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Abstract

The planning of new factories, as well as the re-planning of existing factories, has become more frequent due to increas-
ingly changing business requirements, as for example shorter product life cycles and Industry 4.0. A higher number of
involved planners and the resulting high amount of planning information strongly require coordination. In this context, the
importance of Building Information Modeling (BIM) in factory planning rises as it provides a method of integrated build-
ing planning and planning validation by means of 3D software and object-oriented modelling. However, despite the use
of BIM, there are still major interface problems in factory planning that cannot be solved by the still manual plausibility
checks of non-geometrical planning information. To enable automatic checking of planning results, thereby improving the
BIM-based factory planning process, machine-readable explication of the parametric dependencies are required between
different planning fields such as production planning and building planning. The goal of this paper is to show parametric
and thus non-geometric dependencies that exist between the sub-models of BIM-based factory planning in such a way
that software agents can automatically evaluate this design information. Within the planning interface between production
planning and building planning, the paper focusses on the particular exchange between the planning of the manufacturing
system and the planning of a cutting fluid pump. With the involvement of domain experts from factory planning, systems
engineering and production engineering, we as the authors have managed to develop a coherent system of block diagrams,
constraint diagrams and parametric diagrams that explicate the focused interface in a machine-readable manner. We believe
our accomplishments are an essential element for completely automated planning validation in BIM-based factory planning
and general object-oriented modelling in the future.

Keywords Factory planning - Systems engineering - Cutting fluid - Building information modelling

1 Introduction digital planning chain, central data management, and auto-

matic design validation. [1] However, also BIM-based fac-

The time and cost pressure of factory planning projects
has considerably increased in recent years. On a first level,
this can be explained by shorter product life cycles and the
rising number of involved stakeholders in factory plan-
ning projects. Current factory planning approaches try to
address these challenges by means of Building Information
Modelling (BIM) as it is designed to ensure a continuously
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tory planning projects still report increased costs and sig-
nificant time delays. In an expert study of the Laboratory
for Machine Tools and Production Engineering (WZL) of
RWTH Aachen University, the researchers had achieved
to attribute this problem mainly to the inability to check
planning deliveries from different specialties for congru-
ence (e.g. between manufacturing system planners and
MEP planners (Mechanical, Electrical, Plumbing)). [1] In
other words, BIM coordinators and BIM managers face the
challenge of exhaustively and correctly validating whether
the planning parameters of a manufacturing system fit to
the system parameters that the MEP planner has designed.
This is because BIM has been targeted mainly for private
housing, public constructions and office buildings. [2] Fac-
tory planning, however, extends building planning by the
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additional field of manufacturing systems planning. The
number of planners hence rises, and the planning focus
is shifted away from the building as the foremost goal of
factory planning is the value-adding process. [3] Factory
planners often work as the general planner of a factory
project bearing a legal responsibility towards the building
owner regarding the planning services. With the advent
of BIM, they often take up the part of the BIM manager
as well.

The planning of the factory and its value-adding pro-
cesses directly depend on the product and the effort required
to produce it. [4] This becomes particularly clear when
considering an industry which needs to deliver precisely
manufactured components such as the aviation industry. [5]
Structural and engine components of airplanes are produced
by accurate manufacturing processes along with the appli-
cable infeed of cutting fluid—the pump of which and all
feed pipes are planned by the MEP planner or by a planning
department of the pump supplier. It needs to be emphasised
that, in contrast to the planning of Heating, Ventilation, Air
Conditioning (HVAC) or electricity, the design of cutting
fluid pumps is not part of the standard planning domains of
an MEP planner. Nevertheless, according to our experience,
this task is often additionally commissioned to MEP plan-
ners who then also carry out all pipeline and duct planning.

Already existing solutions which can validate planning
deliveries—such as Solibri Office—are mainly implemen-
tation-oriented, and have pre-defined rule sets which do not
suffice for factory planning. They do only allow the con-
struction of one’s own rules in a rather complex, non-intui-
tive way (black box method).

The objective of this study was therefore to solve the
problem of manual planning parameter checking in factory
planning by establishing machine-readable parametric con-
nections between manufacturing planning and MEP plan-
ning with a focus on cutting fluid. The vision behind that
is an automatic validation of factory designs in the future.

We, as the authors and researchers of this paper, used
OMBG Systems Modeling Language (SysML) to develop a
model which can be used by software developers to program
automatic control checks into software, or by software agents
to directly perform automatic design checks. As a research
consortium of factory planners, manufacturing experts and
system engineers, we conducted mutual expert interviews to
develop the model-based system.

Section 2 explains the study’s research methodology and
gives an introduction into SysML modelling. The results
of our study are set out in Sect. 3 by explaining the differ-
ent parts of the developed SysML-model at the interface
between manufacturing systems planning and MEP plan-
ning. Section 4 discusses the obtained results regarding
underlying assumptions and limitations of the study. The
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paper concludes with an outlook of how our results raise the
efficiency of BIM-based factory planning.

2 Research methodology

The research methodology of the study was split into two
parts. The first part of the methodology are expert inter-
views. They were used to examine information that is to be
exchanged and validated in the focussed interface between
MEP planning and manufacturing systems planning. The
second part of the methodology is SysML which was used
to express the information in a machine-readable manner.

The study was performed in a research consortium
of four people: two experts from factory planning and
manufacturing systems planning (Chair of Production
Engineering of RWTH Aachen University), one expert
from the field of manufacturing process design and cut-
ting fluid supply (Chair of Manufacturing Technology of
RWTH Aachen University) and one expert from the field
of Systems Engineering (PTC). In this consortium, we (the
research consortium which is also author of this paper)
conducted mutual in-depth interviews where every partici-
pant was both interviewer and interviewee over the course
of the study. [6] We chose this approach as we intended
to give every expert the perspective of the overall project
leader, thereby formulating requirements from his point of
view, that is, from his or her field of expertise. The factory
planners hence took the perspective of production plan-
ning, and set requirements for the planning procedures of
the other two parties. Likewise, the manufacturing process
planners focussed on planning a cooling fluid pump for
a specific manufacturing process. The expert of Systems
Engineering interviewed the other two parties in order to
be able to establish a machine-readable Systems Model as
unambiguously as possible.

The interviews were conducted within a timeframe
of only three weeks (March 2020) which enabled every
interviewer to integrate insights from his or her previous
interview in which he or she had taken the role of the
interviewee. As a summary, the following classification
criteria of the mutual interviews as the underlying qualita-
tive research method can be outlined [7]:

e Level of structure: The interviews were semi-structured.
In other words, every interviewer prepared a question-
naire as a guideline which at the same time left enough
leeway to focus on specific response parts in detail.

e  Number of interviewees/interviewers in one interview:
The interviews were conducted one-on-one.

e Type of interview contact: The interviews were conducted
in either personal conversations or video conferences.
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e Type of respondents: All participants were experts in
their field with at least 2 years of professional experience.

The transcripts of the interviews were analysed using
coding technique and qualitative content synthesis fol-
lowing the approach of Hsien. [7, 8] After the interviews,
one specification sheet was created for each of the three
expert domains containing domain-specific requirements.
The mono-perspectivistic requirements lists of each field
were then linked to each other and consolidated to create
a machine-readable formalisation of the interface between
cutting fluid demand and manufacturing systems planning.
One outcome of the superimposition of these three speci-
fication sheets was the decision to use the SysML as the
second part of the research methodology that underlies
this study.

Automatic checking of planning information involves
developing either a complete software, a software plug-in, or
at least a logic construct that is readable by software agents.
In software development, it has been common practice to
use model-based approaches because document-centred
approaches often include technical project information being
distributed across many documents. In model-centred devel-
opment, all information is kept centrally in one model—very
similar to BIM where all sub-models of the building are also
maintained in a central model. [9]

Model-based approaches enable planners to already use
formalised structures at an early development stage so that
partial simulations can be run. Moreover, the object-oriented
nature of many model-based languages make it possible to
merge identicalities and similarities, to prevent redundan-
cies, and to close gaps in the model. Furthermore, the logic
of a model-based system model can be validated by concrete
instantiation and then be used for actual use cases. There-
fore, model-based system approaches were also evaluated to
be appropriate for this study in order to express logic rela-
tionships between MEP planning and manufacturing system
planning for automatic planning validation.

In order for these models to be understandable, the
notations must be known by all participants and should
therefore follow a certain standard. Unified Modeling Lan-
guage (UML) is already widely used in software develop-
ment. [10] Yet, it is only suitable for system modelling to
a limited extent. SysML is an extended subset of UML2.0
having an 80% of syntactic and 90% of semantic overlap
with UML2.0. [11, 12] Nevertheless, it uses modified ver-
sions of UML’s structural diagrams and activity diagrams,
and, more importantly, introduces two additional diagrams:
requirements diagrams for visual requirements traceabil-
ity and parametric diagrams. [9] The interviews revealed
strong dependencies between MEP planning and manufac-
turing systems planning, including mathematical or at least
discrete parametric connections. In order to model those

connections and resulting planning constraints in an accu-
rate way, SysML was chosen as the modelling language of
this study.

3 Research results

The knowledge acquired throughout the interviews was
combined and transferred to a SysML-model. We have
found that the dependencies of the planning activities can
be adequately represented on a first level with SysML’s
block and parametric diagrams. On the basis of these
diagram types, we have built the overall model which is
divided into four areas (see Fig. 1):

1. Production-based parameters (Area 1): In this area,
parameters derived directly from the production process
are used to determine the demand and specifications for
cutting fluid applications.

2. Factory planning properties (Area 2): Area 2 focuses
on machine tool properties which are subject to planning
activities of manufacturing system planners.

3. Properties of a cutting fluid pump and connection
constraints (Area 3): Area 3.1 focuses on planning
parameters of a cutting fluid pump that are mainly
derived from Area 2, whereas Area 3.2 states the con-
straints used to connect the machine tool’s properties to
the pump’s properties.

4. Instantiation of units and quantity kinds (Area 4)

Every area describes a sub-system of the overall model
and is therefore interlinked with the remaining three other
areas. In the following, the research findings for each area
and the interlinkages among these areas are explained in
detail.

Our research study is based on the use case of air-
craft production. The vision for air traffic—developed by
the Advisory Council for Aviation Research in Europe
and published under the name "Flightpath2050"—sets
challenging goals for the aviation industry. By 2050, a

—a = o
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Fig.1 SysML-model structure for the planning of a cutting fluid
pump in manufacturing
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reduction of 75% in CO, per passenger kilometre, of 90%
in NO, emissions, and of 65% in noise must be fulfilled.
[13] These goals pose a new challenge to aircraft and tur-
bine engine design and thus set new requirements regard-
ing, for instance, usable materials.

3.1 Area1l

Area 1 of the SysML-model (see Fig. 2) was designed to
consider the interdependencies between production-based
parameters and both the derived cutting fluid volume flow
rate and pressure. The direct correlation is established by the
fact that a machine tool has a specific need for cutting fluid
for a certain production process of a particular workpiece. In
this regard, we identified seven parameters from a manufac-
turing process, each determining the demand of cutting fluid:

Cutting speed ve [m/min]

Cutting depth ap [mm]

Feed rate vf [m/min]

Tool material tm (e.g. solid carbide)

Workpiece material wm (e.g. Inconel 718, TiAl6V4)
Properties of cutting fluid cp

Manufacturing process type (e.g. milling, turning)

Nk L=

par [Block] CuttingFluidPressure per machine |

Interdependencies between the necessary volume flow
rate or pressure (< < Constraint> > poi) on the one hand
and production parameters on the other hand are modelled
as constraints in parametric diagrams (see Fig. 2). The
underlying rationale here is that whenever dependencies are
displayed in the form of several variables, constraint and
parametric diagrams help to understand the relations of all
values in the system and its parts to define the impact of one
parameter change. The state of a system instance at a specific
time can be expressed in terms of the values of its proper-
ties. As the connection of these properties can be conveyed
through equations in the constraints, the value sets form a
connected network. Consequently, a change in some values
leads to other value changes, which can be seen as another
state of the overall system. [12, 14].

Based on the seven process parameters mentioned above,
both the necessary volume flow and pressure are explicitly
derived from the manufacturing process which, in turn, is
determined during manufacturing systems planning.

In this context, a strongly relevant branch of the man-
ufacturing industry is aviation where a wide variety of
composite materials and alloys are used for structural com-
ponents with highest quality requirements. [15, 16] The
appropriate planning of the cutting fluid supply strategy

ve : CuttingSpeed
‘ 9P Ve

‘ ap : CuttingDepth

vf tm

‘ vf: FeedRate wm

‘ tm : ToolMaterial

‘ wm : WorkpieceMaterial

ap «constrainty
poiConstraint : CuttingFluidPressure

C|

‘ cp : CuttingFluidProperties

_ _| Constraints
«Constraint» poi = f(ve,ap,vf,tm,wm,cp,wv)

wv

poi : Pressure

MachineCuttingFluidPressure :
Pressure

MachineProperties.Process :
ProcessType

Fig.2 Example for constraint modelling for process parameters (Area 1)

Table 1 Cases of cutting fluid supply in relation to group of material and field of application

Structural component

Engine component

Workpiece material Aluminium alloy

Machining process Milling Milling
Cutting fluid supply Dry/minimal quantity High pressure
Pressure range of cutting O bar/— 105 bar

fluid supply

Titanium alloy

Nickel-based superalloy Nickel-based superalloy

Rough turning Finish turning
High pressure Flood
200-300 bar 1-6 bar
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is decisive to ensure process stability and part quality. [17,
18] For an assumed production process of aircraft compo-
nents, Table 1 distinguishes between three different groups
of materials often used in aviation: aluminium alloys, tita-
nium alloys and nickel-based superalloys. The groups of
material are divided into two further categories (structural
component and engine component).

Structural components are characterised by the fact that
they need to be both light and stable, which requires a
high strength-to-weight ratio. Aluminium of the classes
2xxx,7xxx, and 6xxx—widely known for its high strength-
to-weight ratio and its cost effectiveness—is therefore
often used in aircraft wings, for instance in wing ribs. [19,
20] When milling these rib type components from solid
blocks of aluminium, high volumes must be machined.
[21] Components can also be manufactured using a tita-
nium alloy as a substitution if they are used in temperature
ranges exceeding the maximum operating temperature of
aluminium. [15] In contrast to aluminium, however, tita-
nium alloys are considered to be difficult-to-cut materi-
als. [20, 22] The low machinability of titanium alloys,
such as TiAl6V4, leads to a low material removal rate
and high tool wear. Recent research efforts have shown
positive effects of targeted high-pressure cutting fluid sup-
ply during milling of TiAl6V4. The cutting fluid supply
strategy ensured reliable chip removal, increased tool life
and higher possible material removal rates in comparison
to conventional flood cooling. [23]

Safety—critical engine components pose a particular chal-
lenge in production due to the used material and the high-
quality requirements: The high strength-to-weight ratio of
nickel-based alloys combined with the high resistance to
thermal fatigue enables these materials to be used as com-
ponents in aerospace engines under extreme temperature and
mechanical stress. [15] Like titanium alloys, nickel-based
alloys are difficult-to-cut materials because of their inher-
ent characteristics of high hot hardness and strength. [15]
Long continuous chips occur during turning rotationally
symmetric parts (e.g. engine components) from nickel-based
alloys like Inconel718 using flood cooling. SANGERMANN
has shown that applying a high-pressure cutting fluid sup-
ply between p =200-300 bar during rough turning ensures
steady and controllable chip breakage and eliminates the
need to remove the coherent chips manually, which in the
end allows for better process automation. [24]

When finish turning Inconel718, reliable chip breakage
could also be achieved by high-pressure cutting fluid supply,
but with the risk of inflicting uncontrollable surface damage
to the already finished surface by accelerated chips. [24, 25]
In this paper, we set flood cooling as the appropriate cut-
ting fluid supply method during finish turning aeroengine
components as it does not cover the risk of surface damages.

By dividing the groups of materials by their field of
application and considering the existing challenges during
machining these materials, four use cases of cutting fluid
supply are distinguished regarding their pressure in this
paper (see Table 1).

3.2 Area2

Area 2 consists of individual machine tool properties (see
Fig. 3). As a result of our research study, we have divided
these properties into the categories of OperatingSuppliesDe-
mand, EmissionValues (e.g. thermal radiation), EnergyDe-
mand (e.g. nominal voltage), PositionValues (e.g. position
of the machine tool in the coordinate system of the fac-
tory), and Dimensions. The connections are modelled using
SysML’s composition symbol which means, for instance,
that 1 set of MachineProperties consists of 1 set of each of
the above-mentioned categories. As shown in Fig. 3, the
category OperatingSuppliesDemand is further subdivided
into WaterConnection,

CompressedAir, and CuttingFluid (see < < interface-
Block>>). Volume flow rate and pressure of cutting fluid
are to be read as properties of the block CuttingFluid. The
pressure poi is calculated as shown in Fig. 2.

We consider the setup shown in Fig. 3 as a general frame-
work of any manufacturing systems planning in a factory.
However, since this research study focused on cutting fluid
supply, a further subdivision of categories beyond Cutting-
Fluid is not presented in Fig. 3 for the sake of transparency.

In our model, the needed pressure of, for instance,
p =105 bar for milling titanium alloys — determined in
Area 1 would be referenced by MachineCuttingFluidPres-
sure in the block CuttingFluid.

From a factory planning point of view, Area 2 provides
the individual demands of each machine tool, which are con-
verted into a total demand in Area 3.

3.3 Area3

The third area consists of parametric diagrams and con-
straints, and focuses on connecting the previously shown
manufacturing system’s properties to the cutting fluid
pump’s properties. Therefore, we have divided this area into
two parts. Area 3.1 describes the pump’s properties such as
maximum available pressure and maximum available vol-
ume flow, which will be applied in Area 3.2 to evaluate the
pump’s performance. In the specific case of our research
study, the pump’s properties are associated with a screw
spindle pump. The overall structure of the pump’s proper-
ties is similar to the machine tool’s properties. An overall
assumption of this area is that all properties and constraints
explained here are examples of just one pump.
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bdd [Package] MachineProperties per machine ]

«valueType (dataType)» wquantityKind» «valueType(enumeration)»
MachineProperties ValueProperty ProcessType
quantityKind turning (rough)
«QuantityKind» ValueProperty ity turning (finish)
unit Unit milfing
«Unit» Unit
«block»
MachineProperties
{Abstract}
fullPorts

«FullPort» OperatingSupplies : OperatingSuppliesNeed
«FullPort» Emissions : EmissionValues

«FullPort» Energy : EnergyDemand

«FullPort» Position : PositionValues

winterfaceBlock»

«FullPort» Geometry : Dimensions WaterConnection
valon "??"PE?’"’"Q? in WaterP! P
B X «FlowProperty» in WaterPressure : Pressure
ﬁg:gg::ﬁ;gggﬁ;’: Egggg;ﬁ%g;?gﬁg?pem% «FlowProperty» in WaterVolumeFlow : VolumeFlow
1 .| «FlowProperty» in MaxinletTemperature : Temperature
’ ’ ’ ’ ’ <proxy» ProcessWater «FlowProperty» in MininletTemperaure : Temperature

111111

«interfaceBlock»

1 CompressedAir

«proxy» Comp dAir

flowProperties

«FlowProperty» in AirVolumeFlow : VolumeFlow
«FlowProperty» in AirPressure : Pressure
«FlowProperty» in CompressedAirQuality : Integer

«interfaceBlocks»
CuttingFluid

flowProperties
____1 < | «FlowProperty» in MachineCuttingFluidPressure : Pressure
«proxy» CuttingFluid ~| «FlowProperty» in MachineCuttingFluidVolumeFlow : VolumeFlow
1 «FlowProperty» in CuttingFluidType : Density

¢

«blocks»
OperatingSuppliesDemand

proxyPorts
1 «ProxyPorts» CuttingFluidDemand : CuttingFluid

- - «ProxyPorts» CompressedAirDemand : CompressedAir
s1l e Opmtiting=up e «ProxyPorts» ProcessWater : WaterConnection

«blocks»
EmissionValues

proxyPorts
- 1 «ProxyPorts» ThermalRadiation : Heat
«full» Emissions | «ProxyPorts» Pollutants : PallutantEmissions

«block»
EnergyDemand

1
«fulls Energy

values ) individual machine
«ProxyPorts» MominalVoltage : Voltage properties

«ProxyPorts» InstallationLoad : InstallationLoad
«ProxyPorts» PowerFrequency : Frequency
«ProxyPorts» Fusing : Fusing

«block»

4 PositionValues

«full» Position

values
«ProxyPorts» HorizontalPosition : ycoordinate
«ProxyPorts» VerticalPosition : xcoordinate

«blocks»
Dimensions

1

values
«full» Geometry

«ProxyPorts» Height : length
«ProxyPorts» Width : length
«ProxyPorts» Length : length

Fig.3 Framework of machine properties in SysML for factory planning application (Area 2)
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In Area 3.2, we then compare the pump’s performance
data in terms of possible volume flow and pressure with
the specific demand which this pump has to fulfil. To this
end, the research consortium has formulated four con-
straints, which are shown in Fig. 4. The first two constraints
determine the manufacturing system’s overall demand for
cutting fluid volume flow (vn) and pressure (pn). Whereas
Area 1 determines the demand for cutting fluid on individual
machine level, Area 3 aggregates the individual demands
into one total requirement.

In order to give more insight regarding the conversion
of input parameters to an output parameter, the following
formula-specific context can be provided as an exemplary
deep dive into the first constraint of RequiredPressureCut-
tingFluid (see in par[Block]Cutting FluidPump).

pn = max(x, - po; -yi)

pn = maximum pressure for cutting fluid, po; = pressure
demand for cutting fluid by plant i, x, € {0,1} = demand
exists at time t, y; € {0,1} = pump delivers cutting fluid to
machine i, i € {0,1} = I machines in the factory, r € {0, T}
=T different points in time.

The maximum required pressure from the first constraint
in Fig. 4 is then compared with the maximum possible pres-
sure using the third constraint. This third constraint returns a
Boolean value stating whether the pump is capable of satis-
fying the machine tool’s demand or not (Cutting FluidPump.
pc: boolean). The pressure losses throughout the factory’s
piping system based on the theorem of Bernoulli need to
be additionally considered but were not within the scope of
our study.

Likewise, the volume flow generated by the pump
(vcConstraint: VolumeFlowCapability) is compared with
the overall factory demand for cutting fluid (vnConstraint:
RequiredVolumeFlowCutting Fluid).

The maximum required volume flow cannot be deter-
mined by identifying the maximum volume flow required
by one machine tool at any given time. It rather depends on
the maximum of aggregated volume flows of all machines
supplied by the pump at any given time.

3.4 Area4

The fourth area consists of the instantiation of used value
types and units, and defines the necessary physical units,
which are related to the properties (see Fig. 5). By defin-
ing the units following the International System of Quanti-
ties described by ISO 80000 [26], the risk of transfer errors
between different software solutions is eliminated.

With the calculation constraints, it is possible to create a
direct link between the individual demands of the machine

tools and the requirements for the planning of the cutting
fluid pump. This makes it possible, for example, to directly
detect effects of changes in the machining process on the
requirements of the cutting fluid supply system at an early
stage.

4 Discussion

The objective of the research study was to establish machine-
readable parametric connections between manufacturing
planning and MEP planning with a focus on cutting fluid in
order to solve the problem of manually checking planning
parameters in BIM-based factory planning. In the research
consortium, we applied qualitative research methods and
model-based systems engineering to develop a SysML-
model for the planning of a cutting fluid pump. We chose
this focus as cutting fluid ensures flawless manufacturing
processes in terms of chip breaking, tool wear, process tem-
perature and surface condition. The pump itself, however,
is often planned by the MEP planner (see Sect. 1 for further
explanation of the MEP domains).

The overall goal of a system design using a system engi-
neering approach can be summarised by the phrase “Make
the right system right”. The message of this phrase is two-
fold: (1) the validation part (“Make the right system”), and
(2) the verification part (“Make the system right”). Valida-
tion entails simulation approaches: System design includes
incorporating the overall knowledge of the design space by
describing requirements in a semi-formal way in SysML.
Validating those requirements and the current understanding
of the future system allows for finding open topics, required
design decisions, and to prove applicability of the solution
in an early design stage. Regardless of the overall systems
engineering approach in use, verification checks whether
the existing engineering artefacts are consistent throughout
the whole model, and whether they completely describe the
system. By using a semi-formal or formal approach such as
SysML, the verification can be automated, i.e. the rules of
the language in use and definitions in the methodology can
be checked with the use of machines. The verification part
has been conducted in our study. Performing simulations on
our model as a validation procedure, however, will be part
of future research steps. Even though the existing model can
already be used as a prototype for machine-readable rule
checking of cutting fluid planning, we believe that simula-
tion results will bring the model even closer to real imple-
mentability. [14, 27]

Despite our study’s requirement of high practical applica-
bility, modelling always entails simplifications. The pressure
determination mentioned in Area 3 has been simplified to
show the structure of the overall SysML-model. Depend-
ing on the particular machining tasks in a factory, different
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par [Block] CuttingFluidPump [RequiredPressureCuttingFluid] per pump

MachineCuttingFluidPressure : i
Pressure :‘ poi : Pressure

Demand exists at time t

«constraint»
pnConstraint : RequiredPressureCuttingFluid

Constraints D
_______ «Constraint» pn = max(xt*poi*yi)

Range [0,1] xt : boolean

pump delivers cutting fluid to machine i; yi: boolean CuttingFluidPump.pn :
Range [0,1] Pressure

par [Block] CuttingFluidPump [RequiredVolumeFlowCuttingFluid] per pump
MachineCuttingFluidVolumeFlow : 3 Constraints AN
VolumeFlow :i voi : VolumeFlow = — =| «Constraint» vn = max(sum(xt*voi*yi))
«constraint»
Demand exists at time t nConstraint : RequiredVolumeFlowCuttingFluid
Range [0,1] j xt : boolean
- - - — . vn : VolumeFlow - -

pump delivers cutting fluid to machine i; yi : boolean CuttingFluidPump.vn :

Range [0,1] VolumeFlow

par [Block] PumpRequirements per pump I

Hj pn : Pressure

«constraint»
pcConstraint ;: PressureCapability

‘ pn : Pressure

vcConstraint : VolumeFlowCapability

.

‘ vp : VolumeFlow

i kB

— — — - «Constraint»

Constraints

if pn<=pp vc=true
if pn>pp vc=false

: Pressure > ipc : boolean = -
‘ PP :l pp : Pressure CuttingFluidPump.pc :
N boolean
;< o Constraints
‘ vn : VolumeFlow Hj vn : VolumeFlow T :xConstramt»
. if vn<=vp vc=true
gconstraint»

vc : boolean

if vn>vp vc=flase

vp : VolumeFlow l;
.

CuttingFluidPump.vc :
boolean

Fig.4 Capability Constraints (Area 3.2)

cutting fluids can be used. In that case, the central supply of
cutting fluid for all machine tools through one single pump
might not be feasible. To alleviate this shortcoming, we
inserted the variable y; in Area 3 to determine whether a
pump supplies a specific machine tool. By using the same
constraints for every pump shown in Area 3, a total demand
can be calculated for more than just one pump. Additionally,
one more boolean variable can be added to the machine tool
properties, determining whether a machine tool requires cut-
ting fluid supply at all. The newly added variable can then be
compared to the existing y; variable to check whether every
machine tool is connected to a pump. Furthermore, pressure
losses throughout the piping system can also be taken into
account. These pressure losses can be caused by pipe fric-
tion, leaks, and the structure of the piping system itself. [28]
Therefore, it would be further necessary to consider the pip-
ing system’s geometrical information like the layout of the
piping system, and the path length from pump to machine.
This information can be extracted from the MEP planner’s
model and then be connected to the respective calculation.

@ Springer

Our study has focused on aviation components and chal-
lenges derived from machining these components. We have
been able to connect the MEP planning tasks to process
parameters by defining four precise aviation use cases. The
developed framework can also be applied in factory plan-
ning tasks even without this use-case specific limitation.
To this end, we would like to emphasise the importance
of Area 2 (see Fig. 3). This Area 2 can be seen as a cor-
nerstone for adopting our results to other areas of factory
planning. For instance, within the < <block> > Machine-
Properties, we listed the energy demand of the machines.
Here, an energy or electricity model can be attached which
could then be used for designing a transformer. Such a model
could use, inter alia, the properties we have already listed in
the < <block> > EnergyDemand.

Currently, the requirements of manufacturing machines
are often set by subcontracted machine constructors. The
success of this process largely depends on the constructor’s
experience. Even when requirements are not set by the man-
ufacturing systems planner, the input from the subcontractor
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bdd [Package] TypeDefinition

«valueType (dataType)»

«valueType (dataType)»

«valueType (dataType)»

Heat Temperature RotationalSpeed

quantityKind quantityKind quantityKind
«QuantityKind» AmountOfHeatperSecond | | «QuantityKind» ThermodynamicTemperature| | «QuantityKind» RotationalFrequency
unit unit unit
«Unit» Watt «Unit» Kelvin «Unit» NumberOfTurnsPerSecond
«valueType (dataType)» | | «valueType (dataType)» | |«valueType (dataType)» | | «valueType (dataType)» | |«valueType (dataType)»

PitchDiameter ThreadDepth ThreadPitch Pressure Length
quantityKind quantityKind quantityKind quantityKind quantityKind
«QuantityKind» Length «QuantityKind» Length «QuantityKind» Length «QuantityKind» Pressure «QuantityKind» Length
unit unit unit unit unit
«Unit» Metre «Unit» Metre «Unit» Metre «Unit» Bar «Unit» Metre

«valueType (dataType)»

«valueType (dataType)»

VolumeFlow Density
quantityKind quantityKind
«QuantityKind» VolumeFlowRate | | «QuantityKind» Density

unit unit

«Unit» CubicMetrePerSecond

«Unit» KilogramPerCubicMetre

Fig.5 Instantiation of used valueTypes (Area 4)

can be fed into the model, thereby establishing a direct con-
nection between machine tool properties and the design of
both the manufacturing system and MEP. Here again, it can
be checked whether delivered machine tool properties match
the process-related machining demands.

5 Conclusion

This paper has shown the importance of model-based sys-
tems engineering for BIM-based factory planning. Design
activities and related deliveries of geometric and especially
non-geometric designs from different planning specialties
require automated model checking and cannot rely solely on
human capacity. In Area 2, we have shown an overall model
at the interface between MEP planning and manufacturing
systems planning. Area 1 and 3 have provided details on
cutting fluid as one specific planning field within that inter-
face. The overall model in Area 2 can therefore be seen as a
starting point and a link for future modelling approaches that
can inherit properties and attributes from our overall model.
Our research study focused on cutting fluid supply from
the perspective of manufacturing machines. As next steps of
our research study, we plan to
(1) extend the model to major planning domains of MEP
(such as HVAC), and
further refine the current model with regard to cutting
fluid supply.

@)

Beyond cutting fluid, the main MEP planning domains
such as electricity or HVAC should be analysed and inte-
grated into the model to create a holistic approach for
automated rule checking within the MEP-manufacturing
interface. For instance, the model could be enhanced by
implementing the calculation of necessary total cooling
loads based on thermal radiation during manufacturing
processes.

We will then create a use case where we can validate
the content of our holistic interface model according to the
system engineering approach (see Sect. 4).

Another stream of research that follows from our study
is to investigate an innovative cutting fluid supply: Using
a high-pressure cutting fluid supply when turning compo-
nents ensures controllable chip breakage, but at the same
time increases the risk of surface damage to already finished
surfaces. By supplying a high-pressurised but pulsating cut-
ting fluid stream, the advantages of high-pressure supply
could be exploited without risking surface damage. Further-
more, by changing the pressure in alternating time intervals,
less energy and less cutting fluid could be consumed. This
not only has economical advantages but also environmental
benefits as cutting fluid is considered harmful to the envi-
ronment. [29]

We are convinced that connecting machine tool proper-
ties to MEP planning tasks, such as the planning of a cutting
fluid pump, is a first step to enable automatic validation of
BIM-based factory designs in the future.

@ Springer
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We have developed a SysML-model representing the
underlying logic for creating a software-specific archi-
tecture and code. Our approach is therefore to be seen as
the basis for software code that can be written for plug-ins
for software like Autodesk Revit (e.g. via the Revit API).
Another possibility to implement our approach would be to
stay within the domain of Systems Modelling and to import
instances from the Building Information Model into our
SysML-model. This can be achieved, for example, by using
the ModelCenter MBSE within the PTC Integrity Modeler.
Values and non-numeric properties can be exported from the
Building Information Model (if no direct interface is imple-
mented), and loaded into the SysML-model as concrete
instances which could then be checked internally within
the SysML-model. The general concept of BIM is therefore
enhanced by an unambiguous representation of parametric
connections between objects and planning information on a
system level which can be implemented by either coding a
plug-in for existing software or by extracting project infor-
mation from the Building Information Model and checking
them internally using Systems Modeling software.

These implementation options also create independence
from specific data formats (e.g..ifc) since the BIM-software
either directly checks the planning information—using the
plug-in based on our approach—or exports to, for example,
Microsoft Excel.

As for the integration of the IFC information model
(Industry Foundation Classes), it has to be noted that our
SysML-model would have to follow the naming conventions
of the IFC information model, or would need a mapping
between the different types of naming. However, the IFC4
PropertySet within the bsDD (buildingSMART Data Dic-
tionary) does currently not provide sufficient expressivity
regarding cutting fluid pump properties, or pump properties
at all [30].
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