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Executive Summary

The purpose of this report is to define the important problems for a requirements management interface to
building product models and outline the research needed to address these problems. The goal is to create
a Requirements Model Specification, to enable active connections between the requirements for a building
project and the Building Product Model based design solution. The focus of the Requirements Model
Specification will be in the clients’ (owner's and end-users') requirements, but it will also include connec-
tions to some external requirements, like for example requirements set by the community or regulations,
like building code. However, the detailed requirements analysis of the external requirements for building
projects is not in the scope of this report.

In current AEC practice client requirements are typically recorded in a building program, which, depending
on the building type, covers various aspects from the overall goals, activities and spatial needs to very de-
tailed material and condition requirements. This documentation is used as the starting point of the design
process, but as the design progresses, it is usually left aside and design changes are made incrementally
based on the previous design solution. As a consequence of several small changes and without any con-
scious decisions to change the scope, this can lead to a solution that may no longer meet the original re-
quirements. In addition, design is by nature an iterative process and the proposed solutions often also
cause evolution in the client requirements. However, the requirements documentation is usually not up-
dated accordingly. In the worst case the changes are recorded just in the memory of the participants, and
in the best case in meeting or personal notes. Finding the latest updates and evolution of the requirements
from the documentation is very difficult, if not impossible.

This process can lead to an end result, which is significantly different from the documented client require-
ments. Some important client requirements may not be satisfied, and even if the design process was
based on agreed-upon changes in the scope and requirements, differences in the requirements docu-
ments and in the completed building can lead to well-justified doubts about the quality of the design and
construction process.

Our observation is that even a simple active link between the client requirements and design tools can in-
crease the usage of requirements documentation throughout the design and construction process and fa-
cilitate necessary updates of the client requirements. The key limitation is the lack of a theory to link the
requirements to the design systems.

The research needed to formalize a Requirements Model Specification linked to Building Product Model
based design tools to improve the quality of the process and the documentation includes the following
points of departure:

e Design as an information process

o Existing client requirements documentation

o Lawrence Berkeley National Laboratory’s Design Intent Tool for technical systems
e Existing IFC Specification and its implementation

o Building Lifecycle Interoperable Software (BLIS) views to the IFC Specification.

The research is part of CIFE’s Virtual Design and Construction (VDC) framework; objects in the require-
ments model represent Desired Product Form in the Product-Organization-Process (POP) ontology.

The proposed plan consists of four phases; analysis of client requirements, development of a Require-
ments Model Specification and its links to the IFC Specification, extension of the BLIS view for IFC imple-
mentation, and validation of the Requirements Model Specification.

The anticipated scientific contributions of this research are: specification for the link between client re-
quirements and product model objects, specification for the aggregation of indirect requirements from the
direct requirements to the building elements, extended view “Room Program -> Architectural Design” for
the IFC product model implementation. In addition, we believe that our research will also create a basis for
several future research topics in this area.

The anticipated main contributions on a practical level are the proposed framework for requirements man-
agement during the design process and interaction between the design solutions and client requirements.
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History of the “PREMISS” Name

The research project is named “PREMISS” based on a loose abbreviation of its original
name (Product Model Extension for Requirements Management Interfaces) and this
name is used in this document to identify some parts to the project, like “PREMISS Da-
tabase” or “PREMISS Model”. PREMISS was selected because it is an old British form
of the word “premise” and thus, fits well to describe the main topic of our research - client
requirements for a building project.
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Introduction

The purpose of this report is to define the starting point and plan for research to create a
Requirements Model Specification’to enable active connections between Requirements
for a building project and its Building Product Mode/based design solution. The main fo-
cus of the Requirements Model Specification will be on the Clients’ Requirements but
the specification will also cover some aspects of the Requirements set by the community
and regulatory agencies, like the building code.

A building program specifying the project’s goals and Requirements for all the spaces is
the typical Client Requirements documentation in building projects, though there are also
several other methods to capture Client Requirements. Regardless of the capturing
method, the Requirements, depending on the project type, consist of more or less de-
tailed information about the required properties; net area, activities, connections to other
spaces, security, appropriate or desired materials, conditions like daylight, lighting, tem-
perature, sound level, etc. Many Requirements also "cascade"; e.g., create additional
Requirements to building elements bounding the space and systems serving the space.
Moreover, an important part of the design process is that some Requirements can be in
conflict; the Project Team must often prioritize and make trade-offs between different
Requirements, which creates the need to update the Requirements, and thus, manage
and document the changes to the Requirements and the design solution.

In practice several factors make it virtually impossible that all the participants know and
remember all the relevant Requirements and especially their relationships to each other
and to the design solutions. The main reasons for this argument are:

¢ The amount and complexity of project information,

e The duration of projects,

e The need for designers to work simultaneously on many projects,
¢ Changing stakeholders in different project phases, and

¢ Shifting design focus, e.g., moving from overall problem solving to detailed techni-
cal solutions.

1.1 AEC Process

The Stanford project guidelines "Heartbeat" (Figure 1) represent a typical description of
the design and construction process. Though it is basically correct, it creates an image of
a sequential process, where the Requirements are set in the programming phase and
design is just solving the needs documented in the programming phase.

' Definitions of all terms formatted in Underline ltalic are in Appendix 2
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Figure 1: "Heartbeat", the Project Delivery Process at Stanford [Stanford 2001 ']

However, this is not the case; design is by nature an iterative process, and the provided
design solutions affect also the Client expectations, thus causing evolution of the Re-
quirements. Though the intensity of Reqguirements definition and design activities, and
the character of the changes, are different in different stages of the process, we argue
that the process should be described as partly parallel activities, including Requirements
Management through the whole process and several stages where local authorities
check if the design and construction meet the regulations [Figure 2].

Regulations and other external requirements

Building Perm@ Inspectio

Requirements setting and management
el

Decreasing intensity

Design

. Construction

Figure 2: Parallel process view

Facility Management

The iterative nature of the design process and the usually large number of changes dur-
ing the process increase the complexity of the problem. The Project Team has to make
rapid decisions on how to solve a specific issue, and it is often difficult to notice all inter-
dependencies. Thus, a solution, which is meeting one Reguirement, can have a signifi-
cant negative effect on another crucial Requirement. One trivial example of this is ac-
cessibility vs. access control; optimizing the accessibility to the various spaces in a build-
ing is in contradiction with access control, which demands as few access points and
alternative routes as possible. Our observation is that the current process could improve
significantly if:

o The Project Team could manage and update the evolving requirements, and

e The designers could easily find the requirements related to their on-going task

A logical solution is a data interface, a link between the Requirements and the design
solutions, which connects the Requirements better to the design process and helps de-
signers to understand the interaction between the Requirements and design solutions
[Figure 3].
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Figure 3: Proposed approach supporting interaction between Requirements and design solutions
using linkage between Requirements Mode/and existing Building Product Modelbased design, construc-
tion and facility management software.

1.2 Shifting Focus

After conceptual design the Requirements Documentation is usually not used actively in
the current process [Section 3.2.2, A2], and often the evolving Requirements are not
even communicated to the whole Project Team [Kagioglou et al 19984. Thus, the
changes are compared to, and decisions made based on, the previous design solutions.
The current design tools do not support recording of Client Requirements or designers’
intent in the documents. Thus, the people deciding on the changes do not always even
know the original intent, and the solution can "shift away" from the original goal [Figure 4]
without actual decisions to change the goal or understanding the contradiction between
the proposed design and project goals.

[Client's requireme:n.fg_'_":_ff::.: u Goall ]

inificl solution {65

Figure 4: Shifting away from the goal
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Our observation, supported by interviews and discussions with many industry experts
[Discussion and interviews 2002-2003 ], is that to some extent this happens on most
projects. This does not mean that most buildings are badly designed, or that they do not
meet their overall purpose. However, we argue that they often miss some properties,
which the end-users might have preferred, and that the changes of Requirements are
not well documented. This happens because the design tools do not support such
documentation, and the design process includes many trade-offs between different Re-
quirements. Therefore, we suggest that the changes should be based on conscious de-
cisions to adjust solutions [Figure 5], Requirements [Figure 6], or in most cases both,
and that the approved updates in the Requirements should be recorded so that they can
be checked and compared with the final building afterwards.

|C"enfs[eqUi[eme:.nTs\..._'_;,. IPTRERETY [t ANERRSST AN [ TESIENP R o: (oMLt .I

| Inifial solution :

Figure 5: Adjusting design solutions

[Clienf's requiremen‘ré_'__",_"._-.> To -{f ((’;'?j'glo' |

Initial solutfion

End pdated
result | goal

Figure 6: Adjusting requirements

1.3 Main Problems

The main problems we have identified are:
A. No connection between requirements and design documents

The current design tools do not support documentation of the reasons behind the design
solutions. As described earlier, the Requirements Documentation is used usually only in
the early design stages. Later in the process the changes are made based on the previ-

ous solution. This leads to the two main problems described above: The design can shift
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away from the original goal, and the evolving Requirements are not updated in the Re-
quirements Documentation.

B. The impact of project personnel changes and project duration

In the current process the Requirements Changes are not updated coherently and in an
easily accessible format. In the best case, they are stored in the meeting minutes, but
often only in the minds of the Project Team as tacit and implicit knowledge [Section 3].
Even if the changes are documented in the minutes, they are scattered and difficult to
find, especially for people, who do not know exactly what and where to look for. This
situation leads to significant loss of Requirements Knowledge if some key persons leave
the Project Team. Long project duration has a similar impact because of personnel
changes and human difficulties to remember details.

C. Impact of "middle-men" in the process

The actual end-users are not always closely involved in the design and construction
process. Thus, they may lack means to follow and control what happens to their de-
mands in the process. This emphasizes the need to have Requirements actively linked
to the process, because it would help the designer to find the relevant Requirements
more easily themselves. In addition, because of described inadequate documentation of
the Requirements Changes, it is difficult to find the approved Requirements Changes,
and the end-users may compare the building to the original, outdated Requirements.

D. Direct and Indirect Requirements

Most Client Requirements are related to spaces and in current practice recorded in the
building program. However, these Direct Requirements often aggregate /ndirect Re-
quirements to the bounding elements and technical systems. Bounding elements, e.g.,
walls, windows, doors and slabs, can have Requirements, like, for example, sound or
thermal insulation, security, load bearing Requirements, etc., inherited from the space
Requirements. Likewise, technical systems, like mechanical, electrical and plumbing
(MEP) systems or information and communication networks, can /nherit Requirements
from the space Requirements. These /ndirect Requirements can be difficult to notice or
remember, because the detailed design related to them often happens late in the proc-
ess, and is often done by people who were not involved in the early stages when these
Requirements were defined, and the design documentation does not include the Re-
quirements Documentation.

Our observation [Section 3] is that the effect of these factors could decrease, if the Re-
quirements would be easily available and actively linked to the design solutions. Another
important part of a good solution is the appropriate level of detail; i.e., to find exactly the
relevant information for the on-going design task from the project data. This need also
creates the demand to link the Direct and Indirect Requirements, so that for example the
wall Requirements caused by the related space Requirements can be easily found.

The existing, structured Requirements Documentation in the beginning of the process
provides a potentially usable starting point. The key limitation is the lack of a theory to
link the Requirements to the Building Product Mode/based design systems. The key ele-
ments missing are:

e Lack of a formal specification of the link between Requirements and Building Prod-
uct Model, and
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¢ Lack of a formal specification to aggregate the /ndirect Requirements for bounding
elements and technical systems from the Direct Requirements.

14 Conceptual Model Structure

To address these limitations, we propose a concept that divides a project’s information
model on the instance level into four separate models [Figure 7]:

¢ Requirements Model
¢ Design Model(s)

¢ Production Model(s)
e Maintenance Model

Alternative Alternative Virtual \
Solutions . ... §_c_g!gt|ons ~ Integrated
........... ...  Building
Biodicion 1 mrormaton
Models) ;  'VI0d€
Version1 i
-
S i Prodiciion :
Model(s) RK*"? Model(s)
Version2 [\ | i Version2

.
- S
- »
s -
feEamassssamunsst®

........
-------------------

#  Design Production Facility
?  Model(s) Model(s) Management
i Version 3 Version 3 Model

_ e ey g

Figure 7: Model Hierarchy and Connections

There are several reasons for this proposed separation:

o Typically the Project Team produces several alternative design proposals, which all
are expected to meet the defined Requirements. Thus, having one Requirements
Modellinked to the alternative Design Models is a logical structure instead of multi-
plying the same Requirements to different design alternatives, which would easily
lead to Requirements Management problems. Similarly there can be several alter-
native Production Models and finally a separate Maintenance Model. All these four
models should be connected into one virtual Building Product Model, so that it is
possible to access the content of the different models and compare the alternatives
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at any stage of the process [Figure 7]. This report focuses on the Requirements
Model and its connection to the Design Model(s).

¢ One Instantiable Requirements Entity (IRQE) can relate to a number of separate in-
stances with identical Requirements in the Design, Production and Maintenance
Models.

e The existing Building Product Mode/standard, Industry Foundation Classes (IFC),
has been developed to describe mainly design solutions, and its current structure
does not support Requirements Management well, neither does the internal struc-
ture of existing design software. The implications of this are described in more de-
tail in Section 4.4.

e The flexibility of the Requirements Mode/structure is greater if the models are
separated and connected with a “thin” link. In this case, for example, the only ele-
ment needed for the link of space Requirementsis an ID in the space object, which
is supported by almost any design software. For /ndirect Requirements the func-
tional demand is to recognize the connection between bounding elements and
spaces, which is supported by some commercially available Building Product
Mode/based software.

¢ Another reason for the separation is to make the distinction between Requirements

and Properties clear; for example sound insulation is a Requirementin the Re-
quirements Modeland a Property in the Design Model.

Requirements Model Product Model
Physical room instances with locations
ARgE, Abstract IRqE, Instantiable | E———
Reguirements Entities Reqguirements Entities :\ I
RoomTypes Rooms N a \\’5 M~
Office type 1 Office room 01 101 192 15 103
« type specific * type requirements Office] Office Office Office
requirements +required area 01 01 01 01
+number of rooms
+department
+connections 2
] =
Lab type 2 = | | | Office room 02 — =
. ifi © » type requirements /
gﬁiu?epsnceﬂ& £ Ly | +required area s e
E +gumber of rooms 105 106 107
[ icell s | Mtng room Office
2 1 o2 M1 02
= Mtng room M1
g « individual requirem.
o including area, [ = — 7 e
s gumber of roorgs, H
= epartment an T
=3 connections \A
& y \V T -
Lab room L1 108 109 110 111
:rtYPe requirements Lab Lab Lab Lab
area
+number of rooms L1 L1 L1 L1
+department
+connections

Indirect requirements for bounding
elements and technical systems

Figure 8: Proposed concept to link detailed space requirements to a building product model:
Relations between requirements types (ARgE), requirements instances (/RgE), physical room instances
and /ndirect Requirements.
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A further important observation is that the “/nstantiable Requirements Entities’ (/RgE) in
the Requirements Modelhave no_Geometrical Locations, i.e., the Requirements for
bounding elements can relate to one space only. In the Design, Production and Mainte-
nance Models the bounding elements are always between two spaces; either between
two rooms or as a part of the building envelope. This means that the Requirements for
the bounding elements must be aggregated from the Requirements of the related
spaces; they can not be defined directly for the building elements in the same manner as
the space Requirements relate to the spaces.

1.5 POP, FFB and VDC Framework

The Center for Integrated Facility Engineering (CIFE) at Stanford University has intro-
duced the concepts of Product-Organization-Process (POP), and is using Form-
Function-Behavior (FFB) modeling for Virtual Design and Construction (VDC). This
framework enables integration of different models, which are often seen as separate en-
tities. Each of the POP elements consists of all three FFB elements, which are divided
into three sub-elements; Desired, Predicted and Observed [Figure 9]. This structure pro-
vides a conceptual framework for a project ontology connecting the different views to the
information. Our Requirements Modelrepresents Desired Product Form connected to
the Predicted Product Form (Design Model) in the POP ontology.

Desired_Product_Form

.'"i;Pmd““—Form = =i ,0I}ser\re(l_Producl_Form

'Pre(licle(I_PrO(Iucl_Form

A project is an object
cormnposed by PRODUCT,
ORGAMIZATION and
PROCESS descriptions

Figure 9: POP Ontology [Garcia et al, 2003 4]
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2 Definition of the Research Scope

Our research is focusing on the Requirements Mode/ _
. . . ; External Client
and its connection to the architectural Design Model The RE , nw
. . — . quirements| |Requirements
Reqguirements structure will be based on traditional build-

ing programs. The Direct Requirements are limited to ar- of the

chitectural design. The aggregation of /ndirect Require- Direct Requirements
ments to the bounding elements, e.g., walls, windows .
and doors, from these Direct Requirements is within the Site

scope of our research.

Detailed Requirements for other design areas, like MEP Building Spaces
and structural engineering, are not in the scope of the : T
research, but the connection from architectural design to 3 ;

these design areas will be addressed. However, only the ;Iﬂdirect'"ﬁeqkif'remﬁnt%
need for such a connection from the architectural design Bounding :
will be analyzed and shown, but the detailed content of P [ Bements |
these Requirements is not in the scope of the research. I ¥

: , " , | Structural Technical
Project types in the research are limited to office and E Sr;lsigr;a Seycstgﬁi H
laboratory buildings. Other building types are not in the : T ~F
scope.

Figure 10: Scope of the work

Because many Client Requirements are based on descriptions, not on technical values,
automated comparison of the Requirements and Design Models is out of the scope,
though one can assume that the proposed system would enable automated checking of
how well a design solution meets the Requirements at least to some extent.

PREMISS Report Page 13/62



3 Test Cases

To test the existing problems and possible solutions we studied the building programs of
two real world projects, implemented some test databases in MS Access and entered
the project information into the database. The two projects are the ICL Headquarters
project in Helsinki built in 1994-1996 and the on-going Lucas Center Expansion at Stan-
ford University. These two projects were selected to test the generality of the problem
and proposed solution, because their characteristics are very different. The ICL Head-
quarters is a large office building consisting mainly of standard office rooms, but includ-
ing also some special rooms and Requirements. The Lucas Center Expansion is a small
special laboratory consisting mainly of unique rooms with very little repetition.

In the test cases the research concentrated on Client Requirements related to the
spaces only, External Requirements were not in the scope at this stage.

3.1 ICL Headquarters, Helsinki

The case, which suggested the idea for the potential solution, is the ICL Headquarters
project designed and built in Helsinki, Finland from April 1994 - June 1996. The project is
a large office building for 1,000 employees, including space for an extensive computer
service and delivery center. The net area in the building program is ~20,000 m?, consist-
ing of "800 rooms. The project’s building program was done entirely in MS Excel based
on a simple room type classification. In the design phase, MS Excel data was linked to
AutoCAD, where rooms were represented using simple objects consisting of polylines
and extended data linking the rooms in the drawings and the area Requirements in the
MS Excel spreadsheet. During the entire design process, the 7arget Values were com-
pared to the design solutions almost in real time, at least once a week, by exporting the
actual areas into MS Excel and comparing them to the 7arget Values. However, Client
Requirements other than area were not linked and observed using this method.

The ICL Headquarters’ building program was one document. The required areas were
constantly compared to actual design solutions and the requirements file was constantly
updated during the design process. The Requirements Documentation with respect to
required room areas was coherent. The only identified problem was related to the struc-
ture used in the document: All classification codes and Requirements were entered
manually in each cell, which created the possibility for incoherent content and made up-
dates more laborious. Use of references to one data source, i.e., a simple jnheritance
structure, would have prevented this problem.

3.2 Lucas Center Expansion, Stanford University

The structure and size of the building program of the Lucas Center Expansion project is
very different from the ICL Headquarters. The Lucas Center Expansion (LCE) is a small
special laboratory for Cyclotron and 7T magnetron laboratories for Stanford University.
The net area is 480 m? including 23 rooms in the first room program (February 1%, 2002),
and 1,300 m? including 43 rooms in the latest available documents (October 18", 2002).
The available project documentation consists of a set of design sketches, drawings and
MS Excel spreadsheets of different project stages, the architect’s requirements database
in Claris Filemaker, meeting minutes, and technical specifications. The project was in the
early construction stages when the study was done (November 2003), and the final pro-
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ject documentation was available, but it was not relevant for this research because it
contained only design solutions, no updates of the Requirements.

LCE’s Project Manager (PM) and MBT Architecture’s Project Architect (PA) provided
some insight on the project. The basic conclusion based on these interviews is that Stan-
ford’s projects are generally well-managed and have clearly defined processes for differ-
ent stages. However, as is typical in the AEC industry, the Requirements Capturing
process is somewhat fuzzy, based strongly on meetings, where end-users and the Pro-
ject Team are interacting trying to find solutions to specific problems. The decisions are
recorded in the meeting minutes, and the room areas of each design stage are docu-
mented in MS Excel spreadsheets. The reasoning behind the changes and proposed so-
lution becomes tacit knowledge and is “stored” only in the minds of the participants.

3.2.1 Interview with the Project Manager

On this specific project, the Project Manager recalled two major issues where the neces-
sary Requirements Information was not available causing problems to the design proc-
ess:

¢ In the first sketches the cyclotron and 7T laboratories were co-located. The reason-
ing for the design solution was to combine the heavy MEP systems and their spa-
tial needs and separate them from the less demanding office and laboratory
spaces. The whole Project Team was satisfied with the solution until the equip-
ments’ technical information from the manufacturer showed that the rooms must be
as far apart from each other as possible, because of the electric and magnetic in-
terference. This lead to a completely new design starting essentially from scratch.
This could have been avoided if the necessary information had been available in
the space Requirements.

e The other major issue was the number of fume hoods in one laboratory. The origi-
nal demand for fumes was 6, then 8 and finally 12. However, at that stage 12 fume
hoods were not possible because of the increasing spatial need for ducts. After
some lengthy discussion, the problem was solved by having eight fume hoods of
the original type and four additional bio-safe fume hoods, which circulate the air in-
stead of exhausting it.

Both cases illustrate the need for detailed Requirements Information in the early design
stages, and the connection between Requirements, spatial solutions and technical sys-
tems. The first example illustrates “inverse adjacency”; i.e., the need to know which
rooms must be far apart. The second example illustrates evolving Client Requirements.
However, these examples are just anecdotal information and based entirely on the PM’s
memory. The design history or the actual Client Requirements were not recorded in the
documents in a way which would enable tracking of changes.

To the question if the PM could find the Reguirements or design criteria to a specific
space or building element, his answer was a direct and emphatic "No'. He said that it
would be a very laborious task to go through the meeting minutes trying to find the Re-
quirements for any specific space or building element. An excellent practical example of
this problem is a quote from the PM's secretary's email: "/ am attaching samples of pro-
gramming documents per your request, but | am having a hard time finding MBT's de-
sign criteria." So, not only detailed Requirements, but even the high level documents are
hard to find in the current process. Of course this is a problem, which can be solved
partly just by using existing document management systems, but document based sys-
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tems cannot provide formal linking mechanisms to the information content with the nec-
essary structure, as a model based environment can do [Section 4.1].

The PM's opinions about the identified problem were:

e “The problem of Requirements Managementis real. We have no mechanisms to
record, manage and track changes in Requirements and especially the reasons
behind them.”

¢ “Lots of information is totally ‘human dependent’. Thus, keeping the same people in
the process is crucial, and for Stanford University the preferred method is to work
with the same people in several successive projects.”

e “QFD[Quality Function Deployment] /s an interesting method”. (The PM had
just read an article on QFD in the Journal of Construction Engineering and Man-
agement. °) The PM felt that “the main reason that it is not widely used in the con-
struction industry is its separate software environment; there are too many software
tools in the process already. If the Requirements Management so/ution would be
Integrated on the same platform, which is already used in the process, the usability
and benefits would be much higher.”

3.2.2 Interview with the Project Architect

In an interview, the Project Architect gave the following answers:

Q1a: Could you find the answers and how much time it would take if you would have to
trace back any specific Requirements, like, for example: “What did the client exactly re-
quire for this laboratory? When and who set the Requirements?”

Ala: “We back up the design documents of every phase. It would take several hours for
me to restore the backups, but then we could trace back how the design solutions devel-
oped. However, we do not record the actual Requirements Changes. The only docu-
ments where this could be found are the meeting minutes, but they do not cover all is-
sues.”

Q1b: Could anyone else find them and how much time would it take?

A1lb: “Even in the best case it would take much more time than for me. In the worst case
they could never find the right answers.”

Q2: Can you recall concrete situation, where you spent much time searching for relevant
Requirements or where you worked with the wrong assumptions?

A2:’Not on this project, because we have been involved from the beginning. But it hap-
pens often if the project personnel changes, because a large amount of the information
IS just in the head of the Project Architect.”

Q3: Do you use any other methods to communicate the Client Requirements to the other
participants than telling what you know?

A3: “Only in the programming phase, where we use our database tool to record some
Requirements, but even then not all the details. In the design development phase there
/s too much work and information. We don't update our requirements database after the
programming phase. The information in later phases is our design recorded in the draw-
ings and other design documents.”
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Our review of the architect's requirements database supports the statement that not all
the details are recorded [Section 3.2.3].

3.2.3 Detailed Findings and Problems for the LCE project

Based on our experience and the interviews and discussions with industry experts [Dis-
cussion and interviews 2002-2003 °], the information management problems increase
when the project size and complexity increases. The Lucas Center Expansion is a small
project, and the amount of information in the Requirements Documentation was also
relatively small, but despite of this the information was incomplete and contained several
inconsistencies, which demonstrates that these problems occur on small and large pro-
jects.

The main problems were related to the use of two different sources of information, the
PM’s MS Excel spreadsheets and the PA’s requirements database, and their different
and partly inconsistent content. In addition, the MS Excel sheets for different stages
were in separate files and the development history or reasons were not recorded even
for large changes. For example the changes of the net area in different stages were very
large (242%-1076%) [Table 1]. In fact, only the first version (February 1, 2002) presents
the actual Client Requirements; |later versions summarize rather the design status in dif-
ferent stages.

More complex technical specifications, like MEP descriptions, have no relation to the
PM’s or PA’s Requirements Documentation. “MPE Utility Planning and System Descrip-
tion VI, March 05, 2002” specifies clearly the Requirements for the two main rooms, 7T
MR and Cyclotron, but the required properties for the other rooms are not easy to inter-
pret. However, because the actual MEP systems are out of the scope for this research
this was not studied in detail. It indicates though, that the Requirements Management
problem is also related to other design areas.

Table 1: Changes of the building program summary of Lucas Center Expansion

Feb 01 Apr17  Change Sep11 Change Oct18 Change Nov26 Change To

2002 2002 2002 2002 2002 Original

7T MR 2380 1680 71% 1736 103% 1802 104% 2011 112% 84%
Cyclotron 1050 1034 98% 997 96% 1005 101% 2 536 252% 242%
Hot Lab 1020 690 68% 1288 187% 1120 87% 0% 0%
Wet Labs 3550 1076% 3252 92% 4 326 133% 4 505 104% 442%
Lab subtotal 4 450 6 954 156% 7273 105% 8253 113% 9 052 110% 203%
Admin & Support 750 750 100% 750 100% 2 856 381% 4926 172% 657%
Total 5200 7704 148% 8023 104% 11 109 138% 13978 126% 269%
Technical spaces 771 1150 149% 1162 101% 1196 103% 155%
Unassigned spaces 5195 5234 101% 5895 113% 5895 100% 113%
Gross area 10400 13670 131% 14 407 105% 18 166 126% 21 069 116% 203%
Efficiency, real 50% 56% 56% 61% 66%

100% 131% 139% 175% 203%

The following is a detailed list of discovered problems and contradictions:
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PM’s MS Excel spreadsheet:

The information content is just ID, name, area and Required Location (floor) -> the
file covers only area Requirements, all other Requirements are only in the archi-
tect’s database. In fact, as mentioned before, even the area information is reflecting
rather the design status than the Client Requirements.

The same Room ID (5.10) is used for two different rooms -> Information and Com-
munication Technology (ICT) based identification is impossible.

Three rooms do not have IDs at all -> ICT based identification is impossible.

In some cases a manual summary of rooms per floor exists -> summary and indi-
vidual areas do not match.

The original area Requirements are not stored -> changes are difficult to follow.

PA’s requirements database:

Only 1/3 of the rooms are in the database (13 of the 39 rooms in the PM’s MS Ex-
cel spreadsheet).

Area Requirements are not included in the database.

The IDs are often different or missing, and the room names are often different from
the names in the PM’s MS Excel spreadsheet -> ICT based identification is impos-

sible, and in some cases identification of rooms is impossible even for people, who
do not have the tacit project knowledge:

There are two different wet labs, but they do not have IDs -> it is impossible to
know which is which in the other documents

Hot labs are missing from the MS Excel file

In some cases there are adjacency references to rooms, which do not exist in the
documentation.

There are several, slightly different ways to document the same issues:
Room types

Activities

Materials

Casework and equipment

There are some obvious mistakes in the Requirements.

The natural light Requirements are sometimes in unnecessary (storage rooms) or
absolutely impossible places (cyclotron room). It appears to be a default value in
the database, and as a consequence, it is listed for these rooms as well.

A 1’ door in the Hot Lab/Research room
A maximum noise level Requirementfor a storage room.
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3.3 Conclusions from Both Test Cases

Based on our own experience and several interviews and discussions with industry ex-
perts [Discussion and interviews 2002-2003 7], the Requirements Documentation and
process in the LCE project are a typical example of practices on current construction
projects. Different parts of the Reqguirements are documented in several documents, and
there is no comprehensive document containing all needed information. In addition, the
names and IDs for the rooms are often ambiguous, and similar Requirements are formu-
lated in different ways. This makes it difficult to connect Requirements to the correct
room even manually, and any use of ICT to manage the relations between the Require-
ments and design solutions is impossible.

The main problem categories in the Requirements Documentation for the LCE project
were:

¢ Lacking or different identifications of the rooms,

e Contradictions in the content of different documents,
¢ Incoherent way to describe the same Requirements,
¢ Wrong or missing information,

¢ Instead of actual spatial Requirements the documents recorded the areas of the
rooms in the design solution, and

¢ Documents specifying detailed technical Requirements had no relation to the room
related Requirements Documentation.

Though many of the mistakes in the LCE project were small, and probably caused little,
if any, real problems to the people, who have been involved in the project all the time,
they are a clear indication of the general Requirements Management problem in the cur-
rent process. To anyone, who joins the project later, it is very difficult and time consum-
ing, sometimes impossible, to find out which Requirements are correct and still relevant.
Furthermore, someone who wonders about the growth in the size of the project will have
great difficulty finding an answer in the project documents.

Though only the required area information of the ICL Headquarters project was linked
with the design solution, it provided some real benefits. ICL’s Project Manager states:
“Still today, over 9 years later, ICL Headquarters is the only project, where we got practi-
cally real time information comparing actual areas to the building program on a detailed
level, and was able to follow constantly that the project design stayed within the allo-
cated limits. “In addition, despite the simple approach taken in the ICL project to only link
the Requirements and the design information for comparing required and real areas, the
coherent Requirements Information suggests that a link between Requirements and de-
sign tools and the constant use of Requirements Information in the process could im-
prove Requirements Management.
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4 Related Work and Current Limitations

As stated in Section 1.3, there is no theory, which would provide the basis to link Re-
quirements to a Building Product Model representing a design solution. A solution to the
above mentioned problems can build on the following five starting points:

¢ Design as an information process,
e Existing Requirements Documentation,

o Lawrence Berkeley National Laboratory’s (LBNL) Building Life-Cycle Information
Support System (BLISS) and Design Intent tools

o Existing /FC Specification and implementation, and
¢ Building Lifecycle Interoperable Software (BLIS) views.

Design as an information process justifies why the Client Requirements and their man-
agement should be linked to the design process. Existing Client Requirements provide
the basic content for the Requirements Model, i.e., what should be linked. LBNL’s De-
sign Intent and BLISS tools are a reference for Requirements Managementin the MEP
area. The existing IFC structure describes what is available and what is missing in the
Building Product Mode/based design software; to which Requirements can be linked,
and the existing implementations and BLIS views provide the technical platform; how to
establish the link. The existing elements are Requirements Documentation and Building
Product Mode/based design software, the main limitation is the lack of a method to link
these and handle the relation between Direct and Indirect Requirements [Section 1.4
and Figure 15].

4.1 Information Processing and Management in Design

Froese (2002 ®) describes the design process as an information processing activity: "A#/
design and management tasks are primarily information-based activities, they take cer-
tain information as inputs, create new information about the project, and produce some
type of information as a result'. In the beginning of the process, the inputs are Client Re-
quirements and External Requirements, like, for example, site Requirements, building
codes and other regulations, and the Project Team's knowledge [Kamara et al, 2003 4.
Later in the process the previous design solutions - modified information - are increas-
ingly used as inputs, while the use of Client Requirements - original information - de-
creases [Section 3.2.2, A2]. As described in Section 1.2, incremental changes based on
previous solutions without comparison to the original Requirements can gradually lead to
an end-result, which differs significantly from the Requirements without conscious deci-
sions to change the scope of the project. This is the key observation behind the Re-
quirements Management problem, which is the basis for this work. However, there is lit-
tle research of this problem related to building programs in the building design process.

Efficient and appropriate information management is crucial for the success of the pro-
ject [Best and De Valence 1999 '°, Kamara et al 2003 ""). The information processing
needs in complex building projects are very high and the increasing demands to fast-
track the process make the information management an even more crucial issue [East-
ham 2002 ?, Confederation of Finnish Construction Industries 2003 ™|. The develop-
ment of ICT has provided significant help to many of the problems related to information
management.
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However, many design tools were developed to automate drafting, instead of serving in-
formation management. The drawing based documents are human, not computer inter-
pretable, which sets serious limitations to the reuse and linkage of the information repre-
sented in the documents [Froese 2002 ). Froese identifies two basically different ap-
proaches to the information management problem: Internet-based collaboration, and
Model-based approaches. Internet-based collaboration is mainly based on electronic
versions of the traditional human-readable documents, while the model-based approach
is based on a different abstraction of a real building having a defined semantic content,
which is also computer interpretable.

Another approach to the design as an information process is the Active Design Docu-
ments (ADD) concept [Garcia et al, 1993 '], which demonstrated an automated ap-
proach to record the design intent in preliminary routine design. The main focus in the
ADD research was on designers’ decisions, while our research is focusing to the man-
agement of Client Requirements and the connection between the Requirements and de-
sign solutions.

Our research is based on these two observations:
¢ The need to manage Requirements Information during the design process, and
e The possibility to link Reqguirements to the information content in the Design Model.

Because the semantic content of the Building Product Mode/ enables a meaningful con-
nection between Requirements and project, site, building, spaces, building elements and
systems, our research builds on the model-based approach and existing Building Prod-
uct Models [Sections 4.4 and 4.5].

4.2 Requirements Capturing and Documentation

Requirements Capturing is a wide area, starting from high level strategic views of real
estate portfolios ending with detailed technical specifications. Our research scope covers
only a small subset of this area; Requirements related to architectural design. These
Requirements are in practice captured mostly by interviewing the Clients, owners and
end-users of the building, and they are documented in the building program.

Some Requirements are common to practically all buildings, like, for example, required
area, activities in the space, connections to other spaces, etc. Some Requirements are
specific only to some building types, like, for example, exact limits for minimum and
maximum temperatures and moisture, which are common for laboratories, museums,
demanding technical facilities, etc., but not defined for most buildings. We argue that
these different types of Requirements can not be standardized. Thus the goal of our re-
search is to identify a reasonable set of Requirements within the defined scope and cre-
ate a flexible framework, Requirements Model Specification, which enables additional
project-specific Requirements in the project's Requirement’s Model [Sections 6.1 and
6.2].

Furthermore, the source of requirements is varying, in many cases the original Client
Requirements are fuzzy, and designers turn them into more accurate Requirement De-
scriptions or Requirement Attributes. These varying needs make it difficult, if not impos-
sible, to define a perfect method to capture Requirements or define their content, i.e., a
comprehensive set of Requirements. However, Requirements Capturing is not in the
scope of our research. It starts from the assumption that Client Requirements are de-
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fined using some method, and in some structured form, which has a relation to project,
site, building, spaces and their Requirements.

There are several structured Requirements Capturing and Documentation methods;
Quality Function Deployment (QFD), Client Requirements Processing Model (CRPM),
Total Quality Management (TQM), Failure Mode and Effects Analysis (FMEA), etc.
[Kamara et al, 2003 9.

QFD includes many Requirements Management features, and it is widely used in other
industries. However, it is not commonly used for building projects. There are several
identified reasons for this. It has been observed that the effectiveness of QFD diminishes
downstream, e.g., in actual design and planning stages, phase 3 and 4 in Figure 11,
which are the stages of building design and construction activities [ Evbuomwan,

1994 7). Prasad [ 7996 "] argues that this makes QFD less likely to deal with complex
products and conflicting Requirements, like buildings. Furthermore, the latest AEC re-
lated QFD research [Syed et al, 2003 ™) finds the method potentially useful for defining
strategic goals, but not for detailed Requirements. An interesting observation about QFD
was the LCE’s PM’s comment of the need to integrate the tools into today’s practice, in-
stead of trying to bring a new software platform to the process [Section 3.2.1], which
supports the basic idea of our research; linking Requirements and existing design soft-
ware.
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Figure 11: The four stages of the QFD process [Kamara et al, 2003

CRPM has been developed to improve the client Requirements Capturing process
[Kamara et al, 2003°"). Its main focus is in high level Requirements, but its most detailed
level could be a useful source for room related Client Requirements. However, the
method is new and not widely tested or used. More important from our research view-
point is that traditional building programs provide at least the same information related to
the spaces than the CRPM. However, a direct data link from CRPM, or some other exist-
ing Requirements Capturing tool, to our Requirements Modelis a related research topic,
but it is not in the scope of our research.
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As stated above, the most common method to document Client Requirements is the tra-
ditional building program, and we have chosen it as the starting point for our Require-
ments Model Specification. In addition, our argument is that as long as the information
content is the same, Client Requirements can be managed using the proposed method
regardless of the capturing method; the purpose of required area, minimum temperature,
access control, etc., is the same if they are defined with QFD, CRPM or any other
method. The important issue is the relevant content, and though it can not be fully stan-
dardized, as described above, one of our contributions is to define a concept and
method to link different types of Requirements to the Building Product Mode/ [Figure 24].

The focus of our research proposal - detailed Direct and Indirect Requirements, and their
connection to the Design, Production and Maintenance Models - is specific to the con-
struction industry. Thus, our argument is that because of the specific product structure
and different processes the existing Requirements Capturing methods used in other in-
dustries are not directly applicable to the identified problem.

4.3 LBNL’s Requirements Management Research

In the technical systems area the research to capture and manage the Requirements
has been more active than in the research related to Requirements for architectural de-
sign. Lawrence Berkeley National Laboratory has carried out several projects, in which
the main focus was in building performance and especially in the energy efficiency
[LBNL 1995-2003%]. Two main efforts have been Building Life-Cycle Information Sup-
port System (BLISS) and Design Intent Tool. As described in the Sections 4.3.1 and
4.3.2, these projects do not provide a direct basis to our proposed research, but the work
at LBNL in this area is related to our research. Thus, collaboration with LBNL'’s develop-
ment is an important part of our project, and Dr. Vladimir Bazjanac from LBNL’s Envi-
ronmental Energy Technologies Division is one of the authors of this report.

4.3.1 Building Life-Cycle Information Support System

BLISS development was aiming to be consistent with the IFC specification, and accord-
ing to the BLISS web site the project goals were partly overlapping with our research
[LBNL BLISS, 1997%: “ The goal of the BLISS effort is to create a software infrastruc-
ture that can be used for information sharing across disciplines and can be used to link
Interoperable software tools throughout the building life cycle. The project has three ma-
Jor elements: (1) to specify the distributed software architecture, (2) to develop a life-
cycle building model database schema, and (3) to develop a mechanism to capture and
update "design intent"” throughout the life cycle. The distributed systems architecture de-
scribes how various software components communicate, and the building model schema
specifies the structure and semantics of the database.”

However, the results have not been published, and the project has finished without the
intended link between the design intent and design software. Another quote from the
BLISS web site: “An initial version of the BLISS infrastructure will be built as an exten-
sion of the Building Design Advisor data model. Intended extensions to this model in-
clude data for documenting design intent, in the form of performance metrics, and time-
series dala for documenting actual building performance over time. An initial implemen-
tation of BLISS is expected to be developed during 1997.” The website is still accessible
(September 2004), but the link to software tools points to a non-existing page.
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4.3.2 Design Intent Tool

The Design Intent Tool is publicly available software, including some parts of the earlier
BLISS development mentioned above. Quote from LBNL'’s website [LBNL DIT, 2003 %4
“This database tool provides a structured approach to recording design decisions that
impact a facility’'s performance in areas such as energy efficiency. Using the tool, owners
and designers alike can plan, monitor and verify that a facility's design intent is being
met during each stage of the design process. Additionally, the Tool gives commissioning
agents, facility operators and future owners and renovators an understanding of how the
building and its subsystems are intended to operate, and thus track and benchmark per-
formance.”

As described, the implementation focuses on energy efficiency, but the overall goal,
managing the Requirements through the design, construction and maintenance proc-
esses, is the same as in our research, though the application area is different. The tool
consists of a database solution enabling flexible documentation of objectives, strategies,
metrics, responsible agent, etc. for the MEP systems [Figure 12]. However, the tool con-
centrates on Requirements Documentation only, and does not have a link to the design
solution, which is the core element for our research.
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PREMISS Report Page 24/62



4.4 Current Status of Building Product Models

The key element in our research is a link between Client Requirements and design solu-
tions. As described in Section 4.1 the link cannot be based on traditional, human read-
able documents. Its prerequisite is a semantic Building Product Model, which consists of
building objects like spaces, walls, doors and windows, etc.

The International Alliance for Interoperability (1Al) has developed a Building Product
Mode/ standard for the AEC/FM industry. IAl has produced several versions of this stan-
dard called Industry Foundation Classes (IFC). The IFC2x Platform Specification was
also officially accepted as a Publicly Accessible Specification ISP/PAS 16793 by ISO in
November 2002 [/A/ NA 2003 9. This means that the /FC Specificationis not only a de-
facto standard, but official standard, for Building Product Modek, and thus the logical
basis for the Building Product Modelrelated part of our research. The /FC Specification
and its implementation provides sufficient information content for the objects related to
the Requirements relevant for our research; rooms and their related bounding elements,
walls, windows and doors.
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Figure 13: IFC 2x requirements elements and their relations

The limitation is in Requirements Management. The main focus of IFC development has
been on design view; i.e., the Specification includes extensive building geometry repre-
sentation and many other design properties for building objects, but it does not support
other phases of the process well. The current /FC Specification contains only limited
support for Requirements [Figure 13]. This part of the Specification has been imple-
mented in one software only, Alberti. This software does not support Requirements other
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than minimum and maximum areas and physical connections between rooms, and is not
a suitable tool for large projects [SPADEX project report 2002%’]. The main reason for
this is the complexity of defining the connections, and the attempt to automate the crea-
tion of space layout, which is extremely complicated if the number of the spaces is large.

There are two on-going projects trying to expand the /FC Specification to the Require-
ments level [/Al projects 2003%%). These projects are:

¢ Portfolio and Asset Management: Performance Requirements (PAMPeR, IAl FM-9)
e Early Design (ED, IAl AR-5).

The focus in these two projects is in capturing and documenting the Requirements, not
in linking the requirements to design solutions, which is the focus of our research [Figure
14]. In addition, the Requirements are stored in PropertySets, which have certain limita-
tions (Appendix 1, A1)
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Figure 14: PAMPeR/ED project scope and relation to our research

In addition, our argument is that including the Requirements in the design objects on the
instance level in the Building Product Modelis not a feasible solution [Sections 1.4 and
Appendix 1, A1]. IFC implementation is already very demanding and this has created the
need to develop easier methods to use the /FC Specification [SABLE 2003 %° and Ap-
pendix 1, A4]. We argue also that on the instance level the Requirements Mode/and
Design Model are two different levels of abstraction [Section 1.4]. Thus, combining them
into the same objects on the instance level would make both the implementation of the
IFC Specification and the project’s information management more complicated. Our pro-
posed solution is a link between Reqguirements Objects in the Requirements Model/ and
objects in Design, Production and Maintenance Models, separating the Requirements
and solutions at the concept level to individual objects [Figure 8]. This approach also
matches research on representing form, function and behavior (FFB) [Section 1.5].
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At the moment, there are no Requirements Capturing tools supporting IFC, though one
object based briefing study has been recently executed [Ekholm and Lehtonen 2002,
and at least one prototype software for early design exists [BL/S 2003 ).

However, the semantic structure of the IFC specification and its current implementations
provide the basis for our proposed solution to link the Requirements Mode/ and_Design,
Production and Maintenance Models as described in Section 1.4. The needed elements
from the Design, Production and Maintenance Models are identifiable objects, which can
be linked to the Requirements Objects, and the identification of related objects, which
can be affected by the /ndirect Requirements, like, for example, bounding elements of
the space and technical systems serving the space.

For practical software implementation, the preferred solution to implement the interface
between the Requirements Model/ and the existing Building Product Mode/ applications
is to use model server technology and some standardized API, like the SABLE interface
described in Appendix 1, A4. Using a standardized AP| would make the implementation
easier and provide a connection to several design software. However, this is not a cru-
cial issue for our research; the connection between Requirements, Design, Production
and Maintenance Models can be implemented on three levels [Figure 15]:

¢ Using the SABLE application interface,
¢ Using one of the IFC Model Servers, e.g., IMSvr, WebSTEP, etc., or

o Directly with some Building Product Model/based software, e.g., ArchiCAD, Auto-
CAD ADT, MS Visio, etc.

4.5 BLIS Views

Because of the complexity and ambiguity of the EXPRESS based /FC Specification the
Building Life Cycle Interoperable Software (BLIS) group has developed the view concept
to support IFC based information exchange [BL/S 2003 4. It is possible to implement
the /FC Specification in several ways and any individual software product supports only
some parts of the Specification. However, the information exchange must be based on
the same content and interpretation of the Specification in the Building Product Model,
what is the needed information content for a certain task, and how to present the geome-
try, properties, etc. needed in that task. The current views are:

¢ Architectural Design -> Quantities Take Off / Cost Estimating

HVAC System Design -> Quantities Take Off / Cost Estimating

Architectural Design -> Thermal Load Calculations / HVAC System Design
Client Brief / Space Layout -> Architectural Design

CAD View

The relevant view for our research is “Client Brief / Space Layout -> Architectural De-

sign” (CB/SL—ADg. The following descriptions in italic are quotes from the BLIS website
[Hietanen, 2003 *):

“The view for ‘Client Brief / Space Layout -> Architectural Design’ defines the subset of
the IFC model that is used for transferring spatial data from the client brief to architec-
tural design applications.

The Client Brief application can be anything from a simple spreadsheet to a real applica-
tion, the important thing is that it can oulput the requirements captured in the client brief
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into IFC format. Architectural design applications can import the resulting IFC file and
start the actual design process designing the spaces, walls, doors, windows, etc. There
can also be a special space layout program between the Client brief and the architec-
tural design application.

The first level of functionality is to be able to generate a 'space skeleton' that matches
the requirements set in the client brief, e.qg., the right number of spaces of the right types
and areas. The second level is to actually store the requirements in the design applica-
tion and to be able to give feedback about how the design meets the requirements.”

As described in Section 1.4 our proposed solution for the second level of functionality is
based on separating the Requirements Mode/from the Design Mode/instead of storing
the requirements in the design application. This approach has been discussed with the
BLIS technical team and accepted for the basis to expand the current CB/SL-AD view.
This approach also enables the use of a Model Server database as the repository for
both the Requirements and Design Modelinformation [Figure 27, Option #2].

4.5.1 List of supported concepts in the current CB/SL-AD view

The BLIS views consist of concepts; functional units isolated from the /FC Specification.
The views are built by combining the relevant concepts using them like “building blocks”.
The following lists of BLIS concepts in the CB/SL-AD view for IFC 2.0 are grouped based
on the relevance for the PREMISS Requirements Mode/and the link between it and the
IFC Specification. A short explanation is in the brackets after the concept name:

Concepts, which should be part of the link:
o Building [Some Requirements are linked to the Design Mode/on the building level]

e Containment|[For example, space can be a container for its furniture and equip-
ment.]

o Dynamic property assignment [The mechanism to assign property objects or prop-
erty sets to objects dynamically, i.e., without changing the IFC schema.]

e Project[Some Requirements are linked to the Design Mode/on the project level.]

o PropertySet system [This is used to dynamically attach properties to IFC objects;
e.g. implementation of attributes, which are not defined in the IFC specification.
However, this method causes problems, which are discussed in Appendix 1, A1]

o SimpleProperty [This defines a simple property that can be used in a PropertySet.
The 'SimpleProperty' has a name and a value.]

o Site[Some Requirements are linked to the Design Mode/on the site level.]

o Space [Central element for the Requirements Mode/and the link to the Design
Model]

o Space program properties [Central element for the Requirements Mode/and the
link to the Design Model. This is a property set called Pset_SpaceProgram-
Common and in /FC Specification 2.0 it consists of ProgramSpaceDescription,
ProgrammedFloorArea and Function. In the /FC Specification 2x2 the content is
changed to cover the following attributes: Location (Required Location), Function-
Requirement, SecurityRequirement, PrivacyRequirement, LightingRequirement,
FFETypeRequirement, EmployeeType, OccupancyType and OccupancyNumber,
StandardRequiredArea is added to the IfcSpaceProgram obiject.]

PREMISS Report Page 28/62



o Space type [Central element for the Requirements Model and the link to the Design
Model. This is a property set called SpaceCommon and consisting of Description.]

o Unit assignment [IfcUnitAssignment defines whether the units are metric or impe-
rial.]

o Units [metric][Defines the metric units used in the project.]

Concepts, which need to be considered:
e Building story [Though unusual, can be a relevant level for Requirements.]

e Organization [Currently used for project participants in /FC Specification. However,
this might also be relevant for end-users of the building.]

o Owner history [Defines the ownership of the objects in the Design Model. This con-
cept can be used if the original space objects are automatically generated from the
Requirements.]

e Person [Currently used for project participants in /FC Specification. However, this
might also be relevant for end-users of the building.]

Concepts, which are not useful:
e 2D placement [Geometrical Locations are not Requirements.]
¢ 3D placement [Geometrical Location]
¢ Absolute placement [ Geometrical Location)

e Actor role [A predefined list (enumeration) of construction process participants, not
part of Client Requirements.]

e Address [A Project Attribute, but not a Requirement.]

e Bounding box geometry [Geometrical representations are not Requirements.)

e Extruded solid: arbitrary [Geometrical representation]

o Geometric representation [Geometrical representation]

¢ Polyline [Geometrical representation]

o Profile: arbitrary [Geometrical representation]

¢ Relative placement [ Geometrical Location)

e Site address [A Project Attribute]
Our research will expand this view with several identified Requirements Objects, which
can be expanded further using PropertySets for additional, project-specific Requirement
Attributes or Descriptions [Sections 4.2, 6.1 and 6.2]. These Requirements Objects can
be used as a quick implementation method using PropertySets for the Requirements Ob-
Jects as a whole. This issue and related problems are discussed in detail in Appendix 1,

A1. The expanded view is one of the scientific and practical contributions of our research
and can serve as a basis for an official extension of the IFC specification [Section 7].

In the /FC Specification the identification of objects is based mainly on the Global Unique
ID (GUID), which can be problematic for several reasons discussed in detail in Appendix
1, A2. Because of these problems the pilot implementation was based on the idea of us-
ing the Description attribute in the SpaceCommon PropertySet to store the RoomID as
the link between the /nstantiable Requirements Entities (/RgE) and space objects in the
Design Model. However, the same concept can be implemented in several ways, and in
the next stages of our research alternative linking methods will be discussed in detail
with the BLIS group.
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5 Pilot Implementation and First Tests

The main conclusions from the two pilot projects described in Section 3 are:

o The Reguirements are not well documented and managed during the design proc-
ess, and

¢ An active link between the Requirements and design tools could improve the proc-
€ess.

The first pilot implementation was limited to Client Requirements related to the spaces,
and the purpose was to test the general idea to link Requirements to the objects in the
Design Model. The points of departure for a technical solution to address these issues in
the pilot implementation were:

e The room related Client Requirements are defined and documented in the begin-
ning of the process,

e The existing /FC Specification contains the necessary elements to link room related
Client Requirements to the Building Product Model,

e The existing /FC Specification provides a connection between the rooms and
bounding elements, and

¢ The existing IFC implementations provide a platform, which can be used as a
technical basis for the pilot implementation to test the solution.

To explore the possible solutions to manage Client Requirements, we used rapid proto-
typing and implemented some different database structures to find a usable solution to
document the room related Client Requirements in a structure, which:

¢ Provides solutions to the problems identified in the LCE project [Sections 3.2.3 and
3.3],

e Supports /nheritance of the room type requirements (Abstract Requirements Enti-
ties, ARgE) to rooms (/nstantiable Requirements Entities, IRqE) [Figure 8], and

e Enables a link between the Requirements Model/ and the existing Building Product
Model[Figure 8].

As defined in Section 2, the scope of our research is limited to Requirements related to
rooms for office and laboratory buildings. On the detail level the Requirements for differ-
ent projects cannot be fully standardized [Section 4.2], but the framework, i.e., the Re-
quirements Model Specification, must be project independent. However, the Require-
ments Modelfor a project can have project-specific Requirements [Section 4.5.1].

As described in Sections 1.3, 7 and Appendix 1, the goal of this research is to improve
the design process by providing a method to update and manage Client Requirements
coherently, and give direct access from design software to the Client Requirements re-
lated to the on-going design task.

5.1 Requirements Database Tests with LCE Project Data

The user interface and database structure of the first pilot implementation were based
mainly on the room program documents of Stanford’s Lucas Center Expansion. The im-
plementation was made in a MS Access 2002 database. The main criteria for the data-
base structure were to provide a solution to the identified problems:
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¢ Unique IDs for the rooms; i.e., /RgE and all the rooms in the Design, Production
and Maintenance Models referencing it must share the same ID -> unambiguous
identification.

o Use of Abstract Requirements Entities (ARgE) and Inheritance -> efficient and easy
maintenance and updating of repetitive Requirements.

¢ Use of user-definable enumeration (list of values) instead of free text -> coherent
content.

¢ No default values, which might inadvertently set wrong Requirements.

¢ Functionality to compare area Requirements with areas in design documents.

¢ Functionality to link external documents to the Reqguirements Database, e.g., to in-
clude also complex Requirement Descriptions, not only short text and numerical
Requirements.

Formal client
i requirements
i capturing process |

Design {Construction: | FM
process i process | i process

Raom Program,

: CRPM, | MS Visio,
__iQFD, etc.. ADT, etc.
Existing client - Design Buildin
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’ ’ T i e Existing process
o i or software
. Fomm—— - : component
management e /SABLE APL" | IFC Model Server |
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Figure 15: PREMISS pilot implementation and relations to existing solutions

We tested several database structures in the first pilot implementation, mainly to find
possible solutions for a structure and user interface, which could support /nheritance
from room types (ARgE) to rooms (/RqgE) and Multi-Value Requirements (MVR). The fi-
nal, and at this phase sufficient, structure for the first test case, Lucas Center Expansion,
is presented in Figure 16, which also illustrates the terms “Multi-Value Requirement’
(MVR) and “Single-Value Requirement’ (SVR).

As introduced in Figure 8 the key idea is the use of two main tables: “RoomTypes”
(ARgE) and “Rooms” (/RqgE). “RoomType” is an Abstract Requirements Entity and
“‘Room” is an Instantiable Requirements Entity in the Requirements Database. Both have
the same fields and references (Shared Properties, ShP) with the following exceptions:
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¢ “Room” can reference a “RoomType” to /nheritits Requirements, but the opposite
relation is not possible,

¢ “‘Room” can have a relation to department and other room(s), but “RoomType” can-
not have these relations (/nstance-specific Properties, ISP)

¢ The “Rooms” table contains a “NumberOflnstances” and “RoomName” fields, which
are not in the “RoomTypes” table (/SP)

¢ Only “RoomType” has RoomTypeDescription and RoomTypeDoc fields, (7ype-
Specific Properties, TSP

The Requirements used in the implementation are only one example of possible Re-
quirements, and do not cover all possible building types or use cases. However, they
can be categorized in two main groups:
o Single-Value Requirements (SVR), which can have only one value or reference for
each room, like, for example, noise level, maximum number of occupants, maxi-
mum temperature, etc.

o Multi-Value Requirements (MVR), which can have a number of different values or
references in each room, like, for example, activities, equipment, windows, etc.
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Figure 16: Database structure for the LCE project
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For the following reasons this separation of SV/R and MVRtypes is an important issue,
and it defines the basic structure of the Requirements Database:

1) If all Requirements would be defined and implemented as SVRtypes, the database
structure would not allow use of an unlimited number of requirements for each room,
which is necessary for some requirement types as described above.

2) If all requirements would be defined and implemented as MVR types, the possibility to
give multiple values for all properties could cause contradicting Requirements, like sev-
eral different maximum temperatures. In addition, the database structure would be more
complicated, which could create performance problems, and the user-interface to the
data would be more difficult to understand and slower to use, if all values were in sub-
tables.

Figure 17 shows the 1_to_1 and 1_to_many relations in the first pilot database. “Room-
Type” and “RoomID” are the key links between different tables.
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Figure 17: Relations in the LCE database

The proposed structure forces the user to define unique IDs for each /nstantiable Re-
quirements Entities (in this case Rooms), and all the “free text” Requirements, like de-
partments, adjacent rooms, equipment, activities, etc. are based on user-definable lists
(enumerations), which prevents slightly different descriptions of the Requirements or ref-
erences to non-existing rooms; all these problems were identified in the LCE project
data. The RoomTypes were not used in the LCE project database, because the rooms
are not based on any repeating types; all rooms are defined as separate instances.
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5.2 Test and Results with ICL Requirements Data

When starting to populate the database with the ICL project data, one observation came
up almost immediately; “RequiredNetArea” and “MaxOccupants”, which were located in
both the “RoomTypes” and “Rooms” tables in the LCE test, would had demanded exten-
sive duplication of similar type definitions with different area and occupant values. Thus,
the database structure was changed so that these Requirements were removed from the

‘RoomTypes” table and changed to /nstance-Specific Properties in the “Rooms” table
[Figure 18].

" A

o - e B

ConnectionlD b Foomiame RoomType DoorDescription

RoomiD I-' - Murmber Oflnstances RoormlD [ Doorwidth
[RoomType IR e | opartment Door Type DoorHsight
S — L - o |COPMECHONID MumberOfboors DoorDoc
RooOmType [ il 2 t== |RoomType
RoomTypeDescription | |Depamm ot RoomDescription
Faoneoo: B e vindows vindow
SecurityClass N Reguiredetirea | re————————
Soundlrsulation . m ul b ManOccLpants Ll WindowType
Mokselevel = | SenurityClans = SecurityClass RoomType wnmmomn
Floor Type SecurityDescription [= |Soundirsulation Rr‘f‘jmlo oo WindowWicth
WallSurface SecurtyDOC :-: NotsaLaval Window Type WindowHeight
CeilingType I [FoorType MNumberOfWIndows WindowrDoc
CeilingHeight WallSurface
K Soundin = CeilingType
s M el 9 Y N e Frnior fuiu
[NoWindows FinishesDoc i
Dimmable SoundDescription Natralight D FumitreType
ambientLight | SoundDoc howindows SOMO::DW FrL.rnm.reO!s:rptm
DanuEnabie \\ Blmmatin FurniburaType — ot
WarningLight ambientLight

= MumberOfFurniture

i | e s
MinTermp =+ Floor Type WarningLight
MaxTamp FloorDescription LightingDoc 0
MinarChange FioorDoc MinTemp Equipmer Equipme
MaxairChangs MaxTamp D EqupType
MinHumidity MinarChange RoomType EquipDescription
MaxHurmidity m;(._- ManairChange RoomiD EquipDoc
airRecycle .l_i,ﬁ inHumidity
EnvvironmentDoc b : MaxHumidit

WallDescr iption oy & ¥
—_——— L IRecycle

IIsurf:
RoomTypes hlslicen . [E———
A \___Rooms ) e pcivi
CeilingT) / [ :
| _'f “SVR, single-value requirements|; : iy
= |Ceiling Type ‘\\ ] 1 Q q * RoomType ActivityDescription
CeilingDescription N, : : S [RoomiD ActivityDoc
ceilngoc |MVR, multi-value requirements / Actidty oo

Figure 18: Relations in the ICL database

Otherwise the same database structure, which was used in the LCE project test, also
worked for the ICL Headquarters project and enabled recording of the Requirementsin a
usable format; 782 physical room instances are stored in 186 /nstantiable Requirements
Entities (Rooms) based on 51 Abstract Requirements Entities (RoomTypes). The maxi-
mum number of type references is 16, the average 3.8 and the median 2. The population
of the database took about 3 hours, which can be seen as a reasonable effort.

Our conclusion from the rapid prototyping phase is that the final database structure is
sufficient proof of concept for further research.
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53 Connection to a Building Product Mode/

The actual connection of the Requirements Database to the Building Product Mode/
based design software has not yet been implemented, only a mock-up presenting the
idea of a connection from the design application to the Access database was developed.
By selecting objects in the design software, e.g., rooms and bounding elements, the user
can see all the related Requirements in the Requirements Database [Figures 19 - 22].

“RoomlID” is the connecting element between the Requirements Database and the Build-
ing Product Model. The room instances in the Building Product Mode/ are connected di-
rectly, but the bounding elements related to the rooms are identified in the Building Pro-
duct Mode/ and the connection to the Requirements Database is based on the “RoomID”
of identified rooms.

The user interface mock-up in Figures 19 - 22 demonstrates how to access the Re-
quirements Database from the design software by adding a Requirements Viewto its
user interface. Depending on the use scenario, the modifications of the Requirements
from the design interface can be either allowed or denied; in some projects the Client
might delegate the Requirements Managementto the designers, in some projects it
might be the task for the PM or the Client’s own representative. The selected database
approach enables independent access control for the Requirements Database.
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Figure 19: Requirements management Ul, mock-up version: Main Interface

Access from design software to definitions in the Requirements Database, like Rooms, RoomTypes, Ac-

tivities, Security, Equipment, etc.
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By selecting a room and then the Reguirements View, the software shows all the defined Reguirements for

Figure 20: Room requirements Ul, mock-up version: Room
the selected room.
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By selecting a door and then the Reguirements View, the software shows all door related Requirements

Figure 21: Door requirements Ul, mock-up version: Door
[Table 2] from the related room(s).
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By selecting a wall and then the Requirements View, the software shows all wall related Requirements

Figure 22: Wall requirements Ul, mock-up version: Wall
[Table 2] from the related room(s).
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6 Research Questions and Method

Based on investigations carried out so far and discussed in Sections 0-5 this work ad-
dresses the following research questions:

RQ1: How to formalize a Requirements Model Specification for Client Requirementsin a
building project?

The method to answer RQ1 consists of three steps:
o Detailed analysis of Client Requirements and principal solutions for External Re-
quirements [Section 6.1],

e Development of a Requirements Model Specification for these Requirements [Sec-
tion 6.2],

¢ Validation of the proposed Requirements Model Specification in a workshop with
industry and academia experts [Section 6.4].

RQ2: How can the relation between this Reqguirements Model/ and Design Mode/be for-
malized?

The method to answer RQ2 consists of three steps:

e Development of an interface between the proposed Requirements Model Specifica-
tion and current /FC Specification [Section 6.2],

¢ Definition of an expanded view for implementation of the proposed Requirements
Model Specification and /FC Specification [Section 6.3], and

¢ Validation of the proposed interface and implementation view in a workshop with
industry and academia experts [Section 6.4].

6.1 Detailed Analysis of Client Requirements

The first stage to answer RQ1 is to analyze 3 additional building programs to test:

e The generality of the Client Requirements categories, i.e., does the Requirements
Model Specification have a category for all identified Requirements?

o Relevant External Requirements, i.e., on which level the External Requirements
might be linked and managed in a project-specific Requirements Model?

e The generality of the types of projects, i.e., is the Requirements Model Specifica-
tion reasonably useful in the projects, which are within the scope of our research?

o Useful level of detall, i.e., which Requirements should be in the Requirements
Model Specification, and which should be project-specific additions?

After the two initial tests we have grouped the room related Client Requirements into the
preliminary main sets presented in Figure 23 and Table 2. Based on these results we
propose the conceptual structure presented in Figure 24. Table 2 also contains informa-
tion on how often these Requirements were used in the first two test projects. Our pre-
liminary analysis of five building programs and about 250 different Requirements confirm
some of the findings noticeable already on Table 2:

e There are only very few Requirements, which are defined in all projects; most Re-
quirements are project-specific.

¢ In typical Requirements Capturing systems many of the pre-defined Requirements
are not used for most projects.
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This raises interesting questions about the information content and user interface in Re-
quirements Management software linked to the Design Model

¢ Should the number of pre-defined Requirements be very limited? Users would add
new Requirements based on the project’s needs, which would require them to de-
fine also the links to the Design Mode/ and make the effects on the /ndirect Re-

quirements explicit?

Or, should the Requirements Management software have a large number of differ-

ent requirements, which are used only seldom? The resulting complexity of the un-

derlying Requirements Model Specification would need to be handled by a hierar-
chical user interface, for example.

The optimal solution is most probably somewhere between both extremes. We will at-
tempt to answer these questions in our final analysis of building programs. The results
will provide the basis for the final content of the Requirements Model Specification; iden-
tification of Requirements, which satisfy the typical Requirements Documentation needs
for the project types within the scope of our research, and which Requirements should
be project-specific additions [Sections 4.2 and 6.2].

Room ID,

Acti\iities

type reference
and description

Room ID [CS_02

Individual properties
and requirements

Connections
to other rooms

ber Of Rooms [() ™\ 4
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d Furniture R
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gned Door Requil

DoorType [Numbe
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F
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i
Foom Name |0|€u:e| ::i Department |Cus€um Services _]
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Description [Standard office room. large B
-
Documant tLink |
Basics B . Lighting
asic Natural Light No Windows [
- | }
Mexx Noise Level IO_réq'UTI’Em_EﬁtS_ Dimmable ™ Darkenable I
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Figure 23: Form showing the requirements groups in the current pilot implementation
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Table 2: Database elements, types and usage in test projects

5
5
g g 5
= 2 £|8l & | & S
El5|x|e|s s|1el w | u | . 5
Property Requirement gl&la 2|8 slal 8O 9 o 2
Identification and overall definition
RoomID m X UID, string | x | x | 62% | 92% | 100% 88%
RoomName 0 X String 100% ] 100% | 100% § 100%
RoomType o]l m| x UID, string 46% 100% 73%
RoomDescription o] o] x String
Document o] o] x Hyperlink
Individual properties and requirements
Department 0 X Enum 92% | 100% | 100% 98%
NumberOfRooms m X Integer 100% | 100% | 100% | 100%
RequiredArea 0 X Real 100% | 100% §| 100%
MaxOccupants 0 X Integer X 100% 50%
Basic Properties
MaxNoiseLevel o] o Integer x | 38% 19%
SoundInsulation o] o Enum X | x
SecurityClass o] o Enum X | x
Connections, activities, furniture, equipment, doors and windows
Connections 0 x |Ref to UID 46% 28% 37%
AssignedActivities o] o X |Enum list x | 85% 42%
Furniture o| o X |Enum list 62% 1% 31%
Equipment o] o X |Enum list x | 38% 3% 21%
Doors o| o X |Enum list x | 100% 50%
Windows o] o X _|Enum list X
Finishes
Floor o] o] x Enum 92% 46%
Walls o] of x Enum 100% 50%
Ceiling o] o] x Enum 100% 50%
Ceiling height 0 0 X Real x | 92% 46%
Document o] o] x Hyperlink
Lighting
NaturalLight o] o] x Yes/No x | 77% 38%
NoWindows o] o] x Yes/No X | x
Dimmable o] of x Yes/No X
Darkenable o] o] x Yes/No X
WarningLight o] o] x Yes/No X
AmbientLightLevel o] o] x Real X
Document o] o] x Hyperlink X | X
Environmental Conditions
MinTemperature o] o] x Real X | 46% 23%
MaxTemperature o] o] x Real x | 46% 2% 24%
MinAirChangeRate o] o] x Real X | 92% 46%
MaxAirChangeRate o] o] x Real X
MinHumidity o] o] x Real X
MaxHumidity 0 0 X Real X
AirRecycle o] o] x Yes/No x | 62% 31%
Document ol o] x Hyperlink X | x
m = mandatory field
o = optional field
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6.2 Development of the Requirements Model Specification

Development of the final Requirements Model Specification will be based on the analysis
described in Section 6.1. The status after the first phase of our research is the Require-
ments Database structure presented in Figure 16 and Figure 18. Based on the current
observations and this structure we propose the Conceptual Model/for room related Client
Requirements presented in Figure 24. The final Requirements Model Specification will
also include other types of Requirements and it will be the main scientific contribution of
our research.

. Project Attribute (string)
«— — — — — — — » Roon:n (IRgE, Ins_lant:able For example:
Product Model qu”"e':gem Entity) p - Room D (Unique)
- Room —1—C I
Room Instances e S sl
- Description - Room Description
Q
1
ISP, Instance Specific Properties 0 |
Instance Specific Attributes e RoomType (ARqQE, Abstract
For example: N efin Requirements Entity)
o Yes=—(
— - Department o type - Type ID
- Description

ShR, Shared Requirements

Instance specific SVR Single Value Requirements,
For example: SVR, For example:
- Required Net Area o - Max Noise Level
- Number of Instances ad- Ambient Light Level ®
1 - Max Number of Occupants - Finishes (Surfaces)
- Security Class
1 - Natural Light (yes/no)
- Air recycle (yes/na)
Design Attribute (realfinteger)
1 For example: Multi Value Requirements,
- Required Net Area MVR, For example:
- Max Number of Occupants A i
; - Activities
- Max Noise Level
fe - Doors
- Ambient Lighting Level 4 _ Windows —
- Min Ceiling Height ‘ - Equipment
- Furniture
Choice (binary) 1 - Access rights
- Matural Light (ves/no)
- Air recycle (yes/no)
1
0..n
Instance Specific MVR
For example: &
- Connections to Other Rooms 0..n—
- Room Specific Documents 0...n
L[} Project Specific List (enum) Hyperlink
il For example: For example:
- Finishes (Surfaces) - Requirements Documents
- Security Class
- Equipment

Figure 24: Basic structure of the proposed Concepitual Modelfor room related Client Requirements

The main ideas in the Conceptual Mode/for room related Client Requirements are:
¢ Use of RoomType to define Requirements, which are identical for several Rooms in
the Reqguirements Database

e Separation of the requirements which are always /nstance-Specific Properties
(/SP) and which can be Shared Properties (ShP) defined either at the Room or
RoomType level.
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e Separation of the SVRs and MVRs, as described in Section 5.1.

¢ Flexible framework, which enables additional project-specific requirements attrib-
utes [Sections 4.5.1 and Appendix 1, A1]

6.3 Expanded View for the Implementation of the IFC Specification

As explained in Section 4.5, the Building Life Cycle Interoperable Software (BLIS) group
has developed the view concept to support IFC based information exchange, and our
research will expand the existing “Client Brief / Space Layout -> Architectural Design”
view. The content of the view will be based on the Requirements Model Specification
described in Section 6.2. The expanded view will be the basis for the implementation to
link the Requirements Mode/and the Building Product Mode/based software, and it will
be one of the scientific and practical contributions of our research [Section 7].

6.4 Expert Workshop to Validate the Requirements Model Specification
and Interface to the Building Product Model

The pilot implementation in the first phase of the research demonstrated, that in principle
the Requirements Mode/for room related Client Requirements is implementable. In the
second phase the scope will be extended to cover other types of Requirements, and the
focus of this work is in the development of the Reguirements Model Specification. Im-
plementation into software is not in the scope of the project. The validation criteria for the
Requirements Model Specification are:

e Usefulness: does the Requirements Model Specification address relevant factors of
the identified problem and could its implementation into a tool improve the current
process?

¢ Generality: does the Requirements Model Specification cover a reasonable part of
the identified problem?

¢ Implementability: is the proposed Requirements Model Specification possible to
implement?

However, there is no objective method to measure or validate the usefulness or general-
ity of a Conceptual Model, like our proposed Requirements Model Specification. How-
ever, we believe that the expansion of the existing /FC Specification by developing a
Requirements Model Specification is a valid scientific and practical contribution. Thus,
the validation process for the model will be a workshop for industry and academia ex-
perts to obtain a wide expert view on how our Requirements Model Specification and its
interface to the Building Product Mode/will meet the three validation criteria.
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7 Summary of the Anticipated Contributions and Related Future
Research

The goal of our research is to develop and test a method to create an active link between
Requirements and Building Product Mode/based design tools. The scientific contribu-
tions of our research are:

¢ Documentation of the Requirements Management problem in the design process
based on two case studies,

e Documentation and analysis of the different Requirements types based on five
case studies,

¢ Requirements Model Specification based on the analysis,

¢ Specification for a link between Requirements Objects and objects in the Design,
Production and Maintenance Models,

¢ Specification for the aggregation of /ndirect Requirements from the Direct Re-
quirements,

e Extended view “Room Program -> Architectural Design” for the implementation of
Requirements Model Specification and [FC specification.

Our main contribution from a practical perspective is that the Requirements Mode/
Specification enables the development of Requirements Management software, which
can link the Requirements and design solutions and improve Requirements Manage-
ment during the design and construction process. Our view is that our research is also
creating the basis for many interesting future research topics, like, for example:

Different building types and process phases: As defined in Section 2, the scope of our
research covers a few building types only. Our intuition is that the same Conceptual
Mode/ could be applied to most buildings, but because of the different Requirements the
database and user interface implementation might be different. In addition, our research
covers only a short period of the process, design, the use of the Requirements Modelin
other parts of the process, like, construction, FM, etc., is not covered in detail, though the
same principles are possibly applicable. All these are possible topics for future research.

Technical systems and other design areas: As described in Section 4.3, the designers’
role in defining detailed Requirements for technical systems is more dominant than in
architectural design, and the research in this area provides another view on Require-
ments Managementin the AEC industry. However, there is currently no link between the
room related Client Requirements and technical Requirements for systems. Our re-
search is building a link between Requirements and the Design Mode/and identifies
some connections to technical systems, but a formal link between the technical system
Requirements and Design, Production and Maintenance Models will need further re-
search, as do links in other design areas, like structural engineering.

Requirements history: One interesting related research area is the Requiremenits history;
how the Project Requirements evolved during the process. Our research proposes a
Requirements Model Specification. 1t will provide a conceptual basis to store all the Re-
quirements Changes during the process in the database. How to implement such a his-
toric perspective of Requirements Managementin detail and which functionalities the
user interface would need, are interesting areas for further development.
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Verification: Some of the Client Requirements are verbal descriptions and only human
interpretable (Requirement Descriptions), but some have an exact content (Requirement
Attributes in our Requirements Model Specification. The possibility to use these “exact”
Requirements Attributes for automated verification, i.e., how well the design meets the
Requirements, is a potential usage of the Requirements Model. Verification of the “fuzzy”
Requirement Descriptions must include designers’ interaction, but the designer’s or pro-

ject manager’s confirmation that the Requirements are met, could be part of the data-
base and serve as a formal project history.
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Appendix 1: Some Implementation Issues Related to the /FC
Specification

The following issues are not crucial for our research; the implementation of a Re-
quirements Management software and the link between Requirements and Design
Objects can be done in several methods. However, the issues which came up in the
rapid prototyping phase are documented in this appendix as a guideline for the future
implementation.

A1  PropertySet Mechanism

In the /FC Specification 2x2 the Pset_SpaceProgramCommon has been expanded to
cover the following attributes: Location (Required Location), FunctionRequirement,
SecurityRequirement, PrivacyRequirement, LightingRequirement, FFETypeRequire-
ment, EmployeeType, OccupancyType and OccupancyNumber. StandardRequire-
dArea is part of the IfcSpaceProgram object. The detailed analysis of the current re-
quirements part of the IFC Specification will part of the phase 2 of our research. How-
ever, there are some problems related to the use of PropertySets and
IfcSpaceProgramObject for Requirements Management:

e The only level in the Design Mode/where IfcSpaceProgramObject can be linked
are the spaces, Requirements related to other levels of detalil, like, for example,
Project, Building, Site, etc., can not utilize the Pset_SpaceProgramCommon
PropertySet.

e Each Pset_SpaceProgramCommon PropertySet is related to one IfcSpacePro-
gramObiject in the Building Product Model. This means that the Requirements,
which are shared with several spaces, must be multiplied to all instances. This
can cause serious problems for Requirements Management when the Require-
ments evolve and must be updated.

We believe that all repeated information should be stored in one instance in the Re-
quirements Model if possible. Thus, the Requirements should be separate objects,
which can be linked to each other in the Requirements Mode/and related objects in
the Design, Production and Maintenance Models.

A2  Object ldentification and Link between Different Models

As documented in Section 1.4, 4.5.1 and 5.3, one RoomID in the Requirements Data-
base can refer to multiple instances in the Building Product Model. This means that
the link between the objects in the Requirements Model and Design Model must allow
multiple references. In the pilot implementation this was done by storing the RoomID
of the /nstantiable Requirements Entity (/RgE) in the Description attribute of the
SpaceCommon PropertySet in the linked space objects in the Design Model.

However, the issue of object identification is a wider problem in information sharing in
the Building Product Model environment. The usual method to identify objects is
based on Global Unique ID (GUID), which is a perfect solution if all the software used
in the project can use it similarly, and if the designers do not delete and add the ob-
jects in the Design Modelif they could make the changes by editing existing objects.
Unfortunately this is not the case in many projects, and the GUID based identification
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is a very woundable method to link objects in different Models. When ever an object is
replaced by a new object the link is broken, and unfortunately some software change
the GUIDs when the model data is exchanged even if the objects are not changed in
the original Model.

The end-user behavior can be influenced mainly by education, but if the linking
method is based on user-definable, understandable mechanism instead of highly ab-
stract software generated GUID, it is easier for the end-users to understand and re-
member the importance of correct editing methods when working with the Models.

If the identification and link is based on values stored in some attributes of the Mod-
els, the software products will not change the information as they can change the
GUIDs in the data exchange. However, the requirement for this method is that all the
software used in a project include the necessary attributes to store and handle the link
information.

As our conclusion we propose that the link between the Requirements and Design
Models should be based on some other identification methods than the GUID.

A3  Automated Generation of Room Objects from the Room Program

Linking the Requirements Objects with the Design Objects can be an extensive task
depending on the size of the Models. The error possibilities in such tasks are also
relatively high. The possibility to generate the room objects automatically from the
room program would solve both problems. Technically the task is not difficult; it can
be based on the required area in the Requirements Model and some parameters de-
fining the generated shape and location of the rooms. At least two such applications
already exist; both are using MS Excel based room program. The first application,
KIVI, was implemented by the first author of this report 1992-1994, and it was based
on the extended data possibilities of the AutoCAD blocks and polyline objects. The
first project were the application was used was the ICL Headquarters [Section 3.1].
The second application, Space Layout Editor, was implemented by Jiri Hietanen in
2000 *, and it is based on MS Visio and IFC data. Both applications generate initial
room objects into the design software where they can be edited by the designer.

One important part of the solution is that the automated generation of the room ob-
jects also enables automated linkage between the Requirements and Design Models.
This is also related to the issues discussed in the previous section (A3); how to iden-
tify the objects and maintain the link, although the automated generation can use ei-
ther GUIDs or user-definable attributes as the link information.

A4 Model Server Technology

As described in Section 4.4, the main requirement for the pilot implementation was
identifiable space objects, which can be linked to the Requirements Objects, and rec-
ognition of the bounding elements related to the space objects. The linkage between
Requirement Objects and objects in the Design, Production and Maintenance Models
can be done using several methods. Though the implementation is not in the scope of
our research, this section gives a brief overview to the latest IFC implementations to
explain the technical options for implementation.
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IFC file exchange is now supported by several commercial software vendors [BL/S
2003 % and 1Al ISG 2003 *°|. However, IFC based file exchange is an insufficient so-
lution for real projects [Kam and Fischer, 2002 *’]. The key problems are:

¢ The different information content in different software -> It is impossible to main-
tain all the data when transferring the Building Product Mode/between different
software applications, and

e The lack of partial model exchange -> This causes two main problems:

o The Building Product Models are large, which makes the file exchange of the
whole model time-consuming. However, usually only a small part of the model
has changed and transferring the whole model would not be needed, if partial
exchange was available.

¢ Versioning and controlling user rights are practically impossible.

Also the complexity of the /FC Specification is one bottleneck for implementation, and
easier access to the model data using simple queries would improve the usability of
the /FC Specification. Thus, several projects have been developing IFC Model Serv-
ers since 2001 [/MSvr 2002 % WebSTEP 2002, and EPM 2003 *’]. All Model Serv-
ers provide partial model exchange and simple query access to the model using stan-
dard technologies like XML, SOAP and STEP [Adachi, 2002*', Hemio, 2002 *9.

However, from the implementation viewpoint the different application interfaces to dif-
ferent Model Servers are a problem, because it either limits the use to one server or
requires implementation of several application interfaces. Thus, a standardized appli-
cation interface is needed, and the SABLE project is currently working to develop it
based on SOAP [SABLE 2002 %, Figure 25 and Figure 26].
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Figure 25: SABLE: advantage of a standardized interface approach /© BL/S & SABLE]

The best technical solution to implement the interface between the Requirements
Model/ and the Building Product Mode/would be to use a standardized API, like the
SABLE interface. A standardized APl would make the implementation easier and pro-
vide connections to several software products, including other design software if fur-
ther research projects proposed in Section 7 or commercial software development
use the same structures. The standardization of the software interfaces as well as the
standardization of data structures is crucial for the development and use of interoper-
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able software. However, as described in Section 4.4, this is not a crucial issue for our

research.
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The proposed Requirements Model Specification can be implemented in Product
Model Server environment in two different ways [Figure 27]:

e Option #1: The Requirements Modelis stored in a separate database which has
its own user interface (Ul), and the connection from the Requirements Mode/to
the Building Product Modelis through a Domain Specific API. In this option, the
Requirements Management software is a “stand-alone” application and the con-
nection to the Model Server is needed only when the connection between De-
sign Model and Requirements Modelis used. However, this means that the Re-
quirements Management Ul in the design software must be able to connect to
the Requirements Database, when the user wants to see the Requirements re-
lated to his design tasks.

e Option #2: The Requirements Modelis stored in a Model Server database. In
this option the Requirements Management software’s Ul communicates with the
Requirements Database through the Domain Specific APl in the same way as
design software’s Requirements Management Ul. The benefit of this approach is
that all the project information is stored and accessible on the same server and
using same methods. Thus, option #2 is significantly better solution to the Re-
quirements Management problems discussed in this report than option #1,
where the connection between Requirements and Design Models is less inte-
grated. However, even option #1 would a clear improvement to the current situa-
tion, where the connection is totally missing, and useful solution if the integrated
Model Server platform and standardized API is not available.
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Option#1:
Requirements model defined as a database schema

Option#2:
Requirements model defined as an EXPRESS schema
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Appendix 2: Terminology

The following list defines the key terms and abbreviations used in this report. When
used in the defined meaning, these terms are formatted in Underiined /talicin this
document.

Abstract Requirements Entity (ARgE): A type definition, like room types, in the Re-
quirements Model. ARgEs do not have direct links to the objects in the Design Model,
they relate only to the /nstantiable Requirements Entities (/RgE). One ARgE can be
linked to several /RgEs, c.f. Figure 8.

Building Product Modef A computer-interpretable description of a building structured
according to some Building Product Model Specification, like, for example, the /FC

Specification.

Client Building owner and end-user(s) of the building, who participate in the Re-
quirements Capturing and/or Requirements Management by defining Requirements.
Other project stakeholders, like the community, are assumed to communicate with the
project through the Clien#(s) and Project Team.

Client Requirement (CR): A detailed Requirement, which defines some Client need,
provides useful information for design decisions, and can be linked to object(s) in the
Design, Production and Maintenance Models on some level, e.g., project, site, build-
ing, space, envelope, etc. CRs can be either Requirement Attributes or Requirement
Descriptions. The first pilot implementation of this research discussed in Section 5 fo-
cused on CA’s, which have connection to spaces.

Conceptual Model In this report the term “Conceptual Model' is used for model struc-
tures, which are rather illustrations of the principle than actual specifications. C.f.
Model and Specification.

Design Model (DM). A Building Product Modelrepresenting a design solution. Several
Design Models can be linked to one Requirements Model. C.f. Maintenance, Produc-
tion and Requirements Models, and Figure 7.

Direct Requirement (DR). A Requirement set and managed by the Client or his ap-
pointed representative in the Project Team;, for example room properties like required
area, needed equipment or allowed minimum and maximum temperatures. DRs can
be either Requirement Attributes or Requirement Descriptions.

External Requirement (ER): A Requirement set for a building project by external
sources, like, for example, building codes, local regulations, permitting authorities,
neighbors, etc. EAs can be either Requirement Attributes or Requirement Descrip-
tions.

Geometrical Location. The location of a building element in the Design, Production
and Production Models. These locations can be defined in different coordinate sys-
tems either as an absolute location or as a relative location to another element. They
specify the exact place of the element in the model. C.f. Required Location.

IFC Specification: Industry Foundation Classes, Building Product Model Specification
defined by the International Alliance for Interoperability.
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Indirect Requirement (IR). A Requirement for the objects on the same or lower level of
detail in the Design Model derived from or related to some Direct Requirement. For
example, wall properties, which fulfill some Requirements set for a room, like, for ex-
ample, sound or thermal insulation. /As can be Requirement Attributes or Require-
ment Descriptions.

Inheritance: In this report the term “/nheritance’ is used in a wider meaning than in
Object Orientated programming. When an /nstantiable Requirements Entity (/RqE, for
example, a room), inherits the Requirements from an Abstract Requirements Entity
(ARgqE, for example, RoomType) it is not a sub-class of the ARgE, but it will have all
the requirements defined in the ARgE.

Instance-Specific Property (ISP): A Requirement or Project Attributes, which relate
only to the Instantiable Requirements Entities (IRQE) in the Requirements Model, c.f.
ShP, TSP, IRgE and ARQE.

Instantiable Requirements Entity (IRqE): A Requirements instance, like requirements
for a room, in the Requirements Model. /IRgEs have direct links to the objects in the
Design Model. One /RgE can be linked to several objects in the Design Model, cf.
ARgqE and Figure 8.

Location: In this report location has two different meanings. Required Location and
Geometrical Location.

Maintenance Model A Building Product Mode/representing the as-built building. C.f.
Design, Production, Maintenance and Requirements Models, and Figure 7.

Model An instantiated representation of an entity based on some Mode/ Specifica-
tion, for example, the Requirements Mode/ contains the Requirements of a project
structured according to the Requirements Model Specification. Likewise the Design
Mode/ contains project’s design objects structured according to some Building Prod-
uct Model Specification, for example, the /FC Specification.

Model Specification: Formal definition of a model structure, like Requirements Model
Specification, Building Product Model Specification, etc. C.f. Model.

Multi-Value Requirement (MVR): A Requirement, which can have several different
values or references for one /nstantiable Requirements Entity (IRQE), like activities,
equipment, windows, etc. for a room, cf. Single-Value Requirements.

Production Model: A Building Product Model representing a production solution. Sev-
eral Production Models can be linked to one Requirements Model and/or Design
Model. C.f. Design, Maintenance and Requirements Models, and Figure 7.

Project Attribute (PA): In the PREMISS-model the Project Attributes are attributes,
which do not define actual Requirements, but serve as identifiers, names or other in-
formation of the Requirements Objects, like project name, ID and name of a room,
etc. C.f. Requirement Attribute.

Project Requirements: Requirements for a specific project; usually created in Re-
quirements Capturing and updated in Requirements Management processes.

Project Team:. Group of people actively producing, managing and using information in
the design and construction process, including, typically, project managers, architects,
and engineers.
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Property. Attribute or feature of an object in Design, Production and Maintenance
Models, like area of a room, thermal insulation of a window, color of a wall, etc. A sin-
gle property or a group of properties can meet one or more Requirements in the_Re-
quirements Model.

Required Location. Defines the client need for a location of a space or group of
spaces, usually in relation to other adjacent spaces or a specific story, part of the Re-
quirements Model. C.f. Geometrical Location.

Requirement Attribute. Requirementhaving a specific numeric 7arget Value, which
can be verified from the design model by calculations, simulation results or other
computational methods, like required area, minimum or maximum temperature, ceil-
ing height, connections to other rooms, maximum noise level, etc. C.f. Requirement
Description and Project Attribute.

Requirement Description. Requirement defined by a verbal description, and thus
needing human interpretation, c.f. Requirement Attribute.

Requirement. Statement of quality or desired property of the building or its parts. The
possible Requirements depend on building type and Client needs, and, as shown by
this research, the list can not be standardized. Thus, the Requirements Model Speci-
fication must be a flexible framework which enables additional project-specific Re-

quirements.

Requirements Capturing. The process defining original Project Requirements before
the design process, c.f. Requirements Management.

Requirements Changes. Changes made to the Project Requirements in the Require-
ments Management during the design, construction or maintenance process after the
Requirements Capturing phase.

Requirements Database. Requirements organized into a database structure. In this
report the formatted term “Requirements Database’ refers specifically to the rapid pro-
totype (PREMISS pilot implementation).

Requirements Documentatiorr. All documents containing any portion of Project Re-
quirements, like, for example, building program, environmental goals, meeting min-
utes, etc.

Requirements Information: The information content of the Requirements Documenta-
tion.

Requirements Knowledge: The explicit information in the Requirements Documenta-
tion and the implicit and tacit knowledge of the Project Requirements in the Project
Team.

Requirements Management: The process to update the project Requirements after
the Requirements Capturing process.

Requirements Model A Modelrepresenting the requirements of a specific project
based on the Requirements Model Specification. C.f. Maintenance, Production and
Requirements Models, and Figure 7.
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Requirements Object An objectified set of Requirements in the Requirements Model.
One Requirements Object can be linked to several objects in the Design Model, and
can be expanded using the PropertySet mechanism. C.f. Appendix 1, A1

Requirements View. A functionality proposed in our report to show the Requirements
linked to a specific object in the Design Mode/in design software. C.f. Section 5.3.

Shared Properties (ShP): Requirements or Project Attributes, which can relate either
to the Abstract Requirements Entities (ARQE) or to the Instantiable Requirements En-
tities (IRgE) in the Requirements Model, c.f. ISP, TSP.

Single-Value Requirements (SVR). Requirements, which can have only one value or
reference for one /nstantiable Requirements Entity (IRqE), like, for example, noise
level, maximum number of occupants, maximum temperature, etc. for a room, cf.
Multi-Value Requirements.

Specification: C.f. Model Specification.

Target Values:. “Specific values that define the solution space for design attributes
(e.g. 5,000 m2 for gross floor area or 10% of gross floor area as circulation space)”
[Kamara et al, 2003]. In the PREMISS model all Requirement Attributes have Target
Values. In the pilot implementation, the attributes, for which the data type is integer or
real, are 7arget Values [ Table 2.

Type-specific Properties (TSP): Requirements or Project Attributes, which relate only
to the Abstract Requirements Entities (ARQE) in the Requirements Model, c.f. ISP,
ShP, IRgE and ARqE.
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