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Abstract

Parametric modeling and Building Informatidodeling (BIM) are modeling concepts that
have recently become very attracti@eating complex models based on BIM method can be
very time consuming, and inacctealue to human mistake3hat is why implemeirg a
parametric modeling concept into the BIM process would bring remarkable advantages.
Parametric modeling is a modeling concept with the potential to alter the geometry of the model
when the dimensiaor other inputvalue is varied The implementatiorof the parametric
modeling into the BIM workflow can have different types and forms. These types could be e.g.
the traditional parametrimodelingusing the BIM systems only or it could be procedural
parametrianodeling with combining the BIM systems tiagraphbasedsysteni or/and any

other systems. This study tries to investigate the optimum workflow in terms of the performance
and the usability of the user to model such a complex geometry like a Helical Thrap.
workflow will be compared wittanotler workflowin a comparative studyith respect to the
feasibility of parametrization

L In this study Autodesk revit ishosinas a Main BIM system
2 Dynamo is thegraphbasedsystem used in this study
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Kurzfassung

Parametrische Modellierung und Building Information Modeling (BIM) sind
Modellierungskonzepte, die in letzter Zeit sehr attraktiv geworden sind. Die Erstellung
komplexer Modelle auf der Grundlage der BM&thode kann sehr zeitaufwendig und
aufgrund menschlicher Fehlengenau sein. Aus diesem Grund wurde die Implementierung
eines parametrischen Modellierungskonzepts in den-Bibkess bemerkenswerte Vorteile
bringen. Die parametrische Modellierung ist ein Modellierungskonzept mit dem Potenzial, die
Geometrie des Modellzi andern, wenn die Abmessungen oder andere Eingabewerte verandert
werden. Die Implementierung der parametrischen Modellierung in dervVBdkkflow kann
verschiedene Arten und Formen haben. Diese Typen koénnten z.B. die traditionelle
parametrische Modellieng sein, bei der nur die BW8ysteme verwendet werden, oder es
kénnte sich um eine prozedurale parametrische Modellierung handeln, bei der die BIM
Systeme mit einem graphenbasierten System oder/und beliebigen anderen Systemen kombiniert
werden.In dieser 8udie wird versucht, den optimalen Workflow in Bezug auf Performance
und Benutzerfreundlichkeit bei der Modellierung einer so komplexen Geometrie wie einer
Wendelrampe zu untersuchdbieser Workflow wird in einer Vergleichsstudie mit einem
anderen Workflav im Hinblick auf die Durchfiihrbarkeit der Parametrisierung verglichen.



Table of content

1.

3.

pLigoTo [F Lol 1 o] o NPT PPPPPRPP PP 15
1.1. Motivation and problem definition...........cooooriiiiiiiiiccc e 15
1.2, AIM OF the STUAY....uiieiiiiiee e e 16
1.3, TRESIS OULING ... e e e e e amme e 18

Literature review and Case StUAY........cccoieeeeiiiiiiiieeeie e eeeeeeeeeee e e 19
2.0, BIM e er e e 19
2.2. Parametric MOAeliNg...........oouviuiiiiiiiiimr e ereer e e e e e e e e 20
2.3. BIM workflow and parametric modeling...........ccccoovieiiiiiiceeiiiiiiiiee e 23
2.4. Market analysis and BIM.............oooiiiiiiiiiiiee s 25

2.4.1. Multi-storey car park market in germany (Parkhaus Market).................. 25

2.4.2. BIM in multi-storey car park markel..........cccooeieiiiiiiiceciiiiiii e 26
2.5. Case study with existing methodolagy.........cccceveeiiiieiiieeeiiciee e 27

2.5.1. The concept of the methad.............coooiiiiiiiee e, 27

252. The met hodad.s...Wo.r. kKt L oW 28

253. The met hodo6s..i.np.ut..l.nt.er.f.a.c.e......31

Research methodOIOgY.........uuuuui e 33
3.1. Geometrical aspects of the helical ramp.............ooooiiiiicc e, 33

3.1.1. Multi-storey Park SYSemlL.........coouiiiiiiiiiiiieee e 33

3.1.2. Helical Ramp SYSeML.....ccoiiiiiiiiiiiii e 34

3.1.3. Geometrical boundary conditionS.............oooiiiiiiiieen e 35

3.1.4. The required Outputs from the geometrical model.............ccccooeviiieecnnnnns 36
3.2. The methodology of gathering new ideas and concepts.............ceeeevvveeeeennnn. 39

3.2.1. The applied creativity technique-885 technique).........cccccceeeveeiiiiiiicccennn. 39

8



3.2.2. The WOIKSNOP.....cciieiieiiiiiic s e erre s e e e e e e e e e e e e e e e aneeas 40
3.2.3. The results and aSSESSMENLS........ccciiiurriiiiiearee e e e 43

3.3. The workflow methodology............covvviiiiiiiiiieecr e A3
3.31.  TOOI PeIfOrMENCE......coiiiiiiiiiiii ettt 43

G0 T2 o To U 1S o ] Y 7 44
3.3.3. The proposed workflow Methodology.........ccccveeeeeeiiiiiiieeeii e 46

4. Methodology iIMpPIEMENTALION............vuuieeiiie e e e err e e e e e e eeaes 58
4.1. The main concept and WOrKflOW...........ccoooeiiiiiiiiiceeiccc e 58
4.2. Concept of the Revit famili@S.........covviiiiiiii e 63
4.3. The structure of the graghased algorithm via Dynamo...............ccccvvvivieennnnnes 76
4.4. Concept of the mathematical calculation algorithm.............cccccoiimeeen. 88
5. Discussion and analysis Of reSUILS...........cccooiuiiiiimmmr e 100
5.1. Comparison in terms of the performance...........cccccoeiiiiiecc e 100
5.2. Comparison in terms of USability............evviiiiiiiiiieeeiiiii e 104
5.3. Comparison in terms of planning COSES.......cccuuiiiiiiiiiiiieeee e 108
5.3.1. Costs of Modelling tiMe...........ueiiiiiiiiiiiiii e 109
5.3.2. Quality of the requIred USEr...........ccoiiiiiiiiiiieeer e 109
5.3.3.  COStS Of [AIMING-.....ciiiiiiiiiiiieeiee e 109
5.3.4. COStS Of MOAYTING. ... .uuiiiiiiiiiiiiiiii e 109
5.3.5. CoSt Of dat@ SITUCLUIES..........uviiiiieeiiiiieeeiie e ee e 110

G @70 [o1 011 o KE PP PP PUPPPPPPPRN 111
7. REIEIBNCES. ..o e 114



List of Figures

Figure 1. Comparison dime requirements of work in CAD vs. BIM (Fridrich, et al., 2014)

..................................................................................................................................... 16
Figure 2: Comparison of time requirements of work in CAD Vmditional BIM VS.
ParametriC BIM........coooi oo e e e e e e e e e as 17
Figure 3: Application of BIMMaia, et al.)...........coovriimiiiiiiiiir s 19
Figure 4: Dimension parameter of the beam Example...........ooooiiiieeeiiiiiiiiie e, 20
Figure 5: Defining parameters for a beam geometry in Autodesk Reuvit..................... 21
Figure 6: Implicit Multroperation CONCEPL.........uuvuuuriiiiii e e e e e e veeer e 22
Figure 7: Explicit Multtoperation CONCEPL.........uuvuuuiiieieie e e eeeer e 23
Figure 8: Approaches of implementing Parametric modeling into the BIM pr@ZeSSEN,
2005 ettt ettt ettt ettt ettt ettt enet ettt ettt ettt et e ranan ettt et et ettt n et reeeneeens 24
Figure 9: The workflow of the loosely coupled appro@BANSSEN, 2015).........cccc....... 24
Figure 10: Screenshot of the family parameters.........ccccoovviiiiiceeiiiiiiiii e, 28
Figure 11: The installation surface family...........ccccceeeiiiiiieeciii e, 29

Figure 12:
Figure 13:
Figure 14:
Figure 15:
Figure 16:
Figure 17:
Figure 18:
Figure 19:
Figure 20:
Figure 21:

Figure 22:

Screenshot of the constraints and formulas of the surface installation.fan#y

Parameterized Revit family for the Ramp plate (existing methad)............. 30
Some of the ramp plates are placed on the installation surface.family......31
Screenshot from a Revit fanplgrameter window................cccccvvviimeeniiiinees 32
Structural scheme of the garage building.............ccccccmmni i 33
Plan view Of the Qarage...........eeeeiiiiiiii e 34
Structural schenoéthe helical ramp............eeeveiiiiiiiiieee e 34
The slopes of the beams and plates..........cooooiiiiirc e 35
the connection between the beam and the.plate.............ccccoeee, 36
Example of a finished 3D Model of Helical Ramp............cccceevviiieeeiiinnnnnee. 37
Example of a finished floor plan b&tHelical ramp............cccvvviiiiiiiiceciinnee. 37

10



Figure 23:
Figure 24:
Figure 25:
Figure 26:
Figure 27:
Figure 28:
Figure 29:
Figure 30:
Figure 31:
Figure 32:
Figure 33:
Figure 34:
Figure 35:
Figure 36:
Figure 37:
Figure 38:
Figure 39:
Figure 40:
Figure 41:
Figure 42:
Figure 43:
Figure 44:
Figure 45:

Figure 46:

Example of a finished shop drawing of a ramp plate.............cccooevveeeninnnees 38
Example of the required beam schedule................cccciiii i 39
Sketch shows the process of H3eS6method...............covvvvvviiiiiccceeeiiiienee.... 40
online table for the MethoB®. ............oeeiiiiiiiiii e 41
The window opened by pressing the card...............cccuveniiiiiiiiii 42
3 different basic workflows of BIM parametric modeling..................ooooeee. 46
A side view and 3D view of the benchmark task............ccccccvvieeeiiiiinn 47
Plan view for the family parameters of the Octagon plate.................c..eeee. 49
Steps Of WOIKIIOW. L........oveeeiiiiiee e creee e 49
The parameters of the Autodesk Revit Family of the benchmark task.......50
Steps Of WOIKIOW.2.........oeeeiiieie e e 51
User Interface to input the values of the parameters...........ccccoovvieeeennnn. 51

The dynamo script of the workflow 2 showing the four steps of the processl

SteS Of WOTKFIOW ... 52
Excel VBA interface of WOrkflow.3.........c..oviiiiiiiiieee e 52
Data input window of the user interface.............ccccovvieeei e 53
Dynamo Skript of WOrkflow. 3. 54
Window of reading the calculation model................oooiiiieeeiiiiii 54
the steps of the three basic workflows used in the comparison................. 55
Graph shows the processing time of the different workflows..................... 56
The Proposed workflow of modeling the Helical Ramp.................coooeeee.. 59
First part of the WOrkfloMe..........ccooooiiiiiiiiieee e, 59
Grids of the Helical ramp as the first step in theflaov ..................coovveees 60

11



Figure 47: Third part of the WOrkflow...............eeiiiiiiii e 61
Figure 48: Fourth part of the WOrKfAQW............cooiiiiiiiii e 61
Figure 49: Fifth part of the WOrKfOM...........ooviiiiiii e 62
Figure 50: 3D geometry of the helical ramp shows the different types of families......64
Figure 51: Plan view and section view of the ramp plate............cccccovvieeciiiiiiiinnnnn. 65
Figure 52: steps of creating the ramp pfat@ily................cccoiiiiiiieeeii e 66
Figure 53: Input parameters of the Ramp plate family.................ccovmmriiiiciiiiiiii 66
Figure 54:Calculated parameters of the Ramp plate family..............cooooiii il 67
Figure 55:External calculated parameters of the Ramp plate family................ccc.veeeees 67
Figure 56:Reporting parameters of the Ramp plate family............ccccooviiieeeinil 68
Figure 57: Plan views and section views of the Landings families...........cccccccvvieeenne. 71
Figure 58: The Beam family from different Views.............ccceevvvvivieeciiiviiiiiiiiieeeeeeceeeeeen 2
Figure 59: Assigning rotatioand vertical offset parameters to the beam profiles......... 73
Figure 60: Input parameters of the Ramp plate family..............cccoooeiieeeiiiiii 73
Figure 61:Calculated parameters of the Ramp plate family...........ccccooviiiieeeiiiceennn. 73
Figure 62:External calculated parameters of the Ramp plate family........................... 74
Figure63: The shop drawing done by the 2D family.............ccoovviiiieeee e, 75
Figure 64: Example of the shape of a dynamo SCrpL............ooovviiiiccciiiieee, 76
Figure 65: Typical node inN dyNamO.............coovviiiiiiiieeeeeeeeiee e e eeemrsnnnnneeeeeeeee e €
Figure 66: Libraries tap in dyNamQ...............uuiiiiiiiiccecse e ereers e 78
Figure 67: dynamo script with python custom Node............ccoooviiiiiieeeiiiiiiiiee e, 79
Figure 68: 3d view shows the views before and after executing the explained.script.81
Figure 69: TasKS Of SCHPE L. ...uueiiiiiiiiie e eree e e eneeas 82
Figure 70: Interface with dynamo using the dat@pehpackage..........cccccvvvvvviiiiiceennnnnn. 83

12



Figure 71: The main nodes of building an interface in dynamo.............ccccooevvveeevvnnnnns 33
Figure 72: the main nodes of the plates/beams of the helical ramp..................cccee.... 84
Figure 73: sorting the plates/beams Dy leVel.............ooviiiiiiiieee 84

Figure 74: Example of setting the values of the plate/beam parameter values in dyn8mo.

Figure 75: Example of exporgidata to excel using dynamao................ooooeeceenne e 86
Figure 76:TasKS Of SCHPL 2......coiiiiiiiiiit e rer e eeeae e e e e e e e e e e e e e emmmes 86
Figure 77: Example of importing data from excel using dynama..............ccccoevveeeeen... 87
Figure 78: The main node of the interface of selecting the file.path....................cccc... 87
Figure 79: Interface of selecgrihe excel file...........cccouiiiiiiiiiiiicee e 88
Figure 80: The desktop interface of the calculation madel............cccccoviieeeiiinin. 89
Figure 81: Page of the data exported from Revit in the calculation model.................. 89
Figure 82: Window asks for the sequence of the grid numbers...........cccccoeiiieeenennnnn. 91
Figure 83: Window asks fohé type of the helical ramp...........cccccooviiiccciiiiiee, 91
Figure 84:Gable side ramp WINAOM.............couvuuuiiiiiireeeeeeeeiis e e 92
Figure 85: Long Side ramp WINGOW...........coevvuuuuiiieiimmmreeeeeeeessennsss e s e e e emrssnnnnnnaeeee s 93
Figure 86: sketch shows the Helix pitch and Helix angle.............ccccvvviieeeeiiiieeiiiiin, 95
Figure 87: Part of the VBA code as an example..............oovvvviiimmer e 97

Figure 88: Table of the plates coordinates at each level with a legend of the point. n&8e.
Figure 89: Table of the increments of the plates.............coovvrieee e, 98
Figure 90 Table of the beams coordinates and rotations at each.level....................... 99

Figure 91: The relative weight of the benefit of each implementation in terms e$avirey

Figure 92: Di mensi.o.ns..of..t.he..r.ampf.s..d06éat e.

Figure 93: Example of how to track the calculation in EXCel...........cccccoiiiiiice. 108

13



List of Tables

Table 1: The Agenda of the WOrKSNQP.........eviiiiiiiiii e 40
Table 2: The functional variabilities in case of the helical ramp...........cccccceevveeeee 44
Table 3: the required inputted ValUES............oooi i 62
Table 4: Families name and the used family template................ooviiieemiiiiiiiiiiiiien. 63
Table 5: All the parameters used in ramp plate family..............cccooeiiicceeeeeiicccee, 68
Table 6:All the parameters used in ramp plate family..............cccoooeiiiiccmeeeeiicc, 74
Table 7: Inputs of the Calculation Mmodel.............cooooeiiiiiieeeiii e 90
Table 8: The parameters calculated in the calculation sheet............cccoovvveeee e, 93
Table 9: different cases of the helical ramp..........ccccooeeiiiiieeeiii e, 95
Table 10: Comparison between the workflows in terms of the processing.time........ 100
Table 11: External Occupied memory for each workflow...............cccoovivieeenn 103

Table 12: The accuracy differences for the dimensions and increments of the ramplpkte.

Table 13 The accuracy differences for the dimensions and increments of the Landing plates.

Table 14:The accuracy differences for the beam position.............cccooovviiiccee e 106

14



1. Introduction

1.1. Motivation and problem definition

Nowadays, as a resuit the huge development of the construction industry, the demand for
complex geometries in the construction field has rgiSath , 2004)One of these complex
geometries is the helical ramp, which is the main focus of thiyysthe need for helical
ramps is increasinthese days fomsnyreasos. Firstly it is the best solution to ease the
traffic in the large park buildings, especially the park buildings that have high traffic like in
the shopping mall or airports. Accordito (Alexander, 1988)he transportation ramps has

to be moved out of the parking building when thenber of parking placesxceeds a
certain numberOtherwisethetraffic will be overloaded and insufficient and can have/ve
bad consequences for the parking structure during its servicBdigedes the poor traffic

of the parking structure can lead to negative economic impacts on the associated facility,
e.g. (airport or shopping cean}.

Nevertheless, the correct moaejiof suchcomplex geometries ishallengingin terms of
accuracy and time of modelinyie to their complex natur€herefore BIM can play a role

in such casesvhichBIM is an approacfthat is distinguished by the generation and usage
of consistent and reliable information about a building proj@tie quality of the
information is the key feature of BIM and its process. The more reliable this information is,
the better the quality ohe BIM model(Autodesk) That is whyin the case ofa complex
structure like the helical ramphe advantages are not only the fastexdelingprocess
which save time and cost for the projects but also agaitstakes that canost a lot to
solveduring the production, executipand service phasel the case of sucla structure

the accuracy tolerand®s to beserylimited (Alexander, 1988and some small errors can
lead to huge difficulties durgnthe construction.

Stateof-the-art BIM software, such as Autodesk RewitchiCAD or AecoSIM provides a

large number of default parametric dependencies, such as dependencies of the columns
heights and floor types, and the position of foundations celatethe floor level, etc.
(Autodesk). The use of this default parameterization enables easy modifications of BIM
models. Furthermore, it becomes possible to modify the description of the model (or of the
construction plans or schedules, respectively). BIM software can also be used to create
individual families to create a specific model element with special characteristic that not
available in the software libraries and to develop individual data structures. However,
because of the complexity of creating such families and structure dataaéigpe case of
complex geometries using BIM softwares requerpert knowledge and is thus limited to

BIM managers or to a few BIM enthusiagtgnatova, et al.)For that reason and to
parameterize the generation of a comgleometry and to make it easy for the average user,
we need more than just the normal use of this softwae)eed a workflow or a method

that include some tootbat are executed in a certain orddnese tools could be just some
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pre-parameterised fanids or they could be combined with some other tools such as-graph
based tools (visual programming methods), calculation tools etc.

thusthe need for an easy, accurate, and fast BIM workflow for such geometry is very high.
As aforementioned, this can havéoa of advantages not only by saving time during the
design phase but also saves costs during the production, execution and even has a
remarkableeconomical impact on the associated facility.

In this study the way of parametrize the generation of a cong@emetry is studied(the
Helical ramp). Two BIM workflows are used in this study with different approaches.

The first workflow used only somereparameterizedamilies with huge number of
parametric dependencies. These families are designed to getesprined inputs from the

user and be placed in a specific order and a specific way in order to achieve the correct
modelling of the helical ramp. This workflow is implemented by the company Goldbeck
for modelling the Helical ramp.

The second workflow iswaorkflow developed by the author of this study. In this workflow
the author coupled some tools together withgaeameterised families. These tools consist

on the one hand of a graplased system tool, which makes the placement of the elements
faster andnore precise. On the other hand, a calculation tool that reduces the calculation
effort of BIM systems and makes the input interfaces moreftisedly.

1.2. Aim of the study

As we can see ithewell-known graph Fig(1), the BIM caremendouslyeduce the wid
during the documentation and the coordination phesmpared to théraditional CAD-
based desig(Fridrich, et al., 2014)s this valid also in the case of the complex geometries?
Or the traditional BIM process is not emgbualone?.

o
£
[77]
[7]
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e
(=%
8
o
2
3
= . CAD
g < BIM "\\ total time
F | 50%-80% *\ requirements of
fotal time % ' the project
requirements g 3
of the project % %9
- \ ¥
- Y

Concept —=Documentation —£>Coordinatior-\—
Figurel: Comparison of time requirements of work in CAD vs. BIfidrich, et al., 2014)
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The current state of BIM software is too simplistic and only supported a limited complexity
in geometrymodeling(COENDERS, 2010)According toT. Michael (Michael, 2016)The

lack of the availability of computationahd automatioapproaches in thmodelingprocess

can lead to informationnaccuracy or information los€ontrarily BIM workflows that
depend on parametric modeling can deliver building information that is more coordinated,
more reliable, higher quality, and internally more consistdntvever BIM systems are
limited in their dility to automate thegeneration ofgeometry, especially for complex
geometriegJANSSEN, 2015)By implementing parametrinodelingmethodinto the BIM
process we caparameterizéhe generation of the BIM modedéd ensur¢he quality and

the accuracy of the outputAs mentioned above, such automated or smmomated
generation of BIM models can provide more reliable and higher quality information, and
offers several other advantages, such as faster, lesspaor@, anda greater variety of
model shapegFridrich, et al., 2014)The BIM process with parametric modeling can be
designed to generate models at different scales, starting from a single building element, a
part of the buildingor even the entire building.

Since there are many ways to design a BIM workfldve, thain aim of thighesisis to
investigate what can be nowadays attained thrddigghelingautomation, both by literature
research and by proposing a novel concept foatliemation of thgeneration of complex
geometries.The authorintroduces an automated workflow for the generation of BIM
geometry and documentatiofihis studyargues that the parametric modeling phase may
take some additional time at the beginning (tlatched part in Figure 2but it can save
more time in the following phases.

A
T
3= 2D CAD
&
] Traditional
g BIM
=
Parametric
BIM
%
Parametric model  Design Documentation  Coordination

Figure2: Comparison of time requirements of work in CAD vs. Traditional BIM VS.
Parametric BIM
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1.3. Thesisoutline

Chapter 1 provides an overviewf the studygoalsand motivation ofdeveloping a BIM
parametric workflow for the generation of complex getmas especially the helical ramp.
It also discuses the aim of the study.

Chapter 2 givesfirstly a basic explanation of theBIM concept. Then the concepof
parametric modeling and its different types, which can be found in the literature, are
explained.Then the possibility of implementing the parametric modeling concept into the
BIM workflow is discussed The last part of this chapter disses a case tady of
developing a BIM workflow for the generation of the helical ramp, winelk developed

by the company Goldbeck.

Chapter 3 discuses at the first parthe geometrical principles of the helical ramp, the
boundary conditions that need to be yeetd the output required from the model. The
second part of this chapter explains the proposed BIM worlkdluihvthe methodology used
in developing it

Chapter 4 presents in detail the implantation of the methodology discussed in chapter 3.
This chapter explainalsothe concepts and the structsref the developed algorithms and
interfacesand how they interact and combined to formpgheposedvorkflow.

Chapter 5 comparesnainly between the two BIM workflows introduced in this study in
terms of performance angsability.

Chapter 6 presents conclusions about the main observations and results addressed in this
study.
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2. Literature review and case study

2.1. BIM

BIM is an abbreviation of the terfiBuilding informationmodeling. According tothe US

National Buildirg Information Model Standard Project Committeei Bui | di ng | nf c
Modeling (BIM) is a digital representation of physical and functional characteristics of a
facility. BI'M is a shared knowledge resour

BIM asa concept started in the 1970s. the first time the term building information modeling
was officially published ncl udi ng t he @édbrveenal, et &l.i 1832 A Bl MO
2002, Autodesk and other software vendors haveestéo get involved in the BIM field.

BIM is sometimes mistakenly thought of as just software. However, BIM must not only be
seen as software but as an embedded procé$ss processstartswith the creation of a
smart 3D model with all associated information, which enables documentation,
coordinationduring the design, consiction, and the building life cycléAutodesk, 202Q)

It should be noted that BIM is aapkage of data that can contain all relevant information
(Fridrich, et al., 2014)The BIM method is distinguished by its higality, reliable and

fully coordinated informatioigAbedin, 2016)

2D Drawings

I Analyses
3D

Bills of
Quantities

Project
Management

Fabrication Building
Details Management

Figure3: Application of BIM (Maia, et al.)

According to constructiomnovation,(Innovation, 2007)there are many benefits of BIM
e.g. faster, more effective processes, better design, controlled whole lifeacolsbetter
production qualityBIM can also offer the design team a high degree of confidence and
minimize conflicts (Building infromation modeling in the architectueagineering
construction project in Surabya, 2016)
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2.2. Parametric modeling

Parametric modeling is a process that depending on the relations between the different
attributesof the geometry to change ghape. These relations can be performed through a
number of equations, constants, or varialdleshich,one attribute has changed the effects

of these changes on the other attributes are applied automatically with no need for any
manual calculations.

This concepts similar to adding a series of interconnected equatioBxcel or any other
spreadsheet if one value is changed all other values are automatically cHdngedn be

also applied with the modeling of geometry by creating a chain of peeei&eometrical

or Mathematical parameters) that form the geometry. Whereas, by manipulating any of
these parameters, all of the other parameters are adarsdetthe shape of the geometry
accordinglychanged.

To illustrate this concept, consider a vemnplified example of parametric modelingn
example of modeling a single beam where the profile height is related to its &thgiteas,

when the length is changed the profile hight is automatically changed. The mathematical
relations could be as follang :

if L>2 mthen h =300 mm,
else if L> 2.5 m then h = 320 mm,

else then h = 350 mm.

Section Side View

Figure4: Dimension parameter of the beam Example.

This very simple example can be done inside the BIM system e.g. Autodesk Revit. By
defining two parameters for the length and height of the beam and using the above
mentioned logic Figf). More complex dependencies could be performed in order to create
more complex geometries.
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Figure5: Defining parameters fa beam geometry in Autodesk Revit.

However this kind of parametric modeling used only a siageration iteration. This means
the changearedone only in one element several identical elemergsr iteration.To change
several unidentical elementsth differentor samegparameter valuesmultaneouslywe need
to developa multi-operation iterationThese methods are described in detail below.

In the literature, there are different types of parametric modeling. Parametric modeling is
classified basedn the way they support iteration. Théonomyallows us to clearly classify

the parametric modeling methods and the systems that support these methods. According to
(JANSSEN, et al., 2015)he parametric modeling methods are classified into four types:

1 Objectmodeling
1 Associativemodeling
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1 Dataflowmodeling
1 Proceduraimodeling

The objectmodelingdoes not support any iteratioAssociative modeling allows for only
singleoperation iteration, dataflow support implicit mudjperation iteration, and procedural
modeling allows for explicit mukioperation iteration.

Most of the BIM systems available in the market support either Associative modeling or
object modeling. The Associative modeling allows oalgingle operation iteration, which
meansthe system appliesnly one operatiosimultaneouslyo some geometries and with the
same value. For examplié,we havea number ofplates andhe operation isichanging the
thickness otheseplates Orhe single operation iteration means, thatrtee input value (The
thickness of the plajawvill be the same for all plates. This can be done using Autodesk Revit
by creating the parartess as been done in the above example Fig(5), but with creating the
parameters as Bype parameterSq when changing the parameter once this will be applied
simultaneouslyo all plates with the same type in the project. Autodesk Revit also supports the
Object modeling type but in this case, the parameters have twebhtedas an Instance
parameter. With the Instance paramegtee changes will be applied only on the single element,
which means there is no iteration.

The multioperation iteration mean® give multiple input values for the geometries. For
exampleif we have a number of plates, that we need to change their thicknesses with different
thicknesses values. The new thicknesses values are nested in a list and the plates are also nested
in anotherlist. The algoithm iterateover both lists and gives each plate the new thickness value
Fig(6). Howeverin thecase of the implicit mukoperation iteration, the user has to ensure that

the list of the plates and the list thie thicknesses are correctiydered in which each plate

gets thecorrespondingalue.

Plates List
(P1,P2,P3,P4,P5)

Changing New plates List
value node (P1,P2,P3,P4,P5)

Input value List
(V1,V2,V3,V4,V5)

Figure6: Implicit Multi-operation concept
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On the other hand, in the case of the explicit raperation iteration, there is an additional
matching algorithm Fig(7). This algorithm is responsible for reordering the lists, in which each
plate gets the desired value.

Plates List
(P2,P5,P3,P1,P5)

Matching Changing New plates List
Logic node/s value node (P1,P2,P3,P4,P5)

Input value List
(V1,V2,V3,V4,V5)

Figure7: Explicit Multi-operation concept

By default, the BIM system can not support the roteation iterations. In order to achieve
one of the multioperation iteration systems, we needenhance the BIM system e.g. by
implementing a grapbased system to the workflow. Autodesk dynaswupports the explicit
multi-operation iterations, by addingmeelogic nodes to match the lists.

2.3. BIM workflow and parametric modeling

In order to create a powerful and efficiggatrametricBIM workflow in case of complex
geometries, the Dataflow or procedural modeling approaches should be applied. This needs
to enhance the BIM systetn implement multioperation iteration i.@nplicit or explicit
multi-operation iterationAccording to(JANSSEN, 2015}here argwo approaches, the
embedded approach or the coupled approach.

The enbedded approach: in this approatie BIM system is extended by adding some
morerules and conditiosito achievehe mrameterizationfahe modeling

The coupled approach: in this approaahgraphbased system is coupled with the BIM
systemThis allowsthegraphbased system to be used to genezlmentsandto manage
the data in thé&IM systems.According to(JANSSEN, 2015}here are two types dhis
approachtightly coupled approach and loosely coupled approach se® Fig(the case of
thetightly approachthe grapkhbased systemareconneceédwith the BIM system through

1 The grapkbased system used in this study
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the Application Programminterface (API)the grapkbased systengenerate or modify
the geometry directly when the script issexted.

. GH: Grasshopper
Parametric Dy: Dynamo
BIM GC: Generative Components
Hou: Houdini

HW: Hummingbird/WhiteFeet
Ch: Chameleon

Lt: LMnt

GG: Geometry Gym

Embedded Coupled
approach approach

Tightly Loosely
coupled coupled

RevitAPIA____..--““"J' IFC/ngML_‘__.--’".
GH Dy || cc GH | iGCiiDyiiHou
gl I [l o
HW || cnh || Lt GG|iniimiini

Parametric BIM Workflows

Figure8: Approaches of implementing Parametrimdeling into the BIM process
(JANSSEN, 2015)

On the other hand, the loosely coupled approach asethpletely different way, which
depends on creating a new file to be imported into the original BIM systeraate/modify
the geometry. The generated filkcooked Model)s created using a grapbased system
andthen is used to creatbe modelthatto be imported in the BIM system (Exchange
Model) it should be in atandard file format e.g. IFC or gbXMiee Fig9).
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Parametric Cooked Exchange BIM
model model model model

Figure9: The workflow of thdoosely couplegpproaciJANSSEN, 2015)

The loosely coupled approach is recommendedhm case ofa Multi-disciplinary
environment or with different BIM systeni®pen BIM) which through using a standard
file format theuses areallowing to connect tools and systems supporting different forms
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of collaboration and exchang@ne of the benefits of this approachthiecase ofthe Graph

based system and the BIM systdrave not bencompatible with eacbther,For example

usng AutodeskDynamo asa Graphbased system to cook a filer Archicadasa BIM
systemOn the other handhe tightly approach miss this Advantage, which the gtagded

system and the BIM system have to be corbpato eachother, However the tightly
approach is more dynamic and faster, regarding changing or repeating the process, which
the parametric model is makirige change directly on the BIM system without importing

and exporting steps.

The two BIM workflows used in this study arasing differemn approaches. Thérst
workflow! used the eivedded approach, by extended the AutodReskit system to be able

to achieve the grameterization of the modelinghis Workflow is used now in Goldbeck

to model the Hdical rampsandit will be explained in dedil in next sectionThe second
Workflow?, which is developed by the author of this study used a modified version of the
tightly coupled approach, by couplbdth Autode« Dynamo as a grapbased system and
Microsoft Excel asa computaional systemwith Autodesk Revit as the main BIM system

to achieveexplicit multi-operation iterationThis approachis discussed in depth in section
3.3.3 The Compaative study in Chapter 5 argues that ugmgproposedaoupled approach

is more effective in terms gferformance and usability

2.4. Market analysis and BIM

In this chapter we will make a market analysisifoplemntingthe neuBIM technologies
in the construction industryn Germany especially the market of the building the garage
parking buildings and the adntages of this implemntings.

2.4.1. Multi-storey car park market in germany (Parkhaus Market)

A multi-storey car park is usually a building with several storeys, with parking spaces
for cars or motorbikes and, more rarely, for trucks or bicycles. Parkingegaeag
usually built in larger cities to make better use of scarce 4cityespace and to relieve

the street space from parked cargalled stationary traffic. One floor of a muttiorey

car park is called a parking deck. A high garage is a garags thatessible via ramps
and is not at ground level, an underground garage is a garage below ground level.

In principle, a difference must be made according to the type of development:

1 Viaramps where thedrivers themselves drive their vehicles to thepark
and pick them up there againhere are different types of ramfsspace
saving variant is known as splével systemfull storey rampor Helical
ramp. The last variant is usually used in case of high traffic palksancer,
1988)

1 This workflow will be namedni this study as thexistingmethod
2 This workflow will be namedri this study as the propsed method
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1 Via lifts where the drivers hand in their vehicles and keys. This technology
is not widely used in GermarfyHasse, 2015)

The first car parks were built in Germany in the 1920mvever, parking garages only
became really popular in Germany after the Second World War, when mass mobilisation
began here todlhe five-storey and first public car park Hauptwache in Frankfurt am
Main was built in 1956 as a consequence of the increasing traffic density in Frankfurt
city centre(Kleinmanns, 2011)

In view of the currently growing number of cars and the scarcity of space, building a
new multi story parking are becoming increasingly important, especially in the city
centres. While at the ermd the 1960s around 260 car parks throughout Germany offered
space for 90,000 cars (Hupfer 201Warket observers estimate that 1.1 million of a
total of around 4.8 million parking spaces in Germany are on public roads and traffic
routes. The managemenf these designated parking spaces-qiwaet market) is
reserved for local authorities by law. The remaining 3.7 million parking spaces are
allocated to the soalled offstreet segment, i.e. parking on Aaublic roads and traffic
routes. Of these, arodn70% are subject to charges (e.g. mmstirey car park,
underground car parks, unrestricted market square with parking madfioks$)

2.4.2. BIM in multi-storey car park market

There are various types of buildisgstem=f the muti srtory garages and the helical
ramps in germany. Most of the companies rielied on the concrete cast is situ way of
building such building Hasse, 201550me companies use tHeesch Additivsystem,
whichis suitable fouse as floor decking system in multi storey buildings and car parks.
However, only the system used by goldbeck is discussed in this sedtich is relied

on precast concrete plates with a steel skleton as explained in section 3.1.

Using this system has advantages not only in terms of fast production and construction,
butit opens also the door for implementirgr@meterizatiowonceptsn terms of of the
design and planningBy using such a system, the implementing of the parametric
models are possible through making a-pasametrized BIM families and using the
power of the graph based BIM system to model them prescisly and faddition the

ability to modifying the design and the modelling easily using the BIM parametric tools
However with the traditional cast in situ systems each individual Helical ramp has to be
modelled from the beginning using the normal drafting methods.

The company Goldbeck produced approximately 100 Parklyaasky with value from

350 Mio. Euroto 480 Mio. Eura Where the value of the mulstory garages built by

the company in the year 2017/2018 was 311Mio eu@ermanspeaking countriesnd
almost 50Mio. Euroin other European countries. This number is increased to reach 480
Mio. Euroin the year of 2019/2020 with almost 48lo. Euroonly in Germany.
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On average, the company builds 3 to 5 out of every 100 parking garages with at least 2
helical rampsWith the traditional methods of cad drafting, the completion of a spiral
ramp normally took about 2 weeks. This time (2 weeks) is required when an experienced
engineer is responsible for the taBloweveran average user were not eligible to deal
with such acomplex task.For that reason it is always worthwhile for the company to
implement new modelling technologies to accelerate this process and increase the
accuracy of the modelling’hese implementations are also worthwhile as they could
save time and co®f the modelling process in addition to the cost of corrections in
manufacturing and assembly due to the lack of modelling accuracy.

In this study we discuss a case st@ahgntioned in section 2.%f of implemintig such

a parametric BIM technology tautbomate the generation of the helical ramp of the
parking garages. In additioto this, the author introduce a new concept tioé
parameteric generation of the helical ramp. In chapter 5 the planinig costs of both
methods are discussed.

2.5. Casestudy with existing methodology

The modelingof the helical ramp represents always as a complexchaliiengingtopic
when it comes to large mubtory parks. Therefore, Goldbeck has developed in the last 10
years somenodelingworkflows/methods to model theshcal ramp.Firstly, the company
relied on 2Dmodeling with AutoCAD and a simple Excel calculation spreadsheet to
calculate the plate and beam coordinafEsereafter, the company decided to take
advantage of the benefits of 3D modmtsl BIM. Thereforea new tool was developed with
Revit by the developers of the compaihy this sectionwe will have a closer lookt this
method in detail. This will be used subsequently for the comparison withutipesed
method developeby the authar

2.5.1. The concept of he method

As aforementioned the developer of this method decidetpend only on the BIM
systemwithout the assistance ahy othersystens. The parametric modeling concept
of this method is to create a number of associative parametric modeling pspaesse
which the user performs them one after the other.

The associative modeling processes are single operation iteration processes, in which
the user enters the input data of the elements one by one. Through these input changes,
the geometries of the elemts are automatically adjusted.

The developer creatgqzhrametric constraifiasedRevit families with a large number

of formulas andconstraints Through these formulaRevit rurs all the trigonometric
calculations in the background and then rounded up to the ragtin(Revit, 2019)
Therebyall the required elevations and dimensions of the ramp plates and beams are
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calculated Fig(10). Four different parameterized Revitamilies are developed
(Installation surface family, Ramp plate family, Landing fanalgd beam family).

Because everything is done inside the BIM system, the user input interface has to be the
normal BIM system user interface. This means the user haaitchsfor the parameters
that need to be changed.
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FigurelQ: Screenshot of the family parameters
252.The met hodds Wor kfl ow
Firstly we take a look at the parameterized families in this workflow

Installation surface familythe main concept of this Revit family is creat@mgumber
of dummy plates arranged in a helical patfeig(11). These plates are used to place the
ramp plates on them afterward.
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Figurell: The installation surface family
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Figurel2 Screenshot of the constraints and formulas of the surface installation family

Through a large number of formulas and reference lines, the vertical position of each
plate is calculated in a way that shapes the healaap. By changing the inputs e.g.
(outer radius, inner radius, story height, etc.), the positions are adjusted according to the
new inputs. In other words, the function of this Family is to adjusts the positions in the
vertical direction and it will be useas a basis for the Ramp/Landing plate families.
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Ramp/Landing plate familythese families are parameterized families that adjust all
dimensions of the plate in the horizontal basg (The outer dimensions of the plate,

the sidewalk width, etc.Fig(13).
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Figurel3: Parameterized Revit family for the Ramp plaeigtingmethod)

The family was parameterizedhereasy changing thenputs e.g. (outer radius, inner
radius, angle to the gable side, etc.), all the dimensionseoplate will be adjusted

automaticallyaccording to the inputted values.

Beam family: it is also a fully parameterized family, which through the formulas and
constraints, gets the correct vertically positiweach side length, and rotatioat each
side

The workflow of this method is divided inBsteps:

Step 1 modeling the installation surface family and changeitipait values of its
parameters according to the required dimensions and positiofouter radius, inner
radius, angle tthe gable side, etdrig(14). The main function of the installation surface
family is to adjust the coordinates in the vertical direciind will be used as a basis

place the plates on it.

1 Due tot he hilical shapeature, the beams will have a different vertical position and rotaion at each side(inner
side and outer side), in order to form the helix pattern.
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Step 2 place the plate families one by one on the instaliadurface family Fig@). As

done in step 1, the user has to reinput values of some parameters but now for the plate
family see Figl4) e.g. (outer radius, inner radius, angle to the gable side, the plate
number, etc.)

Step 3the user has to model theams on a horizontal levélhen he has to input their
parameter values e.g. (outer radius, inner radius, angle to the gable side, the beam
number, etc.).

using these inputs and through the formulas and the constraindahatbeen
programmed inside tharnily, all the dimensions and elevations are calculated in a way
that each plate/beam is positioned in the correct elevation and with the correct
dimensions.

Figurel4: Some of the ramp plates are placed on the installatidace family

253. The met holdéfacei nput

Thismodelingmethod does not have a clearly defined input interfacee it uses only
the BIM system, there is no chance to create afusedly input interface The user
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has to search for the family paraers that need to be changed for the case he wants to
model Forexample, the inner/outer radius and other geometrical ifjpgdss).
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Figurel5: Screenshot from a Revit family parameter window

These inputs have to be manualiyey in each of theforementionedamily types
(Installation surface family, Ramp plate family, Landing fanalgd beam family)
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3. Research methodology

In this chapterwe will discuss the methodology of the researtikdeveloping an automation
workflow for modelingthe Helical RampFirst, the geometrical aspects will be covered to
identify the geometry that nesdo be modeledin this first partthe structural systemhée
boundary conditionsand the required outcomes are discussed. iAnthe last part of this
chapterthe promsed BIM workflow the conditionsof the performanceandthe Usability are
explained

3.1. Geometrical aspects of the helical ramp

A Helical Ramp for anulti-story car parlcan have different structural schesriehere are
various appwachesn the market taouild such a structure using different building materials.
Neverthelessthis study has only considered the design and the construction way, used by
the company GoldbecK his assumption is helpful to limit the complexity of therk.

Such as the variability ahe construction methods and the building materials e.g. some
companies use cast in situ concrete, which has coshplifferent boundary conditions

and daign proceses. In this section, th&eometrical aspects tife paking garageas well

asof thehelical rampused by Goldbeckre introduced.

3.1.1. Multi -storey Park system

To understand the system of the Helical Ramp, we have to take a look into the system
of the garage building, which is served by the raite Structural cheme of the Park
consiss of the steel skeleton and precast concrete Pl&igél6). The connection
between the steel girders and the concrete plates is carried out by some connectors
Fig(20). These connectors sustain the horizontal forces, while thieateidrces are
maintained by the weight of gravitsom the concrete plate through the beams reaching

to the columns

Concrete Plate

Steel Colmun—"

/
—Steel Beam

Figurel6: Structural scheme of the garage building

Thebasicof the Goldbeck parking garage system consists of 16 m wide Timgswide
ensuef 6 m wadwayas well as parking spaces of 5 m depth to the left and #ght
16 module is 2.5m or 2.7m wide and thus corresponds to a parking spacelivetth
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is a transverse slope perpendicular to the parking spacésewater drainag&ig(17).
The floorheightis 2,75 m, while the minimurheadway heighs 2,1 m.

16 m |
5m 6.m 5m
Parking space Roadway Parking space

i i)
(&,
1.0% 2
N
| ~N

Figurel7: Plan view of the grage

3.1.2. Helical Ramp System

Like the Multi-story parking structure schemntbe Helical Ramp structure scheme is
also consist of a steekeleton and precast concrete Pla&s (18) with connectors
between the plates and the steel beams.

-

“—Steel Column

Concrete Ramp Plate Steel Ramp Beam

Figurel18: Structural scheme othe helical ramp

The beams and the plates are positianedspecif way to ensure the smoothness of the
roadway of the ramp. Each beam/plate is rotated in 2 directions (Longitudinal and
transveral). it hastwo different longitudinal rotatinsat the inner and outer sicend

one transversal rotatidrig(19). All of these rotationgn addition to the elevations of

t he beamds ends hasentabe pdrrectly ecdcslated and medelsd to
ensure the smoothness of the ramp
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Slope -Gt
(Outer Side)

Figurel9: The slopes of the beams and plates

For a geometry as complex as the helical rarmgmy boundary conditiomaust be met

in order to correctly model the structural elements and awadonflicts during the
production and congiction phase These conditions will be demonstrated in this
section, which will help us to imagine how complex the geometijhisse conditions

are used as a basis for the mathematical calculation model and the parameterized
adaptive Revit familiesyhich aredemonstratech detailin chapter.

3.1.3. Geometrical boundary conditions

As will be discussed in detail in the following sectiohg, inain concept of th@roposed
workflow developed in this study is to create a mathematical algorithm that calculates
the coordinates of the structural elements using geometric igpetsTablé?) and
boundary conditions. The calculated coordinates are then exported to parameterized
adaptive fanilies so that the structural elements with the correct dimensions and
positions will be modeledThe geometric boundary conditions guarantee a seamless
production and execution phase without clashes, as well as effective utilization of the
structure durig the service phas@grynkovskaya, 2019)The geometrical boundary
conditions can be summarized in the following points

1 The clear height of thi#oor
According to the civil engineering codé2015) (2016)for parking,the clear
height of the storey is one of the most important aspects, that should be taken
into accountvhile modelingthe helical automobile ramp

1 The smoothness of the entrance between the car park amairibe
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The elevations of the landings of the ramp should be adjusted to ensure smooth
access between the car park and the ramp. This maintains the operational
efficiency of the Structure

1 The connection between the struellements.
The connection between the beams and the plates should be modeled neatly and
with minimal errors to ensuride smooth assembly of the structutiee joints
between the plates must also be considered, whidibe preservedilong the
length of the plat&ig(20).

Connectors —_!

Concrete plate —

Steel beam —__

Figure20: the connection between the beam and the plate
3.1.4. The required Outputs from the geometrical model.

According to the standard of Goldbedke following outputs are essential for the
production and construction phases. These required outputs will be usefeaence
in creating the Revit families (section 3.4.3).

9 Accurate 3D Model

In the case of Helical Ramp there are some benefitslivieding an accurate 3D Model
as following:
o An accurate 3D model isssential for the allaboration which ensuring all
design stakeholders have insight into tinedel It
0 It helps to get a preconstruction visualization.
It could be used to make a clagdtettion before the construction phase.
o0 It helpsto getan accurate cost calculation.

o
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Figure21. Example of a finished 3D Model of Helical Ramp

1 Floor plans
Floor plans with all required dimensions and details foctrestruction phase.
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Figure22: Example of a finished floor plan of the Helical ramp
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1 Shop drawing for the plates

Compl ete shop drawing for the ramp pl at e:
production phaseThe shomrawing must have the following outputs:

o The elevation of each corner point of the plate

o All dimensions of the plates including all the required details
5006 - Darstellung Draufsicht mit Hshenabwicklung

87 4000 16 +153
ws ! <
f*f ENE
oy B 2, . +0
ooy L TTT
g 4 i i | N

+ +
Fase 10x45° 47 A E] sn& Fase 10 x 45°
Tropfkante

103,

+143

+297

Ansicht in der Schalung

Oberfléche: Recklimatrize

Figure23: Example of a finished shop drawing of a ramp plate

M Schedule of the beams

A schedule for all beams is required to be automatically generated. This Schedule must
have the following outputs for the steel production of the beams:
0 The elevation of each beatowlumn connection bolts for the inner and outer
sides
o The inclination angles of the beams at the inner and outer sides
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Figure24. Example of the required beam schedule
3.2. The methodology of gatheringnewideas and concepts

To go more into detail and get more new ideas and cts\die author decided to collect
some ideas and concepts before starting to design the workflow proposed in this study.
Since collecting concepts and ideas from the literature is essential, obtaining ideas and
concepts from the people working in this digould also be very beneficial to consolidate

the methodology used in this studyn this chapter, the method used in this study to
assemble the new concepts and ideas is discussed.

A workshop was held by the author with a group of experienced engiftearsthe
company Goldbeck. A creativity technique was applied to get the foremost creative ideas
from the members

3.2.1. The applied creativity technique (63-5 technique)

The 6-3-5 techniqueis a unique form of brainstorming through graphic media
specifically, it is classed among the intuitive and advanced methodologies, as it consists
of cyclically advancing the inspiration of other members. The basis of such a technique
is the conviction that the success of an idea generation process is detdogite
degree of input and integration with the proposals of the other members
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The 63-5 methodBernd, 1969)as introduced as an alternative to brainstorming. The
name of this method is reflecting the structure, in whitdaan of 6 members writes 3
ideas every 5 minutes. After each finenute round, the concepts are passed on to the
neighboring member. The team can then be inspired by the ideas of theAxbensing

all participants properly finish the workshop, ar8ihute workshop should generate

108 ideas. The results of the workshop would then be used for further concept design
and assessme(Wodehouse, et al., 2011)

=07 O
/f;- \
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\_

Participants Ideas each Minutes
participant
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-
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Figure25: Sketch shows the process of 68-5 method.
3.2.2. The workshop

In this section, the implementation of the methe8% is discussed. The Author has
organized a workshop. Six experienced engineers in topic modeling helical ramp are
invited to join this workshop. Table 1 shows Hgenda of his workshop

Tablel: The Agenda of the workshop

Part of the workshop Time[Min]
1 | Introduction to the topic 5
2 | Explanation of the methogt3-5 5
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3| 6-3-5 Rounds 30

4 | Discussion round 20

The author served as the moderatortiod workshop. Due to the difficulties of
conducting this workshop in a room, it was mandatory to hold it online. The challenge
was to adapt this technique so that it could be held online. The author created an online
table with 3 columns and 6 rows F26j. Each column represents an idea and each row
represents a participant. Each cell has a card, pressing on the card opens a window with
a question at the top, in addition to six empty spots, one for each participarg(8@g Fi

Idee 1 Idee 2 Idee 3

)
L S
) .

Alex

Thomas Wolfgang Imre Kerstin
- - -
) pel  pER  DE

Dominik
L3

Figure26: online table for the method $5.
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Wie konnte die Eingabemaske aussehen?

Figure27: The window opened by pressing the card

In the first round, each participant opens the three cards in the row with his/her name
and writes three ideas in a fimainute timebox. After the first five minutes (of the first
round) the moderator moves the cards in each row one row down and starts the second
round. In the second round, each participant finds the ideas that the other participant
wrote in the last round and theregdnas to write 3 ideas that develop the ideas of the
other participant again. This sequence is repeated 5 times until each participant gets his
own cards again and sees how his very first 3 ideas are developed by the other
participants After that, a discssion round was done, which each user had 5 min to
discuss his ideas for the group.
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3.2.3. Theresults and assessments

The total results of this workshop were 3 ideas times 6 participants times 6 rounds,
equivalent to 108 ideas in 30 minutes. It is also noteworthy that there is a certain
redundancy in the ideas, but eventually, the amount of new ideas is still considerable
The author collected these ideas and assessed them to get some ideas that can be applied
in this study.

The evaluation of the workshop results is based on categorizing all ideas into five
categories as follows:

1 Interesting ideas that could be appliedhis study

1 Interesting ideas, but not suitable for the purpose of the study (Future studies)

1 Ideas that are not suitable for the objective of the study

1 Repeated ideas

The ideas derived from this workshop were useful in either gaining a deeper
understanding of the helical ramp system and implementing some concepts in the design
of the helical ramp modeling workflowThese concepts will be discussed in the
following chapters

3.3. The workflow methodology

In designing the proposed BIM tool, the autltred to combine what can be learned

from BIM and also fromthe computer sciencdield to obtain a tool with good
performance for the user and with good output quality for the BIM protesschapter
demonstrates the methodological aspects of the propasdflow. At first, the general
aspects regarding performance and usability are discussed from a computer science
perspective. Then th@oposedBIM methodology is explained in Secti@m®.3.

3.3.1. Tool Performance

The performance of the tool is one of thestionportantaspecs, that has been taken
into consideration. The performancetbé software tool is particularly important in
engineering and scientific studies, where complextamelconsumingcalculations are
performed,andthe processing time isxpensive and limiteMahmudova, 2019)To
make the ternperformance clear. The performance is a capability of the software tool
to be less dependent on the resourcabedlevice: processing time, and transmission
capability d communication channels of capacity occupied in internal and external
memory.According to(Mahmudova, 201%here are some recommendation to achieve
high performance ithe software area

A Usinganadditional program to increaseftware performance

A Using softwarecapabilitiesto increase its Performance
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A IncreasinghePr ogr ammer 6 s Performance to incr

A Parallelize the processes
A Exclusion of any task, that is, manages on without it.

3.3.2. Tool usability

Usability is one of the important factors in designing a new softwaréBasian, 1995)
There are many different preceptive to define and evaluate usability. According to
ISO/IEC 91264 (2001) standard, the difference between usability anBehfermance

in use is a matter of context of u§pecifically, wherusabilityis defined the foas is

on improving the user interfagelain, et al., 2012)According to the ISO Society for
Computer SciencfNielson, 2010)there are some factors that can be used to define the
usability of thesoftware tool. These factors were used in this study as boundary
conditions in the development of the tool in this warld will be used to evaluate the
workflow in chapter 5 and in the comparison with the otherkflow that describes in
section2.4.

1 Leanability

This attribute describes to what extent the user can learn the application and use its
functions By addressing the following question we can assess the learnability of the
tool (Jackson, et al., 20L1)/hat does it equire for the user to learn the
basic/advanced functionspecial training, tutoriaJor only instructions.

1 Efficiency

This attributegivesan ideaof the extent to which the application can offer all the
functional variability required by the marketable @) showsthe functional
variabilitiesin the case of Helical Ramp arnt$ necessity.

Table2: The functional variabilities in case of the helical ramp

Function Description Necessity|

clockwise/ This function allows the user to contr High
1 | counterclockwise | whether the Ramp riselockwise or
counterclockwise

Position of the This function is a general function th High
2 | Ramp has some other stfinctions related t¢
the position of the helical ramp to tl
main buildingof the park, e.g. the ram
located at the right/left side of the mg
building, the ramp at the gable/long sic
etc. All these functions are described
detail in sectior8.4.2.
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T

Automatic This feature offers the ustre ability to| Medium

3 | generation automatically generate more stor
of more stories | without having to manually copy/mod
them.
Ramp Slope Adjustment of the ramp slope accordi| High
4 to the demand
Ramp dimensions High
5 Flexibility in the choice of ramj
dimensions

A Inner radius
A Outea radius
A Height of the story

Number of Fields
6 Flexibility in the choice ofNumber of| Medium
Fields

Wide of Entrance| Flexibility in the choice of car entranq High
7 width
Controlling  the| This option offers the user the possibil Low
8 | error to manually control the error of th
calculation model, which gives th
application more flexile.

Memorability

It is defined as the characteristic of the algorithm that allows the developer to
recognize the elements and functionality ofdlgorithmafter a certain time not
adjusting it(Nielsen, 1993)Theclarity of the algorithmin terms ofits structure

and functionalityplays the main role in this context.

Satisfaction

It is defined as the level to which tapplicatonis usesfriendly, attractive,and
trustworthy for usergSeffah, et al., 2006)

User-friendly : It is the degree to which the tool's interface is straightforward
and understandable to the user.

Attractive : It is the abilityof the system to be visually attractive to the user
Trustworthy : It is the confidence that the application offers to its users. In this
attribute there are two main points to be discussed. Firstly, the stability of the
program that the user expects. Secondly, the transparency of the results, the more
transparent the internal processes are to the user, the more confidence the user
has in the applidaon.
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3.3.3. The proposed workflowMethodology.

The author attempted to design the new tool by developing a workflow that takes into
account the abovmentioned computer science aspects (the performance and usability
aspects) as well as the BIM aspects mentiomé&ection 23.

As mentioned in sectioR 3, there are various approaches could be followed, either by
depending only on the BIM system or by getting assistance from other sys@gms
graphbased systesn On the other handdm the computer science pgestive and as
mentioned inthe previous sections the main idea of increasing the software
performance is to make it less dependent on the resources of the device. This will lead
to a decrease in the processing time and increases the transmissionitgapabil
communication channels of capacity occupied in internal and external memory.
According to(Mahmudova, 2019)here are some recommendations to achieve high
performance, e.g. by using an additional program, this can be loprieserting
Microsoft Excel into the process. Another recommendation is to parallelize the
processes, this could be done by splitting the processes to the software in the workflow,
in other words, do not let just one software do all the processes.

By considering theabovementioned aspects, thmssiblebasic workflow could be
categorizednto threemainworkflows. Firstly, workflow 1 depends only on the BIM
systemi.e. all the parametric processes done within Autodesk Ré&hit workflow
allows us to achieveonly associative modeling with single operation iteratibhe
secondvorkflow is to implement a graphased system with the BIM system. using
Autodesk Revit and Autodesk DynanTdis support®ataflowmodelingwith explicit
Multi-operation iteation The lastworkflow is to implement more thaan assistant
system to the process side by side with the BIM systenusiag Autodesk Revit,
Autodesk Dynamp and Excel.In this workflow, Excel is used to increase the
performance by moving all the cghex mathematical calculations to it.

Workflow 1 Workflow 2 Workflow 3

Autodesk Revit Autodesk Revit Autodesk Revit
’ Y
|

v

|
i
Autodesk Autodesk Microsoft
Dynamo Dynamo s Excel

*Support only *Support Dataflow *Support Dataflow
Associative modelling modelling with explicit modelling with explicit
with single iteration Multi-operation iteration Multi-operation iteration

Figure28: 3 differentbasic workflowsof BIM parametric modeling
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In order tochoose one of thesmasic workflowgo design the detailed workflow for the Helical
ramp, the author decided to teditof the threebasic workflowsin a simple benchmark task.

The task was created to show the advantages and disadvantages of the mentioned BIM
workflows concerningparametic modeling The benchmark task t® generate aumber of

floor plateswith the shape ofanoctagon. The plate dimensioase associated witlhe floor

level. The dimensions are decreati#dhe flip point, then the plate dimensions are increased
again in whichthe towertakes the shape of sandglaSgy(29).

T

= Flip Point

R

L

Side View 3D View

Figure29: A side view and 3D view of the benchmark task

The task should be parameterized so that the user can change the following parameters and the
tower's shape igutomatically adjusted:

1. Number of floors
2. Total height of the tower
3. Length of the first plate
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4. Thicknessf the plaés
5. The position of the flipping point

Theabovementionedvorkflows areused to carry out this task.
1 Workflow 1

In this workflow, only the BIM system is usedecause the BIM system supports only
associativenodelingwith single operation iteratiosgverakingle operation steps have

to be performed one after the oth&n Adaptive family is created with all required
parameters and logi@hereare two types of parameters that can be done in Autodesk
Revit families.

Type parameter: Thisllaws us to change the parameter value that applies to all
elements of the family typ&his type of parameter is appropriate for the valuesatteat
not changd between the plates.

Instance parameterEnables to change the parameter value for each instance
individually.

The parameters are categorize ithree categories:

1 The input parameters

Number of floorqType parameter

Total height of the towegType parametér

Length of the first platéType parameter
Thickness of the platg3ype parameter

The position of the flipping poir(Type parameter
The pl at @ndtancepavtamdiee r

1 The calculated parameters

The level Hight(Type parametéer

The lengthof the plate (Instanceparametéer
Octagon cornefinstanceparameter

The level of the four corners of the pla#@l, A2, A3, and A4) (Instance
parametes)

O OO0 O oo

O O OO
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Figure30: Plan view for the family parameters of the Octagon plate

The steps of this workflow are akown in Fig(31).

By the user By the BIM system

Copy the plate n times Change the values of the - - :
Model the First plate on on the ground level Change the values of the s ‘Compute the values of
instance parameters for )
the ground level type parameters . . the calculated parameters
(o= number of levels) each plate individually

Figure31: Steps of Workflow 1

Firstly, the user has to model the first plate at the ground level. Then hetbef@sily
as manytimesas hewantsat the same level. Then heputs thedesiredvalues of the
abovementioned input parameters. Through the logiemiulas, the calculated
parameters will be automaticalépmputedandconsequentlyeach plate will take the
right position and the correct dimension, in which the tadakes the sandglass shape.

The logic oftheformulas of the calculated parameters are as follow:

1 Level Height= Total_Height / Number_levels [1]
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1 Length = if(Plate_Number < Flib_Point, Intial_LengtH{(Intial_Length / Number_levels)
* Plate_Number * 0,75), (Intial_Length((Intial_Length / Number_levels) * Flib_Point *
0,75)) + ((Intial_Length / Number_levels) * (Plate_ Numbé&tib_Point- 1) * 0,75))[2]

1 CornerOctagon = ((Length) sqrt 2)) / (2 +sqrt 2)) [3]
1 Al =A2=A3= A4 = Plate_Number * Level_Height [4]

Typennam

Suchparamal

Parameter J Wert ‘

Abmessungen

Intial_Length 20000,0 =

Number_levels 100 =

Plate_Number (Vorgabe) 0 =

Thickness 600,0 =

Total_Height 150000,0 =

Bemessungsergebnisse

A1 (Vorgabe) 0,0 =Plate_Number * Level_Height

A2 (Vorgabe) 0,0 =Plate_Number * Level_Height

A3 (Vorgabe) 0,0 =Plate_Number * Level_Height

A4 (Vorgabe) 0,0 =Plate_Number * Level_Height

Length (Vorgabe) 20000,0 =if(Plate_Number < Flib_Point, Intial_Length - ((Intial_Length

Level _Height 1500,0 =Total_Height / Number_levels

Octagon_corner (Vorgabe) 0,292893 =((Length - (((Length) * sqrt(2)) / (2 + sqrt(2)}))) / 2) / Length

ID-Daten

<

S B DEE NN

g ich

Figure32 The parameters of the Autodesk Revit Family of the benchmark task.

U Workflow 2

In this workflow, a graptbased systenfAutodesk Dynamo)s used with the BIM
systenfAutodesk Revit). A data flow modeling with An explicit muHbperation
iteration is performed. The adaptive family that prescribed in workflow 1 is used.
Additionally, an algorithm using Autodesk dynamo is written.

The main concept of the dynamo script is to makeudti-operation simultaneously.
The process of the dynamo scriptligided into four main steps. Firstly, collectitige
values of the parametey the user through a usktrendly interfaceFig(34). Then to
model all the plates at the ground leviter thatchangng the values of the parameters
into all plates (the type and instance parametarsyrding to the ingted values.

The steps of this workflow are as follow:
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By the user By the graph-based system By the BIM system

Input the values of the Model the plates n times Change the values of the

S C te the val f
parameters (Dynamo on the ground level Change the values of the Ststance pasareEtes for ompute the values o

type parameters the calculated parameters

user Interface) (n = number of levels) each plate individually

Figure33: Steps of Workflow 2

Octagon Benchmark

Octagon Benchmark

Length_Ston Iploaae entor the starting Length J

Plate Thidneao Ipleaso anlar the Plata Thicknasa |

Number of Levels |pleea antar the number of levals |

Flipping Point
Flipping point is the point where the glabs start o incresse again

Flipptng point ,RIBEEB enler the Flipping point I
Tolal Haight [plaane ontar the Total Haight J
[ Concel | Finigh

Figure34: User Interface to input the values of the parameters

Input the values of the parameters

e
E&— Model the plates n times on the ground level Ehange the valijes of
— (- the type parameters
= il Change the values of the

- - instance parameters for
e each plate individually

i = :

o —

Figure35: The dynamo script of the workflow 2 showing the four steps of the process
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After inputting the values of the parameters and press on the Finish button, the following
3 steps of the process are done automatically without any help from the user. That is
why this kind of modeling processcalled multioperation modelingThen thevalues

of the calculated parameters are computed inside the BIM system through the formulas
and conditions that programmed into the adaptive families.

Workflow 3

In this workflow, a graptbased system (Autodesk Dynamo) and an external calculation
system Microsoft Excel) are used along with the BIM system (Autodesk Revit).

A calculation tool is programmed using Excel VBA, whiclesdall the mathematical
calculatiors thatareneeded and moved out from the Revit fam@prrespondingly a
modified version of the adaptive family thiatused in Workflow 1 and 2 is used, in
which all the mathematical formulas are removed. A new dynamo script is written,
which it exports the calculated values from the calculation model ateltheminto
theadaptivefamily.

By the user By the calculation system By the graph-based system

_______________________________________________________________

Input the values of the
parameters (VBA Excel

user Interface)

Figure36: Steps of workflow 3

A user interface is also programmed by an Excel VBA to collect the values of the entered
parameters and to execute the calculation model, ffiese is an initial interface, which

is divided into three parts (input, calculati@md output}ig(37). The user shall press

the "Data input" button. Then a window opens where the user can easily enter all the
Input parameterkig(38).

Calculation Output

Data input Calculate Computed values

Clear all Data

Figure37: Excel VBA interface of workflow 3
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Calculation

]

.—m—(

Calculate

Clear all Data

Computed values

, Octagen Benchmark

Octagon Benchmark

Length start (mm) |

Plate thickness (mm) [~

Number of Levels [

Flipping point

:

Total Height (mm) —

Cancel | Finish |

Figure38: Data input window of the user interface

Next, the user can start the calculation model by pressing the "Calculate" button, where
all mathematical calculatis are performed in the background and all parameter values
are calculated and ready to be exported to the adaptive fariiliesvalues can be
checked bGgomputecdvalsesAfterwart the dynamo script is used, in which

the plates are modeled atind calculated values are automatically written to thEne
dynamo script has three main parts (Collect the values from the calculation model,

model the platesand write the values into the adaptive families) FIg(3
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Write the
values of
the
parameters

Collect Data from Excel Model the plates n times on the ground level into the
=== (n-=number of levels) adaptive
— B=— = families
,“ —
! =
-

Figure39: Dynamo Skript of workflow 3

The first part of the script is to collect the data from the calculation mdfedn the
dynamo script is executed, a window opens and asks to select the calculation model file
Fig(40). Then the script models the plates auatisally and writes the calculated values

into them

Octagon Benchmark

Octagon Benchmark

Excel file l [

Cancel Finish

Figure40: Window of reading the calculation model.
0 Comparison between the workflows

After testing the three workflows and in order to choose one of these basic workflows
to design the detailed workflow for the Helical ramp task, a comparison between them
will be done in terms of the performance and the usability.
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By the user By the BIM system

il Change the values of the
Model the First plate on on the ground level Change the values of the E
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Figure4l: the steps of the three basic workflows used in the comparison

First, the comparison in terms of performanc&s mentioned in section31 the main
two aspects that we can use to compare between the workflows are the processing time
and theoccupied internal and external memory

1 Processing time the processing time is generally divided into two parts. Firstly the
processing time needed to model and copying the model elements (plate adaptive
families) and the processing time of computing the values of the calculated parameters.
Workflow 1 has tle largest processing time because the processing time needed for
modeling and copying the elements manually is larger than doing this automatically
through the graphased system as done in workflow 2 and 3. On the other hand, it has
been noticed that uginan external computational system (as Workflow 3) leads to
decreasén the processing time ahe computingof the values of the parameters than
performing this calculation inside the BIM system (as Workflow 1 and 2). That is why
Workflow 3 has the smiast processing time due to using a grbpked system and
computational system Fig@).
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Figure42: Graph shows the processing time of the different workflows

1 Occupied internal and external memory it has been noticed that thesge no
noticeable differences between the different workflows in terms of the occupied
memory However it has been noticed th#lte parallelization of the processes
workflow 2 and 3 has decreased slightly the occupitstnalmemory than workflow
1.

Secondly, the comparison in terms of usability. As mentioned in sec8¢htBe usability
aspects that can be used to compare the workflows are as following :

1 Learnability : it is obvious that workflows 2 and 3 are easier to follow than workflow 1
due tothe fewer steps to be performed by the user. in workflow 1 the user has to perform

a number of steps in a certain order, which may require a tutorial, while in workflow 2

and 3 the user only has to perform only one step, se¢lrig(

1 Efficiency: with sucha simplified task, there is no noticeable difference in functional
variability between workflows, since all workflows offer the same degree of variability.
1 Satisfaction:as mentioned in section33®, the stisfactionaspects dvided into 3 main

points(userfriendly, attractive, and trustwortHgr users)Seffah, et al., 2006)

o Userfriendly: Workflow 2 and 3 used additional systems in addition to the BIM
system, allowing us to program a useendly interface where theser enters the
input data. On the other hand, Workflow 1 used the BIM system anti/the BIM
system by nature does not have a straightforward interface, which is net user
friendly.
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o Trustworthy : The clearer the calculation formula and the easier itfislitmw, the
higher the user's confideniethe tool Since not every user can follow the formula
in the programmed adaptive families, moving the calculation to a spreadsheet (as
workflow 3) gives the user more confidence in the tool. where every ustalican
the formulas and check if the program delivers a suitable result

From thecomparison, it is obvious, that using additional systems along with the BIM system
(as Workflow 2 and 3) offers higher performance, more flexibility, and a better uséhibty

That is why the Author has decided flow the concept of Workflow 3 imlesigrng the
detailed workflow for the Helical ramp task (complex task)
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4. Methodology implementation

This chapter covers the implementation of the methodalaspussed in Chaptent8 design a
detailed parametric BIM workflow to a parametric generation of complex geometry (the Helical
ramp). The Benchmark task in chapter 3 is used as a guideline. However, the Helical ramp task
is more complex. The programmexbls (the calculation model, Autodesk Revit familigsd
dynamo scripts) are discussed in detail.

4.1. The main concept and workflow

This section discusses the proposed workflow. The workflow follows a modified version of
the coupled approach, with an expligitlti-operation iteration. The main idea is to use a
graphbased system and a calculation system along with the BIM system to increase the
performance and usability of the workflokutodesk Revit is used this task as a BIM
system, Autodesk Dynamo as tlygaphbased systemand Microsoft Excel as the
calculation system. Two dynamo scripts were written and one VBA Excel calculation
model. The Workflow is divided intbive main steps.

Firstly, starting with some steps in Autodesk Revit (BIM system). Theffitst dynamo

script will be executed to do some modeling and modifying tasks in addition to reading data
from Revit and exporting them to the calculation model. Afterward, staring the steps in the
VBA excel model, which is responsible for two main tagksst, to collect some more data
from the user through a uskiendly data input interface, secondly, is the mathematical
computational model, which uses the collected data from Revit and from excel to calculate
all the needed parameter values. Then gbeond dynamo script is run to export the
calculated values by the calculation model to Revit again in addition to place some Revit
families that are needed in making the shop drawings.

Fig(43) shows an interaction diagram for the detailed workflow withttee steps of
modeling the Helical ramp. The boxes are marked with a frame shows how these steps will
be done e.g. by the user, by the grpked system, or by the calculation system. the boxes
have twocolorsblue and green. The blue boxes are thesstieat have been done by the

user and the green boxes are the steps that have been done automatically either by the graph
based system or by the calculation system.
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Figure43: TheProposed workflow of modeling the Helical Ramp

Firstly the user has to draw the grids and the levels manually in the BIM system (Autodesk
Revit), which will be used as a basis to read the geometryFag#h). After drawing the grids

and levels and make the dimensions, the first dynamo script caxebeted to collect the
geometry data mentioned above F&)(4

Drawing the grids and Collect geometry input

the levels of the Ramp data

(Revit) (Dynamo Interface)

Figure44: First part of the workflow

59



Figure45: Grids of the Helical ramp dkefirst step in the workflow

Through the dynamo scripind wsing the inputted data from the previous stéps following

five modeling and modifyingsteps will be done automatically Figj4 these steps and the
dynamo script will be discussed in detail in section 4.4. The script ends with exporting the data
to theExcel calculation model.

Figure46. Second part of the Workflow

60





































































































































































