesis, and is
planned to be continued later on.
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Technical specifications of the standard:



Version: The version of the standard.
Tech-Chapters: Detailed technical descriptions of the standard, as they apply to the
target system. Tech-chapters can describe
o hardware components,
o operation system,
o software components,
o data formats,
o usage policies, e.g. for servers via remote control, scripts, etc.
o other technical issues, as system-relevant.

Standard Management:





Standard editor and responsible: clarifies the decision-making on standard content
and possibly the editor.
Standard revisions: describes the revision process for the standard, as projected in
the future (E.g. Standard revision every 10 months, version revisions as deemed
useful by the standard owner). A standard revision reviews the standard users’ needs
and evaluates the major technical specifications, the management processes of the
standard, and the standard distribution processes.
Version revisions: depending on the system, a standard may require revisions, e.g.
due to software or firmware upgrades. The version evolution can be described
defining major and minor version upgrades, version numbering, documentation, etc.

Standard Distribution:









Component request: In particular for standards describing hardware systems, it can
be useful to define a request procedure for users, e.g. involving a request tracker.
Acquisition: The acquisition process can describe hardware acquisition for
standardized systems, software license acquisition and software provision by
describing download options for various software components.
Assembly: for complex standardized systems, assembly procedures can be defined.
For example, a server may require physical assembly, operating system installation,
network configuration, and other steps.
Customization: Instance-specific customizations may be needed.
On-site installation: Describes physical installation, cabling, etc.
Verification: Describes the testing procedures for the standardized system.

Maintenance:
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Maintenance tasks: Describes typical maintenance tasks such as hardware
replacement, on-site software upgrades and other issues concerning distributed,
deployed systems.

Standardization process in a laboratory
To implement a standardization strategy for the controls and IT infrastructure successfully,
the standardization policies need to be integrated in the every-day processes within a
laboratory. To obtain acceptance or legitimacy for a standards portfolio, it is reasonable for a
controls and IT group to request an official commitment from the laboratory management
for reference. The standardization authority should be delegated to an adequate
organizational entity, in this case e.g. the controls and IT group responsible manager or a
panel of controls and IT experts and representatives of the accelerator and beamline
divisions. Finally, the formalization of the standardization processes as described above is
recommendable in principle; however this may be challenged by informal practices and
laboratory traditions.
4.3.7 Conclusions on design principles and guidelines
Chapter 4.3 introduced the reader to a selection of “lessons learned” in recent years and
decades. The design principles and guidelines described here are a synthesis of experiences
of the accelerator controls and IT community and experiences of this thesis work. The
content of this chapter has been crosschecked in many discussions with leading practitioners
of various light sources, and is visible in the design decisions of modern facilities. While the
design of actual solutions and processes at the various controls and IT groups may vary, and
form recurring topics of discussions in the community, this compilation can be seen as
worthwhile synopsis of modern design principles and guidelines that is able to guide a
control group’s efforts in desirable directions.
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5 Discussion and Conclusion
The final chapter gives an assessment of the activities and achievements of this thesis work.

5.1 Assessment of Activities
Accompanying the change: From aging accelerators towards the MAX IV laboratory
The idea to accompany the design and development of the MAX IV project in the form of this
thesis surfaced after the publication of MAX-lab’s Conceptual Design Report for a MAX IV
facility. At that time, MAX-lab’s overall situation concerning controls and IT infrastructure
was not state of the art, for reasons related to the laboratory’s focus of activities at the time.
It should be clearly stated here, that the laboratory’s strategy for MAX-lab (MAX I, II and III)
actually enabled research at a high quality with an amazingly low staff footprint, – however
this came at a price. MAX-lab lacked a dedicated control system group, and consequently
laboratory-wide integration, standard policies or long-term plans on staff development in
this field. First investigations at comparable light source laboratories clearly showed, that a
world-leading facility in accelerator technology and synchrotron light production would
demand a reasonably modern controls and IT environment and associated services for users.
With step-wise progression of MAX-lab towards the MAX IV laboratory, the role of the
author’s work at MAX-lab changed accordingly.
Actions taken and Impact analysis relating to MAX IV
Change of awareness: In particular in the first years, the author engaged in discussions and a
series of seminars for the MAX-lab staff with the goal of developing an awareness of MAXlab’s standing in the controls and IT domain, compared the international standards at light
sources. This took place in many personal discussions and meetings with MAX-lab’s
engineers, scientists and management. A special role was given to MAX-lab seminars, for
which the author was given the possibility of inviting highly experienced experts from other
laboratories.
Exploring strategic options: With the increasing awareness of the disparity of international
state of the art and MAX-lab’s situation at the time, a continuous in-house discussion
developed, contemplating on future strategies for the controls and IT area. The author was
given the possibilities for researching in this field in various ways, including literature studies,
visiting related conferences and facilities. The author could hence contribute to the in-house
discussion on the following topics:
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technological choices such as the framework choice,
acquisition strategies,
system life cycles,
demands on the organizational structure.

While the preferences for particular technical decisions etc. sometimes diverged, it became
however consensus that the controls and IT field would require a major modernization
effort. When the full funding for the MAX IV project was granted by the Swedish Research
Council and its partners, it was one of the very first decisions of the MAX-lab management,
to push for the establishment of a new Controls and IT group, and to provide the resources
needed.
The author was given the possibility to organize a visit of a MAX-lab delegation at the
Synchrotron Soleil with the purpose of learning about the state of the art in controls and IT
at the time, and to explore future options for the MAX IV facility. About 10 scientists and
engineers from MAX-lab participated in the 2-day excursion.
Consulting on strategic decisions: The author had the possibility of giving recommendations
on technology choices, and motivating these in relation to the laboratory goals. This applied
e.g. to the decision concerning the usage of accelerator facility control system frameworks.
The author supported the strategy which was eventually chosen by the newly established
controls and IT group.
Participation in the MAX IV project: The author participated in various activities of the new
controls and IT group related the MAX IV project. Among these were regular meetings as
well as requirements engineering work. The author also engaged in discussions of various
issues, especially systems engineering related, within the controls and IT group.
Thesis achievements and relevance for communities
While a good part of the activities of this thesis work are directly related to the MAX IV
project success, there is further an engineering research contribution by bringing together
the light source controls domain with the general field of Systems Engineering. As technical
aspects are commonly dominating in the accelerator laboratory controls community, it is an
uncommon approach to describe the accelerator facility controls domain in a holistic way,
with a special focus on organizational and work process aspects, in order to enhance the
analysis and improvements of these processes. This thesis endeavors to develop a System
Engineering and Systems life cycle perspective customized to the light sources’ controls and
IT can hence be seen as innovative.
For the systems engineering and requirements engineering community, the thesis offers
interesting, novel insights relating to the application and customization of systems and
requirements engineering in a particular domain with some distinct properties (see 1.3.3 for
differences to comparable systems). As a domain differentiating from more classical systems
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engineering domains, it both challenges certainties and strengthens the systems engineering
approach by demonstrating its principal applicability to another new engineering field.
Finally, the computing systems domain at light sources is not a developed research field, and
has no established research methodology. This thesis presents a suitable research approach
for the particular domain properties, by synthesizing technical aspects, work processes and
organizational issues in both descriptive and prescriptive study activities.

5.2 Revisiting the research questions
This chapter recapitulates the research questions (see Table 2) and elaborates further how
the thesis responds to the given questions.
Q1: What are the common IT and control system technologies at synchrotron light sources,
and how do they affect a facility’s service quality or resource efficiency?
Chapter 3 introduces the reader to the state-of-the-art in the design of control systems for
light sources, with an architectural overview in 3.1 and a general classification of
technologies in 3.2. A closer look is taken at accelerator control system frameworks, which
integrate the distributed and diversified devices to a whole, in chapter 3.3. The discussion on
accelerator control system frameworks covers technology support, communication aspects,
services and features, and their collaborative development environment.
Q2: What is the current situation on processes and system life cycle management at
synchrotron light sources?
Today’s engineering and life cycle management approaches at light sources are discussed in
chapter 3.4. Technology acquisition is also subject of chapter of 3.2.
Q3. What standards exist for the design and operation of systems comparable to the studied
systems? How to these standards relate to the studied systems?
A general introduction to Systems Engineering and standards for Systems Engineering is
given in chapter 3.4. A detailed discussion of ISO/IEC 15288 standard and its applicability in
the controls and IT domain for light sources can be found in chapter 4.1.
Q4: What should be contained in a process and systems life cycle framework, given the
requirements of the studied systems and their usage scenarios? What are desirable process
definitions, design principles and guidelines today for computing systems for accelerator
based light sources?
A comprehensive life cycle framework is outlined in chapter 4.1, tailoring the general
systems engineering and lifecycle framework of the ISO/IEC 15288 standard towards domain
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specific properties of the computing systems domain at light sources. A more detailed
process elaboration concerning requirements is given in chapter 4.2. Domain-specific
principles and guidelines for modern light sources are discussed in chapter 4.3, covering
both strategic technological design decisions and organizational matters.
Q5: What are the future trends and research topics in the field of systems life cycles and
processes of computing systems?
Chapter 5.5 outlines relevant fields for future research of interest for the accelerator
community and for the systems engineering community. This covers technological fields as
well as work process and organization oriented research.

5.3 Research approach
In this chapter, we reflect on the research methods introduced in chapter 2.3 and its
adequacy for the given research domain.
Inference to the best explanation: This approach to scientific reasoning has proven to be
very suitable for research in the controls and IT domain at light sources, where a purely
empiricist approach is not suitable for acquiring results on a holistic level. Inference to the
best explanation is generally recommendable to consider for engineering research, where
the studied socio-technical system of interest allows argumentation on structures and rules,
but verification of hypotheses is unfeasible in experimental setups by any practical means. In
such cases, Inference to the best explanation can support the scientific validity of research
results.
Review and Reflection: Reviews of conference contributions in the accelerator controls
domain as well as publications in the Systems Engineering domain, including standards, has
been very fruitful for this thesis work. Taking into consideration that the field of accelerator
controls is not yet well developed as a scientific research field (especially concerning work
process and organizational issues), the exchange of ideas in discussions has been a relevant
source of information and informal evaluations, and has been crucial in the development of
a broad overview on topics and viewpoints. Discussions with experienced practitioners
during community meetings of visits of various accelerator facilities have also been an
important feedback option: these occasions could be used for the evaluation of concepts,
principles and guidelines. One might consider these discussions a kind of test of ideas by
social means.
Action Research: Participation in an Action Research oriented fashion has been an important
part of this thesis work in several regards. From the beginning, participation in planning
processes or decision making processes for the MAX IV project legitimized and motivated
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the research project. Throughout the entire thesis project, participation allowed to gain
experience firsthand concerning various issues, which was especially valuable in regard to
work process analyses57. The participation involved in-house consulting based on results of
this thesis work, which brought the results into immediate test situations. For example, the
requirements case study, which was conducted in parallel with the new MAX IV group’s
traditional requirements collection and analyses approach, allowed for daily comparisons
and adjustments. Participation of a researcher in processes with high activity - such as
requirements collection and analysis early in the construction phase - can lead to very fast
and productive iterations of the cyclical research process model (Diagnosis, Action Planning,
Intervention, Evaluation, Reflection)[2].
Ethnographical stance or attitude: The reflection on issues encountered through this thesis
work with an ethnographical stance or attitude allowed to shift the viewpoint from technical
properties and work process properties towards other aspects of accelerator control and IT
groups: The ethnographical viewpoint allows to describe light sources as complex sociotechnical systems and enables analyses in the social sphere of commonly omitted issues such
as the following:








57

Differences between professional value systems. These may raise conflicts e.g.
between developers of computing systems and other light source staff, as value
systems can influence prioritizations and system or process evaluations.
Interdependencies between developments in the society and stakeholders of the
system of interest, for example: Changes in the staff structure evolution as discussed
in chapter 3.4.
Communication problems sometimes arise between members of different semantic
systems. For example, a simple term such as “user” has fundamentally different
meanings in the computing community and accelerator physics community. Such
issues demand measures for the synchronization of meanings. On a less simple level,
one can ask for differences in epistemological models and analyze systematically the
understandability of information entities or information structures for different
groups. For example: What complex information structures can actually be
successfully shared by members of different stakeholders? What information
structures can be expected to be understood by various generations (or professional
backgrounds) of software and hardware developers? What consequences should be
drawn from this?
Laboratory traditions, e.g. assumptions on tacit certainties can lead to risks in
collaborations.

In particular the stages of the MAX IV project, beginning at the conceptual design phase,
allowed participation on a broad variety of topics.
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Light source laboratories are often engaged in international collaborations or acquire
products or services on the international level. Cultural or national particularities may
induce risks to such projects.
Pre-emptive actions for controlling the risks of this list may be considered. For
example, communication clarification may be more successful, if terminology
alignment is planned for early in collaboration processes, and if cultural differences
on various levels (professional, national, etc) are taken into account.

5.4 Validity of results
While the research of this thesis has been carried out in eagerness for most objective,
unbiased results, general considerations of scientific validity and the particular nature of the
research approach render it advisable to reflect on potential sources of errors or bias. It also
enlightens the author’s research situation, external conditions and preconditions.
In the course of this work, the author has had many discussions with practitioners who were
strongly engaged in usage or the development of certain technologies in the accelerator
controls domain, for example, a particular accelerator control system framework, or
technology tightly coupled to one of these frameworks. A recurring impression was the high
degree of bias towards the chosen technology, in a few cases to the point, where alternative
choices are firmly dismissed. The author attributes this towards (certainly justified)
developer’s pride in their own work, but sometimes also to the lack of appreciation of
others’ diverging system requirements, or sometimes outdated or incomplete information.
In any way, the experience of discussions with people from various sides led the author to
specifically consider bias in his own evaluations, and the conscious avoidance of it. Yet the
recurrence of this phenomenon – bias in favor of one’s own technological choices – is
advisable to accompany the thoughts of any analyst of the accelerator controls and IT
landscape.
The openness of experienced developers in more personal discussions is however also useful
for cross-checking one’s own ideas or mental models for completeness and adequate
prioritization. From the author’s perspective, the experience gained from discussions with a
broad range of practitioners (from various laboratories, various technical domains, various
organizational roles, various international collaborations, various professional backgrounds)
can hardly be achieved by other means, and enhanced the validity of this work significantly.
A primary influence on both the research topics and research methods can certainly be
attributed to the MAX IV project. While the research results are elaborated to a level of
general applicability and validity, the choice of topics such as the comparison of accelerator
control systems frameworks, or the focus on requirements engineering, were certainly
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motivated by early design stage of MAX IV. At later stages, topics such as verification
methods or maintenance strategies would have been more appropriate. Then, the situation
at MAX-lab, e.g. the low staff coverage in the controls and IT domain, clearly promoted
active participation in the MAX IV project, and encouraged the Action Research approach.
The thesis work has been under the supervision of the Department of Machine Design at the
Royal Institute of Technology (KTH58) in Stockholm. The expertise in this institute concerning
Systems Engineering and Lifecycle Management inspired this thesis work and encouraged to
emphasize these topics in the overall scope.
Another source of research bias can derive from the educational or professional background
of a researcher, reflected in the preferred epistemological models and research interests.
The author’s background in informatics certainly influenced the development and emphases
of this thesis to an extent, as the obvious and intended focus on computing systems
demonstrates. This is not only very untypical – perhaps unique - for postgraduate work in
light source laboratories, but it also delimited the area of interest to the digital domain59. It
also focused the research to areas which may be more in the natural interest for software
developers than natural scientists.
Finally, the personal preferences of a researcher guide his work. The author’s interest in an
encompassing, holistic view on the system of interest facilitated the emphases on lifecycles
and the capture of various viewpoints as visible in this thesis, rather than a pointed
specialization in a particular technology, system or process.

5.5 Open issues
While this thesis could shed some light on the computing systems at light sources and the
related life cycle processes and organizational matters as a whole, the emphasis of the thesis
certainly had to be put on some aspects, leaving out others. The choices of emphasized
topics have been guided both by the nature of the subject and the interests of the MAX IV
project. Also, the scope of this thesis has been broad for the sake of gaining a holistic view; a
worthwhile endeavor alas for the price of depth in analysis and evaluation. Consequently, a
variety of topics surfaced which deserve further attention in future research in this field.
Analyses of processes: Chapter 4.1 gives a reasonable overview on the processes of controls
and IT groups at light sources. The requirements related processes have been discussed

58
59

Swedish: Kungliga Tekniska högskolan

While this is true for the most of the work related to the thesis, it should be noted that the author
participated in university courses on accelerator technology and synchrotron light based research methods, in
order to obtain a better understanding of the needs towards the controls and IT infrastructure of light sources.
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further in chapter 4.2. While in principle all other processes deserve attention, a few will be
noted here:






Technical software development processes: Development methods for software
implementation have been an active research topic in the computer science domain
in recent decades. Agile software development60 methods (e.g. Scrum61, Extreme
Programming62) have gained relevance as tools for effective and efficient software
and systems production. Research on appropriate methods tailored to the
particularities of the light source controls domain could yield beneficial results.
Verification: Especially for the critical construction years of a new light source,
research results on testing methods such as Unit Tests63 in software development
could prove to be beneficial.
Process Management: In ISO/IEC 15288 terminology, the Lifecycle Model
Management Process for accelerator controls and IT groups as the “meta process”
could be studied in regard to factors of its successful implementation, and in regard
to didactic aspects. Typically, controls and IT staff is excellent in handling technical
processes, but less trained in thinking in terms of organizational processes, and
research results supporting the staff in this domain could be valuable.

Process oriented analyses could enable focused, promising research projects in this field.
Systems engineering application barriers: For the Systems Engineering community, the
controls and IT domain may prove a fertile field for case studies to further analyze the
applicability and limits of SE concepts and tools. The particular properties in this domain, as
explained in 4.1, suggest a focus on the tension between relatively complex technical
systems and rather limited staff. Results of such research may well be transferable to midsized enterprises (in the 10’s or 100’s staff member region) in high tech industries focusing
on complex systems development or system integration. Considering that today’s main
territory of Systems Engineering are typically large, international enterprise environments,
such research may contribute to the dissemination of System Engineering in previously less
influenced domains.
Typical for the accelerator controls community is that engineers actually perform the various
lifecycle processes presented in 4.1 in a diffuse awareness. As a consequence, the issues
such as user needs and system requirements, project risks, and interdependencies between

60

A group of incremental, iterative software development methods, often called light-weight, and in opposition
to heavily regulated methods.
61

An iterative, incremental software development approach.

62

A software development approach, which besides development methods focuses on the developer’s
situation as whole.
63

A software development method which uses automated tests to improve software quality.
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projects and systems may be discussed in meetings, perhaps also loosely documented, but in
a relatively unstructured manner. Also, communication concerning processes which are not
in the developers’ technical core domains may tend to take place in informal ways,
sometimes acknowledged, somewhat mystifying, in the importance of the “coffee table”64.
This informal character of relevant processes bears risks, including incomplete or missing
process execution, incomplete information dissemination and the lack of documentation of
process results and decisions. To increase the awareness of these processes, and to facilitate
the inclusion of informal, relevant processes into formal work behavior, it seems to be
desirable to sharpen the engineer’s abilities to identify process related communication and
structure their statements accordingly. One should note, for instance, the context switches
(process switches) in small everyday communication, as it could happen “on the doorstep”:
“Beamline 5’s slit system isn’t answering, but they say they won’t need it until the new
experimental station is in place. We should build in with the new motion controller standard
then, if we get it approved next week. John can do the integration in two weeks, and the
hanging problem shouldn’t happen anymore, I hope.”







“Beamline 5’s slit systems isn’t answering” - maintenance concern
“they say they won’t need it until the new experimental station is in place” – project
management concern
“build in with the new motion controller standard” – system requirement concern
“if we get it approved next week” – validation and project portfolio concern
“John can do the integration in two weeks” – project management concern
“the hanging problem shouldn’t happen anymore” – verification concern

While an informal approach to lifecycle management works quite efficiently and effectively
in small light sources, the risks aforementioned increase with growing organizational
complexity65. Hence the engineers need to be enabled to identify and communicate the
process relevant information correctly.
A potentially useful approach for improving didactic methods concerning Systems
Engineering might be an elaboration of a training program, which guides engineers to pay
close attention to process references of statements, thus enhancing their communicative
abilities.
It may be of use to underpin such engineer training concerning the communication of
engineering by a theoretical foundation. A potential basis may be the theory of speech acts.

64

A reference to the Swedish work culture. In other countries, the equivalent may be the Espresso Bar, the
locker room or the smoker’s corner.
65

As an indication for the staff size related complexity, one should note, that with linearly increasing staff size
2
n, the number of possible communication relations between the members grows exponentially by (n -n)/2.
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The term speech act comes from linguistics, where a theory of speech acts has been
developed by Austin66 and Searle67. It builds upon the notion that expressions are not only
refereeing to truths (as commonly the case in science) but often best understood as
perfomative acts (e.g. “I promise to do this.” is a commissive expression, “This is our new
standard.” is a performative expression). Luhmann68, a prominent developer of the
sociological systems theory, relates speech acts to communicative systems, if the speech
acts reference a common “binary code” (not to be confused with computer code), which
determines a speech act’s communicative system selection. For example, speech acts in the
communicative systems of science reference the binary code “true/not true”. Luhmann
describes the major communicative systems of a society (e.g. law, religion, ethics, education,
economy, science, etc.) with this scheme, and also further differentiations within these
systems.
In alignment with this system theory of (human) communication, we may consider work
processes as distinct communicative systems with separate “code” references. (We should
note that besides speech acts we also have other expressions in engineering, depending on
the communicative system, such as drawings). To give some examples,









requirements engineering process refers to desirability,
the project planning process reference splits into schedulability and affordability;
risk management (and opportunity management?) refers to realization probability;
the architectural design process refers to the ontology of entities and
interdependencies;
the operation process refers to realization;
the maintenance process refers to operationability;
the lifecycle model management process reference splits into effectiveness and
efficiency;
etc.

The point of a detailed analysis of work process linguistics would be to form the theoretically
sound basis for didactically effective training methods for engineers, which enhance the
engineers’ abilities to identify referenced processes and refine their communication. Such
training should facilitate better understandability, acceptance and implementation of work
processes on the individual level, and thus contribute to the reduction of Systems

66

J.L. Austin, a British linguist, known for his book “How to things with words” established the theory of speech
acts.
67

J. Searle, an American philosopher and linguist, is prominent for his contributions to the theory of speech
acts, e.g. the concept of illocutionary and perlocutionary speech acts.
68

N. Luhmann, a renowned German sociologist, is known for his theory of communicative systems; a systems
theory oriented framework which aims to deliver a universal explanation of the human society and its
differentiations.
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Engineering barriers in a specific case. On a general level, such research work may contribute
to enhance the applicability of Systems Engineering methods in general.
Technology oriented research: Technology oriented research projects related to computing
systems for light sources and comparable accelerators in a wide sense tend to focus on
particular subsystems of the accelerator machinery69 70 or beamline systems, accelerator
simulation software or data acquisition and evaluation; however these works typically arise
from natural science fields such as accelerator physics and rarely focus on particular
computing systems issues. Progress – technical research - in the controls and IT domain is
usually camouflaged as mere engineering, and rarely strives for academic attention. This is
partially caused by the relatively bad accessibility of this field, its strong interdisciplinary
character (accelerator physics, industrial control, software engineering and various advanced
natural sciences and engineering disciplines), and the importance commonly attributed to
practical experience, but certainly also due to its niche character. Yet there are fields which
would justify technology oriented research, outlined in the following:







In-depth study of accelerator control system frameworks, analyzing today’s and
future needs, formalizing today’s knowledge, exploring opportunities for quality
improvements concerning performance increases, dependability etc., feature
expansion and work efficiency gains. This might well lead to case studies and
prototypes which could evolve to actually utilized products. Also, potential use of
these frameworks beyond the research laboratory domain could be explored.
Site-specific systems with advanced capabilities, e.g. timing systems for particular
accelerator structures.
Technology addressing the emerging needs of the new 4th generation light sources.
Advanced systems for data acquisition, processing and analysis for the new area
detector based experimental stations.
Motion control strategies for efficient life cycles and effective designs of automated
systems in light sources. Modern light sources utilize typically 100’s of various
electronically controlled motors of various types.

Technology oriented research in the domain of accelerator based research laboratories
should allow for focused research projects with relatively well predictable results.
Risk analysis - The human factor: Light sources are highly dependent on individuals who are
well-trained and specialized, but also motivated and healthy. Risks relating to work-related
conflicts, stress or frustration can arise in the controls and IT environment as consequences
of ill-managed communication or expectation. Research on the work situation of controls
and IT staff may help to manage the related risks better, and potentially improve the

69

[40]is a dissertation focused on the development of an electron beam positioning system

70

[41]is a dissertation focusing on the development of a diagnostics system for a booster synchrotron
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productivity and job satisfaction of staff members. This type of research may well require
expertise beyond the engineering domain, but may also be transferable to other high tech
engineering domains with similar dependencies on highly specialized IT personnel.
Innovation management: Controls and IT groups at light sources work commonly in a
tension between system delivery demands, maintenance demands and innovation demands,
the latter arising from changing research needs of light source users and the fast pace of
progress among base computing technologies. Recent research71 indicates interesting
relations between research and development and process management, concerning the
management of time and goals, work routines, work autonomy and innovation success.
Research on strategies and guidelines for successful innovation management by light source
control and IT groups may also be transferable to other organizational units at light sources.
Resource estimation: Due to the often prototypical character of novel systems at light
sources, the estimation of resources, in particular work time, is a difficult task. As it is closely
related to risks such as delays, which can perpetuate easily to other groups as a result of the
high degree of interdependencies, research results in this field could prove beneficial. As
resource estimation is generally a difficult task in software engineering, and repeatability of
projects under comparable circumstances is rather limited in the accelerator domain, it may
be hard to form promising research projects on this topic.
Evolution and legacy: Aging light sources often have to cope with legacy systems,
multiplying maintenance efforts and thus blocking modernization possibilities. It could be
beneficial for the accelerator community to analyze evolution strategies in the field, evaluate
their successes and drawbacks and develop recommendable evolution strategies.

5.6 Relation to comparable facilities or systems
The results of this thesis can be regarded generally applicable to light source laboratories,
however adaptations would have to be accounted for when the object of interest deviates
from the standard light source. This may apply to either quite small laboratories (with e.g.
less than 10 to 20 staff members) or quite large and unique facilities (e.g. the European XFEL[23]) where additional significant issues surface. However, also for other accelerator
based research laboratories – which do not serve as light sources - and presumably other
large physics experiments such as telescopes, this thesis describes relevant engineering
aspects for the lifecycles of computing systems.

71

[42] discusses the relation of R&D (research and development) and delivery in the R&D unit of a heavy truck
supplier.
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8 Glossary

Accelerator facility, accelerator
laboratory

A laboratory utilizing a particle accelerator, including
experimental systems

Accelerator, sometimes called
“the machine”

A particle accelerator structure in a research laboratory for
electrons, protons, hadrons or neutrons, usually excluding the
experimental systems.

Beam

A repeating formation of particles travelling at a speed close to
the speed of light in a homogenous direction.

Beamline

A structure usually hosting an experimental station and other
devices. Beamlines typically utilize a secondary beam created by
the primary accelerator beam. (e.g. electron beams are used to
create photon beams).

Bending magnet

A dipole magnet is used for steering the electron beam
transversally, for example, to achieve the closed orbit in a
synchrotron.
Computing systems related to steering and monitoring real-world
devices.

Controls
Free Electron Laser (FEL)

A LASER for the X-ray or VUV regime, typically based on a linear
electron accelerator.

Insertion device

A device used to generate high intensity photon beams. An
insertion device comprises of magnet arrays, which cause an
electron beam passing through the insertion device to emit the
photons.
IT, computing systems
Information Technology, in this context mostly synonymous with
computing systems. Essentially all components (hardware and
software) processing digital information in a light source facility,
e.g. controls related components, personal computers, networks,
various services.
Light source (accelerator based) An electron or positron accelerator primarily used for the
production of light, typically in the X-ray and VUV regime.
LINAC, linear accelerator

An one-directional particle accelerator, often used to inject
particles into a synchrotron or experiment at sufficient speed.

Particle

Refers in the accelerator technology domain usually to electrons,
photons, or protons (sometimes positrons, neutrons or hadrons)
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Service

Storage ring, Synchrotron

Generally, the provision of a defined function. In the
organizational context, service can refer to the provision of
supplying systems and associated activities (e.g. installation and
repair) to other organizational units. In software development,
this usually refers to the provision of computing activities, such
device control or data processing and deliverance, often network
based.
A circular accelerator structure, used to “store” particles
accelerated close to the speed of light in a closed orbit

Timing system

In accelerator facilities, the “timing system” is usually an analogue
electric pulse in MHz or GHz frequency, used to synchronize
distributed devices with a particle beam

UHV

Ultra High Vacuum, vacuum pressures below ~10-5 Pa. Such good
vacuum is commonly required for accelerator and experiment
operation.
In the accelerator community, user typically refers to researchers
(usually visiting researchers), who use the facility to conduct
research. In computing science, the term user refers to either
human users of computing systems, or technical entities which
invoke services of other technical entities.

User

