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ABSTRACT

This research developed and evaluated the Pararbktran Regulation Model (PURM) to
represent urban regulations in parametric Buildiigrmation Modeling (BIM) and assess the
development performances of urban regulations poitihe urban regulation adoption. The
PURM was formed with the Parametric Urban Desigrd8¢PUDM), the Parametric Urban

Design Model Object (PUDO), and the Parametric dibasign Application (PUDA).

The first contribution, representing urban regolatprovisions in parametric BIM, was driven
by parameterization of the urban regulation pravisiwith the PUDM and the PUDO. By using
the parametric modeling within BIM technology, fitygwes of PUDOs of Site, Block, Parcel,
Building, and Parking were assembled to creaté’theM as a 3D urban regulation plan. The
PUDOSs and the PUDM visualized form implication oban regulation provisions with the

object geometry in parametric BIM.

The second contribution, testing development peréorces of the urban regulation provisions,
was devised to articulate the advantage of thenurbgulation modeling in parametric BIM. The
geometrical attributes of PUDOs were expressed thiétparametric relationships, so the PUDM
could present a range of regulation provision v&l@nce the PUDM was built in parametric
BIM, an energy performance analysis could be peréat. The PUDASs enabled the economic

analysis based on the simplified pro forma estiomathethod.

The third contribution, reducing ambiguity in inteetation of the urban regulation provisions,
was experimented with an existing zoning regulaéiod 11 software prototypes of the PUDASs.
Some associations among the provisions that cae thakregulation interpretation complex

were imbedded in the PUDAS so that a set of relptedisions can be determined



simultaneously. The environmental and the econamatyses made the relations among the

provision values and the development performanxpgkcé.

In the long run, the PURM can achieve benefitsompgarison to conventional methods of
representing urban regulations. The developmefbpeances can be assessed in explicit and
direct ways, which were often unforeseen and unagd in the current practice. The PURM can
potentially contribute the new platform developmigratt encapsulates the urban plan without a
static regulation tool and that improves the qualfturban planning outcomes and development

conceptualization.
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1 INTRODUCTION

11 Overview

For the urban design stakeholders, regulationbereming more difficult to incorporate into
designs (Carmona, 2009; Hascic, 2006; Imrie ange§t2009). As more prescriptive urban
regulation approaches have been evolved to foraepla the United States, development,
interpretation, and implementation of the urbarutatipns have become more complex (Ben-
Joseph, 2005; Stephenson, 2002; Talen, 2009).eAddme time, policy makers are raising
expectations for greater predictability of impattie urban regulations on built environment

with respect to sustainability for energy, foodaltie, and climate (Talen, 2012).

This research explored a conjecture that Paramgtian Regulation Models (PURM) can
express the form implications and the developmerfopmances of urban regulations prior to
the regulation adoption. The development and tgsifra software prototype have implied that
PURM can achieve benefits in comparison to congeatimethods of representing zoning
codes. The software prototype has been developediby the parametric modeling within
Building Information Modeling (BIM) technology, thepplication Programming Interface (API)

in the BIM authoring tools, and the Object-OrienfBrdgramming (OOP).

The research investigated 1) whether the key pangsof the urban regulations can be captured
as the parametric BIM objects, 2) whether intetietships among the regulation constraints
can be represented as software algorithms in BHd,3 whether development performances

can be deduced using the new urban regulation madelarametric BIM.

1.2 Definitions

In the context of urban regulations in the Unit¢alt&s, various terms are used such as law, rules,



regulations, codes, ordinances, standards, guakelatc. Rules and regulations collectively
formed codes such as zoning codes, which haveteffecban pattern and form in diverse ways
(Ben-Joseph, 2009). The ordinance often refersuicipal law, whereas law generally occurs
at any scale of municipalities (Talen, 2013). Urbdasign standards and guidelines differ from
codes in view of legal enforceability; codes temdb¢ regulatory, while standards and guidelines

are often advisory (Talen, 2009).

Zoning has had the broadest effect on urban forsaale among urban regulations in the
United States (Punter and Carmona 1987, Talen 20b8 research placed a higher priority on
the zoning codes than other urban regulations denstand the context of urban regulations in
the United States, to identify the common structifrerban regulations, and to establish the
PURM development framework. In a similar mannemeaontents in the literature review and

case studies in the following chapters focusecherzbning codes in the United States.

Zoning have been employed as a regulation toolandus types have been applied in the
United States such as Euclidean, Performance, tiweeand Form-based Zoning. Euclidean
zoning separates land uses into zoning distriaissaecifies permitted and excluded land uses to
protect the neighborhood from undesirable land,usstablish public health, and prevent
overcrowding and congestion. Euclidean zoningeésmiost prevalent zoning approach in the
United States, while Performance and Incentivermphiave often been used by combining with
the Euclidean zoning. In this research, zoningsanf Euclidean, Performance, and Incentive

are categorized as conventional zoning codes.

Recently, form-based zoning is widely applied. Sarmganizations use the name “form-based
codes” for proprietary code products, while theggleris also used in research literature to

describe a broad type of zoning codes that focu® mypon the building form than on building



use. Hence, it is necessary to clarify the debnitof the form-based code and the zoning codes

in this research. The zoning codes and the formreébasning codes are defined as follows:

» Form-based zoning codes and their various spelBogh as Form-based code(s) and
Form-based design code(s) are abbreviated as FBfSiresearch.

» The FBC in this research does not refer to theiipeode product created by
organizations such as Form-Based Code Instituby private code creators such as
Duany Plater-Zyberk & Company (DPZ)'s SmartCode.

» Zoning codes in this research refer to codes #wilate urban form and scale of public
spaces, streetscapes, buildings, and parking spgaoegh design standards or
guidelines.

* Whether they are labeled FBC or not, the zoningesad this research may have similar

formats, components, and constraints of the FBC.

Significant definitions about the Parametric UrliRegulation Models are as follows:

e Parametric Urban Regulation Model (PURM): a new urban planning and design
platform composed of Parametric Urban Design Maahel Parametric Urban Design
Applications.

» Parametric Urban Design Model (PUDM): an urban district model in BIM composed of
a series of Parametric Urban Design Model Objddiis corresponds to or expands the
land use maps or the regulating plans of the urbgulations.

» Parametric Urban Design Object (PUDO): geometrical representations of built
environments shaped by the urban regulations ssistreet, open space, building, and
parking.

» Parametric Urban Design Application (PUDA): The custom application created in the



BIM API that (1) establishes the relationships amtire PUDOs and (2) performs

complex operations in urban design, which canndtarelled only by the PUDO.

Development performances of the urban design régukare often broad, unforeseen, and
unintended. Talen (2012) claimed that the urbanletigns have affected the physical character
of cities such as urban pattern, use, and fornxjtiat and direct ways. Barnett (2011) stated
that the urban regulations have shaped urban fathbailding envelope such as street frontages
and building height. In this research, | defineelepment performances of urban regulations as

form implications of building envelope as well a®eomic and environmental performances.

This research was conducted using 1) a literakuiew to identify the urban regulation history
in the United States, 2) an analysis of a samptea#nt zoning codes, 3) creation of the PUDM

in parametric BIM, 4) prototyping the PUDA, and eéperimenting and evaluating the PURM.

13 Problems and Challenges

1.3.1 Challengesin use of the urban regulations

In the United States, alternative urban regulagipplications such as Form-based zoning have
been created to substitute or support the conveaitregulation systems (Barnett, 2011; Forsyth,
2003). Recent zoning code reforms have been prahmider the question of how new
developments can minimize ecological impact, acgh®stainability, and address sense of place
(Barnett, 2011; Walters, 2007). However, therestiteinherent and unresolved issues in

creating and using the urban regulations.

1.3.1.1 Complexto create and difficult to use
Many recent urban regulations have placed a higherity on controlling urban form and scale

in comparison to conventional regulations suchwadi@ean zoning regulations that focus on



density and use of buildings (Barnett, 2011; Tak#,2). FBC uses prescriptive provisions that
determine geometrical attributes of built enviromtse For better understanding of the
prescriptive provisions, graphical standards agdrés are included in the codes. However,
incorporating such regulations into design is $tile consuming and error-prone for the code

users due to the several reasons.

First, a regulation provision is explicitly or inmgtly related to other provisions; often multiple
provisions control urban form and scale of one eleinof built environment. For instance, the
capacity of parking spaces is frequently determimethe provisions controlling the building
type and scale. Disposition of parking spaceslé&ed to the building location and the context of
subdivision, but multiple provisions such as sektaud front facade location requirements
constraint the building location. The subdivisiegulations affects the subdivision geometry

that affects the building design. In sum, thesailisggn provisions are related to each other.

On the other hand, the provisions are expressadeartual document with broad applicability,
complex relationships across the provisions makdfitult to locate relevant or required
information. Further, to understand form implicasoof the urban regulations, the users need to
superimpose the collected information from multipfevisions onto the particular project sites.
The wide range of the site-specific constraints @sakis overlay process more complex in that
urban form and scale such as disposition and haightelated to the site topologies (Kim,

Clayton, and Yan, 2011).

Although the urban regulations often provide a usanual section to explain how to use the
components and the provisions, understanding forphications from the associated multiple
provisions and checking compliance of a design thi¢hregulations are still challenging for

planners and designers. Consequently, urban plamamd design review can delay both the



planning process as planners create and amenddghktions and the design process as

designers assure the regulation compliance of tiesiign (Kim, Clayton, and Yan, 2013).

The diverse types of information in urban desigirease the complexity in using the urban
regulations. Typical data sets for urban desighuatee Geographic Information System (GIS)
data for the environmental constraints, textualudeoents for the regulatory constraints,
Computer-aided Design (CAD) data for subdivisiod ptatting information, and vector images
for the master plans or the development plans. & Hata types are often in different scale,

detail, and formats, which can impede the urbaigdg®ocess.

13.1.2 Complexinterpretation of the urban regulation provisions

Although there are varying naming conventions @nettures, recent urban regulations often
include the urban plan such as a master plan aodiag map as well as a series of regulation
standards for open space, streetscape, buildingngaand architectural design. The regulation
users must collect the requirements from the edtiment and then overlay collected

information to the urban plan (Figure 1). The tgpioverlay process is as follows:

» Define the classification types such as land ugaetransect codes from the urban plan.

» Define the disposition requirements of buildingd #me parking structures from the
urban plan.

» Define the type of streetscape, public space, imgjldand parking from the urban plan.

» Locate and retrieve each standard and then idehgfyequirements and the types from
the regulation standards.

* Overlay collected information into the site in tdan plan.

The concept of the overlay process traces badietéQity as Layer”, an urban design strategy



proposed by O. M. Ungers (Ungers and Vieths, 1998)notion is that the modern cities have

complex structures and consist of a series of supesed layers such as transportation, parks,
water, and buildings. The overlaying approach feshkaccepted in urban planning and design
to make the complex structure effective. This cphcereflected not only in the GIS data

structure but also in the spatial operation preeess$ the GIS tools.

However, the overlay process may not be applicabilee recent urban regulation
implementation without the complex interpretationgess to form the three dimensional
geometry. For example, to overlay the requiremiantthe vertical configurations and the
horizontal dispositions, it would be required t@ e®mplex operations that can handle 3D urban
geometry. The use of 2D regulatory tools often ltasiforeseen consequences when applied to

the multi-dimensional built environment, which ctiuides a major flaw in zoning as a

regulatory tool.
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Figure 1: An overlay process among the regulatamnmonents. Adapted from the Station Area
Development Code (The City of Farmers Branch, 2014)



1.3.1.3 Assessing theimpact of urban regulation provisions

Owing to growing concerns on sustainability, urbagulation reformers have established new
goals and objectives, amended the regulation gomdsand often enforce or recommend to use
a rating system of environmental foot print of urlsievelopment such as LEED for
Neighborhood Development (LEED-ND). However, thalaation through such rating systems
can be performed by the individual developers sigiers during the building design phase.
The assessments on the effect of the urban regsatin the built environment have not been

carried out in the early stage of the code makinggss.

Development capacities and energy performancesigmdicant indicators for predicting
environmental footprints for the resource manages@fischer and Guy, 2009; Lang, 1994;
Punter, 1997). The prescriptive urban regulatiarthss FBC are less rigid in limiting density
than the conventional zoning. Often, the targeutetjon or the expected development
capacities are not clearly expressed in the zotwalgs, the comprehensive plans, or the master
plans. As a result, measuring development capagitid estimating performances of the
development schemes are often carried out nokicdkde making process by code makers but in

the building design process by developers.

Such evaluations on the development performancgsmaertain, but it is too late to be
reflected on the zoning code making process. Imatedivaluations during the development of
urban regulations would be critical to ensure ratjoh reforms will or can contribute to the

more sustainable built environments.

1.3.2 Design oriented urban design tools
In urban planning and design, there is recognibibtine significant role of the computer tools to

visualize and analyze the built environments (B20I08). Al-Douri (2006) explained that



computer-based urban modeling allowed users taithesexisting and future cities without the
traditional physical urban models. In responsééorteeds for the better computational modeling
platforms, various computer tools have been deeslpbut they have paid attention to the
analysis of the environment, the fast urban modakgation, as well as the realistic

visualization.

GIS is used to represent essential data in thenylaening and the design process, such as
environmental, geographic, demographic, networkictitre, and aerial photos (Brail, 2008).
Limited regulation information such as land-use aading is also often included in the GIS

data sets. ESRI ArcGIS, a widely adopted GIS saoftvggstem, provides diverse spatial
operations such as intersect, union, identify,, eipd erase geometry as well as various analysis

features such as surface, distance, density, $gldrologic, and statistical analysis.

To extend GIS beyond its paradigm of 2D overlaysREacquired CityEngine, a 3D modeling
application for urban environments (ESRI, 2014)isMas initially developed by ETH Zurich
and commercialized by Procedural in Switzerlanck ol focuses on fast 3D modeling and
realistic visualization based on the procedurabiligm and GIS data. Recently, ESRI added an
interface for editing the regulation parameters linited parameters can be applied to the

models.

Many software companies have created new toolsoglifrad the tools for fast urban modeling
and visualization using GIS data, such as Autodsik (Autodesk, Inc., 2014), Infraworks
(Autodesk, Inc., 2014), Bentley Map (Bentley Systeinc., 2011), and CityCad (Holistic City
Limited, 2014). These tools provide powerful featufor robust and quick visualization (Gil and
Montenegro, 2010), but limited regulation infornagitican be represented. They have limited

features for the parametric modeling and progrargririterface.



1.3.3 Thepotential of urban regulation modeling in parametric BIM

BIM has been widely accepted in the ArchitectunegiBeering, Construction, and Owner-
Operations (AECO) industry. BIM software environrgecouple 3D modeling with parametric
form generation and rich semantics, which can esgpdesign concepts through real-time design
changes (Eastman, Teicholz, Sacks, and Liston Z88&s, Eastman, and Lee 2004).
Parametric modeling enables objects to express giepithrough parameters. The relationships
among parameters can be defined using formulasbfexts store information as parameters,
elements of objects can be regenerated accordipgréaneter change. The 3D modeling
provides for the ability to generate accurate \ligations of urban and building form and
simulate the effects of natural and artificial ligig. In addition, BIM platforms provide an API,
which can facilitate the creation of add-in progsanith easy access to building information and
ability to customize special operations to perf@emplex tasks. For these reasons, BIM is

becoming the standard environment for building glestonstruction, and facility management.

Owing to these capabilities, BIM has potentialépresent not only the impact of urban
regulation provisions on human settlements but #lsaelationships among the provisions.
Furthermore, the API enables the development di/siseand simulation capabilities that can
show the performances of urban design schemespdiaenetric modeling capability in BIM
may enable an urban model to rapidly present meltdpvelopment scenarios. The visualization
capabilities may enhance the understanding ofuturd built environment. The analytical
features in BIM or via BIM may enable performanesessments of the future development.
Testing the scenarios, visualization of the restltaiilt environment, and the real-time
assessment of the urban regulations may appeatrimmug expert and inexpert stakeholders and

prove effective in supporting decisions about teeelopment of the urban regulations.
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However, the textual statements in the regulatimvipions significantly differ in semantics and
ontology of the objects and user interfaces of Bidftware. Therefore, to take advantage of the
capabilities of BIM it is significant to investigahew methods and processes to represent the

textual regulation provisions in BIM.

14 Goals, Objectives, and Significances

The major goal is to enable stakeholders to dexnskuse the urban regulations effectively by
understanding the intention and the developmeribpeances of the urban regulations. Toward
this goal, | will develop the PURM, a new compuagl approach to present urban regulations,

by using parametric BIM technologies. The majorectiyes are as follows:

= Investigate a new method for modeling urban re@natby using parametric BIM
technology, so that the new model can presenttieation and the development
performances of the urban regulations.

= Investigate the prototypes to understand to whigngxt can capture the textual urban

regulation provisions as algorithms and ontologiggarametric BIM.

The significance of this research includes theofuilhg:

» The research will potentially provide a new applotcrepresent textual regulation
constraints of the urban regulations with compatatnodels in parametric BIM.

» The proposed system is expected to enable munigffieibls who are responsible for
the development of urban regulations to envisienftiture development resulting from
the regulations prior to their adoption.

» The proposed system has potential to enable the madters to analyze performances of

a series of urban regulation schemes, which camrmthe critical factors of the
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regulation provisions.
» The proposed system will potentially alleviate difficulties in urban regulation
interpretation, which can reduce the time and &ffothe regulation compliance

checking or the planning review processes.

15 Resear ch Questions and Propositions

This research will address the following primargesion:

* Can parametric modeling and OOP in BIM parametdhedextual regulation
provisions, capture the complex constraints inpitevisions, and express form

implications of the urban regulations with algomitt1and ontologies in BIM?

To address the primary questions, this researdtanshver the following secondary questions:

» Can the important urban regulation provisions belehed in the PURM?
« Can important relationships among the regulatiavigions be modeled in the PURM?
» What are the challenges and potential of the para&M technology in the PURM

development?

The research proposition is as follows:

» If the parametric BIM technology can representd pithe urban regulation constraints
controlling urban form and scale and if the paraim&IM technology can visualize a
part of the intention and the performances of uregulations, then the PURM can

enable stakeholders to devise and use the urbafatiegs effectively.

The sub propositions are as follows:

12



A PZRM based on parametric BIM can represent comitypical, and important
provisions of urban regulations.

« A PZRM based on parametric BIM can enable test®nequences of candidate urban
regulation provisions before adoption of urban ratjons.

* A PZRM based on parametric BIM can reduce ambiguityrban regulation

interpretation during the design phase.

16 Research Strategy
The main research phases are (1) review of literain urban regulations, (2) analysis of recent
zoning code samples, (3) parameterization of urbgualations with PUDM, (4) development of

PUDA, and (5) experiment and evaluation (Figure 2).

In each phase, | will employ mixed research methlmasisting of a literature review, case
studies, prototyping, simulation, and model-bagagoning. The following sections describe

major research criteria, research methods, datetcats of each phase.

| 1. Review of literature on urban regulations

| 2. Analysis of recent zoning code samples

!

| 3. Parameterization of urban regulations with PUDM

!

| 4. Development of PUDA

¢

5. Experiment and evaluation

Figure 2. Main research phases

13



1.6.1 Review of literature on urban regulations
I will conduct a literature review on urban regidast in the United States to establish the
context for urban regulation modeling researchidadtify appropriate technologies to advance

how urban regulations are implemented: Three togriesaddressed:

» Areview of the urban regulation history identif{@dg concerns and the strategies
commonly addressed in urban regulations, (2) teendtive approaches of different
types of recent zoning codes, as well as (3) coxitfge on the urban regulation
implementation.

» Areview on urban regulation modeling traces thepatplishments and the unresolved
issues in the computational urban regulation magdeli

* Areview on the BIM identifies the capabilities®fM in the AECO industry, the status
of the current urban design tools, and the potlsnbthe parametric BIM technology

for urban regulation modeling.

1.6.2 Analysisof recent zoning code samples

By using a sample of contemporary zoning codesl| krewiew following criteria: (1) the
common types of structures, components, and ponssif the zoning codes, (2) the chapters,
section, and provisions controlling form and scé&the main elements of built environment
governed by the zoning codes, as well as (4) tieerglationships across the code components

and the provisions for controlling scale and form.

I will conduct case studies on the following zonowles:

* Heart of Peoria Form Districts (City of Peoriariis, 2014).

* Near Southside Development Standards and GuiddlmesWorth South, Inc., 2013).
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» Downtown Specific Plan (City of Ventura, 2011).

» Station Area Development Code (The City of FarnBresich, 2013).

The selected code samples have clear project bdaadar neighborhood scale development.
Zoning codes in city, county, or state scale amduebed. They place higher priority on
controlling urban form and scale with specific psians such as Required Building Line (RBL)
or Built-to Line (BTL). In addition, they use traats classification systems for diverse scale,

form, and architectural characteristics.

The land use or the zoning maps will be collectedigital file formats such as GIS data or
CAD files. To use GIS data, ArcGIS will be usedc@itS allows users to manage both spatial
and attribute data with the convenient operatimgfions (Go¢cmen and Ventura, 2010; Lunetta
and Lyon, 2004), but additional data processindy sisca file conversion or a data translation is

required to use GIS data in the BIM platform.

The findings from the case study are the typedid®s, a set of parameters of the PUDOs, and
an object hierarchy among the PUDOs. Such impbaoativill be the foundation for the

prototype development in the next two phases.

1.6.3 Parameterization of urban regulations with PUDM

In this phase, | will develop the PUDO and the PUDNBIM. The major tasks are investigating
how to establish an object hierarchy among the P&ID©Ow to map the textual regulation
constraints into the PUDO, and how to compose dwergtry of the PUDO in BIM. The PUDO

will be used in prototyping the PUDA in the nextepgh.

For urban regulation modeling in parametric BIMyill utilize Revit (Autodesk, Inc., 2014), a

widely used BIM authoring tool. The parametric motgfeatures in Revit enable a BIM object
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to store its attributes as parameters and to wamsbbject geometry by changing the
parameters. Owing to the comprehensive buildingpmmant library in Revit, the Parametric
BIM Object can be used to rapidly create buildingedope by using building components.
Further, the data structure of the BIM object irviRean be accessed from a customized

application created using the Revit API.

1.6.4 Development of PUDA

In this phase | will develop software prototypeshe PUDA that establish relationships among
the PUDOs and their parameters. Three scopes otafipns development are: (1) representing
relationships among the PUDOs and their provisi@sperforming the complex operations in
the overlay process of the multiple PUDOs; ande(8)ancing the modeling process of the

PUDM.

The BIM authoring tools provide software developeith various APIs such as Revit's .Net
based API in C# and VB.NET, MicroStation’s macm<H+, C#, and VB.NET, as well as
Graphisoft ArchiCAD’s API in C and C++. API easesmplexity in software development by
providing specifications of data structures, obfgatsses, and variables. BIM API allows
assessing information of the BIM objects, creating editing the BIM objects, creating a

custom Graphical User Interface (GUI), and perfaigniarious analyses using BIM.

In software programming, OOP enables source cadies modular and reusable. A class in
OOP is a data type that can describe an objectseptation, so individual objects are created
using the classes. A class determines object’s aomoharacteristics, attributes, and behaviors
(Tello, 1989). In prototyping, | will use Revit ARk software development specifications,
Microsoft C# as an OOP language, and Microsoft &liStudio as an Integrated Development

Environment (IDE). In addition, existing open sautibraries in C# will be utilized to read and

16



write an external database.

1.6.5 Experiment and evaluation

Lastly, I will demonstrate how the PUDM and the PAJBre integrated into the PURM. To
assess the achievement of the research objecivexperiment will be carried out through a
test case with an existing zoning code, Form-b&smte Station Area of Farmers Branch that

was adopted to regulate development near the DA®IDS located in north of Dallas.

In the experiment, | will assess whether the apfibtn development scopes are addressed. A set
of the PUDOs will be built and assembled to créaeePUDM. Then | will simulate how the
PUDAs interact with the PUDM to address difficulti|m use of the urban regulations. Lastly, |
will describe the observation results on how thenemic and environmental analyses can be
conducted in conjunction with the analysis captiédiof the PURM and the native features of

the BIM authoring tools.

17 Expected Outcomes

This research is an investigation of the PURM mew platform for the urban regulation
development, conceptualization, and regulation d@mpe checking. The PURM expresses
urban regulations as 3d geometry of BIM objects paréimetric relationships in a BIM

environment.

PURM, as a new urban regulation models in BIM xjgexted to be used by the various sectors
such as planning departments, code makers and ddségners, building designers and
developers, as well as citizens. For instancepldweners will use this model as a regulation
development and analysis system to envision theldpment and economic performances prior

to the code adoption. The urban regulation makedstae urban designers will use the system in
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regulation creation and master plan design. Thigdess and the developers will use 3D urban
regulation model to enhance understanding on thdagon provisions. The citizens will be

able to understand the future growth of their neagzhood.

Once the new urban regulation models are expresgetametric BIM, various special tasks
will be able to be conducted. For instance, thalempn allowances and the designed building
information can be stored in the same BIM databBlse.urban regulation models in BIM may
be used in the code compliance checking procesadividual developments. The models will
be able to provide a complete range of informadéibaut the urban regulation constraints,
subdivision topology, and building design, whiclm ¢ used in the various research and
analysis. A range of up-to-date analysis tools stpmm BIM will be applicable to the urban
regulation models, enabling stakeholders to perfemrironmental performance analyses for

wind, solar, daylighting, and energy consumptida, e

In the long run, the approach and findings may gaseomplexities in the urban regulation
making process for municipal officers and regulati@velopers and in the zoning code
interpretation process for urban designers andtenth, which may facilitate a more integrated
process among urban planning, urban design, atdifidesign. Eventually, the research

contributions may even remediate some of the fialwsrent in in zoning as a regulatory tool.
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2 REVIEW OF LITERATURE ON URBAN REGULATIONS

In this chapter, | will conduct a literature reviefvurban regulations to establish the context of
urban regulation modeling research. The major scape urban regulations and zoning in the
United States, computer-based urban design, angbteatial of the BIM technologies for urban

regulation modeling.

A review on urban regulations and zoning in thetebhiStates identifies (1) background of urban
regulations and zoning, (2) characteristics ofrdeent zoning regulations, and (3) challenges in
the use of recent zoning regulations. A review empguter-based urban design identifies (1) the
status of the urban design tools and (2) parametbian design as a theoretical paradigm. A
review on the potential of BIM for urban regulatioodeling identifies (1) BIM capabilities in
the AECO industry and (2) Parametric modeling aP0n BIM for the urban regulation

modeling research.

21 Urban Regulations and Zoning in the United States
Various types of urban regulations have been alaegten particular concern with various
strategies, but zoning has played a significam okhaping the built environment in the United

States.

2.1.1  Shaping urban form with urban regulations

In shaping urban form with urban regulations, thetétl States followed Europe. In the 17th
century Europe, building ordinances and regulatadfexcted urban form and scale (Hall, 2002).
In contrast, some restrictions controlled buildmagterials, but regulations rarely influenced
urban from in the United States at that time (Beseph, 2009). For instance, New York’s

Tenement House Act of 1867 was adopted to protdaigphealth and private investment, but
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this regulation was mainly applied to individualisong developments (Talen, 2012).

In the 17th and the 18th century, nuisance lawslagégd undesirable activities in the city, which
became the basis of zoning (Ben-Joseph 2005, ChEo&)1692 regulation in the Common
wealth of Massachusetts in 1962 designated thevatldocation of the slaughterhouses in the
city (Melosi, 1999). New York's 1703 law designatbdt certain types of industries could not

be located within a half mile of the city hall (H&002).

Deed restrictions controlled building form and bgéore zoning, but the restrictions were more
common in private community developments (Punt@®7). Deed restrictions aimed to preserve
the residential character and aesthetic uniforimitiimiting commercial and industrial facilities
in residential area. The regulations often limited only a range of housing price within the
subdivision to control the economic class of thigimgorhood but also setback from the street to

maintain residential density (Talen, 2012).

2.1.2 Background of the American zoning

No urban regulation has had more impact than zanitige United States (Talen, 2012). Zoning
was created to remedy the negative aspects ofithustrial city, but the origin of zoning can be
traced to the ancient Greeks and Romans regulatiotise Greeks regulations, the cities were
zoned to separate residential areas from civicalglous functions. In Romans laws, industry
and residences are separated as well as commesemlvere allowed adjacent to the main
corridor (Ben-Joseph, 2005). The zoning approaelsis found in London and France. In the
17th century London, some industries such as le&dheing plants required to be built outside
of the city center and shops were not allowed ompablic squares and on the main streets. In

the 19th century France, unhealthy industries shbalkept out of cities (Reynard, 2002).
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The zoning regulation approach was further develdpethe German engineers Reinhard
Baumeister and Franz Adicks at a meeting of ther@arArchitectural and Engineering
Societies in 1874 (Ben-Joseph, 2005). In Baumeésdimok, Town Expansions Considered with
Respect to Technology, Building Code, and Economy (1876), the regulation approach was called
as zoning and the origin was traced by the reguiatin the 19th century France. He created two
zones for the city and the suburb and then spddifiglding bulk regulations for building height,
setbacks, and the lot area, which influenced Geritas in 1890s. Later the German zoning
approach influenced in the 1909 Town Planning Ad the Garden City movement in Britain

(Baumeister, 1874).

The Garden City movement advanced in England inetiee1880s (Hardy, 2005). The Garden
City movement proponent, Ebenezer Howard, clairhatiguburban settlements need to be built
with ample space, well-built clean houses, and daonhgarden space. The monograph written
by Clarence Perry, “Neighborhood Unit”, explainkd appropriate scale of suburban settlement.
He proposed a basic plan for the ideal neighborksielwith major streets, a school, and
neighborhood shops at intersections, which sergamding templates in recent decades (Kohr,

2004; Mehta, 2006).

City Beautiful is the pioneering systematic movemsnAmerican architects and policy-makers
to address issues of city form in the early 20thtwey (Barnett, 2011; Hall, 2002). The City
Beautiful movement proponents believed that a wetligned urban plan and the monumental
building design can enrich civic character. They@ieautiful movement proponents were
influenced by the Beaux Arts architecture in Partee McMillan Plan for Washington restored
the primacy of L’Enfant’s plan, which became tharidation of monumental government

building plans during the next forty years. DafBernham’s 1909 Plan for Chicago placed an
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overlay of Parisian boulevards on the existing gtiget system, which connected the lakefront
and a series of monumental parks. The spirit aa@dgproach of shaping urban form in the City
Beautiful movement inspired many urban reformergthe new urbanists (Barnett, 2011; Kohr,

2004.).

The Congrés Internationaux d'Architecture Modef@&M) was a series of international
conferences founded in Switzerland in 1928 by agmf modernist European architects. One of
the most forceful proponents was Le Corbusier (B#y2011; Hall, 2002; Lang, 1994). They
emphasized architectural coherence, the optimaispaf buildings, the best block sizes, and
appropriate street typologies. In 1935 Le Corbuygi@nned Manhattan as a superblock city with
tall buildings, green space, and high-speed streletssing in towers separated by open space
became a mainstream architectural concept whichadescated by the CIAM. They reordered
the city structure by function. Housing and workreveeparated, and open space and automobile
transportation were allocated to connect the ség@ifanctions. This concept influenced many
subsidized housing units for low-income communitiethe United States before World War Il

(Hall, 2002).

These precursory urban design movements influetheedpproach of shaping built

environments by urban regulations in the UnitedeSta

2.1.3 1916 New York comprehensive zoning

During the 18th and 19th centuries in the Uniteatest, a few cities adopted sanitation laws for
public health (Ben-Joseph, 2009; Hall, 2002). Asetican urbanization rapidly increased in the
19th century, business and industrialization wergered on the cities. Factories were built in
urban areas, the communities were overcrowdedrielmdnhabitants moved outside the urban

area.
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Modernist city design was begun to create a cillecociety where everyone would have
housing for the minimum standards for sanitatight| and air (Barnett, 2011). Most of the old
urban areas were reshaped to eliminate slums atatitss from communities. During this time,
the codes were adopted to cope with the early urdtion and American zoning was designed

to protect existing neighborhood from inappropridéeelopments in the early 20th century.
Zoning was considered as a primitive system thaldckeep residences away from the noisy and

dirty factories and could protect neighborhoodsnfitall buildings.

In 1916 New York City adopted the new zoning cazladdress both urban renewal and
neighborhood preservation, which is the first madarmprehensive zoning ordinance in the
United States. A series of spatial districts, idohg Broadway, Fifth Avenue, and the Lincoln
Square Special District, were designated to spblipand private investigation and to preserve
traditional fabrics. The Lincoln Square specialingrdistrict used build-to lines to hold the
street frontage (Barnett, 2011; Ben-Joseph, 208&nT 2009). Floor Area Ratio (FAR) of these

zoning codes has been widely used to control aimgilarea and the potential population.

The New York zoning code used the height and sktbawtrols that were previously used in the
Parisian city design (Barnett, 2011). The heighitlin Paris is an example of the powerful
urban regulations in the pre-industrial cities, ethmade a uniform street frontage in Paris since
the mid-eighteenth century. Buildings were requietie recessed from the property line and
the maximum building height can be calculated atiogrto the applied setback distance. The

regulations for the Lincoln Square special zonirslritts are regarded as a foundation of FBC.

Zoning was initially believed as the ideal tooleyenting over intensive development (Bassett,
1922), a spread-out of the city (Bettman, 1925)xessive segregation, and the unconscious

developments of neighborhood context (Hall, 20@2ning led citizens’ participation in
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planning in a belief that zoning can improve theh#ectural quality (Baker, 1927), alleviate
poverty, decrease housing costs (Nettlefold, 1944q,increase productivity and profits

(Adams, 1935).

The foundation of land use and zoning regulatiorthé United States was shaped by Standard
State Enabling Act (SSZEA) in 1921 and Standarg Bianning Enabling Act (SCPEA) in 1927
(Talen, 2012). In 1921 Secretary of Commerce Hetbeover formed an Advisory Committee
on City Planning and Zoning and created the drfgilanning and zoning statutes. In “A Zoning
Primer”, he stated that zoning is an efficient aaph to city building to protect property and
health as well as reduce the cost of living (Hopt€P6). Owing to these acts, municipalities
were able to create master plans and compreherminieg plans. Consequently, zoning
expanded rapidly. The American cities having zonmgeased from 62 to 456 from 1924 to

1926 and about eight hundred zoning ordinances agwpted in 1929 (Talen, 2012).

214 Zoningregulation typesin the United States

In the United States, a wide range of zoning reiquria has been evolved over the years as
political, social, and economic priorities haveftgad (Holm, 2006). Various theories of urban
planning and design have influenced zoning appremdilost zoning regulations changed built
environment and the undesirable impact of the zpraigulations were immediately visible
(Talen, 2012). Among numerous zoning types, theesgmtative and distinctive zoning

approaches are Euclidean, Performance, Incentieefarm-based (Barnett, 2011).

Euclidean zoning is one of the most prevalent zpmiethods in the United States. When it was
introduced in the town of Euclid, Ohio, local laners challenged this city ordinance because
the use of private property may be restricted utilezoning. The case was upheld by the U.S.

Supreme Court (in Village of Euclid v. Ambler Rgafto.) and decided in 1926. The goals are
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establishing orderly growth by preventing overcrowg relieving congestion, and separating
incompatible uses (Ben-Joseph, 2005). To do serégulates land development using land use
controls and dimensional standards. Euclidean goniascribes the allowed land use within
each district and then excludes other types of. il&&sic classifications of land uses include
residential, commercial, industrial, institutionahd recreational. Developments in each land use
shall comply with the dimensional standards thgtil&te setbacks, height limits, lot coverage

limits, lot size limits, etc.

Performance zoning regulates land developmentsrferonmental protection by using
performance standards on traffic flow, densitysepair, light, etc. It is also called as Effective
based zoning. In this zoning, grading systems daftéministrate land development. Under the
performance compliance, any building forms canui#,lwhich allows a level of flexibility in
design and administration (Ben-Joseph, 2005). Hewetvhas not been widely adopted in the
United States compared to Euclidean zoning, whikeused in hybrid approach by combing it

with Euclidean zoning (Barnett, 2011).

Incentive zoning was implemented in Chicago and Newk first. Incentive zoning regulates
developments to meet established goals using adevesed system. In general, a base level of
limitations is prescribed and a list of incentivéeria and reward scales are provided. For
instance, providing affordable housing on site evalbeight limit bonuses. Incentive zoning
requires a series of revisions to maintain baldrete/een incentive magnitude and the value

given to developers (Hascic, 2006).

FBC is a zoning regulation approach that aims hiexe a specific urban form rather than
building functions and bulks. U.S. Environmentabtection Agency (EPA) defined form-based

codes is a type of zoning codes that outlines fipagban form rather than zoning by use

25



(2011). EPA differentiated FBC with design guideBrand design standards in view of
significant enforceability. Talen (2009) explainddt FBC is a linage of zoning codes rather
than design guidelines or standards. She defiredtthbutes of FBC as significant

enforceability, the prescriptive regulations, aine production of urban form of urbanism.

FBC has been widely applied in the United Statter #ifie FBC in Seaside in Florida,
Celebration in Florida, and Cotton District in Mi&sippi. Initially, the code was called as FBC
and later DPZ named their zoning code productsreat®ode. There are various modified
zoning codes similar to FBC. Even though zoningesddave the attributes and the approaches
similar to FBC, such codes are not always claskdie FBC. Moreover, some zoning codes and

FBC are not clearly distinctive each other.

Ben-Joseph (2009) stated that controlling urbam feith the integrated regulations and the
design codes is a continuing phenomenon in thenudgulation reform history. Others claimed
that continuing urban regulation reform has befinémced by precursory theories and strategies
of City Beautiful, CIAM, Garden City, and the lat8th and the early 20th century’s American

zoning (Kohr, 2004; Mehta, 2006).

2.2 Characteristics of the Recent Zoning Regulations

After Duany Plater-Zyberk and Company (DPZ) credBq for Seaside, Florida, FBC became
increasingly popular and the regulation templateh as DPZ's SmartCode were created for
zoning regulation reform. Many municipalities maelf the regulations by using either the
previously reformed regulations or the regulatemplates. Consequently, similar structures and
approaches with FBC are discovered in many zorggglations in the United States. The
following characteristics are often discoveredeaithiom FBC or the recently reformed urban

regulations in the United States.
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2.2.1 Prescriptive provisionscontrolling urban form

FBC places higher priority in controlling urbanrosuch as the typology of block, street, open
space, and building envelope (Ben-Joseph, 2006jdkaiParolek, and Crawford, 2008). FBC
often controls building disposition with prescrigiprovisions. For instance, Built-To-Line
(BTL) and Required Building Line (RBL) designatetiocation of building facade. In many
cases, setback lines for building and parking sirecare defined in the Regulating map. For
building height, ceiling height or clearstory heigine often defined. Such provisions are

regarded as less flexible than provisions of Eeelidzoning codes.

2.2.2 Regulating plan

In FBC, the regulating plan is the most significeomponent (Parolek et al., 2008). The
regulating plan designates the appropriate formsgate of developments rather than defines
allowable land-use types as Euclidean zoning cddet the regulating plan, each property is
ruled by transect codes, which shows actual dewsdop requirements such as building location,
setbacks, or building heights. The term of the laing plan was frequently used in FBC, but
various type of urban regulations either use thm @ has a very similar plan to FBC's

regulating plan.

223 Transect

Transect is an urban planning model that defineshi@rarchical development scale from sparse
suburban to dense urban cores (Forsyth, 2003; ¢/&€06; Ligmann-Zielinska, 2008;
Stephenson, 2002). The character of each transeetig defined by the degree of density, open
space, and urban form. The main components of FBGha Regulating Plan having Transect
Codes and a series of standards for public spaeetscape, building, and parking. Required

regulation information is located in these compaseamd users need to locate all constraints and
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requirements from those documents (Parolek e2@(03).

224 Graphical standards

FBC provides many illustrations and drawings tcspribe urban form such as building location
and volume. Graphical standards present the rakdiip between building facades and the
public realm, the form and mass of buildings, all agthe scale and types of streets and blocks.
In general, graphical standards of FBC include ipuidpace standards, streetscape standards,
building form standards, parking standards (Paretel., 2008). The graphical standards are
easy-to understand compared to the text-basedsprasi but they depict generic cases such as
rectangular subdivisions or straight streets. tiisdifficult to apply the graphical standards t

certain sites having complex topology.

2.3 Critiqguesand Challenges of the Zoning Regulations
In this section, the major criticisms of the zonregulations are described. Then challenges and
difficulties in use of the recent zoning regulasare presented, which will be focused in this

research.

2.3.1 Criticismsand limitations of the zoning regulations

Criticisms of zoning are broad. One of the critigssis that the zoning regulations caused
segregation of building use and size (Ben-Jose@®B)? In the early 20th century American
cities, various size and use of buildings were ghigech as houses, apartments, grocery stores,
restaurants, etc. By the acts of SSZEA in 1921S@HBEA in 1927, the residential-only
neighborhoods with single family houses were legali As zoning regulations were spread out
throughout the municipalities, houses were sepaifaten apartments. The residential districts
were filled with the houses having similar sizgyetyand price. Frequently, other uses were not

allowed within the residential districts, so a coemnaial strip was built along the main corridors

28



(Barnett, 2011). Studies presented that zoninglaéigas in the United States have influenced
segregation of income and race, urban sprawljdrafingestion, and spatial mismatch between

jobs and house (lhlanfeldt, 2004).

The other criticism is that the zoning regulatisrido simplified to regulate the complex city
systems. Studies on the complex systems of theveitg begun in the 1960s based upon
criticism on modern planning in the 1950s and 198@snett, 2011). In “Death and Life of
Great American Cities (1961)", Jane Jacobs claithatithe separation of uses by zoning
regulations would destroy economics and activitiesommunities. She identified the city as
complex layers and proposed four generators ofslitye 1) mixed uses, 2) walkable block size,

3) variety of building age and condition, and (#Her density (Jacobs, 1992).

The City as Layer is an urban design strategyesyatized by O.M. Ungers (Ungers and Vieths,
1999). His notion is that modern cities are comenctures and the overlaying approach can
make this complexity apparent. Cities were understis a series of the superimposed layers,
such as transportation, supply, services, parkiennwand buildings. In the Potsdamer Platz and
the Leipziger Platz projects (1991), he presertedtserlaying strategy with site boundary,
axes, block structures, existing buildings, exgsteen area, and existing roads. His overlaying
method has been widely applied in current urbaigdgactices. In addition, the use of the

superimposed layers is one of the key approachiee iregulation modeling of this research.

On the other hand, lack of environmental consciessiin the zoning regulations was criticized.

Design with Nature, written by lan McHarg in 19@9a pilot study on the appropriate
development form for natural environments. McHargpbasized the significance of cooperation

among planning, design, and the science of ecaloggmmunity design (Steiner, 2004). He
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argued that local zoning regulations mapped largasawith little concerns about the ecology
and natural environments. For example, propergsliand zoning boundaries often cut across
the least suitable landscape for buildings, whimlla cause environmental problems. He
asserted that civil engineers, planners, desigaacsdevelopers should pay more precise

attention to the environmental impact to resohasthissues (McHarg, 1992).

Transect is a planning strategy that defines temhthical development scale from sparse
suburban to dense urban cores (Barnett, 2011; 8seph, 2005; Stephenson, 2002). The
original concept of transect was proposed by RHaGieddes to understand many symbiotic
elements within a range of habitats. In the Vaegtion research, he divided habitats into six

transect zones according to the distribution ofewatoil, vegetation, etc.

The idea of transect classification is applied icHdrg’'s Woodlands project, an incorporated
community development in Montgomery County, TeXdsese environmental consciousness in
urban planning and design influenced the transmting to address with dwindling energy
resources (Stephenson, 2002). In transect zoring;Haracter of each transect is defined by the
degree of density, open space, and urban formappmach of transect will be applied in the

urban regulation modeling in this research.

2.3.2 Challengesin use of therecent zoning regulations

Recent zoning regulations often use prescriptie&ipions to control topologies of open space,
street scape, building, and other physical dedgments of built environment (Ben-Joseph,
2009). In general, graphical standards for openespsireetscape, building, and parking are used
and user manual sections are included in the codendent. However, studies state that use of

the recent zoning regulations is still complex (@ana, 2009; Imrie et al., 2009).
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2321 Complex overlay process

In many recent zoning regulations, the regulateguirements are dispersed in the diverse code
components and provisions. Regulating plan is thedomponent of the recent zoning codes,
which is similar to the land-use map in Euclideanirg codes. The regulating plan designates
the type of regulation standards of open spaceetsttape, building, and parking. Detailed
provisions are defined in the regulation standaedpectively (Parolek et al., 2008). After users
locate all requirements from the regulation stadsland the regulating plan, they need to apply
collected requirements into design. While therevarging naming conventions in the zoning

code components, the general sequence in usinggoggulations is as follows.

(1) Define the type of public space, streetscape, imgjlgparking standards from the
regulating plan.

(2) Define disposition information of the building atiet parking structure from the
regulating plan.

(3) Define the type of architectural standards accgrttinthe building standards.

(4) Overlay defined information into design.

In this research, the above process is named aw#nkay process. Figure 3 presents the overlay
process of the existing zoning code for the FarrBeasich station area development. In the next
chapter, | will describe the overlay process ofgékected zoning code samples. In many cases,
the zoning codes include a section for the useruadao explain the overlay process, but the

process is not always obvious for designers (Kiml.e2011).

2.3.2.2 Interrelationships among the regulation provisions
Many provisions in the zoning regulations contnddan geometry, and they are associated with

others. For instance, the building and the parkingcture size are correlated each other.
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Figure 3. An overlay processes of the recent zooouges. Adapted from Kim and Clayton, 2010.

When the building floor area increases, larger ipgrktructure area would be required. As the
footprint of the parking structure increases, thailable land for the building structure decreases
within the limited lot area. Considering other doamts such as building disposition, height, and
density, such interrelationships among constrair@ke the overlay process complicate.
Furthermore, when we apply given code standartisetparcel having atypical morphology, the
parcel geometry affects other constraints suchaa facade locations, building footprint
dimensions, and building volumes (Kim and Clayt2®10). In sum, the complex
interrelationship among components, constraints,pamncel topology can delay changes and
analysis not only as planners make decisions regatte urban regulation provisions, but also

as designers perform the overlay process of the cothponents (Kim et al., 2011).

2.3.2.3 Unpredictable development performances

One major criticism on Euclidean zoning is thataurtiorm determined by the zoning code is
unpredictable (Barnett, 2011), which caused undkBl&rshopping strips along the highway and
residential neighborhoods separated from surrogsdiBen-Joseph, 2005). Although the recent
zoning regulations place higher priority contradlinrban form, a prediction of development

performances is still difficult in the regulatioraking process (Imrie et al., 2009).
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Urban form is one of major aspects of developmenfiopmances of the zoning codes (Talen,
2012), relating to density and development capdbdy are significant indicators for predicting
environmental impacts on carbon emission, watesexation, and energy consumptions
(Fischer et al., 2009; Lang, 1994; Punter, 199@gdRt zoning codes control urban form and
density in diverse ways. As a density control,iieber of dwelling units per acre (DU) is
often used, but FAR is less used for residentidtiimgs. However, DU is directly telling neither
the building form nor density. For those in thevpté sectors like property owners and
developers, FAR is a significant indicator to estienthe development capacities. In zoning
codes, many provisions controlling urban form, sastthe number of floors, maximum or
minimum building width, and setbacks, affect dgngherefore, understanding the relationships
among regulation constraints, urban form, and dgemsiuld be a fundamental step to predict

development performances of the zoning codes.

2.3.2.4 Conflicts resulting from the prescriptive regulations

Shaping urban form with zoning codes increaseatdneplexity in urban design. Talen (2009)
argued that the approach governing urban form seiglulations has a long history, but today’s
codes are more complex and difficult to impleméanttraditional codes. Ben-Joseph (2005,
2009) explained that attempts to reshape develogmeéth land-use and zoning regulations can
conflict with other engineering standards. For eplemnsome building siting information can be
obtained from various regulations, including plargniegulations such as land-use and zoning,
civil engineering regulations such as subdivisitamdard, architectural regulations such as
building design codes, etc. In the administratiection of the zoning codes, it is stated that a

zoning code user shall check any conflicts witheotiegulations.

To avoid conflicts with other standards, planningharities used regulation templates. The

33



National Building Code and the International ZonBtgndards are examples of proposed
universal codes (Punter, 1997). After the Amerilcesurance Association created the National
Building Code in the 20th century, the code wasalvidhdopted. Many local agencies could use
many technical standards without expense of resedrindividual local codes. In 1994, the
International Code Council (ICC) began to develaingle set of national and international
model codes for construction, sewage disposal,grtpmaintenance, construction, and zoning.
SmartCode written by DPZ is a template model farettgping local zoning codes (SmartCode

Central, 2011).

2.3.25 Inefficient data exchange

The difficult data converting process has beenudised in urban planning and urban design
(Kim et al., 2010). In the urban design proces§ f¥bvides spatial and attribute data that
explain environmental and topographic informaticemnd-use and zoning maps can be obtained
from the GIS layers. Other regulatory requiremeamésprovided in text-based documents. In
addition, the regulating plans and all figuresn@vided in documents. Subdivision plans
created by civil engineers are generally distribttethe CAD file format. They have different

scale, detail, and file formats, so they can impdaurban design process.

At a same time, the data need to be calibratedalaevide range of data accuracy. For instance,
inaccurate GIS data can delay the urban desigrepsot.and-use and zoning information in GIS
data are fundamental materials to create urbagm@sans. Unfortunately, they may not be
directly used. Often, blocks, parcels, buildingtfsots, and roads lines are overlapped each
other. Sometimes a building footprint is outsideqfroperty line or a parcel line is not aligned
with a block line. The degree of inaccuracy of @ta varies which would increase the

complexity in the urban design process.
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24 Computer-based Urban Design

Computer-based urban modeling enables urban dstgaholders to describe existing urban
and future developments, in large part replaciegctbnventional use of drawings and physical
models (Brail, 2008). In urban design, the useigital models and tools has been proven to

result better decisions in developing regulatiams plans (Al-Douri, 2006).

241 Thestatusof theurban design tools

Many planning authorities in the United Statesusiag GIS to manage, monitor, and predict
their communities and potential resources. GIS $significant sources in urban planning and
design such as environmental, geographic, demoigrapdtwork, structure, and aerial photo
data. Land use and zoning maps are also includédiSr(Brail, 2008). Many GIS applications,
however, have limited features for the urban depigcess (Jorge, Jose, Nuno and Jose, 2010).
To provide more features for utilizing the GIS dateny software companies created urban
design applications including Autodesk Civil (Auest, Inc., 2013), InfraWorks (Autodesk,

Inc., 2014), Bentley Map (Bentley Systems Inc.,20CityCad (Holistic City Limited, 2014),

and CityEngine (ESRI, 2014).

CityCAD was developed by Holistic City, which pemfes various design analyses (Holistic City
Limited, 2014). Recently, various building geomedrsuch as L-shape or U-shape masses were
supported and the shading study capability wasddidee tool provides a user interface and
built-in object libraries for building facade antext design. The library objects support
parametric modeling, but limited predefined parareare editable such as the site information
and street typologies. Additionally, the tool does support customization by using API (Gil,

Beirao, Montenegro, and Duarte, 2010).

CityEngine was initially developed by ETH Zuriclgremercialized by Procedural in
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Switzerland, and then acquired by ESRI in 2011. fbbéis a 3D modeling software for the
urban scale project, focusing on the flexible desigd realistic visualization. The CityEngine

also provides limited features for object custortimes via user-definable application.

InfraWorks is a 3D modeling tool to create infrasture planning and design. Formerly, the
Project Galileo was developed as a test versiorttmcommercialized as the Infrastructure
Modeler. Later, it is named as InfraWorks. The wgbports layout of the urban scale projects
with civil, geospatial, and building data, whichnaggenerate design proposals for civil engineers
and planners. It performs various analyses susioas, project safety, shadow study, energy
consumption. It can generate rendering images andesalso. The tool can import and export
files for ArcGIS, Autodesk Civil 3D, Revit, Vasasgic. InfraWorks has limited capabilities of

both object customization through user definabjdieations for urban and architectural design.

These tools provide capabilities for robust viszetlon (Gil et al., 2010). However, they have
limited capabilities for urban regulation modelifgirthermore, they provide limited features for

parametric modeling and object customization thhousger definable applications.

2.4.2 Parametric urban design
Innumerable attempts have been made to utilizenpgtrac modeling capabilities in urban

design, but most of them focus on fast urban mostion.

Parametric Urbanism takes the idea of using par&mabdeling techniques in the urban design
domain (Schumacher, 2008). After Zaha Hadid andkPathumacher named their design
strategy in the Thames Gateway project as Paramédtiianism, two architects have tested a
series of urban digital design strategies. Theyatetmated parameter manipulation in the

Kartal-Pendik Master plan, and presented multiplalzinations of the diverse development
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scenarios. They explained that a parametric maglelpproach allows urban designers to
condense complex data into solutions that exhighli differentiated urban patterns

(Schumacher, 2008).

SOM proposed “Parametric Urban Design” as a thealdtamework and created Blackbox
Studio as a software prototype. Blackbox Studi igrametric modeling platform supporting
urban model creation. The software enables creatingn blocks and parcels from the user
defined street grid. Then buildings can be desidnedsers and several parameters can be
applied to the building objects. After completiing tmodeling process, user interfaces can

present model information such as FAR or buildisg.u

25 The Potential of Parametric BIM for Urban Regulation M odeling

251 BIM capabilitiesin the AECO industry

BIM has been developed to support the AECO induitiyl ties all the building components
with imbedded information to create a building prodmodel (Eastman et al., 2008; Sacks et
al., 2004). BIM facilitates communication of desigtentions, and coordinates construction
processes with the shared database. In additioamgdric design capability in BIM can enable

real-time design changes as users manipulate tdelrdata (Lee, Sacks, and Eastman, 2006).

BIM software environments couple 3D modeling widtrgmetric form generation and rich
semantics, which can express design concepts thmaadrtime design changes. In addition,
BIM platforms provide an APl with OOP, which carifdate an easy access of building

information (Eastman et al., 2008; Eastman, 20@gkSet al., 2004).

25.2 Parametric modeling and OOP in BIM

Parametric modeling is one of the main capabilitéEeBIM that has been widely accepted in
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AECO industry. Objects in parametric modeling capress geometry through parameters. The
relationships among parameters can be definedghrtmrmulas. As objects store information as
parameters, elements of objects can be regenexatedding to the parametric values (Eastman
et al., 2008; Smith and Tardif, 2009). In conveméiiomodeling, even though a designer changes
an attribute of one object in the model, the saféndoes not keep track of the rules across the
entire model. In parametric modeling, a paramedertie controlled by other parameters through
formulas, the complex rule or constraints can hgessed in the parameters. Changing one
parameter can have implications either in otheectbjor in the entire model. As such, the
parametric modeling approach offers a level ofiligity responsible for constant change (Kim

et al., 2011).

Parametric modeling in BIM has a potential to supgevelopment and interpretation of urban
regulations (Kim et al., 2011). Parametric modekngl OOP in BIM would allow planners and
code creators to test a couple of development sosnaisualize building and block geometries,
and analyze the quantitative consequences of dawelots in the code making process. With the
parametric modeling approach, objects can represban form that stores the matrix among
regulation constraints in parameters. As desigcleasge object parameters, the building
geometry and urban morphology may be updated,dHenmance of each scenarios may be

analyzed, and multiple scenarios may be tested.

2.6 Summary

| reviewed the foundation of urban regulations aoding in the United States in five aspects:
background of urban regulations and zoning in thédd States, characteristics of the recent
zoning regulations, critiques and challenges ofdéoent zoning regulations, computer-based

urban design, and the potential of parametric BéMurban regulation modeling.
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It is clear and significant that the zoning regiolas have affected the physical character of our
built environments in diverse ways. Over the yegasious zoning applications have been
evolved upon the political, social, and economiorres (Holm, 2006). One consensus in
regulatory intervention is shaping urban form acales with the regulations because code
reformers recognized the impact of urban from aradeson the success of sustainable

developments (Ben-Joseph, 2009; Punter, 1997).

Still, both development and interpretation of tlaing regulations are complex for the urban
design stakeholders. It is difficult to understéman implications of the urban regulations in
that formulating geometry from the textual reguas is not always straightforward.
Furthermore, the impact of zoning regulations oysptal form and character of our built
environment is often obscured. The zoning regulati@main difficult to incorporate into

designs for the urban designer and architects.

Many urban design tools have been developed uhdesdope of fast generation and realistic
visualization of the urban model, which is not &uént to imbed regulatory information into the
urban model. In addition, they can be used ndtérégulation making process but in the urban
design process. Some urban design tools providesgh@bilities for urban regulation modeling,

but the functionalities are too limited to suppibis research.

In the next chapter, selected recent zoning coaplss will be analyzed to establish the outline
of PURM development based on the structure, approawtrolling urban form and scale, and

the interrelationships imbedded in the code comptznand their provisions.
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3 ANALYSISOF RECENT ZONING CODE SAMPLES

In this chapter, | will review the recent zoningles that outline urban form and scale. | will
explain zoning code selection criteria and therlyaea(1) the structure of zoning code
components, (2) the approach controlling urban fan scale, and (3) the interrelationships

across the code components and the provisionsinatiing urban scale and form.

The findings will be a significant foundation taaslish (1) a list of zoning code objects | will
build in PUDM, (2) a set of parameters that willibdedded in the PUDOs, and (3) an object

hierarchy among the BIM objects and their pararmsdtethe next two chapters.

31 Zoning Code Selection

This chapter focuses on the zoning codes that fibesarban form and scale.

The definition of zoning codes is broad in thatedse zoning regulations have been evolved in
the United States. FBC has been widely appliedas/municipalities have reformed their
codes based on FBC. It makes varying formats amessof FBC. In addition, FBC has its
siblings such as Form-based Codes proposed by &BCEmartCode. It makes the definition of
FBC obscure. Therefore, it is significant to chatiie scope of the zoning code selection in this

research.

One of largest selections of the recent form-baselds is presented in the Codes Study (Borys
and Talen, 2013). In this research, 494 zoning sod®e analyzed. 480 codes meet criteria
defined by FBCI. The range of focusing area wasdbfoom 100 people populations to 35 acres
of focusing area. They classified the codes astfipes: Smart Code Adopted, Smart Code in
Process, Transect FBC, Other FBC, SC & FBC Disoussind FB Guides. The majority of

them are Smart Code, Transect FBC, and Other FB{S.classification is related to the utilized
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zoning code template or the referenced examplegrvittransect classification system is used,
the code is often classified as Transect FBC. WhersmartCode template is used, it is grouped
as Smart Code. Such code types may be relatée wpecific organization such as FBCI or
code product name such as SmartCode of DPZ, soléssification is not applied in this

research.

Sometimes, code titles directly explain the cogeetyhe zoning code is often named according
to the referred zoning code types or the utilizexizg code templates. Often FBC and
SmartCode are used for the code title such asoBtAtea Form-Based Code (Farmers Branch,
TX.) and Fitchburg SmartCode (Fitchburg, WI.). Stimes, however, the title is not related to
the code type as shown in Development Standard&aittklines (Fort Worth, TX.) and
Downtown Specific Plan (Ventura, CA.). Such cldsaiion using the code name is not applied

in this research.

As defined the previous chapter, zoning codes &1 &e defined in this research as follows:

* The zoning code in this research refers the cdudgegulate urban form and scale of
open spaces, streetscapes, buildings, and pangkéaugs through design standards or
guidelines.

» Form-based zoning codes and their various spelngh as Form-based code(s), Form-
Based code(s), and Form-based design code(s) larevadied as FBC in this research.

* FBC inthis research does not refer the specifitequoducts created by organizations
such as FBCI or by private code creators such & DP

* Whether are labeled FBC or not, zoning codes mrésearch may have similar

strategies, components, and constraints with FBC.
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The regulations controlling building dispositiorchuas Required Building Line (RBL) or Built-
To Line (BTL) are widely used in the recent zonaogles. When mandatory building disposition
is applied to the irregular shaped lots, the zocimde application may be complex. The zoning
codes having such regulations are selected. Irtiaddihe zoning codes having a clear project

boundary will be reviewed.

In short, the criteria of zoning code selectionasdollows:

» The zoning code should provide a district map lihzits the project boundary. City,
county, or state scale zoning codes are excluded.

» The zoning code has higher priority on controllimgan form and scale with
prescriptive provisions such as RBL, BTL, setbabiesghts, and building dispositions.

» The zoning code should utilize transect classificasystems for diverse scale, form,

and architectural characteristics.

Based upon the selection criteria, four zoning csafaples are reviewed (Table 1). They
provide district maps indicating clear focusingaar€he focusing area is neighborhood scale
within a city jurisdiction. Standards or guidelineghese codes control form and scale of open
spaces, buildings, parking structures, etc. Theg lgoverned neighborhood developments and
been updated after the adoption. The type of thingacodes in the table is based on the Codes

Study (Borys and Talen, 2013).

3.2 TheReview Criteria

Each zoning code is analyzed according to fouegait

(1) Description: explains backgrounds of the project tre code development. A diagram

superimposes the focusing area and the city juatisdi.
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Table 1. Zoning code samples

Title Location Type Adopted year Focusing area City jurisdiction

(Amended) (acres) area (acres)
Heart of Peoria Land . 2007
Development Code Peoria, IL Other FBC (2011) 7,500 29,800
Near Southside
Development Fort Worth, 2007
Standards and T Other FBC (2013) 1,400 223,400
Guidelines
Downtown Specific 2007
Plan Ventura, CA SmartCode (2012) 514 20,540
Form-based Code Farmers 2005
Station Area Branch, Tx  CeTFBC (5019 140 7,680

(2) Zoning code components: analyzes the major cod@anemts controlling urban form
and scale, which are chapters, sections, or pomgsn the code documents. | will
investigate which code components will be modeketha BIM code objects in the
following chapters.

(3) Interrelationships across the code components souisfpns: reveals interrelationships
across code components by using specific exampissa significant process to
formulate a hierarchy among the code components.

(4) Controlling scale and form: identifies which aspeat built environments are controlled
by such code objects. It is expected to formulatetaf parameters that will be

imbedded in the code objects in the following ckespt

3.3 Code 1. Heart of Peoria Form Districts
3.31 Description
Peoria is located on the lllinois River in Peoriau@ty, lllinois. The Heart of Peoria is a special

project district in Peoria including the downtowsre and surrounding neighborhoods. The
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City jurisdiction

+ Location: City of Peoria, lllinois
» Adopted date: 2010
* Length of the codes: 270 pages

« Total area of the city: 29,800 acres
Focusing area

» Focusing zoning area: 7,500 acres, 11.7 square mile

Figure 4. A zoning code description of Heart of ff@&orm Districts

Heart of Peoria plan was created to manage allldgwveents in the special district. A transect
classification system is used (City of Peoria, 20The code designates three special districts:
Base, Form, and Overlay. No regulating plans aogiged for both the Base and the Overlay
districts, so it is required to use the City of Re&@oning District Map instead. In the other hand,
the Form districts are designated along the majoidor, which shall be governed by the
regulating plans and design standards. The codetste and applications of the Form districts

meet the zoning code selection criteria, so thesdor the Form districts are reviewed.

3.3.2 Zoning code components

The section structure is presented in Figure 5.cbhered sections show the zoning codes for
the Form districts, which are reviewed. Some ndored sections contain general rules related
to the Form districts, but major provisions cortngl urban scale and form are included in the

colored sections. The structure of the whole zoeimdes is as follows;

| review the “Form Districts” section in Figure iientify the code components and their
structure, and create a diagram in Figure 6. ImHDfstricts, 4 regulating plans, 10 building

envelope standards, and 7 street-type specificatiomincluded.
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Heart of Peoria
Land Development Code

}»J 1. General Provisions

| 2. Administration

{ 3. Districts Established

{ 4. Base Districts

—J‘ 5. Permitted Land Uses

% 6.1 General Provisions

{ 6.2 Sheridan Triangle

# 6.3 Prospect Road ’

{ 6. Form Districts

{ 7. Overlay Districts

} 6.4 WestMain ’

| 6.5 Warehouse District

| 8. General Development

Standards } 6.6 Architectural Standards
9.Subdivision Design } 6.7 Street Specifications ’
Standards

T[ 10. Nonconformities

’ 6.8 Parking Requirements ’

{ 11. Definitions

} 6.9 Amendments and Deviations

Figure 5. The section structure of the Heart ofrRdoand Development Code. Note: The grey color
sections are reviewed in this research.

The first row represents the regulating plan. Téead row corresponds to design standards and

specifications that are chapters in the code dootsn&he third row shows sections under the

standards and the specifications. For instancdjrgiecomponent in the third row is Height

represents one of four sections of the Buildingétope Standards.

The diagram consists of code components and cdaonsci text box in the diagram is a code

component, representing a chapter or a sectiomeodade document. A line between text boxes

is a connection that visualizes the relationshiprgrthe chapters and the sections.

45



Transect

. * Building and parking structure
* Required Building Line

* Ground and upper story
* Other elements

Building form
Building placement
Building elements

Facade design

Parking setback
Frontage types

+ Street facade

+ Buildable area

» Setbacks

+ Garage and parking
+ Alleys

» Cornerlots

+ Windows and doors

* Projections: balconies, stoops,
eaves, awnings, awnings, etc.

* Entries and street walls

* Ground and upper story

* Principles
« Design guidelines

Accessory unit
* Elements: balcony, window,
dormer, porches, and parapet

* Facades

* Materials

* Elements: roof, parapets,
doors, windows, etc.

+ Signage, lighting, and
mechanical equipment

» Existing buildings and additions

* Intent + Sidewalks

+ Street-Type Specification * Travel lanes
* On-street parking
* Plant

Pedestrian crossing
—

Figure 6. The code structure of Heart of PeoriadlBevelopment Code. Note: The codes for the Form
districts are illustrated.
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Transect General provisions
Required Building Line Street trees
Parking setback Street lighting
Frontage types Rears

Sidewalks

On-street parking

Parking lot planting

Civic greens and squares
Pedestrian pathway

* On-site parking requirements
* On-street parking requirements

Figure 6. Continued.

The significant and noticeable relationships areleed in the diagram. Some relationships that
are not prominently related to urban form and saadeexcluded. Brief descriptions of the code

components are as follows:

* Regulating plans identify the disposition of eachperty and illustrate how each lot is
related with the adjacent properties and streeist fegulating plans are provided for
four types of the Form districts. Each regulatitegypdefines the building frontage type,
the streetscape type, the building and the panliacements, etc. The color codes are
used in the regulating plans to indicate the treinsedes that determine the type of the
building envelope, the architectural design, ardparking standards.

« Building envelope standards govern building dispasj heights, building elements, and
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3.33

use (p. 6-2). A series of the building envelopedtads are provided in each regulating
plan. The type of the building envelope standagedstze identified from the color codes
in the regulating plans.

Architectural standards (p. 6-29) consist of degjgitlelines to accomplish a certain
architectural character by controlling fagade ogunfations and building components
such as exterior walls, roofs and parapets, doutsxandows, etc. No graphics are
provided and textual provisions are provided, lmugraphics are included in this
section.

Street specifications provide requirements of steafigurations with traffic lanes, on-
street parking spaces, planting spaces, curbssidadalks (p. 6-39). For each type, a
section and a plan drawing are provided.

Street standards include general rules for pubfierdty design such as street trees,
benches, signs, and street lights (p. 6-47). Téptaaisions without graphics are
provided.

Parking Requirements govern on-site and on-stieinmg (p. 6-51). The required
parking spaces are determined by the buildingthsenumber of residential units, or the
building footprint area. The parking setback ismed in the regulating plans, but other

requirements are included in this section.

Approachesto control urban form and scale

This code controls urban form and scale by usingipions and guiding principles of building

envelope standards and street-type specificafiris.code governs block scale, building scale,

building facade size, and density.

The super scale building is prohibited. The maxinfaotprint area of buildings shall be
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50,000 square feet (p. 6-4).

» The building frontage length is controlled. Buildifrontage length shall be less than 75
feet (p. 6-4).

* The density of the residential building is contedll For residential use, maximum units
per acre, minimum lot area and width, dimensionganfls, as well as heights of
principal and accessory structure are defined-@). 4

» Alarge scale block shall provide public accessasfand to surrounding area. The
block face greater than 400 feet shall have acsdss® or to neighborhoods such as
alleys or drive ways (p. 6-3); individual propestigaving frontage over 250 feet shall
provide such accesses (p. 6-4); and individual gntigs having frontage shorter than 99

feet are exempt from the requirements (p. 6-4).

Building envelope standards govern height, disgwsibuilding element design and use. The

building height is controlled as follows:

» The building height is measured in stories anchsight of each story is measured in
feet.

» The first floor level from the ground is measuradriches (p. 6-18).

» The height of building elements such as a mezzaamattic, and a street wall are

measured in feet.

Building disposition is regulated by the regulatpigns and the siting section in the building
envelope standards. The regulating plans provide &l the parking setback. The siting

section provides the requirements for buildableappen space location, parking areas, etc.

» Setbacks for building and parking are defined eréggulating plan.
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* A setback from the property line is measured ih.fee
» The minimum area of open space is calculated ipgatimn to the lot area.

» The available location of the garage entries ancdiays is designated in the siting

section.

Some specific rules for building element designiackided in the building envelope standards.

» To avoid large opaque wall design with no eleméhtsarea of an opaque wall is
regulated. In contrast, the minimum portion of ttemsparent area to the overall facade
area is defined.

» The horizontal and the vertical dispositions ofldiniy elements, such as awnings,
overhanging eaves, balconies, bay windows, angsi@we also controlled. The

dimensions are measured in feet.

The building use is controlled by the use sectioihe building envelop standards. The type of
building use is implicitly related to the builditigpology, so the building use requirements may
affect urban form and scale. For instance, comraklciildings generally have a higher ceiling

than residential buildings.

» The use of the ground and upper story for mixedsidefined in an exclusive manner:
only commercial and residential use in the groundy/sno commercial use in the upper

stories; and no commercial use in the accessotgibgi

Lastly, some standards and requirements contrbl cmtfigurations of streetscape and parking

structures.
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3.34 Interrelationships acrossthe code components and the provisions

The boxes in the diagram represent zoning code coergs and the line connections represent
the relationships between the zoning code compenEnt instance, a regulating plan outlines
the building envelope standards. Then, the buildimeelope standards determine height, siting,
element, and use of buildings. However, thereraarrielationships across the components,
which are not presented in this diagram. The falhgyiwo provisions show the

interrelationships that are not shown in the figure

» “For each block face, buildings along the requibedding line shall present a complete
and discrete vertical facade composition (i.e @& facade design) at an average street

frontage length of no greater than 60 feet for nleaghood center sites (p. 6-3).”

This provision designates the site that shall cgmth the building disposition regulation
according to the length of street frontage. Theestfrontage is defined as either a lot line or a
building line coincident with the RBL (11-19). Thpsovision imply that when a site has RBL
and the lot line on RBL is no greater than 60 feeqit facade design shall comply with fagade

design requirements.

*  “On each lot the building fagcade shall be builtgiel to the required building line for

at least 80% of the required building line (RBL)dgh (p. 6-8).”

This is a provision of Siting section under thelBing Envelope Standards. This provision
limits the minimum length of the building facade RBL. With the first provision, this
regulation designates the range of the buildingdadength on RBL. In sum, it can be inferred
that two provisions make a relationship amongtsig@logy, RBL, building disposition, and the

front facade dimension on RBL. To design a buildiogt facade, such requirements shall be
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satisfied, which may need a complex decision makiogess.

34 Code 2. Near Southside Development Standar ds and Guidelines

3.4.1 Description

City jurisdiction

* Location: Fort Worth, Texas
* Adopted date: 2007
* Length of the codes: 52 pages

F‘ocusing area )
» Total area of the city: 223,400 acres

* Focusing zoning area: 1,400 acres, 1.46 square mile

Figure 7. A zoning code description of Near Soutéddevelopment Standards and Guidelines

This code was adopted for the special district,rNsmuthside, located in the south of Downtown
Fort Worth, Texas. The Near Southside is one ofitban design districts in the city of Fort
Worth. The city has rigorously adopted a seriedesign districts, design standards, and
guidelines by incorporating with non-profit orgaations. The Fort Worth South Inc. (FWSI)
has worked with regional stakeholders to createdbde (City of Fort Worth, 2014). The code
focuses neighborhood revitalization with pedestdaented, well-designed, and sustainable

developments (City of Fort Worth, 2008).

The code controls urban form and scale by usingttamsect types and three zone types. The
transect classifications are “general urban” armtddn center.” Three zone types are

“neighborhoods”, “institutional/industrial”, andéstricted.” Each lot shall follow standards for

both the transect classification and the zone ificeison.
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3.4.2 Zoning code components
One of the major components is the transect clegsdn system in this code. Throughout the
code components, the transect classification syisersed more prominently than other zoning

code samples. The main code components are prdserigure 8.

» The transect classification (p.12) provides a cadus cross-section of built
environments that this code promotes. The genepahnuzone (T4) and the urban center
zone (T5) are mostly applied in the regulating plan

» The regulating plan identifies the allowance ofelepment form, scale, and use (p.15).
Four districts and four regulating plans are inelddp. 15). The type of transects and
building use in the regulating plan are used tatethe required development standards
and guidelines.

» Setback, building height, and parking dispositiom@efined in the regulating plan by
using the transect zones. The detailed requirenvamtbe found in the development
standards and guidelines.

» The regulating plan designates the type of stigetifications according to the street
context and the street capacity. Three street gtméee mixed-use, main, and
commercial and three street capacities are looliéator, and arterial. The detailed
requirements can be found in the development stdadand guidelines.

» Development standards and guidelines govern segoaies of (1) streets and public
space, (2) building location and orientation, (@)iding height, (4) parking and drive

ways, (5) architectural standards, as well as j&3ite landscape.
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* Transectzones

* Transect
+ Setback
* Height
* Zones
* Use
* Historic properties
« Circulation network
(Street)

« Intent and principles

« Streets and other public
spaces

« Building location and

orientation

Building height

Parking and driveways

Architectural standards

On-site landscaping

Street standards
Public road sides
Roadside elements

Public parks and plazas
Public art guidelines

Setback
Entrance
Fencing

Car entrance

Height
Height incentive

On-site and off-street parking
Security

Public garages

Driveway

Drop-offand loading

Roofs

Frontages

Entrances

Awnings, arcades, and
balconies

Facades

Signs

Architectural variety
Outdoor storage
Signes

* Mix of use requirements
+ Special requirements
* Permittedland uses

Trees and canopy
Front yard

Figure 8. The code structure of Near Southside pweent Standards and Guidelines
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* Permitted land uses lists requirements of mixeddeselopments as well as the allowed
or prohibited uses. According to the type of usethe regulating plan, detailed

requirements can be found in this section.

To use this code, the first step is identifying tfesect classifications from the regulating plan.
They are placed in the first row in the diagramxi\Néhe requirements can be found from the
development standards and the permitted land Tikey.are placed in the second row. The

sections under the development standards are tbirathe third row.

3.4.3 Approachesto control urban form and scale

The regulating plans use a transect classificdtijooombining two transect types and three use
types. Two transect zones are T4 (general urbahY&r{urban center). Three uses are N
(neighborhood), I (institutional/industrial), and(festricted). For example, the district in the T4-
N zone needs to follow requirements for both thighteorhood use and the general urban zone
at a same time (P.15). Upon the transect classdicadetailed requirements can be found in the

development standards.

» Street configurations and dimensions are definedgtreets and other public spaces”
section and the “parking and drive ways” sectidme $pacing and the dimension of
street trees, furniture, and lightings are inclufe81).

» The building height requirements are defined inrdgulating plan and the building
height section. In the regulating plan, the heaftthe building facade and the building
mass are included.

* In the regulating plan, the building height is defil. The building height is measured by
the number of stories and the height of each ssomyeasured in feet. For instance, the

maximum building height of single use in the T4 eah 3 stories (p. 13).
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» The building disposition is controlled by the regjirig plans, the building location and
orientation section, the “parking height” sectiett.

* The location of parking garage is decided by therbailding location; a parking
structure shall be behind or beside of the maifdimgs.

» The area of open space is measured in squarafekthe required area is decided by
the ratio of the gross floor area to the open spaea.

» Toreceive a height incentive, a certain rangepefnospace shall be opened to public.
The public space area shall not be less than 2§08&re feet and greater than 10% of

the gross floor area (p.38).

The regulating plans in this code pose more regujanformation than other three samples.
Generally, a regulating plan provides types of ttgument standards and the required
information can be obtained from the other chaptetee code document. In this code,

however, provisions for building setback, heighitl ase are provided in the regulating plans.

The regulating plan does not designate RBL andipgudisposition. Instead, a wide range of
setbacks is defined in the building location areldhientation section. In view of building
disposition control, this code may allow more flagibuilding design than other zoning codes

having the RBL requirements.

3.4.4 Interreéationshipsacrossthe code components and the provisions
Interrelationships among the code components amedfthroughout chapters, sections, and
provisions. They are not illustrated in Figure 8t the following provisions exemplify the

interrelationships in the building height sectighgure 9).

» Building height incentive can be determined byrédtté of mixed uses. For instance,
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when a building has at least 20% residential af®d afiice, restaurant, and/or retalil
uses, the height incentive can be applied (p.37.r&tio of each use can be measured in
square foot of the floor area.

* Minimum building height, gross floor area, and theade configuration are correlated
each other. For instance, when the gross flooriareger 4,000 square feet, more than
50% of the building facade shall be higher thariek (p.37).

* In the historic preservation districts, buildingdte can be determined by the site
context. For instance, buildings adjacent to thistigng house in the historical districts
shall comply with the height limits (Figure 9). \Wih 20 feet from the shared property
line, 2 stories are a maximum height. Further @ifeet from the shared property line,

a 45° line on the second floor level determinesnidgimum building height (p. 37).

These provisions make interrelationships amongdinegponents and the provisions, which make

interpretation of the zoning codes complicated.

Shared property line Vi

0 ft >

Within 20 feet fromthe shared Ger than 20 feet fromthe shared property

property line: 2 stories max line: The 45° line on the second floor level
limits the building height.

Figure 9. A liilding height control in the historic preservatidistrict. Adapted from a figure, “Fairmot
Transitional Height Plane” in the Development Stmad and Guidelines (City of Fort Worth, 2013).
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35 Code 3. Downtown Specific Plan

351 Description

City jurisdiction

+ Location: Ventura, California
Adopted date: 2007
Length of the codes: 285 pages

Focusing area

+ Totalarea ofthe city: 20,540 acres

» Focusingzoning area: 514 acres, 0.8 square mile

Figure 10. A zoning code description of Downtowre&ific Plan

This zoning code is created for the downtown ofGiitg of San Buenaventura (Abbreviated as
Ventura in this research), California. The citydsated on the California coast about 70 miles

northwest of Los Angeles (City of Ventura 2007).

The first downtown plan was adopted in 1993 aré& been amended to reflect changing needs
and specific goals. The major update was made(i 20d the most recent minor revision was
performed in 2012. Backgrounds, accomplishmemid tle initial goals are documented in the

beginning. This is the most comprehensive and Isigening code among four samples.

In the regulating plan four catalytic projects dadr focus areas are designated. For catalytic
projects are multi-model transit center, culturés @aenter, beach connections, and California
street ramp relocation. Four focus areas are urbas) neighborhood centers, the triangle site,

and beach front promenade (City of Ventura, 2007).
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3.5.2 Zoning code components

This development plan consists of five chapterser@ew, Goals and Policies, Development
Code, Streetscape Plan, Programs and ImplementatidmAppendix. Development Code and
Streetscape Plan control urban form and scale (&itji). | reviewed the grey color components
including “Development Code”, its’ subsections, d8treetscape Plan”. The zoning code
structure within the colored components is illustdain Figure 12. | simplify the code structure

as the code objects and the connections. Desariptibthe major components are as follows:

« *“Urban Standards” provides regulations for six gypé transect zones. Five subsections

provide the permitted land uses, the regulating,@ad specific regulations for each

i 1. Overview ’

Downtown Specific Plan ’»

' 2. Goals and Policies ’

| 3. Development Code

1 3.1 Introduction

| 4. Streetscape Plan

1 3.2 Urban Standards

| 5. Programs and

Implementation

1 3.3 Building Types

| 3.4 Frontage Types

1 3.5 Design Guidelines

1 3.6 Sign Standards

1 3.7 Other Standards

1 3.8 Administration

— 3.9 Glossary ’

Figure 11. The section structure of the DowntowercHjc Plan. Note: The grey color sections are fyain
reviewed in this research.
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transect zone.

“Regulating plan” designates nine types of trangeaes to assign land use and design
standards. Streetscape type, RBL, or parking sketbes are not illustrated in the
regulating plan.

“Mixed Type Development Standards” in the urbamgéads identify the allowed
location of particular uses such as commercial, &raa nightclub. Two maps limit such
development locations to the main corridor adjateie city hall.

“Urban Standards by Zone” is a subsection of thamistandards. For the six types of
transect zones, the requirements for the buildipgg, horizontal and vertical
configurations, and parking are defined. This secis similar to the building envelope
standards of other zoning code samples.

“Building Types” provides requirements of buildibges, access, parking and services,
as well as open space. 13 building types are ieclinl the code.

“Frontage Types” identifies the allowed frontagafigurations. 8 frontage types such
as arcade, gallery, and shop front are definedtantype can be determined by the
Building Types section. In case of the arcade &gettype, arcade depth and height,
column height and spacing, as well as buildingdadacations near the arcade are
identified (111-61).

“Design Guidelines”, “Sign Standards”, and “Oth¢ar&lards” provide
recommendations for the building element desighdha affect characteristics and
styles of the neighborhood, streetscape, and Ingidi

“Streetscape Plan” identifies requirements andmenendations for streetscape

configurations such as sidewalk, lighting, landsegpand signage.
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+« Transect zones _

» Description
* Public realm and tree * Location * Access, parking, and services
planting * Permitted Uses * Open space
* Landscape

Building size and massing
Placement

» Profileand Frontage
* Parking

Building types

+ Configuration
Land uses

* Elements

* Context and architectural

character

Massing and articulation
Building walls and openings
Roofs

Site improvements

+ Commercial sign
+ Residential sign

Parking and yard

Home occupations
Nonconformity regulations
Outdoor dining way

Time share

Wireless telecommunication
facilities

* Animals

Street trees and lights
Signage and banners
Enclosure

Plaza

Public art and graphics

Figure 12. The code structure of Downtown Spe¢ifan
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Following associations among components can bdifibeh In sum, the key component is the

regulating plan.

» The regulating plan determines the transect zones.

» The regulating plan determines the type of mixegl-dmsvelopments.

* The transect zone determines the type of urbanlatds.

* The urban standards regulate urban form and sgatertirolling building disposition,
height, allowed building types, frontage desigrd parking structure capacity.

» The type of streetscapes is regulated by the “Pidiam and Tree Planting Plan”,

which is the regulating plan for public space depeient.

It implies that four components are in a hierarabgording to the scale that each component

governs as follows:

» TheRegulating Plan is a guiding code object.

» TheUrban Sandards by Zone are dependent on the regulating plan.
* The Building Types are dependent on the Urban Staischy Zone.

» The Frontage Types are dependent on the Urban&tinldy Zone.

* TheStreetscapes Plan is dependent on the regulating plan.

The regulating plan is placed in the first rowlod diagram. The code includes two types of
regulating plans. One is a transect zone map. Tier & a public realm or tree planting map.
The code components dependent on the regulatimgapéalocated in the second row. The code

objects in the third row dependent on the objetthé second row.

3.5.3 Approachesto control urban form and scale

First, development density is controlled in divenseys. To measure density of the residential
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use, the number of dwelling units within a lot @iated such as units per acre (111-123). The
number of occupancies of each unit is also used.dEwelopment density, the building scale
(e.g., a gross floor area), and building use aterdeents of the required parking spaces. For
instance, at least one parking space in residarg@khall be provided for every 1,500 square

feet floor area for the residential units in theban General 1 zone (l11-14).

A key component controlling urban scale and formélJrban Sandards by Zone section in
theUrban Standards. According to the six types of transect zonediaregulating plan, the
allowed building form and building type for the ssnare defined in this component. The type of
transect zone is associated to building placenmeight, building types, allowed lot widths per

each building type, parking, and allowed land wesdefined.

» Setback requirements affect the disposition ofdings, open spaces, and parking
structures (l11-14). Setbacks for the building etens such as balconies, bay windows,
cantilevered rooms, and eaves are identified @jl-1

* The allowed building type and its frontage style defined in th&uilding Types
standards and the detailed requirements for thgdfige configuration are included in the
Frontage Types standards.

* The range of lot widths is determined accordinthebuilding type. The maximum
width of the building frontage is regulated so thegr-scale block design is prevented.
For instance, the maximum lot width @&rriage House shall be from 25 feet to 100 feet

in theUrban General 1 zone.

The provisions controlling building form and scate included in th8uilding Types standards.
For the 13 building types, provisions control birtgigeometry, building frontage configuration,

access types, landscape, open space, and parkiog. $fpllowing examples depict how building
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and form are controlled in thguilding Types standards.

» The building scale is controlled by the buildingag. For instance, houses and garages
shall occupy no greater than thirty percent ofl@ta in theCarriage House type (lllI-
32). The area dfarriage House shall be no greater than 50 percent of primary
building’s habitable floor area (111-33).

* The location of the lot accesses is defined. Fstaimce, the main entrance shall be
accessed from the side yard setback irCdreiage House type (111-32). It is related to
the mass disposition.

» Some provisions control the configurations of tleeif plan. For example, each dwelling
unit in Row Houses shall have at least two facades exposed to ouigtateand air (111-

47).

TheFrontage Types standards govern the eight types of building frges. Detailed
requirements for the horizontal and the verticalfigurations are defined (111-60). Some of them

explicitly or implicitly affect both the fagade cligurations and the building dispositions.

» For the arcade frontage type, provisions regulageptoportion of openings to the
facade, the clearstory height, the column spaeind,the bulkhead dimensions (111-60).
The arcade height is associated to the first fimdlding height. The column spacing is
related to the building fagade configuration.

* In a similar way, the dimension and the locatiom dbrecourt are defined, which can
affect the building facade configuration. For im&te, the minimum size of a forecourt
shall be 10 feet deep and 30 feet deep. The shapflcing the forecourt shall be

between 10 feet and 16 feet tall (111-62).
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Some provisions prevent cake-cut building desighthe monotonous facade design (l11-55).

Varying height ratios are asked to be applied tadie design as follows.

» IntheCommercial Block type, only one story buildings can apply a samiklimg height
to the entire building. Otherwise, the buildingdidishall have variations. In the three
story buildings, 85 percent of a facade can beethteries. 15 percent can be four
stories. In the four story buildings, 75 percenadfcade can be four stories. 25 percent

can be five stories.

The Downtown Specific Plan has been amended diecérst plan was adopted in 1993. Over
20 year period for code amendments makes thiswmde comprehensive and detailed than
other three code samples. Some provisions reflgheh priority on the history preservation and

some provisions control urban form and scale ineagriptive approach.

3.54 Interreationshipsacrossthe code components and the provisions

There are complex relationships among code compenéar instance, a type of building
frontage is defined iBuilding Types. A type of building is defined ibirban Sandards. A type

of Urban Standards is defined in the regulating plan. The followingaeple shows the process

to design a commercial building in the urban cameez

(1) Check a zone type: when a lot is defined astHmn Core zone (T1) in the regulating
plan, Urban Sandards for Urban Core Zone need to be used.

(2) Check a building typeCommercial Block is one of the allowed building types in T1.

(3) Check provisions controlling building form: the ptanent, setbacks, and height
requirements are defined Wrban Standards (111-24).

(4) Check provisions controlling the lot dimension: #iiewed lot width for the commercial
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block is defined irJrban Sandards (I11-24). With the setback requirements, the akalw
width relates to the front facade length.

(5) Check provisions controlling building height: theidgiht ratio requirements needs to be
identified fromBuilding Types for Commercial Block (111-54).

(6) Calculate the height ratio: the height ratio isaldted by the facade area ratio for each
story. The height ratio in thdrban Core zone is defined as follows (llI-55);
“Commercial Block may exceed the 75% 4-story, 25%dsy limitation of the T6.1
Urban Core zone.”

(7) Check provisions controlling open space: when edourt is designed on the shop front,
the Frontage Types for forecourt section (111-62) needs to be comgli€he dimensions
such as width and depth are identified.

(8) Check provisions controlling building facade: tsidm a front facade, the all

requirements above need to be synthesized.

In this process, the regulating plan, the urbandsted types, the building types, and the frontage
types should be used at a same time, but theyalieidy or implicitly related to each other.

One interrelationship imbedded in the examplessalrered in the height ratio requirements (6).
The provisions for the height ratio requirement&enan association among the facade area and
the building footprint area per building use, ane building height. It is also can be inferred that
the building footprint area is related to the psisms such as placement, setbacks, and height in

Urban Sandards (3).

3.6 Code 4. Form-based Code Station Area
3.6.1 Description

Farmers Branch is a city of the Dallas-Fort Worttnopolis, which is located north of Dallas.

66



Focusing larea °* Location: Farmers Branch, Texas
~ « Adopted date: 2005
* Length of the codes: 84 pages
* Total area of the city: 7,680 acres

* Focusing zoning area: 140 acres, 0.22 square mile

City jurisdiction

Figure 13. A zoning code description of Form-baSede station area

This code was prepared for developments nearadhsitrstation as a part of the Dallas Area
Rapid Transit (DART) extension plan. To estabafe and attractive environments near the
DART station, the city created the code, “StatiaoeaForm-based Code” and the master plan,
“Farmers Branch Station Area Conceptual Master.PBince the master plan was adopted in
2002 and this code was adopted in 2005, they haee Amended through public meeting and

workshops (City of Farmers Branch, 2014).

The code focuses on controlling coherent physmahfand design styles as well as flexible
building use and density (City of Farmers Brand(%). The code provides two types of

regulating plans for the flexible application.

This code prevails over the zoning ordinance wheordlict is found. The portion not covered

by this code has to comply with the zoning ordira(@ity of Farmers Branch, 2005).

3.6.2 Zoning code components
The major components of this code are illustrateligure 14. The style and the format of

zoning code components are not significantly disie to other three samples.
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Three types of plans are included: Regulating Rllthan Design Plan, and Regulating
Plan Street Type®fegulating Plan identifies a project boundary, the building frayga
types, street designation, RBL, and the parkingaszis.Urban Design Plan identifies
five types of urban centers, street tree alignmeamd, building height per blocks.
Regulating Plan Street Types identifies the location of five street types.

Building Envelope Standards govern three dimensional building placement aed th
building elements such as shop fronts, windows;dmés, etc. Six types of the building
frontage are identified in the regulating plan gogerning provisions are included in
Building Envel ope Standards.

The section oftreet Typesis a sub section of Regulating Plan, which spexifjpical
configurations for vehicle lanes, sidewalks, antligtamenities. Five street types are
designated in the regulating plan. The specialirements for each street type are
specified inSreetscape Standards.

Sreetscape Sandards provide textual provisions controlling materiafsla
configurations of streetscape that are not defin&reet Types. The standards cover
minimum standards for trees, sidewalks, and oresparking, materials and
configurations of open spaces, and the type o tirethe station area.

Architectural Sandards governs coherent architectural styles through rizdse
configurations, and construction types. The scdp¥ chitectural Sandards is the
building elements such as exterior walls, roofgrdpand windows.

The Administration section describes intention and enforcement optbeisions.
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Building envelope types
Required building line
Parking setback
Frontage types

Street types

+ Street space

Travel lanes
Sidewalks

Parking lanes
Median and tree
Pedestrian crossing
Planting alignment

Building Height

Siting
Elements
Use

* General principles
* Minimum standards
» Special districts

+ Building height

+ Parking structure height
» Ground story height
* Mezzanines
» Streetwall height
+ Other

Street facade

Buildable area

Side lot setbacks
Garage and parking
Alleys

Commonand Corner lots

Fenestration
Building projections
Doors and entries
Colonnades

Street walls

+ Ground story
* Upper stories

* The streetscape
* Front and rears

Trees

Rears

Sidewalks

Turf and groundcover
On-street parking
General notes

Materials

Configurations

Pervious surface area ratio
Tree types

Figure 14. The code structure of Form-based CodtoStArea
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+ Building envelope types * General principles
* Required building line + Building walls —
» Parking setback * Roofs and parapets . S .
» Frontage types » Streetwalls and garden . :a::g:i:;; d guiding illustrations
* Streettypes wells » Configurations and technique
+ Street space * Windows and doors
* Travel lanes + Signage
+ Sidewalks + Lighting and mechanical —
» Parking lanes equipment
* Median and tree + Intent and guiding illustrations
» Pedestrian crossing « Materials
* Planting alignment + Configurations and technique
Pitched roofs
Overhangs

Parapet roofs
Cornices and other features

* Intent and guiding illustrations
* Materials
+ Configurations and technique

* Intent and guiding illustrations
* Materials

+ Configurations and technique
* Doors

* Intent and guiding illustrations
+ General
* Awnings and overhangs

+ Intent and guiding illustrations
« Lighting
* Mechanical equipment

Figure 14. Continued

As | discussed previously, there are relationshipsng zoning code components, which are

apparent to define. | simplify the chapters andsietions and create the abstracted code
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components. The code components are arrayed thrémerows upon following rules.

» The code components in the first row representsafelating plan.

» The code components in the second row represesg gtandards.

The code components in the third row represenséleions under the standards. For instance,
Building Envel ope Standards has four sections; height, siting, elements, a® They are placed

in the third row undeBuilding Envel ope Sandards.

3.6.3 Approachesto control urban form and scale

In this code, some provisions shall be appliedhtoe districts regardless of the transect
classifications. There provisions are named asrgéndes. In contrast, some provisions shall be
applied to specific building frontage types or gagticular street types. They are called as
specific rules in the code document. Provisiongrotiimg form and scale are discovered from

both of them.

Some general rules control development scale teptesuperblock development.

» Over scale building is not allowed. The area oftib#ding footprint is no greater than
60,000 square feet (p.15).

» Long linear building facade is not allowed. An ag# building length of a street
frontage is no greater than sixty feet (p.15).

» Large scale projects have to provide appropriatesses such as alleys, drive ways, or
pedestrian pathways. The individual lot having &0 feet frontage lines has to meet
the requirements within the lot, unless the blacivhich the lot is located already
satisfied the requirements within the block (p.13). the other way, a small lot having

frontage lines less than 75 feet are exempt fremreuirements (p.14). Without an
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appropriate access, the length of the block faxes igreater than 400 feet (p. 14).

Building height is controlled by Urban Design Pkrd Building Envelope Standards. When

conflicting, Urban Design Plan prevails over BuilgiEnvelope Standards.

* In Urban Design Plan, minimum building height is designated along irpot corridor.
“Minimum (building) height along Buttonwood Strea$’three stories (p. 21).

» TheHeight section of Building Envelope Standards designati@smum and maximum
building height, ground story height, upper stogyght, and street wall height. It is

mentioned that the provisions shall be used withaldrDesign Plan.

Some general rules control parking spaces andstegees, which can directly or indirectly

constraint the development scale.

» The minimum parking requirements are defined adngrtb the lot area and building
use. For instance, a residential building in a®iter 20,000 square feet shall provide
more than 1 and 1/8 parking space per unit (p. 16).

» The scale of the streetscape such as street mdedraet lights is regulated in
Regulating Plan. An average interval of street lights is no gre#iitan 75 feet and the

height has to be between 9 and 16 feet from thengrtevel (p. 16).

One the other hand, the specific rules control mfbam and scale, which are discovered in

Building Envel ope Standards, Streetscape Standards, andArchitectural Sandards.

» Six types oBuilding Envelop Standards provide provisions controlling building height.
The types of building envelope are defined in UrBasign Plan. The length of building

facade is also defined Building Envelope Standards.
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Building disposition is regulated by the specifiters in theSting section of théBuilding

Envelope Sandards. The RBL requirements prescribe building dispositi

» The length of the building front facade on the RBIcontrolled according to the RBL
length.

» Site-specific setback requirements are defindglihding Envel ope Sandards.

» The area of the open space, uncovered or permseatiéee, is measured by the
percentage of the property area. Such open spatidheHocated behind the parking

setback.

In view of code component structure, this codeoisdistinctive from other zoning code
samplesRegulating Plan assigns the building frontage types and the stapéstypes using the
transect classification system. This code provile=e types of plans includirRegulating Plan,
Urban Design Plan, andRegulating Plan Street Types. Each plan is easy to read, but code users

need to overlap three into one.

The architectural standards regulate building fagiabsign regardless of the type of building
envelope and the streetscape. In other words, uhdetlifferent building envelope types,

identical architectural standards can be applied.

3.6.4 Interréationships across code components and provisions

General relationships among the code componentbeanderstood from the diagram.
Regulating Plan assigns the type of building envelope and straptscThe Building Envelope
Standards control the height, disposition, the elas) and the use of buildings. It can imply that
the building height is dependent on the type ofthiéding envelope and that the building

envelope type is dependent on the regulating plasimilar relationship exists iftreetscape
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Sandards.

However, not all relationships of components aravigions are presented in the figure.

Following examples show provisions pose interretahips among code components.

» The building fagade shall be positioned to the RIBIGFRBL. At a same time, the
length of the building facade on RBL or GFRBL slmdlat least 85 percent of the RBL
or GFRBL. GFRBL means the RBL for the ground flobine length of the RBL and the
GFRBL depends on the site, so this provision makeassociation among the building
facade dimension, the building facade locationRB&, and the GFRBL.

*  When theShopfront Colonnade site is located within 40 feet of an existing $nfamily
residential zoning district, the maximum heightafe or parapet shall be 32 feet (p.
35). This provision makes an association betweerbtlilding height and the distance
from the designated zone district.

» The minimum open space area is regulated in prigooid the lot area and the open
space location is regulated by the setback links grovision makes an association
among the site topology, the setback requiremémsjesigned building footprint, and

the parking spaces, which is very similar to otteting code samples.

3.7 Summary
| reviewed four sample zoning codes to identifyt{ig structure of the zoning code components,
(2) interrelationships across the zoning code carapts and the provisions, and (3) the

approach in controlling urban form and scale.

| conclude that the components of four zoning cdde® a similar structure. A wide range of

provisions pose interrelationships across the compis, which are neither consistent nor
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obvious to understand. In addition, four zoningesdontrol similar elements of built
environments with a similar set of provisions, wtihey pursues specific goals and objectives

upon varying regional, cultural, and economic pties.

3.7.1 Thestructure of the zoning code components

The code components of four codes can be categdrizéhe urban design criteria comprised
with district map, zoning, public space, streetscdyuilding envelope, parking, and architectural
design. Four codes have similar code componentstdetiverse naming conventions. Table 2
shows that all sample codes provide the compotkeatsorrespond to district maps, the public
space standards, the streetscape standards, ltiedpenvelope standards, the parking

standards, and the architectural design standards.

3.7.1.1 A rdationship among the code components
As shown in Table 2, all codes provide a set dfidismaps. The regulating plan is the key
components of the zoning code samples and thenfioigprelationships are discovered among

the code components.

* Aregulating map determines the zone types.

» The zone type determines the type of standardsulolic space, streetscape, building
envelope, and parking.

* The type of building envelope standards determiinesype of architectural design
standards.

» The type of buildings envelope standards determimegarking standards. The zone

type can be the other determent.
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Table 2. Major components of the zoning codes

Code 1: Code 2: Code 3: Code 4:
Heart of Peoria Land Near Southside Downtown Specific Form-based Code
Title Development Code Development Plan Station Area
Standards and
Guidelines
- * Regulating e Regulating e Regulating * Regulating
District map Plan Plan Plan Plan
Zoning . Trans_e_ct _ . Trans_e_ct _
Classification Classificatior?
(Transect/uses}
e Street e On-site e Public Realn e Urban
Standards landscaping and Tree Design Ple
Standards Planting
Public Space Sj[andards
e Sign
Standards
e Other
Standards
e Street e Streets and e Streetscape e StreetType
Streetscape Specification Other Public Plan specificatit
Street Standards e Streetscaf
Standards Standards
e Building e Building e Building e Building
Envelope Location and Types Envelope
_— Standards Orientation Standards Standards
Building
Envelope Stgnc_iards « Frontage
e Building Types
Height Standards
Standards
» Parking * Parking and * Parking
. Requirement Drive Ways Standards
Parking » Parking Standards 8
Standards
Architectural Architectural e Architectural . De_sign Architectural
Standards Standards Guidelines Standards

Design

Note: Following sections correspond to the codepmmments.

1. Building Envelope types and Street Frontagesypéehe regulating plans
2. Frontage types and the street types in theatigglplans

3. General rules for parking are included in thguRating Plan.

* The site topology in the regulating map is a detgrnof disposition requirements for
buildings, parking structures, and open spacedsahRBL, building setback, and

parking setbacks reflect the site topology.
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The general relationships among the zoning codgpoaents are similar to the overlay process
defined in the zoning code documents. Each coderdent has a user manual section
explaining how to assemble the code componengeeral, the first step is reading the
regulating plan. Then it is asked to define theetgpzones, streetscapes, buildings, etc. Other
design guidelines or recommendations can be ra#g.l&n short, four code samples can be used

with the similar overlay process.

3.7.1.2 Varying formats of the regulating plans

The amount of information in the regulating plaasies over four codes (Table 3). In the code
1, the regulating plan designates the type of &gattypes, setback lines, and RBL. In the code
2, building use is described in the regulating pleme code 3 does not describe RBL and
setbacks with the regulating plan, but the codeigeocorresponding provisions in other code
components. In addition, missing information frdm tegulating plan is included in other

zoning code components or in other types of plans.

Table 3. Regulatory information in the regulatirgrp

Catetory Code 1 Code 2 Code 3 Code 4
Building use X (0] X X

Transect code X o 0] X
Streetscape type X X X @]
Building frontage type (0] 0 (0] o]
Openspace type X X X o
RBL and setback O (@) X o
Parking setback 0] (0] X 0]

3.7.2 Similar approachesto control urban form and scale

Four codes regulate very similar criteria of baiitvironment such as streetscape, open space,
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Table 4. Major criteria in the streetscape starglard

Catetory Code 1 Code 2 Code 3 Code 4

STREET CONFIGURATION

» Streetspace
 Sidewalks

» Street trees

« Street lights

* Median

» Travle lanes

» Pedestrian

» Pedestrian crossing
» On-street parking

OO0 O0OO0OO0O0OO0OO0OO0
OO0OO0OO0OO0OO0OO0OO0OO0
OO0OO0OO0OO0O0OO0OO0OO0
OO0OO0OO0OO0OO0OO0OO0O0

building, and parking space. In the zoning codemmments, they use similar styles of
provisions. In the streetscape standards, fourscostpilate the street configuration such as
travel lanes, on-street parking, pedestrian crgssidewalks, street trees, and street lightings
(Table 4). The total number of travel lanes andafleved dimensions of road and sidewalks are

also defined.

Four codes regulate the very similar elements df eavironment. In the building envelope
standards, they regulate building height, dispmsjtand building design elements. In terms of
the provision style, four samples are similar eattier. For instance, the building height is

controlled by the number of floors and the heighgach floor is measured in feet.

However, the way of controlling building scale eariover the codes. For instance, the code 1
and 3 designate the maximum and minimum developoEmgity by using the number of
residential units per site area and the numbecafpancy. In the code 1 and 4, the building
scale is regulated by using the maximum floor arehFAR. The scale of building envelope is

also controlled by using the front facade lengtte @ode 1 and 4) and the front facade area (the
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Table 5. Major criteria in the Building Envelopeustiards

Catetory Code 1 Code 2 Code 3 Code 4
BUILDING SCALE

» Density O X o X

* The maximum floor area o X X (0]

» The front fagcade length O X X 0]

» The front fagade area O O X X

BUILDING USE

* Permitted uses o (0] 0] 0]
» Use per floor O o o] 0]
BUILDING HEIGHT
» Ground level o X @) o]
* Building height O o o] 0]
 Parking structure height o @) O 0]
* Ceiling height o @) o 0]
» Accessory structure O X 0] X
BUILDING DISPOSITION
* RBL o X X (0]
 GFRBL X X X ]
* Building setback o @) o 0]
» Parking setback O o 0] 0]
» On-site open space 6] (0] o] 0]
» Access, alleys, and entrance O O O 0]
BUILDING ELEMENTS
» Fenestration area o (0] o 0]
* Windows O o o 0]
» Doors o (0] o 0]
* Attic o X O @]
,:\tvggglsgs, balconies, and o X o o
\I,Evz\llltsas, parapets, and street o X o 0

code 1 and 2).

In building disposition control, RBL and GFRBL aret used by all codes, but they have

provisions controlling setbacks of building andkag structures. Their setback regulations
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prescribe the building facade location and oriémiiain that the building facade should be

located on the designated setback lines.

3.7.3 Interréationships acrossthe code components and the provisions

As | discussed in each zoning code review, varpyosisions controlling urban form and scale
pose interrelationships across the zoning code oaemds and the provisions. When a provision
regulates form and scale of buildings and parkingctures, interrelationships are often
discovered. For instance, on-site parking is aasediwith parcels, buildings, and open spaces.
The required number of parking spaces is relatédetduilding floor area and use. The
disposition of the parking structure is relatedh® parking setback requirements. The available
footprint area for the parking structure is asgedavith the area of lot, building footprint, and
open space. This interrelationship is imbeddeaum zoning codes. | will implement an
application to demonstrate how such interrelatiggsim the code document can be established
in BIM. A detailed procedure and the results wéldiscussed in the application development

chapter.

In the next chapter, a set of components | fornedlatill be built in the PURM, components’
relationships will be represented as a hierarcHgIbf objects, and a series of provisions will be

parameterized in the PUDOs.

80



4 PARAMETERIZATION OF URBAN REGULATIONSWITH PUDM

In this chapter, | will describe development of BigDM and its’ components, the PUDOs.
First, | will explain how the PUDM is constructeding the PUDOs. Then | will explain the
modeling process of the individual objects in viefaan object hierarchy, object parameters, and

geometric configurations.

4.1 Introduction

Various urban regulations have been evolved wigh lpriority in controlling form and scale of
built environments (Barnett, 2011; Ben-Joseph, 20R8cent urban regulations widely use
prescriptive provisions controlling urban form aswéle. Often one aspect of urban form and
scale is determined by multiple provisions locatedarious zoning code components, so the
recent urban regulations pose interrelationshipsmgnthe regulation components and the

provisions (Kim et al., 2011).

The review of recent zoning codes in Chapter 3imdpihat (1) the selected zoning codes focus
on the similar urban design criteria such as opewres streetscape, building, and parking, (2)
they have similar code components (Figure 1),i8y regulate similar geometrical entities of
urban form, as well as (4) they present interrefetiips among the components and the

provisions.

Based upon the implications, | establish five typesode components (Site, Block, Parcel,
Building, and Parking), a hierarchy among the coslmponents, provisions controlling
geometrical entities of urban form, and relatiomoeag provisions. Then | create PURM,

PUDM, PUDOs, and PUDAs. Their definitions are dbfes:

(1) PURM is a new urban planning and design platforire model consists of PUDM and
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2

3)

(4)

421

PUDAs.

PUDM is an urban district model in BIM. The modehsists of a series of PUDOSs. In
view of the recent urban regulations, the PUDM egponds to the regulating plan. The
development process of the PUDM is explained is thiapter.

PUDOs are geometrical representations of builtrenment that the urban regulations
aim to establish. Five types of the PUDOs are eckatcluding Site, Block, Parcel,
Building, and Parking. Individual objects represtat regulation components defined in
Chapter 3. The development process of the PUD@lassrated in this chapter.

PUDAs establish relations among the PUDOs and gagameters, which can represent
interrelationships among the regulation componantsprovisions. The applications
also perform complex operations that cannot be ledrwhly by the PUDOs such as
updating multiple parameters within multiple Codgeats, manipulating geometries of
multiple PUDOSs, checking regulation compliances] sasting multiple design options.
The applications are written in the BIM APl and@@P language, which will be

described in Chapter 5.

In this chapter, | will describe how to create indual PUDOs using a parametric modeling

approach in BIM and how to construct the PUDM with individual PUDOs.

M ethodol ogy

Parametric modeling in BIM

One significant method is parametric modeling iiMBhat has been widely accepted in the
AECO industry. BIM ties all the building componemtih extensive information to create a
building product model (Eastman et al., 2008; Satlksd., 2004). BIM, on the one hand,

facilitates communication throughout the desige,¢bnstruction, and the facility management
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processes with the shared database. Parametridingodapabilities in the BIM authoring tools
allow BIM objects to store knowledge-based ruled experts’ knowledge into parameters so
that BIM performs rule-based automatic manipulaiand semantically-rich model generations
(Sacks et al., 2004). The approach of parametridetimy is not only new but also invented by
either BIM or the BIM authoring tools. However, paretric modeling capabilities in BIM
provide mechanisms to store both domain-specifisrand experts’ knowledge into the

building components in BIM, which make parametriocdaling in BIM distinctive from others.

Conventional CAD systems used coordinate-based gegrereation. Two dimensional drawing
are generated from the designed object and thgaiged entities were added to represent design
elements such as a wall or a roof. Later surfadesatid modeling features were added for more
complex form generation. But the coordinate-bassmhetric model is difficult to modify and

the drawings cannot be automatically synchronizi¢d the updated model for each change.

Parameters either store objects’ interrelationsbigsigger behavior of an object. Once
individual object’s transitions (check) are asstaaawith each other, a parameter change on an
object can determine other objects’ behavior. Rstance, relocating one wall in the parametric

model can enforce other related objects such adomis on the wall to be adjusted accordingly.

The capabilities of parametric modeling in the BdMthoring tools may not prevail over other
parametric modeling tools. However, once a parametodel is created in BIM, various

building design can be performed from the parametadel by using various modeling
capabilities and the plentiful libraries of buildidesign elements in the BIM authoring tools.
For instance, a building bulk in urban design carbbilt with a mass object in BIM. Then the
mass surfaces can be used to create building eoevalod the building components in the library

such as wall, roof, and floor can be placed orbthikeling envelope.
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In development, Autodesk Revit is used as a BINhauihg tool. In the Revit terms, | create
PUDOs in the Revit Family level and combine therthim Revit Project level to build the

PUDM. The Revit Family is an object that allowseiijparameters to be associated with the
object geometrical and non-geometrical attributdss capability enables the object geometry or
dispositions to be assigned by the object paramatat allows various non-geometrical
attributes to be stored in the object parametardelelopment, geometrical transformation of
the PUDOs is driven by the parameters. In addisome parameters are built to store non-

geometrical attributes within the PUDOs.

4.2.2 Behavior and attributesof a BIM object

The PUDOs and the PUDM can be created based upoaidespecific rules in the urban
regulations. Existing BIM objects represent arattiteal domain-specific components such as
walls, roofs, and floors. They have functionalitieat can respond to model changes in the real-
world of the architectural domain. For exampleréasing wall width from the wall parameter
makes the wall object longer in BIM. Increasing tbef angle parameter makes the roof steep.

These functionalities are predefined behaviorhefaxisting BIM objects.

A wall object in BIM can be moved, expanded, oatetl when parametric definitions are
updated. Such transitions are predefined behawfdte wall object in BIM. However, default
BIM objects are not appropriate for the PUDM creatin that they correspond to architectural

domain specific behavior (Kim et al., 2013).

User definable objects in BIM allow a BIM objectdstablish custom behavior and special
attributes to express various geometric repredentain way of parametric modeling (Kim et
al., 2013). Thus, PUDM and its objects are creafdit the user definable objects in BIM,

enabling to establish domain specific behavior atributes found in the urban regulations.
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4.2.3 Form, function, and behavior of PUDOs

Identifying behavior of BIM objects is importaninee an object in BIM can be defined with its
form and behavior. In this research scope, behaifiarcode object can determine actions of the
object in BIM, corresponding to the urban regulattmnstraints. For instance, allowed building
height in the zoning codes can be represented astam that changes the height dimension of
the building objects in BIM. Changing height canidkentified as behavior of the building object

in BIM.

The concept of form, function, and behavior is imgot to identify and formulate required
behavior from the textual regulations. The initahcept of form and function is traced to
Sullivan’s article about the tall office buildingsign (1896). In this article, he asserted that
“form ever follows function”, which implies thatehintended purpose of a designed object is a
determinant of its shape (Clayton, 1998). Thisartnfluenced modern architecture in the 20

century.

In design cognition and artificial intelligence easch, Gero’s Function-Behavior-Structure
(FBS) model (1990) has been expended to cover braadjnitive issues in the design process
(Gero, 1995; Gero and Kannengiesser, 2004). Hismat that a designed object can be
described by three variables; function, behavind structure. Function is the intent of the
object. Behavior is the way the object performsu@tire is the object itself. Behavior can be
either derived from the structure itself or spedfby the requirements or expectations of the
functions. The FBS ontology has been widely ingedd in artificial intelligence and design

cognition research.

In BIM research for product modeling, form and bébaof building products have been

investigated to describe the physical charactesigtf building products (Sack et al, 2004;
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Ghang, 2006; Eastman, 2009). These studies focds\@lopment of the parametric modeling
platform for precast concrete buildings. Sacksrafibehavior as “automatic system actions
that maintain the topological and geometrical cstesicy to the relationships within and
between model objects (Sack et al., 2004).” Gharimed behavior as “the ability of an object
to respond to internal or external stimuli.” Thegmtioned that this definition differs from

Gero’s FBS model (Ghang et al., 2005) and then® iurther discussion on function.

Clayton (1998) defines form, function, and behawabobjects in the virtual product model
(VPM) as follows: “forms are the geometry and miaisrof the artifact.”, “Functions are the
required and desired qualities of the artifactigl 8Behaviors are the response of the artifact to

particular conditions.”

In this research context, | define form, functiand behavior based on and the Sullivan’s notion

and the Clayton’s research (Clayton, 2006; Clayl@icholz, Kunz, and Fisher, 1999).

* Form: the geometry of the built environment resuftem the urban regulations.
» Function: the desired qualities of the built enmitent that the urban regulations pursue.

» Behavior: the response of the built environmerhtoparticular urban regulations.

In this research, clarifying behavior of the PULO®an essential step in parameterization of the
urban regulations in BIM. For instance, an opercsdandard in the urban regulations secures a
minimum open space area for each lot. A seriesmfigions controls building form such as

width, depth, and height, as well as building dsfion with setbacks and front fagcade locations.
Controlling building dimensions and dispositions te understood as behavior of the BIM
objects for open space standards. The allowed aicie as building height and depth can be an

attribute accordingly.
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4.3 PUDOsin the PUDM
Within this research context, | create five type®0dDOs, assemble them, and construct

PUDM.

PUDM visualizes form and scale of built environm#rgt code components and provisions aim
to establish. PUDM represents community scale dgweént plans that have public spaces such
as open spaces, traffic lanes, and pedestrianslaas\private spaces such as buildings, parking
structures, and private yards. In view of the réceban regulations, PUDM is primarily based
on the regulating plan, the urban design stand#rdduilding envelope standards, parking

standards, and open space standards.

The recent urban regulations provide graphics aadidgs to explain how provisions regulate
urban form and scale. The building envelope statgjdor instance, provide the plan, the
section, and the elevation drawings. Typically ghésawings exemplify generic sites then the
urban regulations inquire designers to apply thdesdo the specific sites in the regulating plan.
Often site-specific issues related to particulavjsions are discovered, but they are not

presented in the graphics and drawings.

In the PUDM, the PUDOs are provided for all parcelsich can visualize site specific form
implication of the urban regulations. The indivitlobjects in the PUDM can be transformed as
parameter values are updated by Parametric CodkcAppns. In the development process, the
PUDM provides the development framework of PUDAse Dbject hierarchy and the type of

parameters are key information in creating appthcet

431 PUDOsand parameters

The PUDM consists of five types of PUDO in BIM; &iBlock, Parcel, Building, and Parking
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(Figure 15).

The Site object represents the entire project bawynithat includes traffic lanes, public open
spaces, and developable properties (private pardéis Block object represents pedestrian
spaces in-between traffic lanes and private parogisesenting on-street parking, sidewalks,
and walkable public spaces. Streetscapes sucheas fetrniture, street trees, and landscapes are

placed on the Block object.

The Parcel object is an individual parcel wherddnog structures can be built. This object holds
site topology and regulatory information that affepen spaces, building dispositions, and
building envelopes. For instance, the minimum rafiopen space to the property area and the
maximum area of the building footprints are coréblby many code provisions. The area of the
Parcel object is a determinant factor of the minimapen space area and maximum building
footprint area. The property topology is relatedh® building setback lines and fagade location,

affecting building disposition (Kim, et al., 2013).

The Building object represents a buildable buildnetume within a parcel. This object holds

Site Block Parcel TBuilding Parking

Figure 15. The type of PUDO in the PUDM
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information of building topology and regulatory énfation. In addition, the Building object has
parameters controlling its’ geometry such as bngdieights, the number of floors, and building
setbacks. The parameters of the Building objegessmt the urban regulation provisions

controlling building form.

The Parking object is either a structured parkiagage or an on-site surface parking. The
Parking object holds information of parking struettopology and parking regulatory
constraints. In general, the Parking standards heagsions regulating the total parking
numbers, parking setbacks, and entrance locaffdresParking object corresponds to the

Parking standards.

In the urban design code of the City of VenturaD@0a residential building shall provide one
parking space for every 1,500 square feet floamiftlies that the total number of parking can be
calculated from the gross floor area of buildinfse parameter values of the Parking object can

be decided through complex calculations using ipleltvalues from other PUDOs.

4.3.1.1 Object hierarchy of the Code objects

Five types of Code objects compose the PUDM wighfttiowing object hierarchy (Figure 16).
As described previously, an object hierarchy iatd&hed by hosting objects in parametric
modeling. Hosting and hosted relationships are meodeetween Block and Parcel, Parcel and
Building, and Building and Parking. As shown in thiagram, we can see a Site object hosts
multiple Block objects. Such one-to-many relatiapsttan be established among the objects,
but we demonstrate one-to-one relationships inrdgearch to simplify the modeling and

application development.

In Revit, the host and hosted information is stanetthe parameters, so the relationship can be
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Host

Building II
Host Parking ||

Figure 16. An object hierarchy of PUDOs

retrieved from the parameters. For instance, catlitig the open space ratio requires information
of the parcel area as well as the footprint areda@building and the parking structure.
Generally, PUDM consists of multiple BIM objectsy Bsing the hosting information, relevant
objects can be easily filtered from the multiplgeats and then required information can be

obtained from the filtered objects.

In addition, a consistent naming convention is &pplFor instance, a Building object in the lot
001 is named as “L001Building.” “L001” stands trddeess in which the building is located.
“Building” stands the type of the PUDO. In a samanmer, the Parking object in LO01 is named
as “LO01Parking.” The consistent naming convengagses the complexity in the application

development without the time consuming search m®ce

4.3.1.2 The parameter typesin regulation objects

Each object has parameters for geometry updatylatibn, and analysis. Table 6 shows major
parameters within the five PUDOs. Generally, patanseof each Code object represent a part of
provisions of the corresponding zoning code comptmé&ome parameters are added to
establish interrelationships among the provisi@wne parameters are used to store calculated

values or analysis results. The type of parametmnse categorized as four groups: spatial
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Table 6. Main parameters of PUDM

Object | Parameters Descriptions Units

Site Parameters for the economic analysis arededuSee details in Table 16
Streetscape type The type of the streetscape N/A

Block Sidewalk width Width of the sidewalk space ft.
Street parking width Width of the street parkingsp. ft.
Open space type The type of the open space N/A

Parcel Transect code Zoning codes from rural to urban N/A
Open space ratio The percentage of open space fwaperty are&b
Open space area The lot area excluding structures 2 f
Building envelope type The type of the building elope N/A
Setback (BTL/Front) The distance from BTL to thdlding envelop  ft.
Setback (Side) 'tl)'h_e (_Jlistance from the side property line to the ft

uilding envelop
- Setback (Rear) Th_e Qistance from the rear property line to the ft

Building building envelop
Depth (Main building) Building depth of the mainilgiing ft.
Depth (Sub building) Building depth of the sub Hing ft.
Building Height (Ground floor)  The first floor hdigfrom slab to slab ft.
Building Height (Upper floor) The upper floor hetghom slab to slab ft.
Number of floors The floor numbers of the building N/A
Parking type The type of the parking structure N/A
Required parking number The minimum parking nuntbquired to providé/A
Number of street parking The number of designedtozet parking spaceN/A
Available footprint area Property area excludedings and open space 2 ft

Parking Planned footprint area The first floor area of plagking structure ft
Parking space area per car The parking lot arearfercar ft
Number of floors The floor numbers of the parkstgicture N/A
Building height The height of the parking structure ft.
Distance from buildings From the parking structior¢he buildings ft.
Distance from parcel lines From the parking strresto the parcel line ft.

regulatory parameter, non-spatial regulatory patamperformance (function) parameter, and

supplementary parameter.

» Spatial regulatory parameters directly control getsynof PUDOSs (e.g., Depth and

Height of the Building object). The parameter vataa be obtained from the urban
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regulation provisions.

* Non-spatial regulatory parameters store the zoodu requirements. These parameters
are indirectly related with geometry of the PUD®Gar instance, open space ratio of the
Parcel object stores the minimum value of openespation designated in the Open
space standards. The ratio does not directly affiecietry of the code objects, but it
affects other geometrical attributes such as tbgpfot area of buildings and parking
structures.

» Performance parameters store performance anagmiis of either individual Code
objects or entire PUDM. For instance, a Site objast a set of performance parameters
to store economic analysis results.

* Supplementary parameters store temporary objemtniv#tion or intermediate values for
calculations. These parameters are not expliatyiified in the urban regulation

provisions. For example, the Parking object haararpeter to store the available

The Site object has a set of parameters for theauiz analysis based on simplified Pro Forma
estimation, which is not described in Table 6. Detan the economic analysis through

applications are described in Chapter 7.

The Block object has parameters relating the sttape standards. Dimensions of sidewalks and

on-street parking are implemented as parameters.

The Parcel object corresponds to the provisiotearregulation plans and the open space
standards. In view of parametric modeling, the &lawbject is not transformed by parameters, so
no spatial regulatory parameters are includederPrcel object. Parameters for transect code is

built in the Parcel object, which can affect ot@ede objects’ attributes.
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The Building object represents the building envelstandards. Building height, disposition,
elements, and use are major sections of the bgiklivelope standard. Parameters controlling

building height and location are implemented inBodlding object.

The Parking object has parameters for storing egigul requirements, counting required parking
numbers, controlling dispositions, and updatingetisions of the Parking object based on the

numbers.

4.4 The Parametric Modeling Process of PUDOs

PUDOSs visualizes form implication of urban regudai. The geometrical representations of
PUDOs are created with 3D solid objects and afsgaimameters. The solid objects are designed
to transform their geometry upon parameter charigeanulate the parametric modeling rules
and process for the urban regulation modeling, wiitl be explained in the following section.

Following guiding questions are addressed.

*  Which geometry compositions can ease the compléxiparametric modeling? Is it
applicable for urban model creation in BIM?

*  Which geometry compositions can enable transforrgemmetry by multiple
parameters?

» How can object geometry be adjusted to cope witptirticular site topology without

losing parametric model mechanisms?
* How can behavior formulated from urban regulatibesepresented with BIM objects

and their parameters?

The parametric modeling rules and processes farurbgulation modeling are explained in

three phases. First, “Decomposition of a code ¢dbglains the analysis process of
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geometrical composition of PUDOs by using the Blobject example. The geometry of a
PUDO is decomposed with a series of solid and @bjdcts that are called as object elements.
Second “Composition of a solid object” demonstréiesmodeling process to compose a solid
object from multiple object elements without lospayametric modeling mechanisms. |
demonstrate how a Building object is constructedhfa set of provisions of the building
envelope standards such as RBL, setbacks, andrguiidight. Third, “Spatial operations to
adjust object geometry” illustrates the modelinghods enabling the assembled objects to
express accurate geometry by combining void objeddM. | demonstrate how a setback

provision can be modeled and applied to the Buijdibject.

4.41 Decomposition of object geometry

A PUDO is comprised with a series of elements.Vidldial elements represent the constraints of
the zoning code components. For instance, a Blbocbrepresents streetscape such as
sidewalks and street parking, so parameters ctinggatreetscape are built in the Block object

(Figurel?).

A Block object consists of multiple elements susts@ewalks, curve corner, on-street parking,
and parcels. The general rules of geometry conipositith individual elements can be
formulated from the graphical standards or texpualisions of the urban regulations. Typically,
parcels are located within a block. On-street payks planned along the block boundary. A

sidewalk is located in the space between the algk and the parcel boundaries.

The dimension of individual elements such as sidlesvand on-street parking can be identified
from the urban regulation provisions such as sidlewalth, on-street parking width, and curb
radius. Such values are stored in the parameténsliefdual elements. As parameter values are

changed, the element geometry can be updated.

94



Block

arcels

Street parking - Sidewalks

Width

i

Curb corner radius

Detph

!

[}
Sidewalk width

—

Parking width

a

Figure 17. Geometric

A configuration of
a Block object in BIM

Parameters

of a Block object

Sidewalk elements

Curb corner elements

Street parking elements

composition of the Block objec

95



The configuration of individual elements is detared by the geometry compositions of the
PUDGOs. For instance, if the curb corner elementthadgidewalk element are modeled as one,
the new element would have different geometry aardpeter sets. Therefore, the geometry

composition of the PUDOs determines the configaradf individual elements.

In terms of form and behavior of BIM objects, eletngeometry is form. The way of changing
form by parameters is behavior. The way of geomeargposition of the Block object

determines form and behavior of individual elements

To transform geometry by various parameters, tloelBbbject is decomposed with a set of solid
and void elements. The elements of curb corneeysitk, and parcel are created with solid

elements. The elements of on-street parking aremét void elements.

The curve corner element is a solid element th@esents the block corner space (Figure 18).
For the curve radius and the angle, two parameteZsirveAngle and CurveRadius are created.
The radius value corresponds to a provision irstreetscape standards. The angle value varies
over the block topology. The Sidewalk element cspomnds to the sidewalk space that is
governed by the streetscape standards in the velgatations. The width of sidewalks is
modeled with the SidewalkWidth parameter. The oeedtparking element is a void object that
cuts out the parking spaces from the sidewalk etenidne dimension of street parking space is
controlled by the OnStreetParkingWidth parametemesponding to the parking requirements

of the streetscape standards of the urban regutatio

The example demonstrates the Block object onlysimilar modeling rules are applied to other

PUDOs including Parcel, Building, and Parking.
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Figure 18. A curve corner element in the Block obje

4,42 Composition of object geometry

The Building object is a mass in BIM correspondiaghe building envelope standards in the
urban regulations. One of the significant provisiamthe regulating plan is the BTL or RBL that
designates the front fagade location. This sect&stribes how the RBL requirement is

parameterized in the PUDOs.

Figure 19 shows a parcel having a BTL on the cupregerty line. The example illustrates the
modeling process of a Building object from the RBétback, building height, and building
depth. In the first diagram, the BTL is locatedhe bottom side of the parcel. Other sides are

controlled by the setback regulations.

The shape of the RBL reflects the parcel geométrthis example, the bottom side parcel

boundary has four line segments and they work@&BL. The step 2 is to create four mass
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A BTL in the regulating plan.
The BTL is simplified as
four segments

Parcel Side setback

Side setback gL A
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~
Block Built To Line (BTL)
o P g Create objects using BTL
e s and a depth parameter.
A\
oo\ Two missing parts are found
both sides of the object 4
1 -\30{5
o°
ﬁ‘l Object 1 Oﬁ\ed?-
o

-

Identify the portions
that need to be expended
to the object 3 and 4 (Figure 20)

Combine four objects
into one code object

See the setback object
(A-A" & B-B' sections in Figure 21)

Figure 19. A modeling process of a Building objeom the RBL

objects using four segments. The arbitrary valuespplied to the depth parameter. As shown

in the second diagram, two missing parts are fdaoill side of the object 4, while the object 1,
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2, and 3 are overlapped respectively. Three oveddmnass objects can be joined in Revit.

The two missing parts are modified in the stepl& ®bject 3 and 4 are stretched until they
become overlapped. To apply the side setback ouleet object 4, the right-side edge of the

object 4 is stretched to cover the missing part.

In sum, the RBL regulation and the building depthapplied to four objects. The side setback
rules are applied to the object 1 and 4. The oljextd 4 are modified to be joined. The object 4

is stretched to apply the side setback rules.

Based on this example, | formulate the general fintglerocess of the Building object as

follows:

(1) Define the RBL from the Parcel object (step 1).

(2) Decompose the line segments of the RBL and cradbeidual objects (step 2).

(3) Identify the gap between two objects and stretelmthintil the gap is covered (step 3).

(4) Identify the gap between an object and the setliaekThen stretch the object until the
gap is covered (step 3).

(5) Join individual objects into one Building objecte(s 4).

Through this process, a Building object can resgoriRBL, setbacks, building height, and

building depth.

4.43 Spatial operationsto adjust object geometry

One remaining question is how much the objects teée elongated in the step 3 and 4. The
dimension of a mass object can be manipulatedaonigys: One approach is manipulating
dimensions of the solid objects based on equatindshe other approach is manipulating

geometry of the solid objects with void objects.
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4.4.3.1 Manipulating geometry with equations

The equation-based parametric modeling can prodooérate object geometry. In parametric
BIM, an equation can make an association amongrpteas. Once an equation is written in a
parameter, an accurate parameter value can bdataeltby equations. Figure 20 is a close-up of
Figure 19 to show the missing part between thecol§i@nd 4. W3’ and W4’ are dependent on
the angle between two objects, relating to thegdayeometry. A simple calculation using the

following variables and equations can return adewalues to be stretched as follows:

» Wa: the original width of the object3
» W4 the original width of the object4
» Da3: the depth of the object3

» D4: the depth of the object4

* 6: The angle between two objects

e W3'=W3+ (D4—-D3Xcosf)/sinb

e W4'=W4+ (D3 —-D4 X cosf)/sinb

W4
W3

Object 4

D4

ovect 3

¢Q

feed o !

W3' and W4' are calculated by equations

Figure 20. Required variables for the equation-b@s®metry manipulation
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The calculation is straightforward, but such vaegaleed to be defined before the calculation
process, and the calculated values need to besdpplithe corresponding solid objects. To apply
the equations into parameters, such variables tocleel defined as parameters during the
modeling process. For instance, to stretch twoatbjdive parameters need to be assigned to
two objects. If a Building object has more misspagts, more parameters would be assigned

during the modeling process.

This approach can yield accurate results, butntdeday the parametric modeling process for the

urban model having multiple objects.

4.4.3.2 Manipulating geometry by hosting void objects
A void object can affect the geometry of a solifech In parametric modeling, the disposition
and the dimension of a void object can be manipdlal object parameters so that a solid object

can represent diverse geometries by combining aviteries of void objects.

Manipulating geometry of solid objects with voidi@tis in parametric modeling can ease
complexity in complex geometry creation. Often,rajiag object’s location via parameters in
parametric modeling is more straightforward thaanging object’s geometry through
parameters. When creating complex form, for insanuwltiple parameters are often built in an
object and an attribute of object geometry can baipulated by multiple parameters, which can

make the parametric modeling process complicated.

The following example in Figure 21 demonstrates lsombining solid and void objects can
create the same geometry with the object driveaduations in Figure 20. The same Building

objects in Figure 18 and 19 are used again for clederstanding.

The first diagram shows the missing portion betwsenobjects, which will be filled with solid
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Identify the missing portion between object 3 and 4

Object 4
oviect®

Residual portions

* Extend two objects to cover the missing portion

A
L] H Extended
ded \
s \| o
o i
O === °
L]
] 77 _,"' \ Attached Attach void objects to the extended object 3 and 4
77 Fatac® '/ / Moid-object
y N"\a oot gl i
i \lo/"'_—‘ﬂ
P
4 Extended
E*\e_‘;?_fg Object 4
obl
* ®

Combine all objects to make a Building object

A combined
Building object

Figure 21. Adjust solid object geometry with voiojects

objects. Identifying the portion is the first st&econd, two objects are stretched until the
missing portions are covered. There is no needdasure the accurate dimension. As two
objects are extended and become overlapped eash o residual portions are generated in
the second image. Third step is to attach two wbjdcts to the upper boundary of the extended
object 3 and 4 where two residual portions are mneath Width and depth of the void objects can

be roughly assigned until the residual portionscangered. There is no need to use accurate
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dimensions. Finally, individual solid and void otfie are combined to create a Building object

having a proper geometry.

Without calculations for accurate parameter valobgcts geometry can be manipulated in the
second and the third steps. The position of theaibjis precisely assigned, but the dimension of
objects is not critical in this approach; only did objects are placed correctly to completely
cover the residual portions of the solid objedis, riesiduals can be hidden in the Building
object. No matter how large the void objects anmedés this beneficent capability of parametric
modeling, combining solid and void objects can gateethe identical object geometry with the

equation based parametric modeling process.

In sum, a series of solid and the void objects ama@PUDOs. The solid object is created with a
simple geometry and their parameters control ldigiensions such as width, depth, and height.
The void object is created with parameters contilits location and dimension. The void

objects are hosed by the solid objects to modigysthlid object geometry. The parameters of the

void objects change the location of the void olgject

4.4.3.3 Modeling provisions by nesting void objects
This section explains the modeling process of s&tpaovisions by nesting void objects. The
same Building object in Figure 18~20 is exemplifaegiin. Setback requirements, for instance,

affect the building geometry, so they are builtia Building object.

The setback regulation controls the distance filoerproperty lines to the structure, which can
determine the facade location of buildings and iparktructure. In the urban regulations,
various types of setback regulations are designéidtie Building object, front, side, and rear

setbacks are implemented. Setback regulationsrgriemented by two approaches as shown in
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Figure 22; changing the solid object location fant setback (A-A’ section) and changing the

void object location for side and rear setback®8({Bection).

Two sections show the simple solid and void objet®evit. Grey colored objects are solid
objects and the hatched objects are void objedts @present reference lines in Revit that can
host other reference lines or objects. The distheteeen reference lines can be controlled by
parameters. An object can be hosted either byeaenede line or another object’s surface. As the

host object changes the position, a hosted objegemaccordingly.

In parametric modeling, behavior for setback regote is implemented in two ways. First, the

Attached void object A ~ Attached void object B
oo ""-‘ N
'd_,,-:"'--‘#- At VRSN B
l\" /X (oo J M
. \
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. | gxtend®
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. P \
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* L gl | ety
?B\o\‘?‘c’
=
A front and rear setback A side setback object
(A-A' section) (B-B' section)
BTL Front Facade Rear Facade Property Sidewalks
Attached void object A  Attached void object B

§etbac1?~" Depth —|‘ ‘ é:back cieciiGit Building envelope |§etbac'|2‘ Setback object width
(Front) (TeBD) ieGiw (Side) (TBD)

Figure 22. A composition of the setback object

104



front setback moves the front facade locationhtnA-A’ section, the second dot from the left is
the reference line A, the reference line A hostsegkitended object 4, and the object 4 hosts a
void object A. As the reference line A moves bygoaeter, the object 4 moves accordingly. The
attached void object A cleans up the residual postnear the rear fagade described in figure 20.
Second, the side setback cuts the building massdwng the void objects B. In the B-B’

section, the side setback moves the referencalitige reference line holds the void objects B,
and the void object cuts the object 4. The geonwdttiie side setback reflects the site topology.
The location of the void object B needs to be aateubut the void object dimension is not

critical.

Since the setback values can be manipulated byne#eas, individual Building objects enable to
represent the wide range of setback values. Irtiaddthe geometrical representation of setback
rules responds to both regulation provisions ardotircel topology because a Building object is

created on the regulating plan.

4.5 Summary and Discussions

In this chapter, | described the structure of PUaxid PUDOSs. The structure of PUDM follows
the structure of zoning code components defingthiapter 3. The object hierarch of PUDM
represents the relationship among the zoning codganents. The type of PUDOs corresponds

to the type of zoning code components.

Then | explained the parametric modeling processifisan regulation modeling in parametric
BIM. For proper geometry representation of urbajulations, a PUDO is decomposed with
elements, the individual elements are combined tlaedeometry of the combined elements are

adjusted by using the parametric modeling capaslin BIM.
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Even though | explained the modeling process witm®les in detail, | could derive significant

rules in urban regulation modeling in ParametriviBI

45.1.1 Formdriven by the code provisions

The geometric representation of urban regulatisimplemented with the parametric modeling
method in BIM. The object geometry does not alwagsesent building design that will be
built. Buildings may be much more complex or dieettsan the form driven by the code
provisions. However, some prescriptive zoning psimvis directly reflect building design. For
instance, the RBL determines the front facade looaif the Building object. The requirements

of building height or the number of floors are oftdirectly applied to building design.

4.5.1.2 Various parametric modeling processes for a zoning code provision

As | described, a BIM object can be understood ¥dtin and behavior. In PUDOs, form is a
geometrical representation of urban regulationskefdvior is a way of geometry
transformation by parameters. The type of behal@ébermines the relationships between form
and parameter. Therefore, the type of object behawirelated to the parametric modeling

process.

A regulation constraint can be parameterized wiktaof object behavior. As shown in Figure
20, a setback provision was implemented in two wairst, the building facade was moved to
the designated position. Moving the facade candibior of the BIM object. Second, a void

object was moved to cut a building mass. Movingia wbject can be a behavior.

In short, object behavior affects the parametridefiog process. In addition, a set of object
behavior can be formulated from a regulation camstr Therefore, a regulation can be

parameterized in various parametric modeling prsees
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4,513 Varying complexities in the parametric modeling process
A parametric modeling process can affect the le¥ebmplexity. | explained a setback

provision can be parameterized in two ways: moangbject face and moving a void object.

To move a face with a parameter, the parametersriedok linked to the face. When multiple
faces are controlled by various setback regulatiomsesponding parameters need to be related

the relevant faces. Consequently, the number efnpatirers of a BIM object can easily increase.

To move a void object, a parameter needs to bedimdé the reference point or line in Revit. The
parameter does not change the void geometry. Fhiptewsetbacks, adding void objects is
required. By moving void objects, the shape ofrtfaess object can vary in the user interface

without modifying the original solid object.

In sum, transforming geometry using parametersagernomplicate than changing an object
location using parameters. Two approaches représesame provisions, but they pose
subsequently different complexities in the paraio@trodeling process. In Parameterization of
urban regulations in Parametric BIM, behavior ofBibjects is a critical determinant of

complexity of the parametric modeling process.

4.5.1.4 Interrelationships among code provisions are established by the applications
Interrelationships among code provisions are afisnovered from the conditional or the
comparative regulations. For instance, maximumhtefithe parking structure is often limited
by height of main building. The number of parkim@ses can be calculated using the building
floor area. In terms of PUDOSs, two cases poseriglionships between a Building object and a

Parking object.

In Parametric BIM, such relationships may be eghbt by equation-based parameters. If an
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equation is written in the height parameter ofRiagking object, it may be possible to relate two
objects. However, a BIM object is not too intelligéo automatically access other BIM objects.
Even if the building floor area increases, the Parlobject in BIM cannot recognize the changes
in other objects. Furthermore, to write an equaitiotihe parameter, required information is to be
stored during the modeling process. Whenever sgahtmns are to be edited, individual
PUDOs need to be modified. Therefore, adding egoatin the parameters can delay the

modeling process.

For such an interrelationship, | create PUDAs ustegit API, which perform continuing
parameter change and dynamic model update. Theaiphs enable reading required
information from any Code objects, calculating nelues from object information, and feeding
calculated values into parameters of PUDOs. Thé&cgtion development process will be

explained in the next chapter.
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5 DEVELOPMENT OF PUDA

In this chapter, | describe the prototyping proagatie PUDAS that establish relationships
among the PUDOs and their parameters. The applitahave been developed under three
scopes: (1) representing compound matrixes amanigg@ode components and their
provisions as the relationships among PUDOs aridpheameters; (2) performing complex
operations commonly discovered in use of urbanlatigms such as the overlay process of the
multiple zoning code components; and (3) enhantiagnodeling process of the PUDM. The
prototypes are developed with the BIM API, IntegthDevelopment Environment (IDE), and an

OOP language, C#.

In the following sections, | will investigate whettee matrixes exist and how such matrixes can
defer the use of urban regulations. Then | willodiég which types of the application prototypes
will be developed in this research. Lastly, thevidial applications will be described in three
folds. In view of the application operators, howse the applications is explained. In view of
the software development, how to design and ctéatapplications is described. For future

development, potentials, challenges, and limitatiare discussed.

51 Matrixes among the Code Objects

As | identified earlier, a zoning code consistaafet of code components, the code component
consists of sections, and the section is compiistta series of provisions. In Chapter 5, five
types of code components are categorized incluti@gegulating plan and four standards of
streetscape, open space, building envelope, athgaimhen they are represented as the five
types of Code objects in BIM including the Siteg 8lock, the Parcel, the Building, and the

Parking objects. The relationships among the fomirey code components are represented with
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an object hierarchy among the Code objects.

The matrixes are often discovered in the provisifrthe urban regulations. When a provision in
one zoning component is related to other proviswitisin other zoning code components or
when a provision is related to multiple provisiosisch matrixes among provisions cannot be

easily embedded in the PUDM.

The provisions of the urban regulations are remteskas attributes of the PUDOSs, which can be
accessed through parameters of individual objecBiVM. When a parameter in one object is

dependent on other parameters, the relationshipsstablished by the PUDAs.

511 Wherethematrixesexist
The range of provisions showing matrixes is toadrto be completely implemented in this
research context. However there are general rblestahe matrixes across the zoning code

components and the PUDOs (Table 7), which cannmfitve prototyping scope for the PUDAS.

The first column shows the zoning code componamdstiae first row shows Code objects in
BIM. When a regulation in one zoning code comporentlated to Code objects, such

relationship is marked in the table. For example,dn-site open space regulation in the Open

Table 7. General relationships among zoning codeigipns and PUDOs

Zoning codes PUDOs

Components Provisions Site Block Parcel  Buildingarkin
Regulating plan » Transect O 0] 0] O o

* RBL O O ] O
Streetscape standard * Road configuration O O O O
Open space standard On-site open space @) O ]
Building envelope Disposition 0] 0] O (@]
standard Height 0 (0]
Parking standard On-site parking O O ) O
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space standards is associated with the Parcebuitaing, and the Parking objects as follows:
(1) the Parcel object affects the minimum open saiea and disposition of open space; (2) the
Building object constraints the available locatimd the area for open space; and (3) the
Parking object influences the usable land locadiod the area, while the area of the parking

object is associated with the Building object.

The object hierarchy is related to the level of ptaxity in the interrelationship. In the first
column of the table, the higher level in the zonioge hierarchy is listed from top to bottom. In
the first row of the table, the higher level in thede object hierarchy is placed from the left to
right. Often provisions in the lower level are degent on others in the upper level. In that
reason, matrixes exist in the provisions of thddng envelope standard and the parking
standard. For instance, the parking structure é¢gpiaaetermined by the building scale, the
height of the parking structure is limited by thaimbuilding height, and the footprint area of

the parking structure is restricted by the buildiogtprint area and the open space area. In these

provisions, the matrixes are found across the @odgonents.

On the other hand, some matrixes are discoverddnatcode component. When a provision is
dependent on others in the same code componentténeelationship can be understood
without considering other code components. In vi¢the Code objects in BIM, this type of

matrixes can be established within a Code objdrti;iwis less complicated.

In general, similar relationships are identifiedoanm the PUDOs in BIM in that the Code objects
represent the zoning code components. As thecfitetnn of Table 8 is replaced with the Code
objects, the relationships among Code objects eamberstood, which is more relevant to the
application development. The five types of the Coblects are listed in the column and the row

respectively in the following table.
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Table 8. General matrixes among the PUDOs

Site Block Parcel Building Parking
Site @] ] @] o] @]
Block (@) @) 0]
[T Tt T T 1
Parcel 0] (@) : (@) (@) :
Building o i 0 0 o i
Parking (0] i 0 o] 0] j

As shown in the dot line box, the Parcel, the Bagdand the Parking objects are associated
each other, so the use of them can be complicatedSite, the Block, and the Parcel objects are
also associated each other, but they are less dyalnrchanged that the Building and the
Parking objects. For instance, topologies of the &nd the Block objects are defined in the
regulating plan. Subdivision information for ther&d objects is often defined prior to the

design process of the building and the parkingcaire.

5.1.2 How the matrixes can delay the use of urban regulations

To identify the application development scopes isignificant to understand when and how the
matrixes among the code provisions can impedeghefithe urban regulations. In general, the
level of complexities varies over the urban regats, but it is also related to the scale of the
urban model. The matrixes among the provisions ritad&eegulation interpretation complicate.
If one provision is associated to multiple provisioit is not straightforward to determine an
interpretation sequence. Even if a certain integien order is established, applying the

interpretation process to multiple lots may becdime consuming.

The following examples describe the common probleaused by the matrixes of the urban

regulations and the large scale of the urban modedressing each problem will be an
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objective of the Parametric Code application dgwelent.

5.1.2.1 Difficult to locate required information

When a provision is constrained by others, it fialilt to locate the required provisions from a
series of zoning code standards. One zoning coglédwed has five chapter and about 300
pages. Applications can be developed to autombtiaatess multiple PUDOSs, filter the relevant

objects, and locate the required parameters.

5.1.2.2 Difficult to comply multiple requirements that are associated each other

When a provision is constrained by others thanatdixed (e.g., @a minimum, a maximum, or a
range value), it is required to wait until others decided. When any changes on others, the
provision dependent on them needs to be updatexicigly. It can make the use of the
provision complicate. For instance, the open spaiie can be calculated after the parcel, after
the building footprint and the parking structuretfarint are decided. Applications that can
locate the associated parameters from the mubiglects and manipulate them simultaneously

will resolve this issue.

5.1.2.3 Difficult to review all

A typical zoning code covers a series of distristschecking regulation compliance for multiple
developments required time and effort driven preessApplications can be developed to
automatically perform a series of code compliartescking throughout the whole model when

the code checking rules can be defined in the equibins.

5.1.2.4 Difficult to create the urban model
Due to the scale of the urban regulations, an unbaalel has multiple parcels, blocks, or

districts, which can delay the modeling proceslisptions that can create an urban model or
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assemble the individual PUDOs will relieve thidfidiilty.

5.1.25 Difficult to test a set of provisions

In a same reason, testing a set of provisions tskestantial efforts. Applications can be
designed to access individual PUDOs and updatelifest attributes via their parameters.
Performing a series of parameter updates enaldesda provisions to be tested by the

application.

5.1.2.6 Difficult to identify the effect of urban regulations on the built environment in the
regulation making process
Due to the above reasons, creating urban modetfsdrban regulations is difficult, which
prevents evaluating or simulating the effect ofauribegulations on the built environment via
computer tools (check, avoid overstatements, dt torthe physical attributes of the urban
model). In the code making process, it can maklecdif to answer the questions such as how a
building height incentive affects the energy conptiom or how a setback distance affects the
construction costs. Applications that can convaygomance analyses using the PUDM such as
an economic and an energy performance analysibwilleveloped. The applications may

provide various performance analysis results irctiele making process.

52 Prototypes of the PUDAS

To that extent, a set of prototypes has been imghéed under the application development
objectives (Table 9). Each prototype demonstrav@sduch difficulties are addressed by the
PUDM and the PUDAs. The following section descrittesmethods and tools in prototype

development.
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Table 9. Prototype of the PUDAS

Prototypes Definitions

Task: Generating a Parametric Urban model

» GeneratePlan Assembles individual Code objects to create a PatrgeriUrban model
» GenerateArray Creates object arrays of plants and lighting fietuon the Block objects
» UpdateArray Edits the object types and spacing in arrays

Task: Assigning transect codes

Updates transect code types and visualizes transdes in the Parametric

» AssignTransectCodes Urban model

Task: Testing parameters

Modifies the parameters of the Building objects apdate the Parametric

» AssignBuildingCodes Urban model

Task: Editing regulatory variables

 AssignParkingCodes Modifies the regulatory requirements in the Parlobgects

Task: Updating models through (code) matrixes

Calculates the required parking numbers, estinthteavailable parking

* UpdateParking structure geometry, and updates the entire pastingtures

Task: Checking code compliance

Checks collision among the Code objects, repogshecking results, and

* CheckCollision colorizes the problematic objects in the Paramétrilztan model.

Task: Visualizing performances

Measures density of individual parcels, calcul#itesaverage density, and
* VisualizeDensity colorizes deviations of individuals from the averag the Parametric Urban
model

Task: Reporting model information

Updates a set of parameters, captures model infamand the floor area

* ReportModelinfo ratio of each set, and generates reports

Task: Analyzing performances

Updates a set of parameters, performs a serieodfd*ma estimation, and

* ReportProForma generates Pro Forma reports
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53 Methods, Tools, and Techniques

5.3.1 Parametric modeling

The parametric modelling capabilities in BIM enab$ers to assign new parametric values from
the user interface. However, some associationsscnoltiple Code objects cannot be
established by parameters in that one object cantedigently recognize information within
others. For example, Floor Area Ratio (F.A.R.his tatio of the total floor area of the buildings

to the property area.

To obtain this value from the parametric PUDM, tvadues are needed; gross floor area can be
read from the building mass and the property aagabe read from the parcel model. Another
example is the maximum building footprint areagémeral, a certain ratio of the property area is

allowed for the building footprint area.

To do so, the property area and the allowed ragemirto be collected from the parcel model, and
it can be transferred to the building mass. Howesiegle mass model in Revit cannot read

parameters from other mass models.

In this circumstance, such associations acrossritiee code model can be established by
external applications written by using Revit APHaDOP in C#. This chapter describes how our
developing applications can access the informatfadhe PUDOSs, formulate new values using

multiple parameters, and transfer the new valudisegparametric code projects.

532 BIM API
» Accessing object information in BIM
» Performing custom calculations using object infaiora

* Automating rule-based operations
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» Creating a user-friendly software interface

» Importing and exporting object information of the[PM

533 Object-Oriented Programming
Procedural programming or simple scripting oftensist of sequence of operations on data
during the program executions. However, such liaear sequential data operations can be

difficult to manage with increasing complexity.

To address the complexity, OOP was developed éavaburce code to be componentization
and reused. In OOP, a class is a type that camildesmn object representation in that individual
objects are created using the classes. A classndags object's common characteristics,
attributes (properties), and behaviors (methods)oBject in OOP is an instance of a class. It
encapsulates both data and behavior. Followingnitieins would further enable clear

understanding on the application development psoces

» Namespace is a method to organize classes inatifféibraries to avoid conflicts among
multiple versions of the classes.

» Attributes declare behavior of the command.

» A method performs a particular task within a class.

» Avariable is a container that can assign a valuegarameter.

A formal development process in this research)isitierstanding activities in the use of urban
regulations, (2) identifying compound relationshmsong regulation components, and (3)

representing the matrixes among regulation comgsraerd provisions

54 GeneratePlan for Generating the PUDM

GeneratePlan is an application to assemble a s#r@sde objects to create the PUDM. During
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the assembling process, individual Code object®ieséed according to the Code object
hierarchy and then a series of the Code objectbearouped automatically. The GeneratePlan

application can save modeling time in the urbaresoaject.

54.1 Description
The GeneratePlan application runs without userfartes. Once the icon is clicked in the Revit
menu bar, the application performs the assemblyga® To run the application, the predefined

Code objects need to be stored in the followinddolocation.

» Code objects are stored in C:\ParametricCodes\RaigiwrbanMode\CodeObjects.

» The Block, the Building, the Parcel, and the Paglobjects are stored under the
“CodeObjects” folder respectively.

» Four sub folders are included under the CodeOjdaer respectively; Site, Block,
Parcel, Building, and Parking. E.g., the Block algeare located under the folder,

C:\ParametricCodes\ParametricUrbanModel\CodeOhotk.

When other folder structure is used, corresponfiiadgocations should be stored within the

application.

5.4.2 Application structure
Once a user clicks the application icon in the Resnu, the application loads five types of the
Code objects sequentially; Site, Block, Parcel)dng, and Parking. The loading process is

performed parcel by parcel by following steps.

(1) Initializing the document: defines the Revit model, filters, and refereniemg. Custom
filters are created to find the reference level sglired Code objects.

(2) Loading the Site object(s): inserts the Site object into the PUDM.
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(3) Loading the Block object: inserts the Block objects.

(4) Placing the Parcel object: nests the Parcel object on the top face of thelBbbject.

(5) Placing the Building object: hosts the Building object on the top face of Baecel
object.

(6) Placethe Parking object: hosts the Parking object on the vertical facthefBuilding
object.

(7) Adjusting parameters. gives the Code objects have default parameteesal

(8) Repeat (3) ~ (7) for the last of the Block objects.

Nesting one Code object by others is implementethéyapplication to establish an object
hierarchy. Once a Code object is nested or hostedhers, the relationships can be identified as
the “Work Plane” parameter. For instance, LOO1Rarested by L0O01BIdg, the value of the
“Work Plane” parameter of the LOO1Park is “LO01BId€§01BIldg.” The parameter value can be

read by applications to track the associationssscttee Code objects.

To nest one Code object by another, following diéfaethods and custom methods are used
(Table 10). The LoadFamily method reads the nanmkeo€ode objects and then filters the

relevant Code objects from the folder. The NewFgimstance method has 12 overload methods

Table 10. Major classes and methods of the Gerieatepplication

Classes and methods of the RevitAPlI Type Descriptio

Document.NewFamilylnstance Method Inserts a netaite of a family into the document.
Custom classes and methods Type Description

GeneratePlan.LoadFamily Method Inserts a Code bhbjecthe PUDM.

Hosts a Code object on the face of the other object
using the NewFamilylnstance method.

GeneratePlan.AdjustParam Method Initializes parametlues of the Code objects

GeneratePlan.PlaceFamilyByFace Method
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and one of them is used in the PlaceFamilyByFaoeldl'so, the hosted family name and the
hosting face information are required, so custontfions to identify the information are

implemented in the PlaceFamilyByFace method.

543 Potential and limitations

To place a Code object on the face of other ohjédtsrequired to identify precise coordinate
information in the application. Currently, a sefifictions are included in the PlaceFamily and
the PlaceFamilyByFace methods using the normabvedtthe object face. However, the
function can work under certain assumptions. Fstaimce, when the Building object is placed
on the Parcel object surface, the top surfaceePtircel object is assumed as flat. When the
Parking object is placed on the Building objecface, the vertical surface of the Building
object has not to be tilted. For the sloped sitktdted building envelope, further developments

are required.

55 GenerateArray for Designing the PUDM

Array generator is an application to create a safe&eomponents in the public space. The urban
design components such as trees, lighting fixtyreslic furniture can be placed in the open
space via this application. In urban design, tleeseponents often need to be located along
streets such as sidewalk space, transit roaddyhting envelope boundaries. When street trees
are placed every twenty foot along the major teaffiads, the position and the total number of
trees are required information; the position istesd to the traffic road location and the tree
number is related to the length of the Block obgajacent to the traffic roads. The application
identifies the tree array location from the Blodiext, measures the length of the tree array, and
calculates the number of trees within the arraghénsystem, plant, street lightings, and public

space furniture have been implemented via simil@ame approach and processes, so user
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interfaces and applications of PlantGenerator gpotaed in this chapter.

551 Description

The application is developed based on the Realydtmction. Figure 23 shows the user
interface of the PlantGenerator that generatesatrags along curve side. As the Revit array
command requires user inputs of the array posamhthe number of array members, the

application collects following information from theser interface.

» The distance from the traffic lane to the arraye Edges of the Block object are used as
reference lines of the traffic lanes.

» The type of the array members: The tree type iechgkthis example.

5 | =

o5l Tree Manager R, B U

1.Chooszetree types

Tree Types -

2_.Tree Locations
&) Distance From Travel Lanes (fr] 2 ks
B) Tree Spacing [ft.] 20 5

oK. |

Figure 23. A user interface of PlantGenerator
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* A minimum spacing (distance) between array memiéris value is used to calculate

the required number of array members of each array.

The interface inquires the system operators tastiee types first. Currently, over twenty tree
types are implemented, and additional types wikhdded. Next, the interface asks the distance
from travel lanes to the tree array that affectsltication of the tree array position. Then the
distance between trees are asked to decide thegddree numbers in one tree array. Three user
inputs are passed to the main application andttieapplication automatically generate tree

arrays at the entire urban models.

552 Application structure

From the user interface, a tree type, a distarmma the travel lanes to the tree array, and the tree
spacing values are obtained. This chapter desdnibeghe application generates an array of
trees in the public space based on the three valulesef workflow, native and custom classes

and functions, as well as parameters and variakesxplained.

The PUDM consists of five Revit objects: site, idpparcel, building, and parking. The Site
family is a wireframe object of the development haary that includes traffic lanes, open
spaces, and urban blocks. The Block family reptssiie area that is surrounded by streets; it
represents public opens spaces, pedestrians, dindliral properties. The Parcel family is a
subdivided lot within an urban block. The buildifagnily represents building masses within the
individual lots. The parking family represents eitlsurface or structure parking within the

individual properties.

The application generates trees and lighting fedun the pedestrian zone of the Block family,

so | create a custom filter to collect the Blochkiiies from the entire model. The application
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performs following six steps.

Initializing document: defines the Revit model, filters, and referenlemg. Custom

filters are created to collect (1) required Reainflies from the urban model, (2)

reference lines from the collected families to dearray positions, and (3) existing but

unrelated arrays in the urban model for error hagdl

» Reading user inputs from the form: passes user inputs from the user interface to the
application. The application reads three valugbetree type, tree spacing, and the
distance from the Block edge to the tree array.

» Reading reference faces of the Block families: defines the array position on the surface
of filtered Block families. A Block family has migle surfaces, so | create a custom
functions to read all surfaces of the solid modellect the upper surface that will hosts
tree arrays, and then create reference lines osutffiece for the tree array generation.

» Loading family: places a family instance from the Revit libramytiie document
according to the user selection.

» Creating arrays: generates arrays at the refetearase Two user inputs of tree spacing

and the distance from the road are used to cacthiatfinal array position and the

number of array members. In this process, a sefiagays are automatically generated
on all properties within the PUDM.

* Cleaning up: deletes temporary lines created by the applioatio

To perform the above tasks, | use native classg$umttions Revit provides via RevitAPIL.dll

and RevitAPIULdIl. Custom classes and functioresaeated as follows (Table 11).
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Table 11. Major classes and methods of the ArrayeGeor application

Classes and methods of the RevitAPI Type Descriptio
Autodesk.Revit.DB.GeometryObject Class A base diasall geometries
Autodesk.Revit.DB.Solid Class A 3d solid of a getiype
Autodesk.Revit.DB.Face Class A face of a 3d solid
Autodesk.Revit.DB.Edge Class An edge of a 3d solid
Face.Project Method Projects the specified poirtherface
Autodesk.Revit.DB.LinearArray Class Creates a lirmaay

Custom classes and methods Type Description

OffsetLines Method Creates an array reference line
LoadFamily Method Loads a family into the project
CreateAnArray Method Creates an array along thereete line

5.5.2.1 OffsetLines method

The offset command is included in the Revit ustarface, but it is not implemented in the

RevitAPI class, so | create the OffsetLines methsidg a series of default functions of the

RevitAPI class. The method performs three taskstang two lines parallel to the Block family,

checking whether the lines are inside or outsidin®fcurve, and deleting the lines outside of the

curve.

Before creating reference lines, the applicati@iseedge information of the Block family

objects through following steps. The solid of tHed& family, faces of the solid, edges of the

faces, and points of the edges are analyzed f& @tk family models.

» Filter the Block family from the entire model.

» Access the GeometryElement class of the Block fgmihich is a geometric
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representation of an element.
» Access the Solid class of the GeometryElementithat3d solid information.
* Read all faces of the solid and select the top fdwere the array will be placed.
» Access the EdgeArray class of the faces that stilrésce edges.

* Read line and point information of the edge.

Based on the edge information, the OffsetLines oktireates two lines parallel to the filtered
edge, check the line location, and then deletdinieeoutside of the curve. To create two lines,
line direction and vector values of the edge alteutated. Then by using the vector and the

distance values, two lines are created both siifeadge.

Between two lines, the line on the Block familyfage is used for an array reference line. To
filter the line outside of the Block family, thedfect method of the Face class is used. The
Project method can return distance from a projeptgcl to a face, a nearest point on the face
from the projected point, and a nearest edge objfdbe face from the projected point. It can

also check whether the projected point is outsfdaeface as it returns a null reference.

Throughout the above process, the application géeer set of reference lines that will be used

for tree array generation.

5.5.2.2 LoadFamily method

The LoadFamily method reads the plant type fronmuer interface and loads the corresponding
plant family into the project. The method check=tiler the family is already loaded for error
handling. Based on the plant type, the method dsfihe family name, category, and symbol
name. For example, when “American Beech — 20 elgected from the user interface, the

LoadFamily method defines the family category dsting”, the family name as “RPC Tree —
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Fall”, and the family file as “RPC Tree — Fall.ifd.0 load a family symbol into the project
through the API, all above values are required. Mbree family file, category, and symbol is
switched to another, the LoadFamily method canepéamther families and the Array Generator

can be utilized to another arrays such as lighfiitgres, street furniture, etc.

5.5.2.3 CreateAnArray method

After running the LoadFamily method, the CreateAafrmethod assigns the array position,
places the family symbol, and generates an artag.method accesses all reference lines, reads
start and end points of the line, reads the traeisg value from the user interface, calculates the
required number of array members, places an andlyeoreference line. Currently, the

LinearArray class of the RevitAPI is applied, skingar array can be created by the application.

This method was applied for furniture, plant, aigtiting fixture array generation. In array
generation, following parameters (Table 12) neeoketacquired. The element id is a parameter
that decides the type of array members. The tramsEoAnchorMember indicates the vector
value of the array. The anchorMember indicatedimtar translation value between the vector

value and the array vector.

Table 12. Parameters of the LinearArray.Create ateth

Parameters Type Description

aDoc Autodesk.Revit.DB.Documerithe document

dBView Autodesk.Revit.DB.View The view that has th@nslation vector
id Autodesk.Revit.DB.ElementldThe element id to array

count System.Int32 The number of array members
translationToAnchorMember  Autodesk.Revit.DB.XYZ Tinenslation vector for the array

Autodesk.Revit.DB.ArrayAnchhe rotation value that specifies the
orMember location of the second or the last array

member.

anchorMember
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5.5.3 Potential and limitations

Creating arrays through API follows the operatising commands Revit Ul provides; selecting
an array object (family) type, placing a start andend point of an array, and selecting the
number of array members. Placing an array posiggnires complex processes in the RevitAPI
programming. Further details can be found in thigetifines function of the PlantGenerator

class.

5.6 UpdateArray for Editing the PUDM

UpdateArray is an application to update the typaradys. When designers update multiple
arrays in the PUDM, the UpdateArray can access m@bwant arrays and update them
automatically. For instance, if plant arrays havdmpgwood trees need to update to Red Ash,
the UpdateArray selects all Doogwood tree arraysifthe entire project and then changes the

tree type to the Red Ash for multiple arrays.

The UpdateArray can be used for various array tgpes as street trees, lighting fixtures, and

street furniture. In this chapter, the plant Updatay is explained.

56.1 Description

The system operators can change the type of areayb@rs for one array by using existing
commands in the Revit Ul. Then they can updatéaieof arrays by running the UpdateArray.
No custom user interfaces are provided for the tiglaay, but following steps demonstrates

how to use Revit commands and run the applicatarptate all arrays.

First, select the first member of the array you twarupdate (Figure 24). The first or the last
member of an array can be selected. Then clicEtlieGroup icon in the Group panel. After

clicking the icon, the selected array will be daeded. Select the same member you choose in
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Eim (Sapling) - 10'
Gray Birch - 10°
Honey Locust - 25'

Iapanese Maple - 10

Lombardy Poplar - 40'
Red fsh - 25

Figure 24. Choose a new tree type

the first step again. The array will be activattthe Properties pane in the Revit Ul, you can
see the selected tree type. Choose the new tredrtyp the menu. The example demonstrates

tree type changes from Dogwood - 30’ to Red AsB'- 2

Click the Finish icon in the Edit Group panel. ithwpdate all array members within the
selected array (Figure 25). If the distance betwssas needs to be updated, you can find and
edit the number of array members near the centifrecdrray. Right after you change the

number, the array will be updated.

Final step is to update the last of arrays by mgiihe UpdateArray (Figure 26). Go to the Add-
Ins tab and click the Edit icon. The applicatidtefis the arrays having the same tree type and
updates them automatically. For instance, whetrégearray having Doogwood-30’ is updated,
the application updates tree arrays having the seeadype only. If the number of the array

members is updated, the application calculatedigtance between trees in the selected array

and then applies the same distance value to otreyrsa
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Figure 26. Run the Array type updater application

5.6.2 Application structure
The UpdateArray is an application that updatesh@)ype of array members and (2) the spacing

between the array members. After the system opsragtects and edits an array by using Revit
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commands, the application starts array updatesihgsan the user selection. From the selection,
this application reads the type of array membedsthe spacing between the members. Next it
filters arrays that have the same type with thecdiein. Finally, this application updates the
filtered arrays to match them with the selection.db so, the software development follows

following steps:

(1) Initializing document

(2) Reading the selected array information: collects the array information. In tree array
editing, for instance, the tree type, the lengtthefarray, and the number of trees of the
array are major array information.

(3) Filtering arraysto be updated: groups arrays that have same type of memberghwhi
will be updated by the application. If the treeagris selected, lighting or furniture
arrays are excluded.

(4) Updating filtered arrays: applies the selected array information to ther@dd array
group. Depending on the array length, the appboatalculates the required number of
array members.

(5) Cleaning up: deletes model lines that the application creasearray reference lines.

Revit stores array information in multiple locatsofror instance, the tree type is stored in the
Revit Family. The number of array members is stamettie Revit Model Group. The array
location information can be found in the array abj@o collect such dispersed array

information, custom classes and functions are edeiatthe application development.

5.6.3 Potential and limitations
Once an array is created in Revit, individual amsmbers are grouped together. They belong

to the Revit model group (OST_IOSModelGroups) categhat is different from the Revit
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Array category (OST_IOSArrays). When the applicatieads the selection, properties of the
model group can be obtained as shown in Figur& @treate, edit, and delete arrays, the

application needs to retrieve both the array ardrbdel group elements.

Some values such as the number of array memberkerigth of the array, the type of array
members are not writable but readable from theiegmn. For instance, the number of array
members can be obtained from the model group (Mespideut the value cannot be modified

via the application. The selected array objechaRevit Ul belongs to the Revit model group.
The tree type cannot be accessible from the Rasiletngroup, so the tree types cannot be edited
from the selection. The Figure 27 shows attribofate selected array that is an array group.
There is no attributes for tree types. To resdhesé¢ limitations, the application filters an array

and pairs it with the selected model group by usiagses and methods of the RevitAPI class

(Table 13).
2 A
B+ Field Value
----- < Aray Group 6 1923376 > e
Name Aray Group &
D 1523376
Unigque 1D 54d22533-6354-4187-Bche-1bb 265126 75-D0145530
Category < Category >
Object type < Group Type Amay Group 6 1923374 >
Hement Id < HementId >
Document < Document >
Location < LocationPoint >
Materials < List" =
Parameters < ParameterSet >
Parameters map < ParameterMap >
Design option < DesignOption Level3 (primary) 1683090 >
Group Id <nul =
Created phase <null >
Demolished phase onull >
Similar object types < HementSet >
Finned Falze
Geometry <Geometry. Hement >
— Group —
Group type < GroupType Amay Group 6 1923374 >
Members < List™1 >

Figure27. The properties of the Revit model grt
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Table 13. Major classes and methods of the UpdatgApplication

Classes and methods of the RevitAPI Type Descriptio
Autodesk.Revit.DB.Group.GetMemberlds Method E;torinegses the id of the group that the array
LinearArray.GetOriginalMemberlds Method Retrieviae triginal member Ids of the array
LinearArray.GetCopiedMemberlds Method Retrievesabeied member Ids of the array
Autodesk.Revit.DB.LocationPoint Class Retrievesltmation of an element
XYZ.DistanceTo Method steéléirfri]eSdﬂ;)% i(illitstance from the point to the
LinearArray.NumMembers Properties Retrieves the lmemof the array members
Custom classes and methods Type Description

CalculateArraySpacing Method Measures the disthetween array members
FilterArrayForUpdate Method Collects arrays to ppelated
UpdateFilteredArrays Method Updates the type and the number of array

members

Total number of the array members is retrieved ftoenLinearArray.NumMembers method.
The position of the array is obtained from thetfinsd the last array members that are retrieved
by using the GetOriginalMemberlds and the GetCdgemiberlds methods. Then the array
length is measured by the XYZ.DistanceTo methoelfitlst member location, and the last
member location. From the number and the lengthefrray, the application calculates the

required spacing between array members.

Once such additional properties are collected, #neystored in the extended array object. The
extended array object has six additional properéigay group name, array id, the Revit Family
name of the array member, the Revit Family Symlaoh@ of the array member, and the number

of total array members.
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57 AssignTransectCodesfor Assigning Transect Codes

AssignTransectCodes is an application that reagltyfie of transect zones of the Parcel objects,
updates the transect zones of the selected pasoelsolorizes the transect types in the PUDM.
The application enables to monitor the transecesad the entire project and to update the
transect types from the user interface insteagdéting individual parcels manually. The

colorized site plan corresponds to the Regulatlag m the recent urban regulations.

571 Description
The AssignTransectCodes application provides orghatllists the current transect code types
and allows users to modify the types from the coimtpo (Figure 28). Once new types are

selected from the combo box, the “Code Update doutteeds to be clicked to update the value.

5.7.2 Application structure

Lot Mame Transect Code

G001 T1

G002 T1 [

003 T1 T

G004 T1

GO0S T1

G006 Fl

Lo T1

Lo02 T

LOD3 T1

LOD4 T x

[ TF S b
MHame Code

G001 T -
| Caode Update ]
| haodel Update |

Figure 28. The user interface of the AssignTraredes application
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The AssignTransectCodes application reads tragselet information from the model, opens the

user interface, and updates the transect codesdangdo the user inputs through the following

steps.

() Initializing the document is the process that degithe Revit model and creates custom

filters to locate related Code objects.

(2) Reading transect codes is the process that acabssearcel objects from the PUDM
and reads the type of the transect codes.

(3) Opening the Transect Code Viewer is the process#rals the collected transect code
types to the viewer and opens the viewer in thetReerface.

(4) Updating transect codes is the process that rec#ieuser inputs from the viewer,

locates the related Code objects, and updatesahgett code types.

Following custom methods are created in the Assign3ectCodes application (Table 14).

5.7.3 Potential and limitations

To visualize the transect codes with colors, th&Nd use both the Revit project parameters

and the Reuvit filters. The visualization procesadgollows:

(1) The application updates the Revit project paranadtdre BIM object. The Revit project

parameter needs to be predefined in the Revit grpgrameter menu.

Table 14. Major classes and methods of the AssemiectCodes application

Custom classes and methods Type Description

AssignTransectCodes.ReadTransectCodes Method Reatansect codes of the entire project.

AssignTransectCodes.UpdateTransectCodiethod Updates the transect codes and visualizes the
transect codes with colors.
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(2) According to the project parameter, the differgpes of the Revit filters are applied to
the BIM object. The Reuvit filters needs to be pfeded from the visibility/graphic
override menu. Which Revit filter is applied focertain project parameter is defined in
the visibility/graphic override menu.

(3) Once a Reuvit filter is assigned, the surface cofdhe Code objects is applied according

to the Reuvit filter.

In the PUDM, “CodeColor”, the project parametetted Parcel objects are created in the Revit
interface. In the “visibility/graphic override” mana series of the Revit filters are created. The
type of the Revit filter is determined by the Rguibject parameter, “CodeColor”, and each
Revit filter determines the surface color of thed€mbjects. In sum, once the project parameter
can determine the Revit filter and then the Reli@rfcan determine the surface color of the

Code objects.

On the other hand, once the application changegrtject parameter, the color of the Code
objects can be updated. In the AssignTransectCapjggation, the UpdateTransectCodes
method updates the “CodeColor” parameter, the prpj@rameter of the Parcel objects. Even
though the process is explained with the Assign3eatCodes application, the same modeling
and programming methods are applied to other eggjits that colorize the Code objects such

as CheckCallision, VisualizeDensity, and ReportProfa.

5.8 AssignBuildingCodes for Testing Parameters

AssignBuildingCodes is an application that readsiletory parameters of the Building objects,
enables users to modify the selected parameteegjased, and updates the entire Building
objects. The AssignBuildingCodes application erafdst update of the Code objects when a set

of parameters within the multiple Code objects sdede tested.
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581 Description

To run the AssignBuildingCodes application, itesjuired to select a Building object that will be
updated. Then the application reads the regulatdoymation form the selection and presents
the values in the user interface (Figure 29). Taabgp the values, it is needed to select the
parameters from the list box and then the seleaée can be updated from the text boxes of
the “Update Parameter” section. For each updagsishould click the “Change Code” button
to save the updated value. After all values areatgalj clicking the “Model Update” button

executes the AssignBuildingCodes application ardPliDM completes update.

ol Building Codes Information = = l &
MNAME TYPE VALLE LINIT FARAMETER GROUP
Bldg_Depthi Double &0 ft. PG_COMNSTRAINTS
Bidg_Depth2 Double 50 ft. PG_COMSTRAINTS
Bidg_Depth3 Couble a0 ft. PG_CONSTRAINTS
Bldg_Height1 Double 40 ft. PG_COMSTRAINTS
Bldg_Height2 Double 30 fi: PG_CONSTRAINTS
Bldg_Height3 Double 20 fi. PG_COMNSTRAINTS
COffzet Double 0 ft. PG_CONSTRAINTS
Cffzet_Parking Double 50 ft. PG_COMNSTRAINTS
Setback_BTL Double 4 fi: PG_CONSTRAINTS
Setback_Foad Double 0 ft. PG_CONSTRAINTS
Setback_Side Couble 0 ft. PG_COMNSTRAINTS
lpdate Parameter

Bidg_Depth1 Double 60 ft. PG_CONSTRAINTS
[ Change Code J | Restore Code ] | Model Lpdate ]

Figure29. A user interface of the AssignBuildingCodes apiarn
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Although one Building object is selected, all Binlgl objects belong to the same transect zones
will be automatically updated by the applicatiohisTapplication, therefore, enables to test a set

of parameters for the Building codes accordindgettansect codes.

582 Application structure
Reading and assigning parameter values are mahodeetn this application, which are often

used in other applications. To do so, the appbeatierforms the following processes.

(1) Initializing the document is the process to defime Revit model, the custom filters, and
the internal variables. A filter is created to lecthe Building objects.

(2) Reading information of the selected Code objetitésprocess to store parameter values
from the selection.

(3) Opening the user interface is the process to shewparameter values of the selected
code objects in the user interface. Updating pararsare performed in the user
interface as | described.

(4) Collecting Code objects is the process to locatdeGibjects that belong to the same
transect zones with the selection.

(5) Updating Building Codes is the process to updatarpaters of the Building objects

according to the new values from the user interface

5.83 Potential and limitations

While the application is created for the Buildingjexcts, the structure of the application is
applicable to other types of the Code objectstiénCode objects such as the Block objects or
the Parcel objects are selected and the corresppnodstom filters are defined in the same
structure, the application can perform the samé@similar tasks. Therefore, the very similar

code structure is applied to the AssignParkingCaghgdication.
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59 AssignParkingCodesfor Editing Regulatory Variables

AssignParkingCodes is an application that readslagégyyy parameters of the Parking objects,
enables users to modify the parameters as requainedypdates the entire Parking objects. The
Parking objects that belong to the same transewswith the selection can be updated

simultaneously by this application.

5.9.1 Description
As shown in the AssignBuildingCodes applicatiom finst step is to select a Parking object that

needs to be updated. Then the user interface aiigened in the Revit interface (Figure 30).

The current form allows updating four parameterparking regulations. One difference with
the AssignBuildingCodes application is that therfparameters are stored in the varying Code

objects; Open Space Ratio in the Parcel objectuiRe®arking Space in the Building object,

ol Parking Codes information l = | = ih]

1. Open Space Rabo [%]

30 % of the property area shall be preserved for the open space area.

2. Require Parking Space

One car per every 1000 zgft. of the building floor area shall be provided.

3. Street Parlkang Space

h parking zpace(z] will be provided az a street parking.

4 Parking Space Area

280 =qft, of parking area will be required for one parking space.

| Cancel || ok |

Figure 30. A user interface of the AssignParking&odpplication
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Street Parking Space in the Parcel object, andriRp8pace Area in the Parking object. On the
other hand, all parameters in the AssignBuilding&€oapplication are captured only from the

Building objects.

This application can read and update parametetsidochanges in the PUDM are occurred by
the application. To update the Parking objects mting to the new values, it is required to run

the UpdateParking application.

5.9.2 Application structure
A similar process with the AssignBuildingCodes aggtion is performed, but reading and

updating parameters are more complex in this agijdic.

() Initializing the document: defines the Revit model, the custom filters, #drainternal
variables. A set of the custom filters are cre&teithe Parcel, the Building, and the
Parking objects.

(2) Reading information of the selected Code object: identifies the related Code objects to
the selection. The object hierarchy and nestingrmétion among Code objects are used
to locate all relevant Code objects to the selactio

(3) Reading information of the relevant Code objects. assesses the related Code objects and
to read the four values from the respective locatio

(4) Opening the user interface: displays the parameter values in the user intesfaA user
can update the values in the user interface.

(5) Collecting Code objects: locates relevant Code objects that belong tsdmee transect
zones with the selection.

(6) Updating Parking Codes. updates parameters according to the new valoestiie user

interface. The Parcel, the Building, and the Paykibjects are updated.
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5.9.3 Potential and limitations

The application structure is very similar to thesiymBuildingCodes application. Both
applications are intended to be used by code madeest a set of code provisions prior to the
code adoption. Even though applications for thenggpece standards and the streetscape
standards have not been implemented, it may beélt®ss apply the very similar code

structure.

Also, the parameter values shown in the user imterare assumed not only as writable for the
code makers but also as readable for the code. Uisenplies that the PURM may be shared by
both the public sectors such as planners and caftensiand the private sectors such as

designers, engineers, and citizens in differenpgses.

510 UpdateParking for Updating M odels through Matrixes
UpdateParking is an application that (1) colle@smg regulatory information from the Code
objects, (2) calculates the required parking spacesrding to the development capacity, and

(3) updates the parameters and dimensions of ttkinBabjects.

The UpdateParking application updates the Parkijgcts according the common rules found in
the urban regulations or in the practice. In thpdgl urban regulations, the capacity and the type
of buildings determine the parking space numbesoAthe area of the parking spaces is

associated with the site area, the building foatmrea, and the open space area within the site.

In the PUDM, such information is imbedded in thdtiple Code objects, so the location of the
individual values and their relationships needsd@pecified in the application. Such common
rules and the specifications are used in the agic development for the parking space

calculations.
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5.10.1 Description
The UpdateParking application does not provide imerfaces, but the interface of the

AssignParkingCodes enables users to modify thdatgy parameters for the parking plan.

5.10.2 Application structure

The first step is selecting a parcel model to liesadame, which will be used for locating a
correspondent building model and a parking modeghfthe entire PUDM (Figure 31). To do so,
| retrieve the name value from the Parameters dbige parcel model. After that, other internal
variables of the model name and the parcel namdediged. A loop construct of foreach is

used, so the same process can be applied for paticels.

Next step is collecting required parametric valioeshe density calculation from the selections.
The property area, transect zoning codes, andatoelpname are collected and the data type of

them is converted for the following process.

This is an entry point to access a building modeamed the building model as the codeModel.
The useful parameters are stored in the Paranwéss of the codeModel, so | define an
internal parameter set with this class. The ardataf building floors can be obtained from the
building model parameters. The parameter name valft{gross Floor Area”, and the value is

stored as a double type. | store the value intortteenal variable of TFA with an integer. Using

if (faNames.Contains(lotName))
totalFloorArea
= codeModel.get_Parameter(“Gross Floor Area").AsDouble();
int TFA = (int)totalFloorArea;
Calculate Floor Area Ratio

floorAreaRatio = totalFloorArea / parcelArea;
string FAR = floorAreaRatio.ToString().Substring(@, 4);

Figure 31. A code block for calculating densityngsinternal variables
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two variables of the parcel area and the totalrfioea, | calculate F.A.R. that can show the
development density. The last step is to storenatevariables into a parameter list as a comma

separated string, which will be presented in thesver.

5.10.3 Potential and limitations

In this research, | implemented the parametricrudesign code model using BIM and OOP. It
can visualize key provisions of urban design cadebsthe structure of code components. The
APl in BIM can facilitate interactive communicat®among multiple code objects, which can
assess the information within the BIM objects aad generate values from model parameters.
Code provisions governing quantitative aspectslodin design, such as urban form and capacity
can be modelled. In addition, associations acrode components and their provisions also can
be established in BIM objects using customizediapfpbns. The findings show the potential of
the parametric modelling and API in BIM for the [rkee design evaluations and model

changes during the urban design process.

511 CheckCollision for Checking Code Compliances
CheckCollision is an application that detects tloel€€object intersected with others. For
instance, when a Building object is intersectedhwitParking object, this application can detect

them, generate reports, and colorize both objedises PUDM.

5.11.1 Description
The CheckCollision application provides two useeifaces. One is a notification window

(Figure 32) and the other is a result viewer (Fégs®).
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1) This applicaticn detects the Code objects intersected with other objects,
2} The Code objects in the colored parcels need to be modified.

3) The results are saved as a text file in the project folder.,

—=—

Figure 32. A natification window of the CheckCoitia application

LO0E of parcel and building are intersected.
L012 of parcel and building are intersected.

L013 of parcel and building are intersected,

| ok

Figure 33. A result viewer of the CheckCollisiorphgation

After the application is closed, the intersectedi€objects are colorized in the PUDM. After the
Code objects are transformed by parameter chatigespplication enables operators to
identify the problematic parcels to be fixed. Theeassively large Building and Parking objects

compare to the Parcel objects can be located highapplication.

5.11.2 Application structure

Complex operations to analyze geometry informatibthe Code objects are performed in the
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CheckCompliance application through the followiteps.

() Initializing the document process. creates custom filters to locate the Code ohjects

(2) Reading geometry information: collects geometry information of points, linesda
surfaces of the Code objects. The Block, the PatteelBuilding, and the Parking
objects are analyzed and the collected informasigmouped by parcels.

(3) Checking intersection: finds intersected segments among the grouped gfepm
information in the step 2.

(4) Coloring the intersected Code objects: colorizes the intersected Code objects.

(5) Reporting the results: generates a report file.
Table 15 shows custom methods of CheckCollison.

5.11.2.1 Checkintersect method
To check all the intersected objects, two objestscampared at once. E.g., A Block object and

a Building object or a Building object and a Pagkobject. Geometry information of the two

Table 15. Major classes and methods of the CheclGante application

Classes and methods of the RevitAPI Type Descriptio

IntersectionResult Class Gives the intersectingrgeoy entities

Line.Intersect Method Calculates the intersection of the line with
others

Face.Project Method Projects the specified poirtherface

Custom classes and methods Type Description

CheckCompliance.collectGeometry Method Re_ads geometry information of the Code
objects.

CheckCompliance.checkintersect Method Detectsgat#ion among the Code objects.

CheckCompliance.reportResults Method Generate#t reports
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objects is stored into two groups and the checkdetet method compares one to another. This
method utilizes the IntersectionResult class inRkeitAPI. The IntersectionResult class can
return the distance between two objects, the desige of one object from another object, and
the intersection point coordination. When the isgetion points exist and the points are on the
objects’ surface, the checkintersect method deteshat the Code objects are intersected each

other.

5.11.3 Potential and limitations

The application detects intersecting objects, binbmchanges in its methods may enable to
perform various code compliance checking. For mstaby using the similar classes and
methods of this application, the setback incentagulation can be checked. If the setback
allowances according to building height are paranetd as a BIM object such as lines,
surfaces, or masses, it is possible to check wh#tkesetback object in BIM is intersected with
other Code objects. In addition, the minimum dis&abetween two objects can be easily
measured by using the same methods, the Face.fPr@éuwod, used in this application. The
provisions limiting a maximum or a minimum distarmtween two objects may be represented
with the very similar approach found either in thee.Intersect method or in the checkintersect

method.

512  VisualizeDensity for Visualizing Perfor mances
VisualizeDensity is an application that (1) anab/gensity of the project and the individual
parcels, (2) displays the analysis results in threlaw, and (3) visualizes the distribution of

density with colors in the PUDM.

To calculate density, two parameter values nedx toollected: the lot area from the Parcel

objects and the gross floor area from the Buildibfgcts. The application collects the lot area
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and the gross floor area of individual lots, cadtes the gross floor area of the entire projeat, an

calculates average density. Floor Area Ratio (FsRIsed to present density.

This application enables the fast analysis of dgngion continuing updates of the PUDM. The
density distribution of the individual sites candmdorized in the PUDM, so that users can

identify which sites have higher or lower densitgar certain parameter settings.

5.12.1 Description

The VisualizeDensity application provides a dispdagdow showing analyzed model
information in the project and the parcel leveb(ke 40). Also the visualization setting
controller in the bottom enables a wide range tdrsao be visualized in the PUDM. As larger
values are selected in the “Color Scale” bar, tloeencolors are applied to show the detailed

density distribution.

5.12.2 Application structure
The VisualizeDensity application reads model infation, calculates density of the parcel and
the project level, displays a list of values, armsliglizes density in the PUDM via the following

processes.

(2) Initializing the document: defines the Revit model and filters.

(2) Reading modd information: reads the site area of the Parcel objects angrtss floor
area of the Building objects. Then stores the \alue

(3) Calculating density: by using a simple equation, calculates densitipditiidual lots.
The overall floor area and the site area of theeptoject are also calculated.

(4) Displaying the values: opens the density viewer and displays the catbenlues.

Inquires the visualization setting values usingdbetroller.
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(5) Visualizing density: colorizes individual Parcel objects. The deviatio average density

is visualized with a series of colors.

The classes and the methods in this applicatiocragged in the very similar approach of other
applications. For instance, reading model infororats similar to the functionality of the
AssignBuildingCodes application. Calculating denstperformed through a simple equation
using the parcel area and the gross floor aread&hsity viewer is similar to the interfaces of
the AssignTransectCodes, the AssignBuildingCodas AssignParkingCodes applications.

Visualization of density is performed as the Cheaalk§ion application does.

Project Information

Total Lot Area 1878735 sqft. Highest F.AR. 3710

Total Lot Humber; 20 lots Lowest Fa.R,. 0562

Gross Floor Area; 3634659 sqft. Average FAR. 1.534

Lot Mame Codes Lot Area {sf) Total Floor ... FAR. Difference . =+
LO01 T1 H9425 h3502 0, 5002 -1.0345

LD02 T1 120758 181534 1.5061 0.4286 =
Lo03 T 125087 464136 3.7105 +1.7758 |
L0 T1 269357 440614 1.6358 0.2935 L
LO05 Ti 171600 507070 25545 +1.0202

LDD6 T1 62400 1535595 24615 +1.5268

Lo07 T1 59800 53995 1.5719 0.3628

LO0g T1 127423 185559 1.4565 04782

LO0S T1 115173 143567 1.2455 06882

Lo il T i B5381 48000 2 05621 -1.3726 T
4 | 1 ¥
Visualization Setting

Colar Scale %4 103
[¥] Show Calors [} Ok

Figure 34. A user interface of the VisualizeDensipplication
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5.12.3 Potential and limitations

While density is visualized in this applicationhet information can be expressed with colors.
The AssignTransectCodes application visualizegrdresect codes with colors. The
CheckCollision application colorizes the intersdd@ode objects. This visualization approach
may be utilized to present other object-level asialyesults with objects’ colors, enabling

stakeholders to understand the distribution ofateyzed values.

5.13 ReportProFormafor Analyzing Perfor mances
ReportProForma carries out an economic analysisidtiple design scenarios in a single run.
The application is developed based on the simglf#ileo Forma analysis methods, custom

classes and methods, as well as the features SUDM.

The ReportProForma application carries out the¥dtg processes:

(1) Applies the first parameter set to the PUDM.

(2) Refreshes the model view in the Revit Ul to showvipdated model.

(3) Analyzes Pro Forma and stores the analysis resiitishe applied parameters in the
spreadsheet.

(4) Repeats (1) ~ (3) for the last of parameter sets.

(5) After applying all parameter sets, the Pro Fornpers and the model information

reports are opened.

In the application, the following processes arelenmgnted.

» Updating parameters. changes the model parameters to update the PUDMTrious
combination of parameter values can be appliedaatodel parameters.

» Performing an economic analysis. estimates project costs and profits based on the
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simplified Pro Forma analysis method.
» Generating reports: creates and opens a model information reporafb Forma

report.

5.13.1 Thesimplified Pro Forma analysis method

The ReportProForma application is implemented lygighe simplified Pro Forma analysis
method to perform BIM-based Pro Forma estimatiah wie PUDM. The simplified Pro Forma
analysis method is developed based on the Pro Foatoalation method of Gerald D. Hines, a
real estate development company. The analysis ggdtEs five criteria as shown in Table 16:
project information, total project cost, net opamgincome (NOI), gross revenue, and

development profit.

The analysis requires external data such as theaost of land, design, and construction as well
as development information such as gross floor anglauses of the buildings. Once external
data and development information are collectedpther values in the table are calculated by
using equations of the application. In the applicatevelopment, an external data is stored as
parameters, development information is retrievechfthe PUDM, and calculated values are

stored in the parameters in BIM.

5.13.2 Description

The ReportProForma application runs without userfaces. As a user runs it, the application
updates the parameters of the Code objects, cantheePro Forma analysis, and generates a
model information report and a Pro Forma analysmert. Two reports can be used to identify

how parameter changes affect the financial featsibil
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Table 16. A simplified Pro Forma analysis in theoB®#ProForma application

Project Information

1 Site Area sqft.

2 Gross Floor Area sqft.

From BIM models

Collect gross floor arealpuilding use

Total Project Cost

3 Site Cost $

4 Architect & Engineer $

5 Construction $

6 Tenant Improvements $
7 Taxes/ Insurance/ Permits/ Fees $
8 Financing $

9 Leasing/Sale Costs $
10 Public Relations/ Marketing $

11 General and administrative expenses $
12 Contingency $

13 Total Investment or Project Cost $

Unit cost of land ($ per sqft) x sitea
Gross Floor Area (2) xitost (4)
Gross Floor Area (2) x Unit cdst (
Gross Floor Area (2) x ot (6)
Gross Floaa &ex Unit cost (7)
Gross Floor Area (2) x Unit cost (8)
Gross Floor Area (2) x timst (9)
Gross Floor AreaX2)nit cost (10)
Gross Flosa ££2) x Unit cost (11)

Gross Floor Area (2) x Unit cost (12)

Net Operating Income

14 Net Lettable Area sqft.

Gross Floor Area (2) x &iffncy (15)

15 Gross $ rental rate of leasable space $ per sR#ntal rate per building use

16 Occupancy Rate (1- Vacancy Rate) %

17 Gross Revenue $

Occupancy piithgi use

Net lettable area (15) x rentXI&cupancy (17)

Gross Revenue

18 Efficiency Rate of Lettable Space %

19 Net Lettable Area sqft.

20 Gross Rental Rate per sqft. of %
Leasable Space

21 Occupancy Rate %

22 Gross Revenue $

Exclude pubfiea such as corridor, elevator, etc.

Gross Floor Area (2) x &iffhcy (18)

Net lettable area (19) x Rent (20) x Occupancy
(21)
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Table 16. Continued.

Operating Expenses of Leasable
Space

24 Net $ rental rate of Leasable Space  $ Rent (2Qer&@ing expenses (23)

23 $ per sqft.

Capitalized Value and Development Profit

25 Gross Revenue $ Gross revenue (22)

26 Net Operating Income (NOI) $ NOI (16)

27 Capitalization Rate %

28 Sale Price $ NOI (26) / Capitalization Rate (27)
29 Project Cost $

30 Development Profit $ Sale price (28) - Project ¢@8)

The application reads predefined data from therpaters, retrieves Revit model information,
and calculates new values to create a Pro Fornoetréjor instance, the unit cost of land is
predefined in the Site object. The site area i®dehproperty stored in the Site object. Then, the

total site cost is calculated by using the abowe \talues.

The application tests a range of the parameteesauch as building height, depth, and
setbacks, which are currently defined within thpl@gtion. An interface will be added to allow
stakeholders to modify the type and the range rpater values. The values for the Pro Forma
analysis such as the unit costs, efficiency, amtipancy are stored in the PUDM, so the system
operator can edit the values in the Revit Ul. Ihstance, by selecting the Site object in the Revit

Ul, I can see and edit the predefined parameters the property window (Figure 35).

5.13.3 Application structure
The ReportProForma application can apply a sefipa@meter sets to the PUDM, perform the

Pro Forma analysis, and generate the result réploetapplication uses the custom methods and
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Cost_Sale_Unit | 20000000
Cost Pub_Unit 2000000
Cost_GA_Unt 125 000000

Figure 35. Parameter changes for the Pro Formagsisal

classes as well as calls the external custom apialits to perform the multiple processes in a
single execution. For users, this application syda use, but complex processes are carried out

in software point of view.

The ReportProForma application uses (1) the UpdataReter method to change model
parameters, (2) the CreateModellnfoReport methartdate a report of the model information,
and (3) the GenerateProForma application thatheéhalyzeProForma method and the

CreateProFormaReport method (Table 17).

The urban model is being updated while the UpdageRater method runs. The model

information report and the Pro Forma report araedeafter the GenerateProForma runs.

5.13.3.1 UpdateParameter method
The PUDM consists of a series of the Code objéetsdre created using the Revit Families;

Site, Block, Parcel, Building, and Parking. Eacld€aobjects holds parameters either controlling
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Table 17. Classes and methods of the ReportProFappigcation

Classes and methods of the RevitAPI Type Descriptio

ClosedXML.Excel. XLWorkbook Method Creates a new &xgorkbook
Custom classes and methods Type Description
UpdateParameter Method Updates the parameter sets
CreateModelinfoReport Method Creates a model infdiom report
GenerateProForma Class Performs the Pro Formasimaly
GenerateProForma.AnalyzeProForma Method Analyze$-Brma of the PUDM

GenerateProForma.CreateProFormaReport Method Greegtd>ro Forma report

the object geometry or storing supplementary infdfom. The UpdateParameter method
changes the parameters affecting the geometryasibhilding height, depth, and setbacks. For
example, the Building object has a parameter oftimber of floors. Changing the parameter
value via the application affects the object heilallowing classes and methods are used in the

UpdateParameter method (Table 18).

The Revit Transaction class is an object that evaks changes made to a Revit model. The
current application runs 12 transactions, and mresaction updates all lots. The sequence of the

parameter update can be adjusted according toridmegement of multiple transactions.

Table 18. Major classes and methods of the PUDA

Classes and methods of the RevitAPI Type Descriptio
Autodesk.Revit.DB.Transaction Class Guards any gbamade to a Revit model
Element.get_Parameter Method Retrieves the elepagameter
Parameter.Set Method Sets the new parameter
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5.13.4 Potential and limitations
The ReportProForma application runs without userfaces. If a user interface will be created
to allow stakeholders to select the type of parameind their ranges, more diverse scenarios of

the urban regulations can be studied with the RBpoiForma application.

The ReportProForam application shows how an ecanamalysis can be carried out with the
custom applications in parametric BIM and the BiMexts. The required data stored in the BIM
parameters can be retrieved by the application.cBlmilated values can be stored in the
parameters of the BIM objects. The equations ot#ieulation algorithm are built in the
application. To do so, the BIM objects should stequired information as the parameters. The
applications should collect the required values @bcurate equations need to be built in the

application to calculate the new values.

514 Summary

This chapter illustrated the prototype developnmeatess. First, | explained common

difficulties in the urban regulation modeling preseand assigned 9 tasks to be addressed by the
PUDAs. Then | created 11 prototypes and discussegriototyping scope, the working process,

technical issues, potentials, challenges, anddiioits.

The GenerateArray and the UpdateArray applicatsupgport the modeling process. Most
applications allow reading and writing regulatogrigbles in the PUDM. The
AssignTransectCodes application enables editingrédmsect codes. The AssignBuildingCodes
enables updating some regulatory variables of thitiBg Envelope Standards. The
AssignParkingCodes and theUpdateParking applicatipaate the Parking Objects according to
the rules to determine estimate the required pgrkimber, available lot area for parking, and

the scale of the parking structure.
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Three applications are created to demonstraterthlgsis process in the PURMs. The
VisualizeDensity application calculates the develept density and visualizes the density
distribution with the color codes in the PUDM. TkeckCollision application filters the
intersected objects and visualizes the filtereeaisjwith the color codes. The ReportProForma
application performs a BIM based economic analgai exports the analysis results into the

spreadsheet.

In the next chapter, | will demonstrate how indivatlapplications can work with the PUDM for

the existing zoning regulation sample.
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6 EXPERIMENT AND EVALUATION

In this chapter, | describe the experiments of PARM Form-based Code Station Area of
Farmers Branch. The experiment is designed to geogmpirical evidences of how a part of the
urban regulation making process can be addressB/BMSs. First, | implement the PUDM and
the PUDOs of the selected zoning codes by usingitigeling rules and the process established
in Chapter 4. To do so, | establish a modeling aderof PURMs. Each phase in the scenario
will be processed using a set of PUDAs createdhiap@er 5. Three sub propositions in Chapter
1 will be tested throughout the experiments. Initgaid | will describe the limitations and

challenges of PURMSs for existing zoning code imm@aration.

6.1 Experiment Design

6.1.1 Scenario

For the experiments, | establish an experimentaito with a sequence of steps (Figure 36). In
each step, | will demonstrate the urban regulatoaeling and the analysis processes by using

the PUDM and a series of PUDAs. The experimenthaiio is as follows:

6.1.1.1 Sepl: create PUDOs
This is the first step to create a PUDM. IndividB&IDOs will be created according to the rules

and the process investigated in Chapter 3.

6.1.1.2 Sep2: create a PUDM

Then a PUDM will be assembled with the PUDOs. keasbling, PUDAs will be used.

6.1.1.3 Sep 3: assign parameters
Parameters of individual PUDOs will be assignedifing PUDAs. A series of PUDAs will be

used to assign the new parameter values imbedd&lddk, Parcel, and Building objects.
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1. Create PUDOs
\/
2. Create a PUDM
\/
3. Assign parameters
NS
4. Update the PUDM
\/
5. Analyze the PUDM

S
r 6. Repeat3~5

Figure 36. An experimental scenario

6.1.1.4 Sep 4: update the PUDM

The parameters interrelated to other parametetrbavilipdated in this step. Many parameters of
the Parking objects will be updated according toghrameters of the Block, the Parcel, and the
Building Objects assigned in the previous stepsufgaate the PUDM, a series of PUDAs will

be used to read the parameter values, calculateeiligparameter values, and assign the valued

to the Parking Objects.

The parameters in this step pose are interrelaitddother parameters, so they can be calculated
by using the PUDAs. This section shows an examiptew the urban regulation provisions

having a relationship with other provisions candygresented in the PURMSs.

In Chapter 4, | explained that the PUDOs have fgpes of parameters: spatial regulatory, non-
spatial regulatory, performance, and supplementarstep 2, spatial regulatory parameters are
mainly assigned, while spatial regulatory paranseteon-spatial regulatory parameters, and

supplementary parameters are assigned in step 3.
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6.1.15 Sep5: analyze the PUDM

By using PUDAS, a series of analyses will be penfl to demonstrate the analysis process in
the PURMSs. Exemplified development performancebimexperiment are urban form,
development density, economic footprints, and gnpggformances of the zoning code
schemes. | assume that the step 2~4 can be repedilettie analysis results meet the objectives

in the urban regulation modeling.

In this scenario, two types of operators are exgubtti use PURMS.

Parametric Urban Regulation Expert: a Parametric BIM expert in parametric modelind an
BIM API application developments who can createRiEDOs, the PUDM, and the PUDASs.

The step 1 and 2 are expected to be performedebydrametric Urban Regulation Expert.

Parametric Urban Regulation Analyst: an urban planner or a zoning code creator inebime
the zoning code making process. Prior to the zooaug adoption, the analyst will be able to
test a range of provisions, analyze the zoning pedtormances, and predict the development
performances. The Parametric Urban Regulation Ahale expected to perform the step 3, 4,

and 5.

In this research, | will conduct the experimentaagxpert and an analyst of the PURMSs.

6.1.2 Propositions of thisexperiment

In this experiment, three propositions will be adthed.

(1) The PURM based on BIM can represent common, typécad important provisions of
urban regulations. This will be addressed in tke 4tand 2 in the experimental
scenario.

(2) The PURM based on BIM can enable tests of consegsesf candidate zoning
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provisions before adoption of a zoning ordinandes Will be addressed in the step 4.
(3) The PURM based on BIM can reduce ambiguity in jpreation during the design

phase of a building project. This will be addresaerbss the experimental scenario.

The demonstration in the following sections wilbpide empirical evidences to address the

three propositions.

6.2 Form-based Code Station Area of FarmersBranch

| create a PURM using an existing zoning code, Foased Code Station Area of Farmers
Branch. The zoning code is one of four selecte@d @m@mples in Chapter 3. This zoning codes
was adopted to regulate developments near the DAfIbn located in north of Dallas. Since

zoning code was adopted in 2005, the regulating @tal the provisions have been amended.

Figure 37 is the regulating plan amended in 20Astang Station is a mixed use development
adjacent to the DART station (A left image of Fig8). The four story building consists of 257
residential units and about 10,000 square feel sgtace on the ground levéllustang Crossing

is a residential development for 29 single famibyibes (A right image of Figure 42). Figure 39
shows a part of building envelope standakdigstang Station is regulated by these standards

such as building height, siting, facade treatmamd, use.

The focusing area of this case study includes tHrlear the station. These blocks are close to
city’s landscape corridor, the community parks, grelcity hall. New projects are developing

under this zoning code in this area.
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Understanding the Regulating Plan

Havenhurst Street
L T
| BULDINGENVELOPESTANDARD. =S e a0
o 4 =TT T | {RECOMMENDED FRONTAGE) LS e S
S TTT TIPS AT L L /A7) L | This Indicates the relevant Building Envelope This s e ekl o
! Standard (BES) rules governing the site | i)
REQUIRED BUILDING UNE

along a recommended new street
The red line Indicates the RBL for the site.
The building shall be built to the REL along
Type'A' Street Frontages
‘Standard (BES) rules govering the site RECOMMENDED STREET ABANDONMENT
The cross hatch over any existing street indicates

— PARKING SETBACK LINE I that the street may be vacated
| Vehicle parking (sbove ground) not allowed PropertyNies

| [ forwardof ths fne 31ong Type'A Street Frontages.

\

( ‘ . Shopfront Colonnade Frontage . ;“:la’?s’;:‘::nmuw
= = Genensl Frontage Local Frontage
- " (Type'A'Street Frontage) (Type'8'Street Frontage)
i Poveios Uiy Exsment
Study area in this research.. (e Sove Fage

Civic Buildings & Monuments.

| \/ /); - . Becommied J Recommended newstreet

A mixed use development

Farmers Branch Station Area
1 Regulating Plan
Amended March 2012

ﬁ A Comfortable 5 minute walk
100 400 800 1200

50 200 600 1000 1300t

Figure 37. The regulating plan. Adapted from Foraisdrl Code Station Area of Farmers Branch

Figure 38. A mixed use development (Left) and glsifiamily residential development (Right) near the
DART station (April 2014)

In the regulating plan, the color code on stremdgcates the type of building frontage and the
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C.Building Envelope Standards: General Sites

“SeeUrban Design Plan for minimum number of stories

; m—:sm:

o | winsh
mp L0

Height

“min_|
sanes

Street
eyl on unbul
RBLHines

61018 futall

Building Height

L

2

‘The height of the principal building is measured in
STORIES.

. See Urban Design Plan for height requirements.

Parking Structure Height

Where a parking structure is within 40 feet of any
principal building (built after 2005) that portion of
the structure shall not exceed the building’s eave or
PARAPET HEIGHT.

Ground Story Height: Commerce Uses

Il

&

w

‘The GroOUND sTORY finished floor elevation shall

be equal to, or greater than the exterior sidewalk
clevation in front of the building, to a maximum
finished floor elevation of eighteen (18) inches above
the sidewalk.

The GrounD sTory shall have at least fifteen

(15) feet of clear interior height (floor to ceiling)
contiguous to the RBL frontage for at least one-half
(1) of its area.

. 'The maximum sTORY HEIGHT for the GROUND

STORY is twenty-five (25) feet,

Ground Story Height: Residential Units

. 'The finished floor elevation shall be no less than

thirty (30) inches and no more than eighty (80)
inches above the exterior sidewalk elevation at the
RBL.

2. 'The first sTory shall have an interior clear height

(floor to ceiling) of at least nine (9) fect and a
maximum STORY HEIGHT of sixteen (16) feet.

Upper Story Height

. 'The maximum foor-to-floor STORY HEIGHT for

=]

sTORIES other than the GROUND sTORY is fourteen
(14) feet.

. At least eighty percent (80%) of each upper STORY

shall have an interior clear height (floor to ceiling) of

at least nine (9) feet.
Mezzanines

Mezzanines having a floor area greater than one-
half (44} of the floor area of the sTORY in which the
mezzanine is situated shall be counted as full sTor1ES.

Street Wall Height

1. A STREET WALL not less than six (6) feet in height
or greater than eighteen (18) feet in height shal
be required along any rsL frontage that is not
otherwise occupied by the principal building on the
lot along Type A street frontage.

. 'The height of the sTrEET waLL shall be measured
from the adjacent public sidewalk or, when not
adjacent to a sidewalk, from the ground elevation
once construction is complete.

. Along Type B street frontages, a street wall of at
least 3" in height shall be required to screen any
surface parking from public view.

Other

Where a GENERAL site is located within forty (40) feet
of an existing single-family residential zoning district,
the maximum EAVE or PARAPET HEIGHT for that
portion of the GENerAL site shall be thirty-two (32)
feet. This requirement shall supersede the minimum
sTory height requirement.

8]

w

— — 2. A contiguous oPEN AREA equal to at least fifteen Type B Streets and Alleys
Siting - Type A Street Frontages | e percent (15%) of the total BUILDABLE AREA shall There is no required setback from ALLEYs or along Type
L [ e——— o be prfagf\cd on every lot. Such contiguous OPEN B street frontages. On lots having no ALLEY access
T lne Rl b-rear AREA may be located anywhere behind the PARKING  or Type B street frontage, there shall be a minimum
P i SETBACK, either at grade or at the second or third building setback of ten (10) feet from the rear lot line.
b STORY.
— S
! _‘T‘ — 3. No part of any building, except overhanging eaves, Corner Lots
| } | AWNINGS, or BALCONIES shall occupy the remaining Corner lots shall satisfy the code requirements for the
Mplaak 15%min M lot area. full kpL. length — unless otherwise specified in this
along min { contiguous Code.
REL ¥ open area '} . -
P e oot “oe|  Side Lot Sethacks
] = ) line 2 A £ 5 sha § . 5
I Gl setback Q“ alot “"h“” OO MMM LOT BINE, 1"‘“5_‘{ w‘t,l" Unbuilt RBL and Common Lot Line Treatment
i | |t a property located within a single-family residential 1. A sreT waLt shall be required along any
| | all tid Aistrict the vrinrnal b all be setback : i along any
! } | " ?—Uli"ll“_g d]‘“tf ;L{)t,‘p' F]‘L Il’,”“‘ ‘Pl“l l_‘]‘“ldli“ "Tl‘f’” be setback REL frontage that is not otherwise occupied by a
T Py T At leascten eetrom theshaced:loe e, building. The sTrReET waLL shall be located not
[ PR, G Pk more than eight (8) inches behind the rsL alon
Lol arage and Parking ‘Type A Streets and at least 3" high along Type
L 1. Garage entries or driveways shall be located along Streets. o
alleys or Type B street frontages only. Garage . g ¢
Street Facide Sk 3[7 it £ Y. L E. 2. pRIVACY FENCES may be constructed along that
- entries or driveways shall only be permitted along portion of 1 COMMON LOT LINE not otherwise
1. S” '3““]"‘1“[ tthlu I-“”lfhl"‘%{ F?C"DE Shu“(g;)}:)“l;‘t[‘]) TIVPE A street frontages, if the lot has no access to an occupied by a building.
ReRBL:IoF-gh (eastppity -tve percent: OTthe alley or does not have Type B street frontage. 3 iné B ontaLes Wi i 4
REL length along a Type A street frentage, No Y AL P AURESIOH ‘g- 3. All Type B street fmnh}gefs with surface parking
b Eaded ii 5 2. On Type A street frontages, garage entries shall shall be screened by a 3 high street wall that is
requirement for Type B street frontage. PcE: 2 8 ) s ot
2. The buildi co8 hallbe Buile o ithi be limited to no more than one per block fmnu%e located along the property line along that frontage
s e LA EARADE Shie | BE MULIC IO Che REERIEIN and shall be a minimum of 75" away from any block or between the sidewalk and the surface parking lot.
thirty (30} fect.ol amp ook cnrtmr regardlessol corner, The street wall shall be of either the same building
Street T-"pf‘ Epntage (A or .B)' § 3. On Type A street frontages, garage entries shall material as the i»rimipa] structure on the lot or
3. These portions of the building FA¢ADE ([he have a clear height of no greater than 16 feet nor a masonry or a living screen comprised of shrubs
required minimum build to) may include jogs of clear width exceeding 24 feet. planted to be opaque ar maturity. Species shall
not n'lore el etg;lé[:gn (lflﬁl)mches e d‘:P‘h i 4. Along Type A Streets GARAGE ENTRIES may be ge selected from lLe Planting List in this Code
.I}S]OI‘_ICFVIESC p?‘:‘ e_g“’ “Q OY’ BM’TVVV“RO‘:’S’ setback up to a maximum of twenty-four (24) inches (Chapter IV, Section D).
S0P O, Ad BALOONT 8 4. 0ig ' FIIE--L BHIEEL behind the surrounding FacaDE. 4. Furthermore, along all streets, service areas shall be
frontage. No requirement for Type B street e 5 5 i o S
feontase J 5. Vehicle parking areas on private property shall be defined by a street wall that is at least as high as the
A located behind the PARKING SETBACK LINE, except service equipment being screened. Such streer walls
Buildable A where parking is provided below grade. shall be of either the same building material as the
nUrah el ) B . 6. 'The above requirements are not applicable to on- principal structure on the lot or masonry or a living
1. Buildings may occupy any portion of the lot behind street parking, screen composed of shrubs planted to be opaque at

the rBL, exclusive of ;
Code

y setbacks required by this

maturity. Species shall be selected from the Planting
List in this Code (Chapter IV, Section D).

Figure 39. Height and siting regulations in BuilgliEnvelope Standards for the mixed use development.
Adapted from Form-based Code Station Area of FasrBeanch.

building envelope standards. As we can see, mtssiridhe focusing area are surrounded by the
yellow color roads. It means that the frontage typthe sites isseneral Frontage and the

required information can be found in the buildimyelope standards f@eneral Frontage

(Figure 39). The urban design plan designatessiorg building height and seven street types

for the study area.
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6.3 PURMsfor FarmersBranch
Based on the scenario, | created and tested PUBMBd Farmers Branch zoning codes. The
detailed process of each step is explained irstition and observations and results will be

discussed in the next section.

6.3.1 CreatePUDOs

First, | created a set of PUDOs for 10 parcels thasethe parametric modeling rules specified in
Chapter 4. For each parcel, | built the Block, Baecel, the Building, and the Parking objects.
The Block objects are created based on the regglatan and the streetscape standards. The
Building objects represent form implication of timan regulations such as the RBL and
setbacks in the regulating plans and building heighulations in the building envelope
standards. The Parcel objects are modeled usirgjtthtopology in the regulating plan and open
space standards. The Parking objects are creased ba “Rules for New Development” in the

regulating plan. This zoning code does not progigtandalone parking standards.

6.3.2 Createa PUDM
A PUDM is a combination of a series of PUDOs. latesl the individual objects manually and

then assembled them automatically by using a PUAthe default Revit functions.

By using the GeneratePlan application (Chapter, bagsembled a series of PUDOSs to create a
PUDM. During assembling, one object is nested leyatner object’s surface so that an object

hierarchy was established among Block, ParceldBggl and Parking.

Then | added tree arrays on the Block object bygiie GenerateArray (Chapter 5.5). As
shown in Figure 40, a range of tree types and tisé&ipns can be selected in the user interface.

After creating tree arrays, the tree types, treeisyy, and positions were edited by using the
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UpdateArray application (Chapter 5.6).

6.3.3 Assign parameters

6.3.3.1 Assign the transect codes

As a PUDM is created, the first step is to assignttansect codes to the Parcel objects,
indicating the type of building envelope standaidg-armers Branch zoning codes, the type of
streetscapes and building frontage types are dkfinthe regulating plans. In PURMS, the type
is stored as a parameter of the Parcel objectig tise AssignTransectCodes application. A
user interface is opened to ask the type of tramsetes, the application finds the Parcel objects,
and updates the transect code parameters. Asthe@ier value is updated, the Parcel object
color is changed in Revit (Figure 41). When a $gtavameters needs to be applied to a specific

transect zone, the transect code parameter erfdtdeng the relevant objects from the PUDM.
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Figure 40. The PUDM of Farmers Branch
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The approach of assigning transect zones in thdatégg plan varies over the zoning codes.
Often, the transect zone is assigned to the |dighais similar to the typical land use map. In
this case, the required regulation standards cdocaged according to the transect zones. The
PURMSs are built upon this approach. As shown inl@ &wf Chapter 3, the zoning codes of Fort
Worth and Ventura assigned the transect code®tioth. The PURMs is built upon this

approach.

In Farmers Branch, the street types and the bgilftontage types are defined in the regulating
plan without using the transect codes. Some paceglrave multiple building frontage types
because the building frontage type is assigneth@street. In the regulating plan, the General

Frontage type is dominantly assigned, so | apphegtype to ten parcels.

6.3.3.2 Assign the building codes

The Building objects correspond to the buildingedope standards. The parameters of Building
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Figure 41. The transect codes are visualized Wighcblor codes.
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objects include building height, depth, setbackl ase, which can be commonly found in the
building envelope standards. Typical provisionsuteting building height designate the range of
allowed building height. In case of General Froet&ges of this zoning code, the allowed
building height is from 3 to 9 stories. By using teight parameter, a Building object can

represent the range of allowed building height iremoent.

The setback requirement is represented in the Bgilobjects. The location of setback lines are
defined in the regulating plan. The minimum dise&from the setback line to the building
envelope is defined in the Siting section of thiding envelope standards. By using the setback

parameter, the envelope of Building object candmitipn on the allowed setback line.

In PURMS, the AssignBuildingCodes application updahe parameters for the building codes.
Such parameters are built in the multiple Buildatects and the application updates all of them

simultaneously. Figure 40 shows the initial paransettings of PUDM. Once an operator
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Figure 42. The PUDM is updated according to theupeter changes
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selects a particular Building object, the applisattan perform the parameter update process. A
user interface displays the parameter settingseo$élected Building object and allows the
operator to change the value as required. Thendineparameter values can be applied to the

other Building objects at a same time (Figure 42).

Based on the selected Building object, the apptindbcates the other Building objects within
the same transect zone, reads the user input viatumegshe user interface, and finally updates

the parameter values. A detailed process is exgddam Chapter 5.

6.34 Updatethe PUDM

When a provision has conditional or relational ¢rmists relating to other provisions, a
relationship among provisions is found. When sudvigion is modeled as a parameter in the
PURMs, the parameter value can be determined ley ptrameters. In this section, | will

demonstrate how the related parameters can beagpbgthe PUDAS.

Updating Parking objects is an example to dematestraw the application establishes the
parameter relationships among the PUDOs. In thevirdg section, | will describe how the

parameters of Parking objects are determined tBr garameters of Parcel and Building objects.

6.3.4.1 Assign the parking codes

The parking standards in this zoning code haveigians specifying the minimum parking
spaces according to the building floor area andwheh are regulated by the building envelope
standards. For instance, residential buildingsl ginalide at least 1 and 1/8 parking space per

residential unit. Parking space of non-residefitialding is determined by the gross floor area.

The position of the parking structure is reguldigdhe parking setback lines in the regulating

plan and the parking setback regulations in thiimg envelope standard.
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The siting section of the building envelope stadddras provisions for the on-site open space.
For instance, a contiguous open space shall bedewat least 15% of the total buildable area.
In the definition section, the buildable area ifirde as the lot area that building may occupy
behind the RBL and setbacks. In the regulating,glfamRBLs are on the parcel boundary, so the

parcel area is used as the buildable area.

As running the AssignParkingCodes application,ex ugterface is opened to ask regulatory
information for the parking codes. Currently, tiplication collects information of the open
space ratio, the minimum number of parking spacéi®floor area, the available street parking
spaces, and an average area per one parking $pgoee(43). Then the application stores the
values into the parameters of the Parcel, Buildamgl, Parking objects. The parameter values

will be used to update geometry of the Parking abje
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Figure 43. The AssignParkingCodes application. NDbhe parameters of parking regulations are ass
by the AssignParkingCodes application
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6.3.4.2 Update the Parking objects

In the urban regulations, some provisions regutata and scale of the parking structure, but
they are more flexible than the provisions coninglithe front facade location. Therefore,
geometry and location of the Parking objects wdngdess conclusive than the Building objects.
For instance, a Parking object is currently attdatre the Building object surface, there are
numerous positions allowed by the urban regulatibos the flexible position and dimension,

three parameters are built in the Parking objects.

Updating geometry of the Parking objects is perfxirby the predefined rule explained in
Chapter 5. The first step is calculating the reggiparking spaces according to the regulatory
information and the gross floor area of buildin§second, the available lot area for parking is
calculated by using the parcel area, the buildowidrint area, and the open space area. Lastly,

the footprint area and the number of floors ofgiaeking structure are determined.

The Parking object and the UpdateParking applinatenable testing the constraints among
parcel, building, and parking. As the building Hdigncreases, the required parking spaces
increases. The maximum building height in this mgréode is 9 stories as shown in Figure 44.
By running the UpdateParking application, the heaftparking objects could be updated. In
some lots having high density, the parking striegurecame taller than the main building. In
that case, the application shows a message thpathking structure shall be lower than the main

building, which is defined in the height sectiortloé building envelope standards.

The gross floor area of the Parking object is qaimstd by the Building object. The footprint
area of the Parking object is determined by thépiot area of the Building object, the open
space area ratio, and the area of the Parcel objemintrast, the building height is constrained

by the parking structure height when the parkimgcstire becomes higher than the building. In
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Figure 44. The UpdateParking application. Note: UpelateParking application updates the Parking
objects according to the Building objects and taiking regulations.

sum, the relationships among constraints couldiselized and tested in the PURMSs.

6.35 Anayzethe PUDM

Until now, | created the PURM for the zoning codéarmers Branch and assigned a set of
parameters. In this section, | will demonstrate hiog/PURM can be analyzed by the PUDAs.
The analysis criteria are zoning code complianegebbpment density, economics, and energy
use and cost. The energy consumption is analyzeing a cloud based energy simulation with

Green Building Studio. Other analyses are perforbnyethe PUDAS.

The PURMSs could have the analytical capabilitiest®ating an urban regulation model in

Parametric BIM. In addition, the various functidtiab of Revit became usable in the PURMSs.

6.3.5.1 Check code compliance

When a provision regulates form and scale, thelagign constraints can be stored in the
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PUDAs as a condition for code compliance checkiksagording to a provision of the building
envelope standards, the height of parking structhadl not be higher than the main building
height. In the UpdateParking application, the Buaidobject height and the Parking object
height are compared. When the Parking objectlsrtdlan the Building object, a message box

displays the code compliance result.

When a set of parameters are assigned to the ngmtehetry of the PUDM is updated. Often,
two solid objects can be overlapped or interseeteth other. For instance, if a large footprint
area is applied to the Parking object, the Buildibgect and the Parking object can be
intersected. In this step, the collisions amongpotijects are detected by using the
CheckCollision application. When a collision isatigered, the application changes the color of

the Parcel object to visualize the problematicssite

Even though | explained two applications, Pararo@tM may have a potential to convey the
various code compliance checking processes. Imidriz BIM, the coordinate information of
face, line, and point is identifiable. The distabetween them can be also measured. In addition,
Revit API provides many methods such as findingrsecting objects, reporting the intersecting
point information, and measuring the closest distdnom one to the other object. If a provision
regulates the minimum and maximum distance betwegerelements, an application would be

created to carry out regulation compliance checking

6.3.5.2 Analyzedensity

In this zoning code, the height control is the naiteria for regulating development scale.
Some provisions control development density to @néguperblock design such as a large
building footprint area and long linear building#ae. No provisions control the maximum or

minimum development density.
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In the PURMS, the object attributes for the FARcakdtion can be retrieved. The lot area is
obtained from the Parcel object, the gross floenaf building is obtained from the Building

object, and the FAR is calculated by the applicatio

Once the FAR value of each lot is calculated, tleevis written to the Parcel object. The

overall development density is stored in the Sitiect. Then the user interface displays
information of development density. The densityribsition compared to the average density is
visualized with the color codes. The scroll bathie user interface changes the number of color
codes. When two colors are applied, the sites ahveemge density turn out blue and the sites
below density turn out magenta. Figure 45 showslisteibution of development density with

10 types of color codes. The visualization of depaient density would enable the code makers

to predict the most or the least dense developments
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By using the application, the most and the leasséd@rea can be visualized. The distribution of
development density varies over the parameter salug a deviation exists even though the

identical parameter values are applied.

6.3.5.3 Perform economic analysis

In this section, | experiment the economic analggisising the ReportModelinfo application
and the ReportProForma application. From the PUDidirieved the geometric attributes and
the building use. As presented in the previous@ectievelopment density was calculated. The
ReportModelinfo application enables exporting mad&rmation of the PUDM to excel
spreadsheets. In the spreadsheet, both the objeshpters related with the urban regulation
provisions and the object information such as dgrsid the gross floor area are included. The
values in the spreadsheet are used in the Pro Festimaation. The ReportProForma application
performs BIM-based economic analysis by using impkfied Pro Forma analysis methods
described in Chapter 5. In the Pro Forma estimagport, project information, total project

cost, NOI, gross revenue, and development praditaalyzed.

Many urban regulation provisions designate a rarig¢lowances such as maximum and
minimum building height. For instance, the buildimgight in General Sites shall be between 3
and 9 stories. In a single run, ReportProFormaesaaut multiple economic analyses for testing
7 types of the building height parameter. In thisndnstration, 23 types of model information

reports and the Pro Forma reports are generatatifferent parameter sets.

6.3.5.4 Perform environmental analysis
The energy analysis is carried out with the ensiglation features in Revit, which is a cloud-
based energy simulation to analyze energy use @stdpotential renewable energy, annual

carbon emissions, monthly cooling and heating Ipatts The energy simulation settings can be
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edited in the Revit interface such as the typeuilflimgs, constructions, and HVAC systems
(Figure 46). Some values are related to the uregulations, but others are required only for the
energy simulation. Then an energy model is genéifaten the PUDM by using the “Enable
Energy Model” function. The energy model is syncetized with the PUDM. After any changes
are made in the urban model, the energy modelt@ratically updated. After completing the

energy simulation in cloud, the simulation resaftart is opened in the window (Figure 46).

B | Energy Settings S
Parameter Value
Building Type Multi Farity
Location Farmers Branch, TX, USA
Ground Plane Level1
Export Category Rooms
Export Complexity Simple with Shading Surfaces
Include Thermal Properties |}
ProJect Phase MNew Construction
Sliver Space Tolerance 10
Energy Model _ _ %
Analytical Space Resolution 36
Analytical Surface Resolution 1o
Core Offset 12 0"
Divide Perimeter Zones V]
Conceptual Constructions [ Edit...
Target Percentage Glazing 40% -
Target Sill Height 26"
Glazing is Shaded 9]
Shade Depth Nl
Target Percentage Skylights 0%
Skylight Width & Depth 3o
Building Operating Schedule Default
HYAC System Central VAV, HW Heat, Chiller 5.96 COP, Boilers 84,5 eff
Outdoor Air Information [ Edit...
ok |[  cancel
Conceptual Constructions =
Mass Model Constructions
Mass Exterior Wall Lightweight Construction — High Insulation
Mass Interior Wall Lightweight Construction — No Insulation
Mass Exterior Wall - Underground High Mass Construction — Typical Mild Climate Insulation
Mass Roof Typical Insulation - Cool Roof
‘Mass Fioar Lightweight Construction — Mo Insulation
Mass Slab High Mass Construction — Cold Climate Slab Insulation
Mass Glazing Double Pane Clear — LowE Hot Climate, Low SHGC
Mass Skylight Double Pane Clear— LowE Hot Climate, Low SHGT
Mass Shade Basic Shade
Mass Opening Air
TP . " b
{ oK | l Cancel ‘ I Help: J

Figure 46. The energy simulation setting window.
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6.4 Observations

In the experiment, a set of parameter values wpkeaito the PUDM to test a range of
regulatory provisions. Among them, | exemplify &&st cases to demonstrate how multiple
zoning code schemes can be tested and analyzed RIURMSs. It is required to remind that the
main scope of this demonstration is not to ach@airate analysis results but to implement the

potential analysis process in the PURMSs.

The selected schemes have 3 types of building haigh?2 types of building depth. In the
building height provision, the minimum height ist®ries and the maximum height is 9 stories. |
randomly selected the minimum, the medium, andrthgimum values as building height. In
addition, | applied 50 feet and 60 feet as thedingj depth for the multi-family houses. In the
zoning code, the building front facade needs ttobated on the RBL lines, so | applied O feet as

the building setback.

Table 19 shows information of the six test cas@st,R listed major provisions guiding the
experiment. Second, main parameters applied tBtH2M are summarized. Then the results of
the development density analysis, the economigaisaland the energy simulation are

compared.

In the density analysis, the development scaleasyaed such as building footprint area,
building gross floor area, and F.A.R. are calculafehe F.A.R. values are between 1.2 and 4.5.
In the economic analysis, the development profiredicted by using the Pro Forma estimation
method. In this table, | presented a part of theutated values. In the energy analysis, energy
performances of the development schemes are adatymd as energy use and cost, annual

carbon emissions, and the life cycle energy casiglware a part of the simulation results.
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Figure 47. The energy model and the simulationli®sNote: The energy model is generated on the
PUDM. Then energy simulation results are displapethe Revit interface.
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Table 19. The test cases in the experiment

Category Case 1 Case 2 Case 3 Case 4 Case 5 Case 6
Major provisions
« Building height The building height shall be between 3 and 9 storie
* Building disposition The building front fagade shall be located in tHRiR
« Parking disposition The parking structure shall be located behind #r&ipg setback lines.
¢ Open space 10 % of the Parcel Object area shall be provideshasite open space
Main parameters
¢ Building envelope type T1 (General Frontage)
¢ Open space ratio 10 % the Parcel Object area
» Height (floors) 3 3 6 6 9 9
¢ Depth (ft.) 50 60 50 60 50 60
¢ Setback (ft.) 0 0 0 0 0 0
 Building use Mixed use (Retails in the ground floor and resid#nn the upper floor)
« Parking space ratio to tl .
gross floor area 1 parking space per every 1000 sq. ft.
 Parking space area per 300
car (sq. ft.
Density Analysis
¢ Site Area (sq. ft.) 1,193,493
¢ Total Parcel Area (sq. fi 847,938
’ B“"d'”g(gg";tr;”“t ared 374808 437,735 374,808 437,735 374,808 437,735
) B“"d'”g(gaosﬁs)ﬂoor a'® 1060,182 1238386 2,184,608 2,551,600 3,309,032 864309
* FAR. 1.2 14 25 3.0 3.9 4.5
Economic Analysis
» Gross Revenue (1000$) 40,551 47,368 83,561 97,598 126,570 147,828
» Net Operating Income
(10008) 35,251 42,068 78,261 92,298 121,270 142,528
« Capitalization Rate 0.085 0.085 0.085 0.085 0.085 0.085
e Sale Price (1000$) 414,728 494,925 920,720 1,085,867 1,426,711 1,876,8
« Project Cost (1000$) 414 482 847,041 988,333 1,279,944 1,493,918
« Development profit
(1000$ 591 12,175 73,679 97,533 146,766 182,892
Energy Analysis
¢ Annual energy use/cost
(10008) 1,180 1,351 2,463 2,802 3,722 4,237
* Energy Use Intensity
(KBTU/sq.ft./year) 55 54 56 52 55 52
« Life Cycle Energy Cos!
(10008) 16,079 18,406 33,5652 38,173 50,700 57,717
* Annual carbon emissions g 76, 6,692 17,852 20,689 29,879 34,646

(tons
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6.4.1 Density analysis

Figure 48 shows the comparison of the F.A.R. chawogsix cases having three types of

building height and two types of building setbaGlenerally, a similar order of the F.A.R. values

among 10 lots is found across the cases. Thedho®'s highest density between 1.7 and 5.8,

while the lot 10 has lowest values between 0.5laidor all cases. The deviation increases from

the case 1 to case 6. In the case 1, the deviatmmout 1.2, but it increases to 4.1 in the Gase

The incremental level is dependent on the lotsilitot 2 increases mostly.

In sum, once a lot shows higher density than ofleshighest density may be discovered at the

same lot regardless of the height and the dep@mpeters. A steep slope in the plot implies the

higher impact of building height and depth on thealopment density.

The ratio of ground floor area to lot area is redito the F.A.R. value, because the Building

Density (F.A.R.)

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6

Figure 48. The density distribution of six testesms
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Objects is a solid extrusion of the building foatprThe ground floor area is changed not by the
height parameter but by the depth parameter. larEig9, the case 1, 3, and 5 as well as 2, 4,
and 6 have the same building depth, so they shewdme distributions respectively. The ratio
value varies over the last, but a similar orderissistently discovered across the cases. In
addition, the order in the ratio values in Figuagtidentical with the order of the F.A.R. values

in Figure 49. The ground floor area is relatechinRBL lines that vary over the sites.

In the PURMS, various model parameters and quémgtaalues can be used to analyze the
correlations between the urban regulation provisimd development capacities. Once the
correlations are discovered, it has potential &gljmt the impact of the urban regulation

provisions on the development capacities.

6.4.2 Economic analysis

0.70
| | | | | |

0.60
o
= - X - X - X olotl
c X X X
© 0.50 Hlot2
Q % & x & P 1 &
< Alot 3
g 0.40 @ ® 2 XLot 4
© xLot5
Q
© 0.30 Lot 6
o
g Lot 7
€ 0.20 Lot 8
>
o Lot 9
O

0.10 Lot 10

0.00 T T r r : ,

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6

Figure 49. Density distribution of six test cases
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Figure 50 shows the economic analysis resultdlistd able 19. The plot presents a part of
analysis results including the project cost, tHe pdace, NOI, gross revenue, and the
development profit. The analysis is carried outibing the Pro Forma estimation method
described in Chapter 5 and the ReportProFormacgtigin. To do so, supplementary values that
are not defined in the zoning codes need to bedtorthe parameters such as the development

costs, the occupancy rate, and the capitalizatitsn These values affect the analysis results.

For instance, the efficiency rate of lettable sgagequired to estimate rentable space area from
the building floor area. As the efficiency rateganged from 0.85 to 0.75, the development

profit is decreased as shown in Figure 51 and 52.

In the PURM, the variables for economic analyséssiored as the object parameters and the Pro
Forma estimation is carried out by using the pataraeTherefore, a range of economic

variables can be tested to estimate the poterdiadldpment profits.
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Figure 50. Development profit of six test cases
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Figure 51. Economic analysis results with the &fficy rate 0.85
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Figure 52. Economic analysis results with the &fficy rate 0.75

6.4.3 Energy smulation
In Figure 53, | presented the life cycle energyt eath development profit listed in Table 19.

The life cycle energy cost is an accumulated cbita30 year energy costs, while development
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profit is returned after completing leasing orisgll In the case 1 and 2, the life cycle cost is
higher than development profit. The case 6 shoedifhest values in the life cycle cost and
development profit. In addition, the highest vatfi@nnual carbon emissions is found in the case

6.

Currently, there are many limitations for the zangode analysis, but the BIM-based energy
simulation is rigorously developing. For the masis required to improve the accuracy in the

energy model creation and to provide a reliableutation capability for the urban scale projects.

Even though | explained a simple comparison, itliespthat energy simulation of the zoning
code schemes may be useful to predict the envirotahtotprint that are critical information

for the resource management.
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Figure 53. Development profit and life cycle enecggt

6.4.4 Operation time

The application running time is measured. In theeeiment, | used a pc having Quad core 1.73
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GHz processor, 8 GB system memory, 2GB Video mepang Windows 7 64-bit operating

system. The following table shows the operatingtoheach task by using PUDAs.

The modeling was processed in three days and lurehthe modeling time for each objects:
245 minutes for the Block objects, 283 minutestiier Building objects, 37 minutes for the

Parcel objects, and 11 minutes for the Parkingatbjé\s more parameters control geometry, the
longer modeling time was spent. The Block and thi#gdBg objects are more complex than the

Parcel and the Parking objects. The learning peoalse affects the modeling time. | modeled

Table 20. An operating time of the PURM

Tasks Tasks Application Time
Create Site object Revit 5 min
Create Block objects Revit 245 min
Create . . .
PUDOS Create Parcel objects Revit 283 min
Create Building objects Revit 37 min
Create Parking objects Revit 11 min
Assembles individual PUD&Xo create a Parametric Urt GeneratePlan 8 min
Model
Create
Parametric  Create arrays of trees or lighting fixtures on Bheck GenerateArra 34s
Urban Model objects y
Edits the position, spacing, and the object typthefarrays UpdateArray 10s
Assign Update parameters in Parcel objects (transect fodes AssignTransectCodes 10s
parameters Update parameters of Building objects AssignBuiiiodes 15s
Update the Update parameters of Parking objects (parking AssignParkingCodes 10's
Parametric requirements)
Urban Mode Update geometry of Parking objects UpdateParking s 25
Detect collisions among PUDOs CheckCollision 5s
Analyze the Analyze and visualize density of the parcel andpttugect VisualizeDensity 55
Parametric level.
Urban Model™aAnpalyze project Pro Forma and generate reports. oRR@Forma 2 min 30's
Analyze environmental performances Revit 7min20 s

1. The economic analysis time is measured for ninggdeschemes.

2. The energy simulation time is measured for onegiestheme. The total time for nine design schenazs
not measured, but it took over 5 hours includirggehergy model generation in Revit and energy sitian
in the green building studio cloud.
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the objects in a sequence of Block, Building, Paeed Parking. Among ten Block objects,
modeling for the first object took about two houwsile nine objects took about two hours.

Among ten Building objects, the first object toddoat two hours.

Overall, the PUDASs enabled fast urban regulationl@liog. For instance, the GeneratePlan
application can assemble a series of the objects@mate the PUDM, which is significantly
faster than the manual assembling process. Iniaddihe GenerateArray and the UpdateArray
applications support the modeling process of treettcape with the street trees and lighting
fixtures. In this experiment, | could assembleitidévidual objects for 10 lots in short time by

using the applications.

In the next chapter, | will elaborate three reseaantributions and encapsulate this research

with research implications, originality, reliabljtvalidity, and future works.
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7 CONCLUSIONS

This research has produced three contributionsdaviedge: represent urban regulation
provisions in parametric BIM with the PUDM, testvééopment performances of the candidate
zoning provisions with the PUDASs, and reduce amibjgu interpretation of the urban

regulation provisions with the PURMS.

In the following sections, | will summarize the owiew of this research. Next, | will elaborate
three contributions with the motivation and progiosi, the methods and evidences,
significances, and limitations. Lastly, | will enmsulate three contributions with research

implications, originality, reliability, validity, ad future works.

7.1 Summary
In this dissertation, | have developed the PURMptadicting development performances of the
urban regulation provisions. In particular, | ceghthe PURM that consists of the PUDM and

the PUDASs. | carried out the research through Yalhg five research phases.

Review of literature on urban regulations: | cortédaa literature review on the context of urban
regulations and zoning in the United States, coatjrtal urban regulation modeling, and the

emerging parametric BIM technologies for regulatioodeling.

Analysis of recent zoning code samples: | reviefeed contemporary zoning codes to identify
the common types of structures, components, andgimas that were investigated in the urban
regulation modeling in BIM. Based upon the resultsymulated a set of zoning code

components and their parameters as well as antdbgrarchy among the code components.

Parameterization of the urban regulations with PUDNeveloped the PUDOs and the PUDM
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in BIM. | represented form implications of the teat urban regulation provisions with the

PUDOs and assembled them to create the PUDM.

Development of PUDAs: | developed software protety/pf the PUDAs. The PUDAs
established relationships among the PUDOs and plaeiimeters. In addition, the PUDAs

performed the complex operations for the urbanlegigun modeling in parametric BIM.

Experiment and evaluation: | conducted an experimith an existing zoning code by using
one of four zoning codes analyzed in the secondgHhastablished an experimental scenario to
demonstrate the urban regulation modeling procébstie PURMs. The experiments provided

empirical evidences for the research propositions.

7.2 Represent Urban Regulation Provisionsin Parametric BIM with the PUDM
This is the first contribution of this research,igthwas investigated in Chapter 4, Parameterize
urban regulations, and Chapter 6, Experiments amatbBtions. In PURMSs, form implications of

urban regulation provisions are represented asi§érts in BIM with objects’ parameters.

7.21 Motivation and proposition

Many provisions designate a range of allowanceansarban regulation model in BIM needs to
express a range of form implication. The parametacleling approach in BIM is a motive that
initiated this research. In parametric BIM, a getrinal attribute of a BIM object can be
assigned through its parameters so that geomethedIM object can be manipulated by
parameter change. The textual provisions of thamrbgulations significantly differ in
semantics of the objects in BIM. However, there ltesn no comprehensive research on the
urban regulation modeling in parametric BIM for theited States urban regulations. Therefore,

| formulated the following proposition.
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* A PURM based on parametric BIM can represent comrypical, and important

provisions of the urban regulations.

This proposition was addressed in the step 1 afdtie experimental scenario. The observation

results in the experiments provided strong emgigealences.

7.2.2 Methods and evidences

The form and scale of the PUDM could representragidorm implications of the urban
regulation provisions. The Building Objects of (DM represent the provisions of the RBL,
setbacks, building height, and building use inrdgulating plans and the building envelope

standards.

The streetscape standards specified the configuarafistreetscape design such as the traffic
lanes, on-street parking, sidewalks, and streestrEhe Block Objects of the PUDM represent a
part of provisions of the streetscape standards asi¢the dimension of the sidewalks, on-street

parking, and the street trees (Figure 40).

The Building Objects of the PUDM represent the mafjregulatory constraints such as the
minimum and the maximum building height. The parimenodeling capability in BIM enables
a Building Object can represent a set of regulatimmstraints. For parameter manipulation of the
Building Objects, the AssignBuildingCodes applioatenabled to update the parameters of ten
Building Objects simultaneously. The value of binfgheight, depth, and setbacks were tested

in this experiment.

Some provisions that do not directly affect urbamf are built in the PUDOs when the
provisions are related to other provisions thatatly change urban form and scale. For instance,

the Parcel Objects have a parameter of the miniwpen space ratio. The parameter value is
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required to determine the available footprint avkthe Building and the Parking Objects. The
transect codes are required to determine the tiypailding envelope standards that affect form
and scale of the Building Objects. The Block arelPlarcel Objects were created to store the
transect codes as their parameters. The typerafdch codes were visualized with the color

codes of the PUDM (Figure 41).

The parameters of the Parking Objects represemgrthesions required for the parking space
calculation. Often, the zoning code has the prowsiregulating the number of the parking
spaces based on the building use and the grossaflea. The Parking Objects has a parameter to
represent such provision (Figure 43), which wasldgesalculate the number of parking spaces

by using the UpdateParking application of PUDAg(iF¢ 44).

7.23 Significances

The PUDM shows that form implication of the urbagulation provisions can be visualized
with the objects in parametric BIM. Geometry of DM is critical for visualization in urban
regulation modeling. Owing to the parametric mattglinechanism, the PUDM can represent a
range of candidate urban regulation provisions. dustom parameters can be used to store a
range of the provision values. The geometricaibattes of the PUDOs can be transformed by
changing parameter values. The way of geometrygghaan visualize how an urban regulation
provision changes form and scale of our built emvinent. In addition, geometry information of
the PUDM provides various quantitative values regpifor both urban regulation interpretation

and performance analyses.

The urban regulation modeling rules investigate@apter 4 are expected to be applied to the
future urban regulation modeling in parametric BIM. formulate the rules, | employed the

concept of form, function of the Sullivan’s notiand the Clayton’s definition, and modified it
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to the urban regulation modeling in parametric BiMfollows:

» Form is the geometry of the built environment ressifrom the urban regulations.
» Function is the desired qualities of the built @riment that the urban regulations
establish.

» Behavior is the response of the built environmerthe particular urban regulations.

Understanding textual urban regulations with tlviscept enabled me to establish the significant
urban regulation modeling rules. In the PUDOs, fisrabjects’ geometry and behavior is the
way of geometry change through the object paramateimportant rule is that behavior of an
urban regulation provision can be defined in digexgys, but the object behavior can determine
the level of complexity in parametric modeling.garticular, manipulating solid object geometry
by using hosted void objects could ease such coditpia parametric modeling. These rules
were formulated from some urban regulation provisjso further research would be required to

formalize the comprehensive rules of urban regutatnodeling in parametric BIM.

7.24 Limitations

The parametric modeling for the PUDOSs is compleserEthough | established the urban
regulation modeling rules, individual objects néethe created manually. Applying multiple
parameters to the BIM objects took long time. Galhgrthe modeling time proportionally
increased according to the complexity of site toggl In this research, the site is simplified as a
flat surface so | did not account for the slop¢hefsite. To consider the slope level of the sites,

more complicate modeling rules needs to be invad

| simplified the type of urban regulation comporgeinto five objects of site, block, parcel,

building, and parking. No objects for the traffemes and public spaces and community parks
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are included. They will be added to the PUDM.

In the PUDM, the provisions controlling urban foamd scale are mainly investigated. |
implemented a part of the quantitative provisionsile the most qualitative provisions are not
investigated. Urban form and scale are a partlmdiuregulation scopes, while the qualitative
provisions also have a significant role in creatigt environment. Further research would be
required to account for the qualitative provisidoisthe more comprehensive urban regulation

modeling.

7.3 Test Development Performances of Urban Regulationswith the PUDASs

This is the second contribution of this researdtictvwas investigated in Chapter 5, PUDASs,
and Chapter 6 Experiments and Evaluations. Fowstgb development performances were
tested in this research including urban form, dewelent scale, economic performances, and

energy performances.

7.31 Motivation and proposition

One of the advantages of urban regulation modétipgrametric BIM is that the geometrical
attributes of the BIM objects can be manipulateghasameter change. Once | succeeded in
representing form implication of urban regulatiovith the PUDM, it showed a huge potential to

use a wide range of BIM technologies in the urlegulation development process.

Various analytical tools are usable for the BIMdzhperformance simulation. The OOP-based
software development environment in the BIM authgtiools can be used to perform the
customized analysis processes. | envisioned tleabiuthese technologies may enable to assess
various development performances of urban regulgtiovisions in parametric BIM, so |

addressed the following proposition.
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A PURM based on parametric BIM can enable tespedbrmances of the candidate

urban regulation provisions before urban regulatidaption.

This proposition was addressed in the step 4 oéxiperimental scenario. The observation

results and the simulation results provided stremgirical evidences.

7.3.2 Methods and evidences
In the step 4 of the experimental scenario, | azelydevelopment performances in four aspects:

urban form, development scale, economic perforngrased energy consumptions as follows:

Urban form: The geometry of the PUDM representara @f the form implication of the
urban regulation provisions. As | described, ao$@arameter combinations were fed
into the PUDM by using the PUDAs.

Development scale: The analysis of the densityildigion was performed to
demonstrate how the potential development scale asi¢the gross floor area and F.A.R.
are predicted by the PURMSs.

Economic performances: As an example of economatysis in the PURMSs, | carried
out the Pro Forma estimation by using the simglifieo Forma estimation method and
the ReportProForma application in the PUDAS. | adslgpplementary information for
the Pro Forma estimation into the parameters. Tleaftulated the gross revenue, NOI,
the project cost, the sale price, and the developprefit.

Energy consumptions: | carried out energy simuhakip using the energy simulation
analysis capabilities in Revit that utilizes theem building studio, a cloud based energy
simulation system. The simulation results inclute@annual and the monthly energy use
and cost, Energy Use Intensity (EUI), the life eyehergy cost, and the annual carbon

emissions.
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During the analysis process, | utilized a set eftUDAs. The VisualizeDensity application is
used to calculate the development density andsiealize the density distribution with the color
codes in the PUDM. The ReportProForma applicasamplemented for the BIM-based

economic analysis.

Urban form is visualized with the PUDM. Owing ta@tharametric modeling mechanism in

BIM, the PUDM could transform its geometry accogiin the parameter update. The Building
Objects represented a range of building heighbas#t and depth. The Block Objects
represented a range of sidewalk widths, on-strasdimg spaces, and the street trees. The
Parking Objects represented a range of the orpaiténg spaces or the parking structures. For
instance, in the Farmers Branch zoning codes, thenum building height is 3 stories and the
maximum is 9 stories. In the experiment, the hepgintameter of the Building Objects was
changed to represent the 7 types of building heidhtshort, the use of parameters enabled the

PUDM to represent multiple candidate values ofutiEn regulation provisions.

The analysis of the density distribution acrosstéimesites (Figure 45) demonstrates an example
of how the development performances can be pretlintthe PURM. | could monitor the
density distribution of ten lots and estimate therage development density. In addition, the

impact of the parameter values on the developmamity of each site could be understood.

In the PURMS, a loop of model changes can be autoatig repeated as required. For instance,
the economic analysis in this demonstration teStechemes with 3 types of building height and
2 types of building depth at a same time. In alsingn of the ReportProForma application, the
Pro Forma reports and the model information repgei generated for six schemes

simultaneously.
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7.3.3 Significances

The significance of this contribution is that than regulation modeling in parametric BIM can
enable the assessment of the urban regulation effiehe built environment in the urban
regulation development process. | successfully émgnted the PUDAS to analyze a part of
development performances including developmentaipdhe feasibility of development, and

energy performances.

Further studies may be required to improve thelrasguracy to be used in practice, but the
analysis process was so fast that a set of urlgautatéon schemes could be tested in short time
(Table 20). It implies that an immediate assessmerihg the urban regulation development can

be conducted to ensure the sustainable built emviemts.

7.34 Limitations
The PUDASs implemented limited tasks that | formeithin Chapter 4. The developed
applications support a part of urban regulation efiad in parametric BIM. Still there are many

difficulties and problems in urban regulation dexghent that can be supported by the PUDAs.

Both the economic and the energy analyses wererpgfl not in the parcel level but in the

project level. The simplified Pro Forma estimataamried out the project level analysis. In the
energy simulation in Revit, the all building objgetre considered as one, so the parcel level
simulation results cannot be obtained. In casesohomic analysis, the parcel level analysis

results can be obtained by modifying the Pro Faestamation method.

In environmental analysis, however, further limaas exist. The limited type of building use
and materials are allowed in the energy simulasorthere are mismatches between the urban

regulation model and the energy model, which m#kesimulation results less accurate.
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The application development of PUDAs was carrietdbyuusing particular software, so many
problems and solutions found in the applicationedigzyment, which are software dependent.
Revit is a tool for the AECO industry, so most flimealities are designed to be used in
architectural design. The modeling and applicatiemelopment in this research focused on the
urban scale project, it is required to overcoméouarlimitations of the software environment.

As a result, some findings are not generalizablgther BIM software environment.

The maintainability of the PUDAs is related to Hwtware dependency of the application
development. Developing the applications with theipular BIM authoring tools enabled fast
implementation and visualization, but a continuiegision would be required as the tools and

their API are updated.

7.4 Reduce Ambiguity in Interpretation of Urban Regulationswith the PURM s
This is the third contribution of this research jethwas investigated across the experimental
scenario. In particular, | experimented how the RI3Ran reduce ambiguity in interpretation

when multiple provisions are related to each other.

741 Motivation and proposition

Ambiguity in zoning code interpretation is one loé critical challenges in design. Urban form
and scale are frequently regulated by multiple igios. Many provisions are related to each
other and the relationship among the provisionsanahterpretation complex. If the object
parameters in BIM can represent such relationsdmpsng the urban regulation provisions, some
parameters can be automatically determined by sitheaddition, when a particular site
condition is considered in urban regulation intetation, it becomes more complicated. To

address these issues, | addressed the followinmpgitmon.
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* A PURM based on parametric BIM can reduce ambiguityrban regulation

interpretation during the design phase.

This proposition was addressed across the expetahrggenario.

7.4.2 Methodsand evidences

When a provision is related to other provisionggripretation of the urban regulations can be
complicated. As | described, some relationshipsragribe provisions can be captured as the
relationships among the parameters of the PURMse@re parametric relationships are
established, the parameter values can be syncleahritamplies that once one parameter value

is decided, the other associated values can bemia&l.

For instance, the urban regulation has a provistgalating the minimum open space area ratio
to the site area. In the PURMSs, the Parcel Objecés the ratio value into the parameter and

calculates the minimum area of the open space.

Another provision in the urban regulations reguddtet the height of the parking structure shall
not be higher than the building height. In thisdition, the height of the parking structure is
associated with the building height. The UpdateiRgripplication compares the Building
Object with the Parking Object and then determimesther the Parking Object is taller than the
Building Object. In this case, the relation among heights was stored as a code compliance

checking rule in the application.

In short, once some relationships among the pmviscan be stored as the parametric
relationships, the associated parametric valuedeatetermined at a same time. According to
the priority among the provisions, the dependemagrey the parameters can be defined,

determining the key parameter that can affect gtheameters.

194



Further ambiguity in interpretation is found whesed of provisions requires a sequence of
interpretation. The AssignParkingCodes and the tgptirking applications demonstrate how a
sequence of urban regulation interpretation cacalpdured as a rule-based model transition in
the PURMSs. The applications estimate the requiegllipg number, available lot area for
parking, the footprint area, and the height offiheking structure. | implemented a common

sequence of the parking structure design as follows

(1) The number of parking spaces is calculated fronbthieling use and the gross floor
area.

(2) The available footprint area of the parking struetis calculated according to the site
area, the building footprint area, and the operspaca.

(3) The gross floor area of the parking structure Iswtated according to the number of
parking spaces.

(4) From the required gross floor area (3) and thelabiai footprint area (2), the height of

the parking structure is calculated.

The regulation variables of the first and the selcstep are often defined in the urban
regulations. In the third step, | used two varialita both the average area of the parking
structure per one car space and the average lofitiie parking structure, which are not
specified in the urban regulation provisions. luass that both variables can be identified from

the architectural or engineering standards foptir&ing structure design (Figure 43).

As a result, once the variables were identifiethapplication interface, a series of parameter
values were calculated and some dimensions ofdharg Objects could be calculated. Once
the attributes of the Building or the Parcel Oljeante changed, the Parking Objects could be

updated by using the rule-based model transitioshbrt, (1) the parametric relationships
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represent some relationships among the urban tégularovisions and (2) some interpretation

sequences are represented as the geometry transiés in the PUDAS.

In sum, it can be conjectured that the PURM enadlede-based model transition. The
transition rules can represent some interpreta@muence among the urban regulation

provisions so that ambiguity in the urban regulafiterpretation can be decreased.

7.43 Significances
The experiments of the PURMs show that ambiguityrivan regulation interpretation could be

reduced in several ways.

The multiple parameters that are related to eduodr @an be assigned at a same time by the
PUDAs. In terms of urban regulations, once a value provision is assigned, other related
values can be determined. As multiple values casirbaltaneously calculated, it may be
possible to reduce the amount of interpretatioraddition, it may eliminate the interpretation
process to locate the all related provisions frbeurban regulation documents in that the

relationships among provisions can be establislyezhd within the PUDASs.

Form implication of urban regulations is represdrite all sites in the PUDM. It may shorten
the interpretation process that has been carrietyoindividual designers. It may accelerate the

code compliance checking process that has beeorped by the officers.

One the other hand, the PURMs make it possiblaty out a rule-based calculation by using
multiple parameters that are related to each o&en a certain calculation rule can be defined,
an application can be written to locate all reqiiparameters from the entire urban model to
perform calculations based upon the rule. Furtheentbe rule among the parameters can be

defined in the PUDAS, so the rule can be updatédont modifying the PURMSs.
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744 Limitations

Typically, a prescriptive provision is less flex@blSome flexible provisions are difficult to be
represented in the PUDM. In the experiment, thélaa parking location is more flexible than
the building front facade location. Form implicatiof the Building Object is conclusive in

comparison with form of the Parking Object.

In general, a flexible provision allows various idesoptions, so the level of flexibility is
significant information in design. Each PUDO rer@s multiple provisions having varying
flexibility. In case of the Parking Object, the ¢iei parameter is less flexible than the disposition
parameter. However, both parameters are builtdrséime object without considering the
flexibility of the regulation provision, while it as well identified in the textual urban

regulations.

This contribution was led by the single experimeith a self-test. However, the PURM has
been tested in several research projects andshiésdave been published. The initial research
findings were published in three conferences (Kiralg 2010; Kim et al., 2011; Kim et al.,
2013). In the QNV-1V system development researdhyon, Booth and Kim, 2013; Clayton,
Booth, Kim, and Zarrinmehr, 2013), the PUDM andaa pf PUDAS were tested for the
Campus Pointe project, mixed use neighborhood dpugnt in the Texas A&M University.
The PUDMs in Chapter 4 and 5 were created base¢ldeoGampus Pointe project. Lastly,
measuring reduced ambiguity with PURM would be sssé through the usability test to collect

subjective responses of the user groups.

7.5 Discussion of Contributions
In the previous sections, | discussed three carttdbs of this research. In the PUDM, typical

and important provisions of the urban regulaticas be represented. By using the PUDAS, the
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development performances of a range of the urbgudaton provisions can be tested in the
PUDM. Visualized and analyzed development perfogearn the PURMs can reduce
ambiguity in interpretation of the urban regulatpovisions. From three contributions and
findings, it can be concluded that the PURM hastantial to enable the stakeholders in urban

regulation development to device and use the urbgulations effectively.

The contributions of this research provide impimas to further research and developments that

have significant value to industry and education.

Accelerate the urban regulation modeling processin parametric BIM: The PUDAs could
accelerate the urban regulation modeling procesenjunction with the PUDM. For urban
regulation modeling in parametric BIM, many taskgd to be repeated across the parcels. The
PUDAs could carry out such tasks without a tremesdone. A test with a set of parameters to

the multiple sites could be processed fast comijgetfee manual process.

Predict the environmental footprint of the urban plan: Research on the BIM-based energy
simulation tool is a rigorously developing areae@f increasing concerns is a seamless
integration between design and energy simulatiacilifating the use of energy simulation in the
design phase. In many BIM-based energy simulatiofst the energy model can be generated
from BIM. It implies that once an urban regulatimoedel is created in BIM, it may be possible

to use such simulation tools in the urban regutatievelopment process.

A shared database of urban regulation regulations. The PURMSs can be shared by the urban
design stakeholders for various purposes. For pigrofficers, they can provide the regulatory
information with the PURMSs. Citizens can monitoe flature development in their community.

Designers can access the PURMs to identify thelderent requirements. Different level of
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access permissions may protect the significantaégny information embedded in the shared
PURM database. Some PUDAs can be provided to deseddor code compliance checking

prior to the planning review process.

Formalization and automation of the urban regulation modeling rules: Formalization and
automation of the urban regulation modeling ruteparametric BIM is the future research. One
significant finding in this research is the rulésidan regulation modeling in parametric BIM
investigated in the PUDM development. The ruledagrpd how to represent the urban
regulation provisions with the BIM objects and thgrameters based upon the concept of form,
function, and behavior. If a set of rules can lrenfalized, the manual modeling process can be
documented to be used in future urban regulatiodetivg. If the formalized rules can be

mapped into the PUDAs, automation of the modelirag@ss would be achieved.

A tool for urban regulation development: The PURMSs have a potential to be used in therurba
regulation development process. The PUDAs can parfast model creation, continuing model
changes via parameters, and various performandgsasaf the urban regulation schemes. If a
set of candidate master plans are tested in theM& JReir development performances can be
compared for decision making in planning reviewdésign charrette, as citizen’s inputs are

collected, various schemes can be immediately Wmehand analyzed.

A tool for model-based resear ch: The PURMSs were developed as a tool for modeldbase
research to provide the empirical evidences inrgsgarch. The PURMs generated the
spreadsheets including a large amount of informadfdhe urban regulation provisions and
development performances. As | demonstrated ixperiment, such database can be used to
analyze the relationship between the parametershendievelopment performances. Research on

the regulation impact on the built environmentristher future research by using the PURMs
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and the existing urban regulations.

A tool for education: The PURMSs has a potential to be used in educdticthe urban design
studio, the PURMSs can provide zoning code inforaratio that the students can propose their
design over the PURMS. In the urban planning clesstedents can understand form implication
and development performances in the parametric &Mronment without using conventional

land use and zoning maps.

The value of this research is that the PURMs caoe a new mechanism and platform that
encapsulates the urban plan instead of beingia stgulation tool and that improves the quality

of urban planning outcomes and development conabpation.
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