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Abstract: With increasing scale and complexity of networked applications, the
concept of system of systems has recently emerged. This paper introduces a
new systems engineering approach that can be utilised uniformly to represent
integrated static descriptions of systems and their behaviours along with
control specifications. It avoids the multiplicity of views associated with
object-oriented techniques. Its ontology is simpler in that it incorporates only a
few notions: things, flows, and their stages and triggering. This paper
demonstrates the advantages of the proposed modelling technique by producing
a high-level systematic specification (comparable to such tools as process flow
diagrams) and using this model to depict the management and control of a
system. To demonstrate the viability of the model, it is applied to developing a
diagrammatic description of processes in a water distillation plant.
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1 Introduction

According to Tuffley and Wen (2012), “processes and process models underpin the
activities of every engineering discipline”. Engineering processes are complex and often
involve diverse and serious potential consequences such as damage to the environment
and dangers to people. Process models are developed for such purposes as understanding
inner workings, prescribing procedures to be followed, and making predictions about the
modelled engineering project. These models also aim to provide an overview of
mechanisms used in system operations for decision making and control.

Several modelling techniques, e.g., SDL, UML, and SysUML, have been used to
represent the static and behaviouristic features of control systems. Still, a conceptual
structure is needed that would integrate constituents and permit assemblage of
applications from shared processes (Al-Fedaghi, 2014). According to Dori (2003),

As the inherent complexity and interdisciplinary nature of systems increases, the need
for a universal modelling, engineering, and lifecycle support approach becomes ever
more essential. The unnecessary complexity and software orientation of UML — the
current standard language — calls for a simpler, formal, generic paradigm for systems
development.

This paper proposes a descriptive modelling methodology for such processes that has
merits in itself as a communication tool (e.g., among technical and non-technical stake
holders), with a prescriptive aim of improving the management and control of
engineering systems. A descriptive model explains how assembled processes generally
work in a system, whereas the aim of a prescriptive model is to refine and improve the
work of the system. The proposed approach produces a high-level systematic
specification (comparable to such tools as process flow diagrams) that is used in
management and control of the involved system.

To demonstrate the viability of the methodology, it is applied to developing process
diagrams of a currently existing water distillation plant. The model is based completely
on a conceptual/logical approach, in contrast to technical, hardware, and software
representations, making it suitable for applications in various engineering fields.

Without loss of generality, this paper focuses on the area of process flow diagrams.
“Visual information is the clearest way to present material and is least likely to be
misinterpreted. The most effective way of communicating information about a process is
through the use of flow diagrams” (Turton et al., 2009).

Many types of schematic diagrams are used in diverse engineering disciplines for
proper documentation of entire systems and for control and monitoring functions. These
include fluid power (hydraulic and pneumatic) schematics, heating, ventilation and air
conditioning (HVAC) control logic diagrams in mechanical engineering, site plans and
building layouts, borehole logs in civil engineering, process flow diagrams and piping
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and instrumentation diagrams in chemical and systems engineering, and circuit
schematics and logic diagrams in electrical engineering.

1.1 Briefreview of area of interest: process flow diagrams

While a comprehensive review of theories of modelling of engineering processes is
beyond the scope of this paper, this sub-section highlights the type of model of interest in
this paper.

A process flow diagram is a schematic representation of the sequence of all
operations “occurring when an object (or material) is intentionally changed in any of its
physical or chemical characteristics, is assembled or disassembled from another object or
is arranged or prepared for another operation, transportation, inspection or storage”
(Kolmetz et al., 2015; italics added). Notions such as object and change have generally
understood meanings. The diagram typically shows the following:

e the relationship between major equipment of a facility, but does not show minor
details such as piping details and designations

e tabulation process design values for the components in different operating modes

e the interconnection of process equipment and the instrumentation used to control the
process (Siddiqui et al., 2015)

e facilitation of understanding of the involved processes

e aholistic view of the design of main streams of flow and operations
e abase for management and control as well as automated control

e use in such aspects as security and safety management.

In the process industry, drawings of processes are specified according to standard
symbols [e.g., ISO DIS 10628-2: Diagrams for the Chemical and Petrochemical Industry
(ISO, 2010)] in order to make the development of flow schemes easier (Siddiqui et al.,
2015). More-detailed diagrams (may be called process and instrument drawings, piping
and instrumentation drawings, or flow sheet diagrams) include minor flows, control
loops, and instrumentation used by technicians as well as by instrumentation, electrical,
process, and safety engineers. They display control valves and valves that affect
operation of a system, interconnections with other systems, bypasses, and recirculation
lines.

A simple form of presentation in this context is a block diagram, in which each block
represents a single piece of equipment or a stage in the process. Describing a block
diagram, Turton et al. (2009) noted that:

[The block] diagram consisted of a series of blocks representing different
equipment or unit operations that were connected by input and output
streams... However, the diagram did not include any details of equipment
within any of the blocks. (Italics added)

With complex processes such diagrams are limited to representing the overall process,
broken down into principal stages. The representation usually shows a preliminary
processing concept without details. “The blocks do not describe how a given step will be
achieved, but rather what is to be done” (Kolmetz et al., 2015). Block diagrams are also
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useful for representing a process in simplified form, but they have limited use as
engineering documents (Kolmetz et al., 2015). Figure 1 shows a partial picture of this
type of diagram.

Figure 1 Block flow diagram of ammonia process
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Source: Redrawn, partial from Kolmetz et al. (2015)

1.2 Problem: need for a single, unifying model

One can sense the absence of global integrated system conceptualisation in the area of
engineering processes. Chen and Stroup (1993) articulate five motivations for developing
a unifying integrated framework for systems: integration, engagement with complexity,
understanding change, relating macro- and micro-levels, and functioning in a
human-made world.

This lack of global integrated conceptualisation was explicitly raised in Dori (1995),
viewed at that time in the context of software engineering:

Just as the procedural approach to software was not necessarily the most
adequate one, neither was the ‘pure’ OO [object-oriented] approach, which puts
objects as the sole ‘first class’ citizens, with ‘methods’ being their second-class
subordinate procedures.

In the object-oriented paradigm, an object is a key concept that denotes real-world
objects. Objects have state and behaviour; “while object-orientation has been a successful
software design approach, the world is not inherently object-oriented” (Liu and Gluch,
2004). “The idea of an object is a programming idea, and it doesn’t fit most of the
individuals in the world very well” (Jackson, 1995). Accordingly, object-process
methodology (OPM) (Dori, 2003) is a ‘more natural’ (Liu and Gluch, 2004) systems
engineering approach to modelling real world problems.

Accordingly, OPM has been developed as a comprehensive approach to systems
engineering that integrates function, structure, and behaviour in a single, unifying model
(Dori, 2002). OPM is specified as ISO/PAS 19450 (ISO/PAS, 2015). This paper
examines the same problem and develops an alternative methodology to OPM.

1.3 Contribution

The underlying thesis of the paper is that development of a global integrated
conceptualisation of a system needs an underlying tool for expressing the unified totality
of a system’s processes and concepts, “analogous to techniques in carpet weaving, where
the weaver utilizes a ground fabric at the base of the design to bind, piece, and sew the
patterns of fabric” (Al-Fedaghi and Haider, 2015).
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The proposed methodology, called the FM model, captures the static and dynamic
aspects of a system in a single integrated view (Reinhartz-Berger and Dori, 2004). The
model can serve as a ground fabric for various types of engineering applications;
however, in this paper, it is applied to model operations in a water distillation plant.

We claim that the FM model has certain advantages over other models of engineering
processes such as OPM. At this point in the development stage, such a claim can be
supported by constructing an FM model of a process and comparing it side by side with a
different model of the same process.

For the sake of a self-contained paper, the basic notions in FM are briefly described in
the next section. The model has been utilised in software engineering (e.g., Al-Fedaghi,
2014, 2016a, 2016b, 2017a, 2017b, 2017c; Al-Fedaghi and AlQallaf, 2017). Section 3
gives an example illustrating the features of the model. Section 4 demonstrates additional
features of the FM model, including its use as the basis for appropriate understanding of
notions commonly known by such terms as events and functions. Section 5 applies FM to
a case study of an actual engineering plant. Section 6 discusses some conclusions of
applying the FM model to the case study.

2 FM model

One key insight has been the shift from the understanding of a process as the
transformation of materials from inputs to outputs to the view of a process as a
flow of materials through a sequence of steps or operations ... Anybody having
encountered [a] process will know that there is a plethora of flows feeding the
process. Some flows are easily identified, such as materials flow, whilst others
are less obvious, such as tool availability. Some are material while others are
non-material, such as flows of information, directives, approvals and the
weather. But all are mandatory for the identification and modelling of a sound
process. (Henrich et al., 2007, italics added)

In a broader sense, a process not only transforms things (objects) but also creates,
processes, releases, transfers, and receives them. The FM ontology includes things, these
five ‘states’, and flow, all wrapped up in (abstract) flow machines (see Figure 2). Things
are what can be created, processed (transformed or changed), released, transferred, and
received where at any specific point in time, a thing will be in exactly one of these
‘states’.

Figure 2 Flow machine
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Things can exist, e.g., a product is created, released, transferred to consumers, received,
and processed (consumed), and things can also happen, e.g., an event that is created,
processed (runs its course), released, and transferred. Machines can themselves be things
that are created, processed, and so on. A structure (baseline description) of a system is a
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machine, and its behaviour is an ‘event-ised’ structure, as will be demonstrated in this

paper.
The machine includes stages or ‘states of a thing’ that can be described as follows:

e Arrive: a thing reaches a new machine.

o  Accepted: a thing is permitted to enter the system. If arriving things are also always
accepted, arrive and accept can be combined as a single received stage.

e  Processed: the thing passes through some kind of transformation that changes its
form but not its identity (e.g., the same news translated into different languages).

e Released: a thing is marked as ready to be transferred (e.g., airline passengers
cleared and waiting to board).

e C(Created: a new thing originates (is created) in the system (e.g., a data-mining
program generates the conclusion that an application is rejected as input data).

e Transferred: the thing is transported somewhere outside the machine (e.g., packets
reaching ports in a router, but still not in the arrival buffer).

These stages are mutually exclusive; i.e., a thing in the process stage cannot be in the
created stage or the released stage at the same time. An additional stage of stored can be
added to any FM model to represent the storage of things; however, storage is a generic,
nonexclusive stage, because there can be stored processed things, stored created things,
and so on.

Figure 2 shows the structure of a machine and its internal flows with its stages and
transactions (arrows) among them. A machine may not need to include all the stages; for
example, an archiving system might use only the stages arrive, accept, and release.
Multiple systems captured by FM can interact with each other by #riggering events
related to one another in their spheres and stages.

Spheres and subspheres are the environments of the flow of things. A sphere can
have multiple machines in its construction, if needed. It can be an entity (e.g., a hospital
and the departments within it; a person or class of persons such as nurses; a transistor; a
logic gate, channel, a wire). A machine is a subsphere that embodies the flow; it itself has
no subsphere.

Triggering is an instrument of activation (denoted by a dashed arrow). The
mechanism of triggering can control the movement of things in the system; e.g., if a thing
satisfies some condition, it is allowed to flow to release. A flow is said to be triggered if
it is created by another flow (e.g., a flow of electricity triggers a flow of heat) or is
activated when a condition in the flow is satisfied (e.g., processing of records x and y
triggers the creation of record z in a machine of records).

3 Example

Turton et al. (2012) give an example of a block flow diagram of the production of
benzene (see Figure 3). Toluene and hydrogen are sent to a reactor, and the effluent is
sent to a gas separator where the non-condensable gases are discharged from the system.
The bottom of the separator provides a liquid feed to a still where the lighter benzene gas
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is collected as the distillate, and the bottom toluene draw is recycled back into the reactor
(Pinkerton et al., 2014).

Figure 3 Block flow process diagram for the production of benzene
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Source: Redrawn, partial from Pinkerton et al. (2014), taken from Turton
et al. (2012)

3.1 FM baseline description

Figure 4 shows the FM representation of this example. The toluene and hydrogen (circles
1 and 2 in the figure) flow to the reactor (3), where they are mixed and processed (4) to
trigger (5) the creation (6) of the effluent that flows to the gas separator (7). There, it is
processed (8) to

e trigger (9) the release of mixed gas (10)

e trigger (11) the creation of mixed liquid (12) that flows to distillation (13).
There, it is processed (14) to

e produce (create) benzene (15) that is released

e produce (create) toluene recycle (16) that flows to the reactor (17).

Figure 4 FM representation of block flow process diagram for the production of benzene
(see online version for colours)
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Note that since the authors of the present paper are not expert in this field, there is a
possibility of technical inaccuracy in Figure 4; nevertheless, the point here is not to
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explain the production of benzene; rather, it is to assess its representation, the type of
diagram of this process. If this representation is technically incorrect, it can be corrected
to produce a representation similar to Figure 4.

3.2 Event-ised description

Figure 4 is a static model in the sense that it is the ‘space region’ for happenings. “It is a
possibility of fact — it is not the fact itself” (Deleuze, 1996) that is actualised by a certain
instance (event) that ‘activates’ a sub-diagram (e.g., the sub-diagram depicting the
Reactor is activated by the actual flow of toluene and hydrogen at a certain time). The
order of the relationships (among sub-diagrams, e.g., gas separator before mixed gas) in
Figure 4 is based entirely on logical relationships.

3.3 Behaviour: event-ised description

The next level in FM modelling is to identify all types of events. Events in FM are treated
as things (i.e., what can be created, processed, released ...). Events are identified by their
machine, time, region, and other aspects not discussed here. For example, Figure 5 shows
the event of producing benzene in a specific time as a separate phenomenon occurring
after distillation. It can be noticed that it contains many elementary events, e.g., creation,
release, and transfer; however, we select this event as the ‘meaningful” event, just as the
French Revolution is conceived as a historic event even though it comprises numerous
small events. Also, the event is conceptualised as one discrete event (within a period of
time that can be be made smaller infinitesimally), even though its creation is a continuous
creation of Benzene.

Figure 5 The event: producing benzene (see online version for colours)
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Accordingly, event-ising the static baseline description refers to identifying all types of
‘meaningful’ events, as shown in Figure 6. Note that, for simplicity, only the regions of
events are indicated in the figure while their machines and time machines are ignored.

3.4 Control

Let each event be denoted by V|, then the dynamic behaviour (execution) of the system
can be described as: Repeatedly [V, V, V3, Va, {Vs, Vst Vi, {Vs, Vo}]

The curly brackets indicate possible parallelism. All types of constraints and
measurements can be assigned to different phases in the execution of a system according
to the events indicated. Suppose that the hardware includes two gas separators, Vy, Vs,

then another possible specification of the dynamic behaviour is:
Repeatedly [ Vi, Vs, Vs, {Vi, ViV {Vs, Ve}, Vo, Vs, Vol |

A constraint in this case: if (V4 OR V;) fails then sound alarm.
Note that a failure is an event.

4 FM methodology: illustration of some notions

This section has dual objectives: first, it shows how use of FM as a methodology
(systematic, theoretical thesis of flow), as a way of thinking, and as a diagrammatic
modelling language can provide the basis for “a holistic approach that enables modeling
the system structural, behavioral, functional, and architectural aspects in a single coherent
framework” (Reinhartz-Berger and Dori, 2004). Second, the section shows how FM can
provide the basis for appropriate understanding of what is commonly referred to in terms
such as function, state, event, and process.

In some of the current process models,

[There is] a lack of consensus within engineering and design methodology
about how to define key concepts such as function and behaviour ... The use of
different meanings for key concepts becomes problematic only when one
compares and integrates different models.” (Vermaas and Dorst, 2007; italics
added).

Many such notions can be explained more richly using FM modelling. Because of space
limitations, only some aspects of the concepts of event and function will be discussed.

4.1 lustration of the notion of system

A system is typically described as “a set of elements that interact with one another in an
organized or interrelated fashion toward a common purpose that cannot be achieved by
any of the elements alone or by all of the elements without the underlying organization”
(SMC, 2013).

Instead of a ‘set of elements’, (abstract) machines form the ‘operational’ part of the
system, and instead of ‘interact’, we use the terms transfer (input/output) and triggering
among machines. In FM methodology, the machine is the simplest type of system. For
example, a system is a thing that comprises flow machines that create, process, release,
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receive, and transfer things (may be sub-systems) to/from each other and across
sub-systems, triggering mechanisms, and

e abehaviour described in terms of events

e acontrol that manages the events, e.g., order, redundancy, parallelism, etc.

®  purpose.

For example, Figure 7 shows the system of Benzene production discussed in the previous
section.

Figure 7 The system of benzene production (see online version for colours)
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We will not elaborate on the notion of the purpose of a system. It is a thing in the sphere
of a system.

When creating a new system or modifying an existing one, it is done in order
that the resultant system does something ‘useful’. The reason useful is in
quotation marks is that ‘usefulness’ of a system depends upon the viewpoint of
the observer. The purpose of a system is a property of the whole and not in any
of the components. (Burge, 2015)

The notion of function discussed in the next sub-section is related to this topic.

According to Burge (2015), “When we consider the purpose of a system, logic and
the laws of the universe dictate that it requires the achievement of lower level purposes”.
In the context of FM modeling, and based on this view of a system, this paper will
describe:

e abaseline description of process flow
e aspecification of its behaviour

e control of such behaviour.
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Figure 8 shows a general view of the proposed FM modelling.

Figure 8 General view of the utilisation of the proposed model in this paper at different levels of
systems specification and control

Behavior (Execution

Event-ized

Baseline ‘

descriptio

descriptio

Notes: Black arrows denote ‘developed from’ and the white arrow denotes ‘used in
managing’. ‘Control +’ indicates additional operations such as monitoring,
security, and safety specifications.

4.2 [lustration of the notion of function

Consider the causal-role theory of Cummins in which “functions are understood as causal
roles subsystems play in larger systems or, more precisely, in capacities of these larger
systems” (Vermaas and Dorst, 2007).

Take, for instance, a vessel with the capacity not to rupture due to a safety
valve that is part of the vessel. The causal role the valve plays in this capacity
of the vessel not to rupture, is to open if the pressure in the vessel exceeds a
certain value, and this role is then on Cummins’ theory the valve’s function.
(Vermaas and Dorst, 2007)

According to this theory, the function of the valve is the valve’s capacity to open if the
pressure exceeds a certain value.

For artefacts the capacities refer to physical dispositions, that is, to the way in
which artefacts physically react to given physical circumstances. The standard
example of a physical disposition is ‘solubility’: something has the disposition
‘soluble in water’ if it dissolves when put in water. (Vermaas and Dorst, 2007,
italics added)

While this seems to have a deep philosophical base, for engineering purposes, the FM
approach presents an alternative conceptualisation.
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Figure 9 Vessel without a valve (see online version for colours)
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Figure 9 shows the FM representation of the vessel example where, to complete the
description, it is assumed that the flow of heat is the cause of the increase in pressure.
According to the figure, receiving more heat (circle 1) increases pressure (2) such that
when a certain level is reached (3), a rupture is generated (4). At the events level, two

relevant events can be identified (Figure 10):

e receiving heat that results in increase in pressure

e the pressure reaching more than the maximum, thus generating a rupture.

Figure 10 Events without valve (see online version for colours)
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Adding a valve produces an additional possible third event (Figure 11) of preventing a

rupture from occurring.
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Figure 11 Functions of the valve (see online version for colours)
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4.3 Ilustration of the notion of complex events

According to Luckham and Schulte (2011), an event is “anything that happens, or is
contemplated as happening”. A complex event is an event that represents a set of other
events. Real-world events are observed by sensors, which translate them to simple event
objects (Rinne et al., 2013).

We may have sensors measuring the water level and flow in different parts of a
network of rivers and lakes. That information combined with a weather forecast
for heavy rain could be used to derive a flood warning, which in this case
would be an abstract complex event object. (Rinne et al., 2013).

Figure 12 shows the FM representation of this weather forecast example. We have
sensors (1) that create data about water level and flow in rivers and lakes (2); these data
flow (3) to an analyst (4), who processes the data (5) to generate a flood warning (6).

Figure 12 Events in the weather forecast example
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Figure 13 Event-ised weather forecast example (see online version for colours)

- Event 3
Sensor. , ] '
Data orecasting station
[ Create HRelease | Transfer| Weather
: | forecast
x (type of
Level data)
v
Analyst | Transfer ]
Flood v
warnin T+ H Process |
Event S Sweni 4

Figure 13 shows the event-ised description. The sequence of events can be expressed as
Vi, {V2, V3}, V4, Vs, assuming that V2 and V3 are generated simultaneously. Suppose the
network is a a river and two lakes, each with one sensor, then the sequence is {V1’, V1",
Vi’ V2, V2l V2'') V3, Vi, Vs, etc. There is also the possibility of more than one
forecasting station; accordingly, the complexity of events can be reflected in the
complexity of the FM diagram. It seems that the FM representation contributes to
expressing the notion of complex event in more elaborate fashion.

5 Case study: water distillation plant

This section reports the results of applying FM as a modelling tool to a current system in
Kuwait, the Shuaiba South Power and Water Production Station (SSPWPS). Because of
continual industrial development and construction over the last several decades, a serious
need arose for more electrical power and potable water. Therefore, it was decided to
establish a new plant in Shuaiba called the South Shuaiba Plant, comprising six
generators, each with a capacity of 134 megawatts. The first generator began work in
1970, making this water station one of the oldest in Kuwait. Total compound electrical
power for the plant reached 804 megawatts, and production reached 3,032 million
kilowatts per hour in 1998 (MEW, 2017).

The power plant operation includes feeding the steam from the boilers, operating at a
pressure of 1250 PSI. The distillation unit comprises six distillers, each with a capacity of
6 million imperial gallons per day (MIGD), for a total of 36 MIGD. Optimum production
averages 5.5 MIGD from each distiller. Distillation works through multi-stage flashing
(MSF). Water from the sea passes through the screening system, where sediments and
brine are filtered through mesh screens and brine pumps. This feed is given to the MSF
chamber where the water and steam condense through a conduction process. This
condensed distillate water is collected in a tray, and the feed is transferred to the water
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network by discharge pumps from each distiller. The steam is taken from boiler drum to
distillation for the MSF process. The heat exchangers are used for the condensation
process, creating a vacuum bed in the MSF. The distillation plant uses techniques to serve
potable water to the water networks.

FM will be utilised to describe a portion of the water production process in a diagram.
Such a description can be utilised as a base for different aspects of control, management,
maintenance, and monitoring of SSPWPS. It can answer such questions as what does
SSPWPS or portions of it do, how does it work, and how was it built. Building the FM
representation is a venture to discover the fundamental principles underlying and
enabling each part of SSPWPS through the systematic investigation of its structure,
function, and operation.

In addition to these possible uses of FM diagrams in communication, control, and
monitoring functions, more reasons can be offered to support the claim that such a
project, in general, has practical benefits:

e  Documentation of technological systems is not always a high priority, and lack of
supporting records is not uncommon. Accordingly, the FM project is an opportunity
to develop full documentation.

e The subsequent diagrams can be used as a pedagogical tool, especially with newly
employed engineers.

A mimic of the modelled portion is shown in Figure 14.

Figure 14 Portion of SSPWPS to be modelled (see online version for colours)
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5.1 FM baseline description

Figure 15 shows the FM representation of the portions of the plant shown in Figure 14.
The process of water distillation starts by mixing Chlorine (circle 1 in the figure) with sea
water (2) to produce Chlorinated water (3).
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Flow of Chlorine (1) to Chlorinated water (3): Chlorine flows in the Common header
pipe (4), which is controlled by a control valve (5). The valve has two states,

OPEN and CLOSED (6). When the state of the valve is OPEN, it triggers (7) the
flow of Chlorine.

The Chlorine flows (8) to four secondary pipes (9), each with its own valve (note
that, for illustrative purposes, pipe machines are drawn in the shape of cylinders).
Finally, the Chlorine flows to mix with the sea water (10).

Flow of sea water (2) to chlorinated water (3): sea water (2) flows through a
waterway (11) with a system of mesh filters to remove debris (12). This water (13)
mixes with the chlorine (10) to produce chlorinated water (3).

Flow of chlorinated water (3) to distilled water (31): the chlorinated water (3, top
right) flows through four distillation pumps (14) that increase the flow to a common
header pipe (16) via a pipe/valve system (15), then to another pipe/valve system (17),
and into the distillation unit (18). This unit includes the MSF unit (19) that forms the
filtration system. There are six MSFs, each with 25 stages. The MSF (19) is the
upper compartment of a distillation unit (18). Water flows in stage 1 (20) from the
filter chamber (21) through a pipe (22) to other stages (23) until the final stage of the
MSF (24), to flow to the brine heater (25). The brine heater is used to heat the water
to trigger the creation (26) of mixed water and vapour. The mix flows to a lower
compartment (27) of the distillation unit. The air ejector (28) is used to create a
vacuum in the lower compartment so the water vapour condenses (29) and collects in
the water tray (30) and then flows to be collected in the Distillate chamber (31).

Flow of distilled water (31) to waste (38): the water then flows to the distillation
pump (32) to increase its pressure to pass through the non-return valve (33) to arrive
at the air ejector (28). There, the steam arriving from the boiler (34) and the water
coming from the non-return valve (33) together cause the creation of a vacuum in the
lower chamber through a heat exchange process. As mentioned previously, this
vacuum triggers the condensation process of mixing water and vapour into

water (30).

Next, the heated water flows from the air ejector through a pipe valve system (35)
and arrives at a control valve (36) and a shutoff valve (37) that is used to dump the
water to waste (38) in case of high conductivity, making the water unsuitable for
further processing. Other than this case the water flows normally to a common
header pipe (39).

Flow of distilled water (31) to water network (45): the water flows through a pipe
valve system (40) heading toward the makeup water tanks (41) to be used later in the
boiler (35). In parallel, water flows from the Common header pipe (39) to a
pipe/valve system (42) that either permits or blocks its flow to the dosing system
(43). There, caustic soda is added to neutralise the water and make it suitable for
human consumption (44). Finally the water is transferred to the water distribution
network (45).
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Figure 15 FM representation of the water production portion of the plant (see online version

for colours)
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5.2 Event-ised description

Because of space limitations we event-ise only the top portion of Figure 15 in Figure 16,
which shows four types of meaningful events:

V, flow of sea water to the unit where it mixes with the chlorine
V, flow of chlorine in the common header pipe
V3 flow of chlorine in the four pipes that follow the common header pipe

V, mixing of sea water and chlorine water.

Figure 16 Event-ised portion of Figure 15 (see online version for colours)
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It is possible that not all four pipes of V3 are open in an instance of execution;
accordingly, V; can be viewed as four events: V3, V5, V3 and V3" .

Figure 17 Utilisation of the event-ised diagram for specifying starting conditions (see online
version for colours)
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The sequence of events in this part of the plant:
Vi, Va, (subset of V3), Vs

Various aspects can be applied for controlling and managing the resulting flow, e.g.,
operational, informational, safety and security, etc. For example, Figure 17 shows
conditions for starting the system. We assume that event V} is this starting event, initiated
by an engineer who opens the control valve that allows the flow of chlorine (noted by the
black arrow in the top corner of the figure). Such an event must conform to several
constraints highlighted in the figure:

e cvent | has already occurred; that is, sea water is flowing to the mixture chamber
(circle A in the figure)

e the chlorine is at the correct level (B)

e the number of open pipes is in accordance with operational policy, and similar
conditions.

For control purposes, various types of sensors can be depicted along the streams of flow
in FM diagrams. These would be connected to a computer system to create an online
control system. An automated monitoring and control system can be developed to collect
different types of data, as shown for the common header pipe in Figure 17. This would
involve:

e the pipe itself: data collected by sensors about the pipes such as physical conditions
and similar information

e the chlorine as a flow thing: data from each stage of the flow such as rate of flow,
concentration, etc.

e the state of the valve.

Figure 18 Possible control interface for the common header pipe (see online version for colours)
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Figure 18 shows a partial view of the FM diagram, with the engineer in Figure 17 now
replaced by direct connection to the control system. The figure shows a sample screen in
this system that is designed to reflect the flow in the common header pipe. As usual in
such an interface, each icon may lead to mare details. For example, the receive icon
displays a screen that provides detailed data on the chlorine in the common header pipe
taken directly from the relevant sensors.

Figure 19 Simplification of Figure 15 (see online version for colours)
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6 Conclusions

The FM model is a new systems engineering approach that can be utilised uniformly to
represent integrated static descriptions of systems and their behaviour to develop a
control and management specification. It avoids the multiplicity of views associated with
object-oriented techniques. Its ontology is simple in that it incorporates few notions:
things, flows, and their stages and triggering.

Accordingly, the FM model addresses the challenges in the creation of integrated
tools and techniques for better analysis and management of engineering projects by
incorporating the following features:
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e integration is achieved through a conceptual apparatus that assimilates multi-domain
activities and interactions, e.g., physical, informational, technical

e common understanding is facilitated through use of one language for specification
and control as well as communication

e complexity is resolved through simple, uniform notations applied across macro- and
micro-levels of detail.

With regard to complexity, it can be argued that the FM diagram seems complex in
comparison with such diagrams as UML and SysML. According to Reinhartz-Berger and
Dori (2004),

Complexity management aims at balancing the trade-off between two conflicting
requirements: completeness and clarity. Completeness requires that the system details be
stipulated to the fullest extent possible, while the need for clarity imposes an upper limit
on the level of complexity.

The alleged complexity of FM arises from more complete specification resulting from
repeated application of the five stages of the flow machines. It is possible to apply
granularity levels, refinement, and zooming as in a digital map to reduce the appearance
of complexity seen n Figure 15. Additionally, this FM diagram can be simplified by
omitting a few details such as Transfer, Receive, and Release stages in addition to the
valve machines; see Figure 19 as a simplification of Figure 15. Still, all phases of the
system exist because simplification is based on a complete description.

This paper has demonstrated that FM presents a viable methodology that can be used
in engineering systems. Future research aims at implementing a small system based on
FM to produce some evaluating metrics.
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