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Abstract

 

Stacking and blocking (S&B) is an important and complex process in building design. Stacking
is the process that decides which spaces should go to which floors in a multi-story building.
Blocking is a process to decide which spaces should go to which zones for a given floor. As S&B
designs a building on a broad scale, it directs the form and general organization of a building.
The S&B process is a complex one that necessitates the consideration of many design require-
ments. While some requirements are related, each design requirement is fundamentally differ-
ent from the others and thus cannot be handled in the same way. S&B is also a combinatorial
problem, in which the number of possible arrangements of spaces is so large that they cannot all
be examined individually. Accordingly, S&B is a challenging and extremely critical aspect of
building design.

Computerized S&B exists but there is room for improvement. Currently there are three state-of-
the-art S&B programs, but their algorithms are weak, and they can handle only a single design
requirement, namely that of functional adjacency. These limitations significantly hamper their
ability to assist designers in the S&B process.

This research overcomes some of these limitations by critically examining four pertinent
research areas with the objective of developing an interactive design aid. 

1)   It develops a method for handling multiple design requirements, including func-
tional adjacencies, thermal, acoustic, and daylight requirements.

2)    It makes use of graph-partitioning and clustering algorithms to automate the pro-
cesses of S&B. 

3)    It adopts effective interface features that allow the user to use the system with ease
and flexibility. The interface features include drag and drop, progressive disclosure,
and dynamic display of algorithmic processes.

4)    It enables an extensive interactivity between the user and the system.

The development of the computer program includes the following areas of research: 

•    Requirements gathering and modeling through protocol analysis, energy simula-
tion, and problem analysis;

•    Software design in OMT [Rumbaugh, 1991] and OOSE [Jacobson, 1992], and imple-
mentation in C++;

•    Adaptation of the Fiduccia-Mattheyses VLSI graph-partitioning algorithm, a heuris-
tic which finds a solution to the combinatorial problem in linear time;

•    Interface design in OOSE use cases and interaction diagrams, and prototyping in
ET++.
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Summary

 

Computer support in the building design field is in its infancy. Currently available software pro-
grams only assist designers to visualize and represent an existing design or design idea. They do
not play a role in decision making. Designers have to rely on their expertise and experience to
manually create designs.

As one considers how modern computer technology has been applied to certain design fields,
such as VLSI, mechanical design, and structural design, and has improved productivity, the lack
of computational support in the building design area has become more obvious.

This thesis aims to bridge the gap in the area of computer-assisted building design, specifically
in an important design stage called stacking and blocking (S&B).

Stacking is the process that decides which spaces should go to which floors in a multi-story
building. Blocking (or zoning) is a process to decide which rooms should go to which zones for a
given floor. Together, the role of S&B in a building design process is vital: It directs the form and
general organization of a building. Since it happens early in design, decisions have rather signif-
icant impact on later stages of design.

S&B is a complex process in which various design requirements are considered. These require-
ments include functional adjacencies, and thermal, acoustic, and daylight requirements. Since
each dimension of the requirements has a different nature, different requirements may result in
potentially conflicting designs. In a hospital, for example, an emergency room may require close
proximity and convenient access to an entrance according to its operational (or adjacency)
requirements, but according to acoustic requirements, a quiet emergency room should be away
from a noisy entrance. For a building over a certain size, there may be many such potentially
conflicting requirements that need to be resolved during the design process.

Since S&B is both important and complex, research aimed at automating S&B has been con-
ducted since the late 70s. The most prominent research is known as WinSABA (Windows-based
Stacking and Blocking Algorithm) conducted by Professor Robin Liggett at UCLA. WinSABA
allocates spaces onto floors and zones according to the adjacency relations between the spaces. It
has a graphical user interface that allows the user to interact with the system: For example, when
the user selects a room from a list of rooms to be assigned to floors, the system shows what loca-
tions are ideal for that room, what locations are prohibited for assignment of that room, etc. Then
the user can pick a location and the room is assigned there. WinSABA is pioneering work in
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demonstrating that building design problems, when properly formulated, can be assisted by
computers. WinSABA also sets a benchmark in computerized S&B by providing algorithmic
solutions and a graphical user interface.

But the deficiencies in WinSABA and other state-of-the-art S&B computer programs hamper
their usefulness. Because they only consider adjacency requirements, these design systems do
not handle other important design parameters such as thermal, acoustic, and daylight require-
ments. Thus the process of weighing trade-offs amongst different criteria, and exploration of
relationships between important performance requirements and design decisions are missing.
Their algorithm is time-consuming and does not produce desired output. Since the user has to
perform complicated interface operations before he/she is able to make a change in the design,
the level of interaction between the user and the system is limited. As design assistance, these
programs do not provide flexibility for the user. 

This thesis remedies some of the deficiencies in the state-of-the-art and develops an efficient
method of handling S&B. Specifically, it makes improvements in four areas: 

•  It develops an efficient graph-partitioning algorithm for stacking, and a cluster-
ing algorithm for zoning. 

•  It handles multiple design criteria including not only functional adjacencies, but
also thermal, acoustic, and daylight requirements that are all crucial to S&B. 

•  Extensive interactivity allows a user to combine his/her design knowledge with
computer’s fast computing capability to efficiently create designs. 

•  It has a user interface that is easy to use. Using interface techniques such as direct
manipulation, progressive disclosure, and dynamic display, the interface pro-
vides an easy access to the design information in the system and allows the user
to conveniently modify a design.

As the program demonstrates, improving automation algorithms and incorporating multiple
design criteria both increases the depth of the knowledge in S&B and expands the boundary of
the capabilities of state-of-the-art S&B programs.
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1   Motivation and Background

1.1  Background

 

When designing large, multi-use buildings, architects face the formidable task of intelligently
grouping spaces with similar or related functions. The task of grouping spaces is difficult
because there are many variables to consider: there are many functional requirements (e.g.,
adjacency, thermal, and acoustic), and for each of these requirements there are different inter-
relations between the spaces. For instance, an adjacency requirement may either require
spaces to be located right next to each other (strict adjacency), or spaces to be located within a
certain distance. 

To illustrate the process and its complexity, consider the following example. When designing a
university building, architects may have hundreds of spaces to be allocated. With many differ-
ent ways of grouping those spaces, architects will typically group together all of the office
spaces of faculty members within one academic department, group together all of the offices
spaces of students within one academic department, etc. They may also group spaces with the
same temperature requirements, or segregate spaces with incompatible acoustic requirements.
When this is done, there will typically be fewer groups than spaces. The strategy of organizing
spaces into groups reduces the number of elements that the architects have to consider, mak-
ing the task more manageable. Architects also have to deal with a large number of ways that
groups can be arranged in the building. They may assign the groups to the same floor, or may
stack them one on top of another according to their functional relations or for formal pur-
poses. Thus a rough organizational plan of the building is achieved, and the approximate
dimension and shape of the building can be determined. While different architects may have
individual approaches to spatially realizing an architectural program, it is plausible to assume
that their approaches can benefit from the computational support accomplished in this work.

The process described in this example is typically referred to as a stacking and blocking task.
Stacking is the process of grouping spaces into different floors according to certain functional
requirements and design constraints such as floor area and areas of spaces. Blocking is the
process of dividing the functions on a single floor plan into groups or blocks. The blocks
should be architecturally meaningful, for instance, entrance block, reception block. Blocks can
be organized hierarchically. Each group of spaces can be a block or a sub-portion of a block.
Together the stacking and blocking strategies help decompose a large-scale design problem
into more manageable (multiple but smaller) design problems. The next step to blocking is a
more refined design stage, i.e., layout design, which is the process of giving spaces exact loca-
tions with precise dimensions within a given block.

Stacking and blocking (S&B) is an important phase of the architecture design process. Deci-
sions made in S&B have a significant, if not decisive, impact on the later stages of design.
However, while important, it is also very difficult. It is a combinatorial problem. It would be
desirable if all the possible ways of arranging spaces to floors and blocks could be considered
before arriving at the best arrangement or all the alternatives of good arrangements. When a
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building size is large, it is extremely difficult, if not impossible, to enumerate all the possibili-
ties. In addition, there are various functional requirements to consider. Each functional
requirement is fundamentally different from others, and should be handled in a different way.
For example, adjacency requirements are different in nature from thermal requirements. For
adjacency requirements, spaces with close geometric distance relations should be grouped.
For thermal requirements, spaces with similar thermal requirements should be grouped. Even
within a single functional requirement, there are different relations between spaces. For exam-
ple, acoustic requirements could require spaces to be located together, or to be segregated. 

It is hard for a human designer to handle so much information completely and efficiently; it is
also time-consuming. While computer technology has been applied to certain areas of design
other than building design (e.g., VLSI design) and has increased design productivity [Boyer et
al., 1989][Trimberger, 1989][Gelsey, 1992], currently little research has been done on computer-
assisted S&B. Therefore this research is motivated to develop effective computer support for
S&B.

Because the software is to be developed for architects, their input to the design of the software
is essential. An interview with architects has been conducted in order to identify their needs
for such a computer program and to obtain requirements on how to design the software. This
following section describes this interview and its findings. 

The goal for the interview is to obtain the information in four areas below:

•  Does S&B play an important role in the building design process?

•  Do architects want software of this type?

•  What building design requirements are considered in S&B?

•  What features in a software tool do architects want?

I visited four AIA

 

1

 

 Pittsburgh member firms and interviewed one architect in each firm. I
interviewed them and recorded important points they made. I asked each architect the same
set of questions: 

•  Is S&B important?

•  Is computer support necessary?

•  What building design requirements do architects consider in S&B?

•  What features in a CAD tool do architects like?

•  In what way do architects imagine they would use such a tool?

 

1. AIA stands for American Institute of Architects.
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Besides these questions, I also asked some questions according to the conversational context.
For details of the interview, refer to Appendix A for a complete set of questions-and-answers.
The following is a summary of the responses:

•  While S&B is defined slightly differently by each individual architect, it is a very
important phase in architectural design. It defines the relationships between spaces
and improves the functionality of a building.

•  Computer support is needed. Computers can quickly generate solutions and are more
efficient, but architects hesitate to use software for the following reasons: 

 

a)

 

 Computers
must violate some requirements in order to get a globally optimal solution. As a result,
architects must accept violations. 

 

b)

 

 There are certain criteria other than structural,
mechanical, and acoustic requirements that computers cannot handle, such as circula-
tion flow and aesthetic judgments. 

 

c)

 

 Computers are cumbersome to use. For example,
in order to draw a stairwell, a user has to enter about 10 numbers, by the time the com-
puter draws this stairwell, architects would have finished drawing the stairwell manu-
ally.

•  All the interviewees agreed that functional adjacencies are important in both stacking
and blocking; mechanical (thermal and plumbing) and acoustic requirements are use-
ful in blocking.

•  As concerns features, architects like software that is easy to use and produces precise
results without complicated user inputs required.

These findings justify developing computer support for S&B with an exception that some
architects are hesitant to use computer tools in designs. This thesis addresses the research
issues associated with the three reasons for the hesitation as listed above.

To alleviate hesitation caused by computers violating some design requirements, the software
should provide architects with the flexibility to not accept those violations. To achieve this, an
interactive design approach is vital. Computers automate major aspects of design require-
ments and provide a reasonable starting point. The user can then modify the design.

The software should provide an interactive design approach that combines the computer’s

fast processing capability with the human designer

 

1

 

’s aesthetic and visual judgments. 

The cumbersome image of computer applications reflects the fact that the current CAD tools
in architecture are not easy to use. This raises an important research issue in user interface
design. A good system should provide ease and flexibility for the user instead of letting him/
her follow some special rules of the system, such as special format and order. 

 

1. A designer, user, and architect refer to the same group of people and will be identified as appropriate
in the thesis.
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It is clear that the negative response to using computers in architecture firms is due to poor
user interface design and limitation in user interaction. Therefore two of the major research
objectives are to provide an easy-to-use interface, and to improve user interactivity.

In summary, through this survey, important requirements for software assistance in S&B were
identified. They include:

•  candidate S&B criteria that include adjacencies, thermal, acoustic, daylight, plumbing,
and structural requirements;

•  an iterative design approach that allows the user to modify designs devised by the
computer;

•  an intuitive interface that allows the user to conduct S&B with ease and flexibility.

Because of the importance of S&B and the great potential in developing computerized support
in this area, several research institutions and firms have developed S&B software. However,
the existing software is inadequate in a number of important aspects, as will be shown next.

 

1.2  Prior Work

 

 Research on stacking and blocking (S&B) started in the late seventies [Liggett, 1978][Liggett,
1979][Teicholz and Sena, 1986], but significant advances were not made until a decade ago.
Past attempts include generating stacking diagrams, allowing the user to directly manipulate
interface elements to facilitate the interaction between the user and the system, and using an
adjacency matrix to represent functional adjacencies between different departments/activi-
ties.

S&B programs are used for two main purposes: facilities management (FM) and building lay-
out design. An FM program manages people, assets, and spaces belonging to an organization
throughout the lifetime of a building. This involves managing the proximity issues between
functions of a building by grouping activities based on adjacency relations. A building layout
program arranges spaces within a building according to their functional requirements. All
existing S&B systems have been developed for FM purposes, including WinSABA, a system
that can also be used for building layout design.

Since all S&B programs are part of a computer aided facilities management (CAFM) system,
their pace of development closely mirrors that of CAFM. This section first gives an overview
of state-of-the-art CAFM systems, then reviews the following three state-of-the-art computer-

ized S&B systems: WinSABA

 

1

 

 (SABA Solutions), OrgTree Stack and Block

 

2

 

 (Decision Graph-

ics), and WinStack

 

2

 

 (Peregrine Systems, formerly Innovative Tech). Following the survey is a
summary of the strengths and weaknesses of the state-of-the-art in computerized S&B pro-

 

1. WinSABA was at first developed from academic work by Robin Liggett at UCLA. In 1995, Robin
established the company SABA Solutions; and WinSABA has since become a commercial product. 

2. OrgTree Stack and Block, and WinStack are both commercial products.
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grams, specifying the challenging problems existing S&B programs have solved and which
challenging problems remain to be solved. 

 

1.2.1  Overview of CAFM Systems

 

Most S&B programs are primarily integrated into CAFM systems. CAFM systems assist orga-
nizations in the management of their facilities, including people, assets and spaces, in order to
achieve maximum economic benefit and organizational efficiency. CAFM systems are impor-
tant for the overall performance of organizations for the following reasons:

•  It is time-consuming to manage the large body of facilities information manually.

•  It is difficult to efficiently integrate operations between different departments manu-
ally.

•  CAFM systems can avoid redundant work by recording the work that has already
been assigned or done, whereas in a non-computerized environment, it is not conve-
nient to keep track of the status of a job regarding whether it is done, to whom it is
assigned, etc.

•  CAFM systems can identify under-utilized or un-utilized spaces so that these spaces
can be made use of, whereas it is not as easy to do so manually.

•  CAFM systems can become an important strategic decision aid by producing “what if”
scenarios, whereas it is error-prone and inefficient to produce such scenarios manually.

CAFM is still in its early stages of development. Since its inception in the 1970s, only the last
decade has seen significant advances in this field. The latest generation of CAFM programs
integrates CAD drawing tools with the facilities database. This integration includes a bi-direc-
tional link between database and CAD tools. CAD tools not only output data contained in a
database, but also accept user inputs into the database. Besides integrating CAD tools with the
database, CAFM programs also have interfaces with powerful features (such as drag and
drop), automated FM functionalities, and sockets for integration with third-party software.

State-of-the-art CAFM programs include Aperture Enterprise Solutions developed by Aper-
ture Technologies, Inc., Archibus/FM10 developed by Archibus, SPAN.FM developed by
Innovative Tech, FM:Space developed by FM:Systems, and AutoFM developed by Decision
Graphics. 

It should be pointed out that a state-of-the-art CAFM system does not necessarily host a state-
of-the-art S&B program; and a state-of-the-art S&B program does not necessarily reside in a
state-of-the-art CAFM system. WinSABA is such an example: it has advanced S&B functions
but it is not state-of-the-art CAFM. On the other hand, OrgTree Stack and Block, and Win-
Stack, are both advanced in their S&B capabilities and within a powerful CAFM environment.
The following section reviews these three S&B programs closely.
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1.2.2  Survey of Three State-of-the-art S&B Programs

 

1.2.2.1 WinSABA

 

SABA (Stacking and Blocking Algorithm) was developed by Robin Liggett in 1979 [Liggett,
1979] and has since become the most widely used algorithm for stacking and blocking. After
being equipped with an interactive user interface for Windows, SABA was developed into a
commercial product called WinSABA in 1995 [SABA Solutions 1996]. WinSABA uses an adja-

cency matrix to represent adjacency relationships. The user can assign activities

 

1

 

 to locations
before running the algorithm, and modify a solution after running the algorithm. 

SABA was formulated as a “Quadratic Assignment Problem” originally defined by Koopmans
and Beckmann in 1957. Since the Quadratic Assignment Problem is a NP-complete problem,
Liggett used Graves and Whinston’s heuristics to make SABA realizable in polynomial time at
the cost of not getting an optimal solution. 

SABA handles one-to-one assignment

 

2

 

, stacking, and “blocking”. “Blocking” in WinSABA is
actually layout design. It allocates spaces on a floor with physical locations and dimensions.
Our notion of a blocking problem, on the other hand, is to let the user divide a floor plan into
multiple zones so that a large-scale design problem is divided into more manageable, multiple
and smaller design problems. SABA goes beyond this and solves the layout problem, too.

SABA’s algorithms need improvement. SABA considers two types of relations: fixed costs and
interaction costs. Fixed costs are costs of assigning an activity to a particular location. Interac-
tion costs are travel costs and/or costs of shipping materials. SABA was originally designed to
handle one-to-one assignment problems. The stacking and blocking algorithms are adapted
from the algorithm for the one-to-one assignment problem.

The one-to-one assignment algorithm decides the best locations for spaces if they are to be
allocated to the same number of fixed locations. There are fixed costs associated with each
space and each location. There are also interaction costs between different spaces. The goal is
to minimize the total costs including both fixed costs and interaction costs.

When dealing with stacking and blocking, SABA divides a single grouping process into a two-
stage mapping process which consists of a constructive stage and iterative improvement. The
constructive stage is divided into an n-step mapping process, where n is the number of spaces
to be allocated. The time order for this process is O(n^3). Also, each space is unnecessarily
divided into an integer number of smaller modules and each floor or zone is divided into an
integer number of smaller grids whereas the area of a module in a space is equivalent to that
of a grid on a floor or zone. In this process, the area of a space is approximated to the sum of

 

1. Here, an activity refers to a space in which a specific activity is carried out.
2. One-to-one assignment in WinSABA is, for n activities and n locations, to assign each activity to a

unique location so that each activity is mapped to only one location, and vice versa. In such an
assignment, shapes and dimensions of the locations are not considered.
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those of the small modules, and the area of a floor or zone is approximated to the sum of those
of the small grids. The process of assigning a space to a floor, for instance, is actually a process
of mapping the small modules in the space to the same number of small grids on the floor.
This creates a dilemma between precision and efficiency. In order to increase precision of a
solution, a space should be divided into as many small modules as possible, which may
increase the computing time infinitely. In order to increase efficiency, a space should be
divided into as few number of small modules as it can, which will unavoidably result in an
imprecise solution. SABA generates an inadequate solution because at each step, when a new
space is to be assigned, only the relations between this space and the assigned spaces are con-
sidered. The relations between this space and the rest unassigned spaces in the “waiting list”
are only partially considered through an “implicit enumeration” method in which an alloca-
tion of a space is made when this allocation will most likely achieve an optimal solution
against the objective function. This statistical method does not produce an optimal solution
when the allocation of the rest unassigned spaces does not follow the “most likely” pattern.

In the iterative improvement stage, a user can modify the design devised in the constructive
stage by exchanging pairs of small modules in order to fix the irregular shapes of spaces.

Because of the execution time problem, SABA currently can only handle fewer than 175 spaces
in stacking and blocking.

WinSABA’s interface is intuitive, interactive and relatively easy to learn. Specifically it has the
following three aspects:

•  Adjacency relations are categorized into different levels according to their importance,
such as “absolute”, “essential” and “important”. This makes it easy for the user to
decide and enter the strength of an adjacency. 

•  When a new space is to be allocated, the adjacency relations between this space and all
the fixed spaces are represented as links with different thicknesses corresponding to
different strengths of relations, providing the user an aid in deciding good location(s)
for the space. 

•  A coloring scheme is used extensively. Adjacency links can be represented not only by
different thicknesses of lines, but also by different colors of lines with the same thick-
ness. In the interactive mode, when a new space is to be allocated, the preferred, dis-
couraged and prohibited locations are shown in different colors. These intuitively
assist the user in deciding good location(s) for the space.

WinSABA has the following five disadvantages:

•  First, WinSABA uses a time-consuming algorithm, i.e., SABA, to generate a solution
that turns out to be inadequate. SABA is time-consuming because it divides a single
grouping process into a multiple-stage mapping process. The time order for this pro-

cess is 

 

1

 

. SABA’s solution is inadequate because at each step when a next spaceΩ n3 
( )
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is to be assigned, only the relations between this space and the fixed spaces are consid-
ered. The relations between this space and the rest unassigned spaces in the “waiting
list” are only partially considered through an “implicit enumeration” method.

•  Second, WinSABA does not handle multiple functional requirements. It only deals
with adjacency requirements.

•  Third, the so-called “blocking”, i.e. layout design, result is not feasible. Because of the
high penalty for allocating a space across zones, an inter-zone corridor cannot be allo-
cated. A typical layout will look like spaces piled upon one another with irregular
shapes. It is not useful as a starting point for layout design, either, since it cannot be
appropriately modified in WinSABA. The iterative improvement process focuses on
pruning the irregular shape of each space. The basic plan pattern cannot be easily
modified.

•  Fourth, in WinSABA, “blocking” (i.e., layout) is not a follow-up step to stacking as it
should be. After stacking is done, the user cannot select a floor and continue with lay-
out design of that floor. He/she has to set up a data file recording the information of
all the spaces assigned to the selected floor and start a new layout project. This diffi-
cult process makes the layout portion nearly unusable.

•  Lastly, WinSABA’s interface has three drawbacks. First, it only supports very limited
direct manipulation. The user cannot directly manipulate interface elements in order
to perform a certain operation. For instance, if the user wants to move a space from its
current floor to another, he/she has to click on it first, and this will pop up the require-
ments window of the space. The user then has to select “Move” in the window, click
on the destination floor, and select “OK” in the window again before this move opera-
tion is completed. Second, the interface violates WYSIWYG principle. It does not grey
out all the illegal operations. For instance, “Finish Plan” option, which should be acti-
vated only before the spaces are assigned, is still activated when all the spaces are
assigned, in which case if selected will cause the system to crash. Third, there are some
confusing or ambiguous interface elements. For instance, if the user wants to exit the
“improving plan” mode, he/she has to select “improve plan” in order to exit from this
mode. The meanings of some symbols are unclear. For instance, “s” before a space
item (this space is split as discontinuous parts) and “$” before a space item (there are
preference costs associated with this space for assignment).

 

1.2.2.2 OrgTree Stack and Block

 

OrgTree Stack and Block [Decision Graphics, 1997] creates building stacks (a side elevation
view of the building) showing how the spaces are utilized. Furthermore, working relation-
ships and target floors may be set against people or departments using the adjacency matrix.
These working relationships can be viewed rapidly using bubble charts which show the rela-

 1. “ ” is a time order greater than n
 

3
 . The amount of additional time will depend on the precision

with which the areas of spaces are modeled.
Ω n3 ( )
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tive proximity of the key relationships. An algorithm can generate stacking according to the
relations specified in the adjacency matrix to get the best fit for the building. Some utilities are
provided for the user to modify the stacking and blocking result. For instance, “drag and
drop” assists a user to move blocks among floors, and “break and glue” either breaks up
blocks by head count or glues them together as a single block.

Despite these features, OrgTree Stack and Block has the following disadvantages: 

•  The system does not provide options of different levels of adjacency relations. It only
provides and handles the strict adjacency relation, i.e., two spaces being right next to
each other. In cases when two spaces should be allocated within a certain distance, the
user has to approximate it either to” adjacency” or to “no relation”. This significantly
limits the usefulness of the system. 

•  Blocking is simplified as “departmenting”. By default, each department is a single
block. Furthermore, blocking can only be performed manually. The user can choose to
“break” a department into two or “glue” two departments to join them into one. There
is no system assistance in a blocking process except that when splitting a department,
the system makes the area calculation on its own by prompting the user for the per-
sonnel to be sent to each sub-department and using its database of space requirements
for all personnel. 

•  It does not handle multiple functional requirements. The only functional requirement
it handles is adjacencies.

 

1.2.2.3 WinStack

 

WinStack is the stacking module in the CAFM program, SPAN.FM. The primary task of Win-
Stack is to produce stacking diagrams. The input to WinStack is provided by two separate yet
related modules, Property Portfolio and Space Analysis.

In Property Portfolio, a tree structure represents the real-life organizational structure. Adja-
cency requirements can be specified between different departments. The leaf level is com-
posed of personnel. Attached to each person is a job status, which is assigned a default space
class and type. For each space class and type, there are certain dimensional constraints. Thus
organizational requirements are transformed into spatial/dimensional requirements at this
point.

In Property Portfolio, the user has to define the spatial structure in which stacking is going to
take place, i.e., into which spaces given departments can be allocated. Spatial structure is
decomposed into 7 levels, namely: land, owners, buildings, floors, areas, rooms/sublocations,
and bins (furniture level). The user has the option to allocate physical locations of any depart-
ment among buildings and floors (a large department may be split into different buildings
and/or floors). This provides the ability to pre-determine decisions regarding the assignment
of spaces.
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In the Space Analysis module, the user specifies a time, such as month and year, for which the
stacking scenario is created. According to the time specified, WinStack can represent past/cur-
rent space allocation, or forecast future space needs. 

Before stacking diagrams are produced, however, the user must also specify floors to be
included in the analysis and floor stacking order (the order in which different floors are
stacked). Then using the selected departments’ dimensional requirements and adjacency rela-
tions as defined inside the organizational hierarchy, and the time specified in Space Analysis,
WinStack generates “the best fit”, i.e., the most efficient setup stacking diagrams (this auto-
matic generation functionality has not yet been implemented).

WinStack provides a graphical floors section interface. The user can re-arrange departments
by moving, swapping, splitting and/or joining the departments. The user can also modify
adjacency requirements in the organizational hierarchy by modifying the affinity matrix. 

WinStack needs improvement in the following areas:

•   It does not handle blocking.

•  It does not handle multiple functional requirements except adjacency. 

•  It does not yet automatically find solutions.

•  Its interface should clearly indicate which operations are valid and which are not
instead of allowing the user to perform an illegal operation before the system warns
him/her that it is not a valid operation. For instance, in joining two departments, after
a user selects two departments and tries to join them, sometimes a warning dialog
window appears telling the user that the two departments he/she has selected cannot
be joined because of one of the three listed reasons. A suggested solution is to high-
light the departments that can be joined in the same color after the user selects the
“Join” command, so that user can select departments with the highlighted color and

will not get the warning dialog

 

1

 

.

•  The seven-level spatial decomposition is inappropriate. The first two levels, land and
owners, do not fit into the spatial decomposition category. They can be put into the
property profile instead.

•  Floor stacking order is not necessary. After the user selects floors that he/she wants to
include in the analysis, it becomes obvious how the floors should be stacked. For
instance, for a twenty story building, if the user selects floor 1, floor 7 and floor 18 to
be included in the analysis, it is clear that floor 1 should be on the bottom, floor 7

 

1. If this suggested method for “joining” departments is taken, in order to keep consistency in the inter-
face design, the other operations should all follow the order of “selecting action before selecting
objects”. For instance, to swap departments, the user should select “Swap” before he/she selects a
pair of departments for swapping; to split a department, the user should select “Split” before he/she
selects a department that can be split.
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should be in the middle and floor 18 should be on the top. The user does not need to
specify this top-down order.

 

1.2.3  State-of-the-art in Computerized S&B Programs

 

To date, S&B programs have achieved the following: (1) development of the basic S&B func-
tions and related heuristics to approximate the combinatorial problems, (2) partial graphical
user interface development, and (3) representation of adjacency relations in an adjacency
matrix. 

The existing S&B programs have the following weaknesses: 

•  Very few existing systems automatically find S&B solutions. Those that do provide an
inadequate solution, using a time-consuming algorithm. For instance, WinStack does
not have an algorithm to support its stacking process; SABA in WinSABA is time-con-
suming and eliminates a lot of good solutions by only explicitly considering a subset of
adjacency relations at each step of the n-step constructive process. 

•  None of the systems provides good support for blocking. For instance, OrgTree Stack
and Block only assists the user in splitting a department or joining two departments.
WinStack does the same. WinSABA, as discussed, goes a step beyond blocking but pro-
duces infeasible layouts, and the interface does not support connection from stacking
to “blocking” (i.e. layout).

•  Existing S&B systems cannot handle multiple functional requirements. They only sup-
port adjacency requirements.

•  The systems allow only limited user interaction. The iterative process in the normal
design practice, i.e., the “back and forth” process of designing, evaluating the design,
then going back to modify the input and creating a new design is not supported. Win-
SABA and WinStack do not allow the user to modify the adjacency/affinity matrix and
have the system generate new designs. 

•  State-of-the-art S&B systems generally have weak user interfaces. In WinSABA not all
illegal operations are grayed out, and direct-manipulation is mixed with selections of
some table items; in WinStack, a warning dialog is provided when a user has done an
illegal operation.

 

1.3  Research Objectives

 

This research aims to develop a computational S&B program, called functional decomposition

in architecture, hereafter FD, in order to remedy some of the shortcomings in the existing S&B
programs:

•  This thesis will expand computerized S&B by handling multiple design requirements
including functional adjacencies, thermal, acoustic, and daylight requirements.
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•  This thesis will view S&B as an active participant in layout design. FD will be able to
localize a layout design within a single floor or zone so that a large and complex
design problem can be “divided and conquered”.

•  This thesis will enable an automatic link with architectural programming (AP) soft-
ware so that it can easily get input from such software. The case here is SEED-Pro
[Akin et al., 1995]. SEED-Pro is a software system that formulates building require-
ments in an object-oriented format. By representing design data in the same format, FD
can get requirements from SEED-Pro directly.

•  Computerized FD will become a seamless transition between AP software and layout
design software. 

Specifically, there are two goals that this research intends to accomplish. The first is to provide
a prototype design system in S&B integrated into the SEED [Flemming and Woodbury, 1995]
software environment currently under development at Carnegie Mellon University.

The second goal of the research is, through system design, to gain an increased understanding
of the process of S&B, and of the iterative design processes. This will also build a foundation
for future research and development.

Both objectives will be accomplished in the context of SEED.
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2  Overview of Functional Decomposition in SEED

 

“Decomposition” (in “functional decomposition”) refers to a S&B process, i.e., the process of
dividing a large building design problem into smaller design problems comprising floors and
zones. “Functional decomposition” refers to the process of decomposing a building into floors

and zones according to various functional requirements

 

1

 

 such as adjacency and thermal. This
section provides an overview of FD, which was developed to operate in the SEED environ-
ment.

 

2.1  SEED Environment

 

The SEED project (

 

S

 

oftware 

 

E

 

nvironment to Support 

 

E

 

arly Phases in Building 

 

D

 

esign) is an
ongoing multi-disciplinary effort to “provide support, in principle, for the preliminary design
of buildings in all aspects that can gain from computer support” [Flemming and Woodbury,
1995]. Its primary emphasis is the generation, exploration and maintenance of design alterna-
tives from each of the disciplines involved in the early design.

SEED features an open-ended modular architecture, where each module provides support for
a design activity that takes place in early design stages. SEED contains SEED-Pro Module
[Akin et al., 1995], SEED-Layout Module [Flemming and Chien, 1995], and SEED-Config Mod-
ule [Fenves et al., 1995] [Woodbury and Chang, 1995]. SEED-Pro supports the generation of an
architectural program from building requirements expressed by the client and/or in applica-
ble construction standards. SEED-Layout supports the generation of the architectural layout
of building elements, such as rooms and corridors. It specifically supports the layout of zones
through decomposition hierarchies as described in this thesis. SEED-Config generates three-
dimensional configuration and provides support for conceptual structural and enclosure
design.

FD was developed within the SEED project. However it can also be used as a stand-alone sys-
tem. There are different advantages and disadvantages of these two approaches. 

FD will benefit from being integrated in the SEED environment in the following respects: FD
needs as input many functional requirements, including functional adjacencies, thermal and
acoustic requirements, which are all available from SEED-Pro. If FD is integrated with SEED-
Layout, designers can use layout designs to visualize or to experiment with the results of FD. 

There are also benefits of having FD as a separate system. It will be flexible enough to be used
as a tool for architecture design and for FM purposes. Being stand-alone facilitates portability
to different machines and platforms. 

In its prototype stage, FD was developed as a part of SEED. As the system grows, a stand-
alone version can be developed.

 
1. Functional requirements and design requirements / criteria / constraints are factors considered in the

design. They are used interchangeably in this thesis.
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The SEED approach is based on the following concepts that are important for this research:
specification unit, functional unit, functional unit hierarchy, and design unit. A specification
unit defines functional requirements of either a physical space or an organizational entity such
as a department. A functional unit represents a set of functional requirements of a physical
space. The requirements could be in the form of constraints and criteria regarding the shape,
size, etc. of the physical space. A functional unit can be a space or room, a zone, or a floor. As a
specification unit is abbreviated as SU, a functional unit is abbreviated as FU. An FU hierarchy
is a hierarchical structure used to represent constituent relations between FUs. Each compo-
nent in an FU hierarchy is an FU. A parent FU spatially contains all its children FUs. This is
recursively applied to all FUs. An FU hierarchy is thus able to represent both stacking and
blocking decisions in a unified representation. This enables SEED-Layout to move seamlessly
between the two processes. A design unit is, in the present context, a physical space with a cer-
tain dimension and location on a floor plan. A design unit is abbreviated as DU.

 

2.2  FD System Architecture 

 

FD deals with multiple functional requirements, including functional adjacency, thermal,
acoustic, and daylight requirements. Figure 2.1 shows the FD system architecture. The FD sys-
tem has three parts: input, the internal engine, and output. The input has a linear set of FUs to
be allocated within a building. Each FU in the input contains multiple building design
requirements. In the internal engine, the four functional criteria are identified, and repre-
sented in computer data structures, before they are combined by the merging engine. The
combined requirements are then processed by the decomposition algorithms. An S&B design
generated by the decomposition algorithms is represented in the form of an FU hierarchy in
the output.

 
Figure 2.1     
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The merging engine is a mechanism for combining input design requirements. In order for the
merging engine to work, the four aspects of design requirements must be represented in com-
patible ways. A detailed discussion of how to represent them can be found in the “represent-
ing requirements” section for each of the four design criteria.

The four design criteria are relatively independent. This modular structure makes it easy for
the system to incorporate additional functional requirements, such as privacy and building
structure. They are not currently considered in FD for the following reasons:

Privacy includes acoustic segregation and avoidance of visual disturbance. Acoustic segrega-
tion is exactly what decomposition according to acoustic requirements aims to accomplish.
Avoidance of visual disturbance is related to building geometry (room shape, windows,
doors, etc.) and therefore can only be considered in a more detailed design stage. 

Structural requirements may play a role in grouping spaces. For example, grouping spaces
with the same column span and structural height will reduce construction cost. This has not
been included in order to keep the scope of the work manageable. This will be a future
research topic. 

 

2.3  System Features

 

The system features in FD are 

 

a)

 

 a graph-partitioning algorithm for stacking adapted from
state-of-the-art VLSI graph-partitioning algorithms, and a clustering algorithm for blocking, 

 

b)

 

multiple functional requirements considered in S&B, 

 

c)

 

 a user interface that facilitates user
interaction, and 

 

d)

 

 a unique definition for blocking that enables exploration of design alterna-
tives.

 

2.3.1  Automation of S&B Process

 

Internally, the four dimensions of design requirements, namely functional adjacencies, ther-
mal, acoustic, and daylight requirements, are represented in a uniform graph format. The S&B
algorithms can either partition each graph separately, or partition a unified graph of any com-
bination of the four graphs. These two processes correspond to generation of S&B designs
according to a single dimension of design requirements or according to multiple design
requirements. The process of partitioning each of these graphs separately is called adjacency
decomposition, thermal decomposition, acoustic decomposition, or daylight decomposition,
depending on the criterion.

There are two types of constraints that the algorithms deal with, namely functional relations
and individual characteristics. In the first case, relations between FUs are a focal point. FUs
will be either grouped or separated according to the strength of their relations. There are two
types of functional relations, namely functional adjacencies and acoustic segregation. For
functional adjacencies, two algorithms, one for stacking and one for blocking, group FUs with
close functional adjacencies so that closely related functional areas will be in the same floor or
zone, thus enhancing communication between these FUs. For acoustic segregation, the same
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algorithms can be adapted to separate FUs which are acoustically incompatible so that physi-
cal segregation is achieved. This segregation is between FUs with a high level of activity noise
and spaces that require a certain level of quiet. 

For individual characteristics, such as thermal or daylight requirements, relations can be
derived between FUs according to the similarities in these individual characteristics. For ther-
mal requirements, such relations show how similar or different the FUs are in their thermal
requirements. Those with similar thermal requirements will be grouped; and vice versa. For
daylight requirements, strong relations are derived between FUs with the same orientation
constraints. Thus, those with the same orientation constraints will be grouped; and vice versa.

 

2.3.2  Interactive Processes between User and System

 

FD allows for extensive interaction between the user and the system. This is based on the fol-
lowing assumptions about the roles of computers and designers in a design context [Klix and
Wandke,1986]. Computers should “thoroughly store information” about a design, carry out
algorithmic (i.e. programmable) processes as contributions to the design, output information
to the designer about the actual state of design, and be able to retrieve input information from
the designer for further processing. The designer, on the other hand, when trying to get maxi-
mal assistance from the computer, should “based on his idea of the aimed solution, knowl-
edge and experience”, provide input to the system whenever the system needs it, judge the
quality of a design and modify the design, and decide how to proceed further with the design.

Interactions between designers and systems can be realized in different modes. Specifically,
designers may control system processes, or intervene with system decisions. FD adopts both
interaction modes in which the user can control the evolution of a design, and either modify
the original problem statement or modify the solution generated by the system. Through the
interactive approach, FD combines the computer’s rapid and mass information storage, pro-
cessing, and retrieval power, with the human designer’s visual ability, judgment, and many
capabilities that cannot easily be incorporated into a computer program. The system provides
an automatic mechanism for generating S&B solutions. The user provides and modifies prob-
lem statements, evaluates the computer-generated solutions and modifies them. This is a
cooperative process. The automatic mechanism provides assistance to the user while the user
has full control of both the procedure and results. 

Figure 2.2 illustrates such an approach. At the beginning the user provides a problem state-
ment. Usually such a problem statement is incomplete. When the system finds out that there is
missing information, it will prompt the user for the missing information. The user then has to
input more information for a complete problem statement.
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Figure 2.2     
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tion-evaluation-modification-regeneration” design process continues until the user is com-
pletely satisfied with the result.

 

2.3.3  Zoning in FD: a Different Blocking Approach

 

In order to support exploration of blocking alternatives, FD has its own definition of blocking,
which is called zoning. The need to define zoning arises from the facts that existing S&B pro-
grams have improper definitions of blocking. In OrgTree Stack and Block, each department is
a zone. In WinSABA, blocking is a layout design within zones having pre-defined locations
and shapes. In both programs, the use of zone concepts is inappropriate because: 
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Although all the FUs in one department may be located within the same zone, there are cases
when the FUs belonging to a department are not located within the same zone for certain rea-
sons. Reasons for this include limit of zone size, and consolidation of FUs belonging to differ-
ent departments so that a single FU can be shared by different departments. Having fixed
locations and dimensions of zones is not appropriate either, since this hampers exploration of
zoning alternatives.

The proper zoning method, as defined in FD, is a process of grouping FUs on a floor into dif-
ferent architectural zones. The user can specify the constraints of zones, such as zone number
and maximum zone size, but the physical locations and dimensions of zones are not defined.
Physical locations and dimensions of FUs are not considered, either. Usually FUs with impor-
tant adjacencies or with similar characteristics are grouped into the same zone. This approach
to zoning is important because 

 

a)

 

 it generates different functional areas and thus provides a
starting point for layout design, 

 

b)

 

 it supports exploration of design alternatives, and 

 

c)

 

 it
groups FUs according to the strengths of their relations instead of simply according to their
membership in the same department. From here on when the term “zoning” is used, it refers
to this definition, which is intrinsic to FD.
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3  Internal Engine

 

FD’s internal engine, as shown in Figure 2.1, consists of three processes: 

 

identifying and rep-

resenting

 

 the four areas of design requirements, combining these requirements through the

 

merging engine

 

, and decomposing a building according to these requirements through the

 

decomposition algorithms

 

. In addition to these three processes, a protocol analysis was con-
ducted in order to

 

 observe the design process

 

, which is important for developing the FD
internal engine.

Initially, this section presents the protocol analysis and its findings. It then describes the pro-
cess of identifying and representing adjacency, thermal, and acoustic requirements. Next, it
introduces FD’s merging engine. Lastly, it discusses the decomposition algorithms, including
a stacking algorithm and a zoning algorithm. For daylight requirements, initial work has been
done and can be referenced in Appendix E: Daylight Decomposition. 

 

3.1  Observation of Design Process

 

In order to observe the process of stacking and zoning, a protocol analysis [Ericsson and
Simon, 1993] was conducted. According to Ericsson and Simon, findings of a protocol analysis
are valid despite a small number of participating subjects.

Four subjects, who were intended users of the system, participated. One of the subjects is a
Ph.D. student in BPD (Building Performance and Diagnostics), one is a practicing architect,
and two are mechanical engineers working in the building design industry. The goal of the
experiment was to identify important criteria in stacking and zoning, individual operations
and sequences of operations that the subjects performed. This section focuses on the
sequences of operations that were identified. For important criteria in stacking and zoning,
and individual operations, refer to Section 3.2.1. 

The subjects were asked to design a two-story hospital building. Rooms/spaces belonging to
four different departments were to be allocated within the building. These departments
included Entrance/Reception, Urgicare, Pediatrics, and Accounting. The two floors and the
rooms/spaces belonging to the departments were represented in the form of small-scale card-
board pieces of fixed dimensions. The subjects were asked to decide the locations for the
spaces and put them on the floors. They were also asked to “think aloud”. The process was
video-taped. In order to keep the identity of the subjects confidential, the job title of each sub-
ject is used.

Each subject performed the operations in a different order; but there existed a pattern of a
common sequence regardless of particular operations. This common sequence has been iden-
tified and is shown as a flow-chart in Figure 3.1.

The flow-chart is a high-level summary of the sequences of operations. It consists of a starting
point, a generation process, an evaluation and modification process, and an end point. In this
flow-chart, an oval box is a starting point or an end point of design. A rectangular box is an
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operation under either the “generation” or “modification” category as specified in Section
3.2.1.4. A diamond box can be either a control point or an evaluation point. For instance, the
diamond box “Are there other unassigned departments?” is a control point. It makes sure that
every department is assigned to a floor location before a next step of action takes place. But the
diamond box “Satisfied?” is an evaluation point, at which a subject evaluated the design and
made a judgment on it. If he/shes was satisfied a next step of action would take place. If he/
she was unhappy with the design, he/she would then modify the design.

 Figure 3.1      Sequence of operations

Generation

Evaluation and Modification

Legend

assign(Dept, Floor)

assign(Dept, Floor)

refine Dept
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There exist two general sequences in the flow-chart, namely “depth-first” approach and
“breadth-first” approach. A “depth-first” approach, in this experimental context, is complet-
ing each department down to the lowest level of detail before moving on to the next depart-
ment. A “breadth-first” approach, in this experimental context, is processing all the
departments at the most general level (i.e., sorting them into aggregate categories) before com-
pleting each department at a detailed level (i.e., creating finer grain zones and sub-zones).

The flow-chart illustrates a “generation-evaluation-modification” sequence. This sequence is a
basis for the iterative and interactive design process as discussed in Section 2.3.2. FD adopts
the “generation-evaluation-modification” sequence, and further expands this idea into an iter-
ative process which is a “generation-evaluation-modification-regeneration” cycle.

In a “depth-first” process, the subjects consider the relations between the entity (department/
group/FU) being placed with those that are already placed and those that are unassigned,
although they may not explicitly place them at the same time. In this sense, this process resem-
bles the “breadth-first” approach, to a degree. However, in a strict “depth-first” process,
grouping for a single floor (assignment of FUs to a floor) and refinement of that floor into
zones is completed before a next floor is considered. This process is not efficient. For instance,
when a current floor is being designed, some FUs that are assigned to completed floors may
need to be grouped to the current floor in order to optimize certain constraints. This move is
caused by the nature of “depth-first” approach, which is to consider only one floor at a time
without considering the relations among all the floors, so that a global adjustment of assign-
ment of FUs to floors will be unavoidable. Furthermore, the global adjustment will invalidate
existing groupings inside floors that are completed. When a significant global adjustment is
made, a regeneration of groupings inside related completed floors will be necessary. Thus the
“depth-first” process usually involves redundant designs.

On the other hand, a “breadth-first” approach is much more efficient. It takes into consider-
ation the relations between all the entities. A higher-level design is completed before a sub-
level design is carried out. This multi-step process guarantees that a large scale problem is rea-
sonably divided before a detailed design for each portion takes place. There is no redundant
design in this process. Therefore, FD adopts the “breadth-first” design approach, which is to
assign all the FUs to floors before refining each floor into zones, i.e., stacking happens before
zoning, which is a refinement of each floor into zones.

The sequences of operations are not only important in forming FD’s general design strategy
and the iterative and interactive approach, but also have become the basis for the design of
both user interface and algorithms.

As the subjects considered various requirements in designing the hospital, the observed
design process as shown in Figure 3.1, is applicable to various design criteria. 
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3.2  Adjacency Requirements

 

Through the protocol analysis, not only the design process was obtained, important adjacency
requirements were identified as well. These requirements include adjacency criteria and adja-
cency-related operations.   Section 3.2.1 gives a detailed description of these adjacency require-
ments.

 

3.2.1  Identifying Requirements 

 

3.2.1.1 Criteria used in stacking

 

Table 3.5 shows the criteria the subjects used in the stacking process. The first column in the
table is a list of major departments that were to be allocated in the building. The second col-
umn is a list of floors to which the departments were to be allocated. Column three through
column six list different criteria that the subjects used. Specifically, column three, four, five,
and six show the criteria used by the Ph.D. Student, the Architect, the Mechanical Engineer1
and the Mechanical Engineer2, respectively. The last row in the table is a summary of the
deciding factors that each subject considered in stacking according to the decisions he/she
made in allocating the departments.

 

Table 3.5 

 

Criteria used in stacking

Department Floor #

 

Ph.D. 
Student in 

related area
Architect

Mechanical 
Engineer1

Mechanical 
Engineer2

 

Entrance/
Reception

      1 close to the 
main entrance

close to the 
main entrance

close to the 
main entrance

close to the 
main entrance

Urgicare       1 close to the 
ambulance 
entrance

frequent use same opera-
tion hours area 
as Entrance/
Reception, 
should be 
located on the 
same floor

close to the 
ambulance 
entrance; 
should be most 
accessible

Pediatrics       2 by default (left-
over space)

2nd stage for 
patients,
not for emer-
gency

non 24 hour 
operation area

by default (left-
over space)

Accounting       2 by default (left-
over space)

remote rela-
tionship with 
outside

non 24 hour 
operation area

keep it the 
hardest place 
to get to

Deciding factors considered proximity with 
existing 
entrances and 
area availabil-
ity

proximity with 
existing 
entrances, fre-
quencies of 
use, public/pri-
vate nature of 
the department

proximity with 
existing 
entrances; 
occupancy 
type: 24 hour 
area vs. non 
24 hour area

proximity with 
existing 
entrances; 
accessibility;
area availabil-
ity
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When allocating the departments to floors, all four subjects assigned Entrance/Reception and
Urgicare to the first floor, and assigned Pediatrics and Accounting on the second floor. They
allocated Entrance/Reception on the first floor for the same reason of the close proximity rela-
tion between Entrance/Reception and the main entrance. They assigned Urgicare to the first
floor for different reasons, such as it being close to the ambulance entrance, or it being fre-
quently used, etc. They assigned Pediatrics and Urgicare to the second floor for different rea-
sons as well, such as the available area on the second floor, functional nature of the
department, etc.

For each subject, the deciding factors considered are different, depending on the background
of the subject. For instance, the Mechanical Engineer1 considered occupancy type as a decid-
ing factor in stacking. The Architect considered public/private nature of the department as a
deciding factor. However they all considered proximity with existing entrances as a deciding
factor. We therefore assume that proximity/adjacency relations are an important factor in
stacking.

Note that this protocol analysis only demonstrates the method followed to obtain useful crite-
ria in stacking and zoning. It does not intend to arrive at universal criteria to follow in all
kinds of design contexts. In order to achieve this, a larger scale of study is necessary. 

 

3.2.1.2 Criteria used for locating major departments

 

Table 3.6 shows the criteria the subjects used in allocating the four major departments. The
first column is a list of the departments, including Entrance/Reception, Urgicare, Pediatrics
and Accounting. Column three through column six record the location each subject chose for
each department and the reasons for such an allocation. The last row of the table is a summary
of the deciding factors each subject considered in allocating the departments.

As shown in the table, each subject has different reasons for allocating a department to a par-
ticular location. For instance, the Ph.D. Student put the Urgicare department in the north loca-
tion on the first floor because this department should be close to the ambulance entrance. The
Architect put Urgicare in the south location on the first floor because it should have an easy
access from either of the two existing entrances, i.e., the main entrance and the ambulance
entrance.
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Table 3.6 

 

Criteria used for locating major departments

 

                  

 

As shown in the last row of the table, while each subject had a slightly different set of criteria,
they all considered accessibility and proximity with the existing entrances to be crucial factors.
Since physical elements affecting accessibility such as doors and paths are not considered in
stacking and zoning, accessibility can be considered as being equivalent to proximity or adja-
cency. Therefore proximity/adjacency appears to be a crucial factor in locating major depart-
ments.

 

3.2.1.3 Criteria used in grouping FUs

 

Table 3.7 shows the criteria used by the subjects at different levels of groupings, in allocating
smaller groups of FUs, in considering vertical relations, and in choosing HVAC (heating, ven-
tilation, and air conditioning) systems. Column one is a list of different levels of grouping
tasks performed by the subjects, including 

 

Department

 

Ph.D. 
Student in 

related area
Architect

Mechanical 
Engineer1

Mechanical 
Engineer2

 

Entrance/
Reception

location south south south south
reasons close to the 

main entrance
close to the 
main entrance

close to the 
main entrance

close to the 
main entrance

Urgicare location north south (major 
part)

north north

reasons close to the 
ambulance 
entrance

easy to access 
from either of 
the two 
entrances

by default (left-
over space)

close to the 
ambulance 
entrance

Pediatrics location south south south south
reasons public nature 

of this dept.; 
close to the 
elevator

public nature 
of this dept.; 
close to the 
elevator

public nature 
of this dept.; 
close to the 
elevator

public nature 
of this dept.; 
close to the 
elevator

Accounting location north north north north
reasons by default

(leftover 
space)

private nature 
of this dept.

private nature 
of this dept.; 
away from the 
elevator

private nature 
of this dept.; 
keep it the 
hardest place 
to get to

Deciding factors considered accessibility; 
proximity with 
existing 
entrances; 
area availabil-
ity

accessibility; 
proximity with 
existing 
entrances

accessibility; 
proximity with 
existing 
entrances; 
area availabil-
ity

accessibility; 
proximity with 
existing 
entrances
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Table 3.7 

 

Criteria used in grouping

 

major groupings on each floor, subgroupings within major groups, locating subgroups, verti-
cal relations considered, and decision on a HVAC system. Column two through column five
present the criteria used by each subject in performing a particular task as listed in column
one. The last row in the table is a summary of the deciding factors that each subject used for
different levels of groupings.

In general, all the four subjects shared the same criterion in major groupings, i.e., formulating
major groupings by department. But for the remaining tasks, the criteria they used were more
diverse. For instance, in subgroupings, the Ph.D. Student considered similar occupancy, same
daylight level and fresh air control; whereas the Architect considered spatial proximity and
plumbing functions.

In summary, the deciding factors the subjects considered include existing organization, spatial
proximity, privacy, and mechanical system requirements such as occupancy, daylight, fresh
air, plumbing, and exhaust. This shows that a broader spectrum of criteria should be consid-
ered in grouping or zoning.

 

Ph.D. Student 
in related area

Architect
Mechanical 
Engineer1

Mechanical 
Engineer2

 

Major groupings 
on each floor

take the existing 
organization as is 
by department

take the existing 
organization as is 
by department

take the existing 
organization as is 
by department; 
special functional 

relationships

 

a

 

a.Initially the subject wanted to group some accounting offices on the first floor with en-
trance/reception because he thought that accounting offices would be needed for billing in
this area. Later on he realized that there was already a registration/billing area in entrance/
reception, thus he gave up the idea of inter-departmental grouping.

take the existing 
organization as is 
by department

Subgroupings in 
each major group

similar occu-
pancy; same
daylight level and 
fresh air control

spatial proximity; 
plumbing functions

plumbing func-
tions; privacy

spatial proximity; 
same mechanical 
and electrical 
requirements

locations of sub-
groups

priorities of orien-
tations of daylight

put new plumbing 
functions near 
existing ones

put new plumbing 
functions near 
existing ones

put new plumbing 
functions near 
existing ones or 
elevator shaft; 
daylight

Vertical relation-
ships considered

staircase;
vertical zoning if 
applicable

no stack plumbing stack plumbing 
and exhaust

HVAC system 
arrived

one separate sys-
tem for each floor

one system for the 
whole building (not 
sure)

one separate sys-
tem for each floor

minimum of one 
separate system 
for each depart-
ment

Deciding factors 
considered

existing organiza-
tion; occupancy; 
daylight; fresh air

existing organiza-
tion; spatial prox-
imity; plumbing

existing organiza-
tion; spatial rela-
tionships; privacy;
plumbing

existing organiza-
tion; spatial prox-
imity; plumbing, 
exhaust and eleva-
tor shaft; daylight
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3.2.1.4 Single operations

 

The single operations the subjects performed are identified through the protocol analysis.
They all fall into one of the three general types of operations, namely generation, evaluation,
and modification (Table 3.8). 

 

Table 3.8 

 

Single operations

 

Under the generation type, the operations are divided into the following categories: 

 

a)

 

 sorting,

 

b)

 

 grouping, 

 

c)

 

 allocation of FU/group/department onto floor, 

 

d)

 

 employment of user’s
knowledge-base, and e) controlling. 

Sorting is an action of selecting FUs according to their function(s). Sorting operations include
selecting FUs according to their affiliated department, selecting FUs that have plumbing
requirements, and selecting FUs that need exhaust. Grouping is an action of either joining
multiple FUs into a group, or joining a single FU with a group of FUs. Allocation is to place a
FU or a group or a department in a particular location in the building. An allocation usually
involves consideration of the relations between the entity to be placed with FUs that are

 

G
en

er
at

io
n

Sorting
sort (Dept1, Dept2, ..., Deptn)
getFUs (plumbing)
getFUs (exhaust)

Grouping
group (FU1, FU2, ..., FUn)-->Group
group (FU, Group1)-->Group2

Allocation

put (FU/Group, Floor)
assign (Dept, Floor)
vertical_put (Group2, Floor2, Group1, Floor1)
buffer_put (FU1/Group1, FU2/Group2, FU3/Group3)
far_put (FU1/Group1/Dept1, FU2/Group2/Dept2)
near_put (FU1/Group1, FU2/Group2)
center_close_put (FU1/Group1, FU2/Group2)
chain (FU1, FU2, Group/Dept)

Employment of 
user’s knowl-

edge

make_constituent (FU1, FU2)
make (FU, Floor1, Floor2, ..., Floorn)  //vertical FU
make (FU1, FU/Group/Dept)
make (separation/connection, Dept1, Dept2)
make (FU, exterior-wall)
convert (FU1, newFU2)
convert (FU1, existingFU2)
remove (FU/Group)

Controlling goto (Dept/Floor)

E
va

lu
at

io
n

Evaluation evaluate (criteria, Group/Dept/Floor)

M
od

ifi
ca

tio
n Moving move (FU/Group/Dept)

Exchanging 
locations

switch (FU1, FU2)
switch (Group1, Group2)

switch (Dept1, Dept2)
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already placed. Thus, besides simple “putting” and “assigning” operations, there are “verti-
cal”, “buffer”, “far”, “near”, “center-close”, and “chain” operations that allocate an entity in
relative spatial relation to FUs that are already allocated. By employing the knowledge base of
a designer, he/she can make new FUs out of existing ones, convert existing FUs into new FUs
with different functions, or rename an FU or a group of FUs in the building. Controlling is to
make a judgment on how to proceed with a design at a point where there are multiple options. 

Evaluation is to examine an existing design against certain criteria such as functional adjacen-
cies and daylight, and to consider if any changes in the design are necessary. Modification is to
adjust the design in order to improve upon certain criteria. Operations under this category
include moving a spatial entity to a new location, and exchanging the locations of two spatial
entities.

These operations are the basis of the operations that FD should provide to the user in adja-
cency decomposition. In other words, FD should allow the user to perform the important
operations identified in the protocol analysis. For example, it should allow the user to group
FUs, and assign an FU to a floor.

 

3.2.2  Representing Requirements 

 

There are two types of adjacency requirements: strict adjacency and distance relations. Strict
adjacency refers to geometric relations requiring FUs to be located right next to each other.
Distance relations refer to geometric relations requiring FUs to be located within a certain dis-
tance. In FD, adjacency requirements are represented as a relation between a pair of FUs. 

 

 

Figure 3.2     

 

Representing adjacency relations in graph

 
The input of adjacency requirements is a collection of FUs with size constraints for each FU
and adjacency constraints between any pair of FUs. The example in Figure 3.2 illustrates the
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process of formulating adjacency constraints in a graph representation. The nodes represent
FUs. The edges represent adjacency relations between two connected FUs. The numbers
assigned to the edges show the strengths or weights of the adjacency relations - the larger the
weights, the stronger the relations. 

The FUs with strong adjacency relations should be grouped into the same floor and/or zone,
while the FUs with weak adjacency relations could be separated into different floors and/or
zones. More specifically, the goal of decomposing a building according to adjacencies is to
minimize the total weight between different floors or zones (sum of weights of edges connect-
ing FUs within different floors or zones), thus increasing the cohesiveness of FUs within the
same floor/zone. An objective function for stacking is as follows:

In the above formula,  is the strength of the adjacency relation between FU

 

i

 

and FU

 

j

 

, and Nf is the number of floors in a building.

Likewise, an objective function of zoning is as follows:

In the above formula,  is the strength of the adjacency relation between FU

 

i

 

and FU

 

j

 

, and Nz is the number of zones on a floor.

 

3.3  Thermal Requirements

 

In principle, thermal requirements include energy consumption, environmental impact, and
thermal comfort. This work will focus on energy consumption only. Therefore an energy sim-
ulation was conducted to identify which thermal parameters are important to stacking and
zoning, i.e., grouping by which thermal parameters can reduce energy consumption.

 

3.3.1  Identifying Requirements

 

Parametric energy simulation studies were conducted using the building performance model-
ing software SEMPER in order to identify useful thermal parameters for grouping FUs. A
description of SEMPER is in Section 3.3.1.1. Four parameters were tested: space temperature,
load schedule, internal load, and air exchange rate.

bjective min AdjacencyFUi FU,
FUi Floorm ⊂ FUi Floorn ⊂ m n ≠, ,  ∑

n m 1 +=

Nf 
∑

m 1 =

Nf 1 –  
∑

 




  

=

AdjacencyFUi FUj ,

bjective min AdjacencyFUi FU,
FUi Zonem ⊂ FUi Zonen ⊂ m n ≠, ,  ∑

n m 1 +=

Nz 
∑

m 1 =

Nz 1 –  
∑

 




  

=

AdjacencyFUi FUj ,
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Toward this end, for each of the four parameters, a single-floor building with a grouped condi-
tion was tested against a single-floor building with a mixed condition in order to compare
their annual energy use (Figure 3.3). In the grouped condition, FUs within each quadrant
shared the same thermal value, whereas in the mixed condition, FUs within each quadrant
had different thermal values as indicated by A, B, C, and D.

The idea was to examine if grouping FUs with similar thermal characteristics (e.g., similar
desirable air temperatures or similar required minimum air exchange rates) will result in sig-
nificant differences in the predicted resulting performance, in this case, the annual energy use.
In order to compare energy consumptions for the two grouping conditions, the annual total
loads of the two grouping conditions were to be obtained in the experiment. 

 
Figure 3.3     

 
Design of thermal experiment

 

Thermal parameters considered in this study include occupancy schedule, internal heat load
(including heat load from equipment, lighting and people), temperature requirements, and air
exchange rate requirements. There are other parameters such as external heat load, mean radi-
ant temperature, occupants’ activity level, and clothing level. They are excluded from thermal
decomposition, because external heat load is related to the locations and orientations of FUs in
a building. These cannot be decided in FD since it deals with a phase of design prior to a phase
that handles geometric design when FUs are allocated to fixed locations and are given fixed
dimensions. The remaining are thermal comfort parameters, which will not be considered in
this research.

Two principles were followed in this simulation study. The first principle was to separately
test each thermal parameter; i.e., when testing a parameter, the remaining thermal parameters
were kept constant so that they would not affect the results for the tested parameter. The sec-
ond principle was to make all the other factors irrelevant. This was achieved by making each
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FU the same size and uniform square shape, designing each group so that each had the same
number of FUs, and making locations/orientations irrelevant by not considering solar access. 

The analysis of the results of this specific set of simulations, i.e., eight annual energy consump-
tion levels, showed that only grouping based on the temperature values significantly affects
the predicted energy use. Temperature may be thus regarded as a useful thermal parameter
for grouping FUs.

The following gives a detailed description of the process of this thermal experiment.

 

3.3.1.1 Tool: SEMPER

 

SEMPER (

 

S

 

imulation 

 

E

 

nvironment for 

 

M

 

odeling 

 

Per

 

formance) [Mahdavi, 1996][Mahdavi et
al., 1998] is an active multi-aspect computational tool integrating building performance simu-
lation (e.g., energy, lighting, and acoustics) into computational design systems. It has been
developed by the Building Performance and Diagnostics (BPD) research group under the
guidance of project director Ardeshir Mahdavi in the School of Architecture at CMU.

In the thermal study, for each tested parameter, two single-floor buildings as shown in Figure
3.3 were input into SEMPER’s energy simulation module (NODEM) separately. For each
building, the 16 FUs with their dimensions and thermal requirements were entered. Then four
HVAC zones were specified with each zone being a quadrant in the floor plan and containing
four FUs (Figure 3.4). For instance, with the subscript numbers representing the position of an
FU, Zone 1 contained FU1-1, FU1-2, FU2-1, and FU2-2 [Ardeshir et al., 1998].

For each zone, only the set-point

 

1

 

 temperature and set-point RH (relative humidity) needed to
be specified. When testing temperature on the plan in a grouped condition, each zone’s set-
point temperature was the same as the set-point temperature of the four FUs within that zone.
When testing temperature on the plan in a mixed condition, each zone’s set-point temperature

was 20-22

 

o

 

C, the most restrictive temperature range of the four FUs’ within that zone. This
guaranteed that the required temperature ranges of all the four FUs’, although different from
each other, could be met through the temperature setup of the zone they were in. When testing

other parameters than temperature, 20-22

 

o

 

C set-point temperature was used for each zone in
either grouped condition or mixed condition. In all test cases, a RH range of 40-60% was used
for each zone.

When the solar gain option was turned off, a 12 months’ energy consumption scenario was
generated for each test case. The total of the 12 months’ energy consumption was the annual
energy consumption used in the result analysis.

 

1. In an HVAC control system, set-point is the controller setting and is the desired value of the con-
trolled variable, e.g., set-point temperature and set-point RH [Haines, 1983].
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3.3.1.2 Overall design

 

A square plan of 16 FUs was used. Each FU was of the size . 

The project was designed so that for each tested parameter there were four different values (or
ranges) and each value (or range) was shared by exactly four FUs. Default values (or ranges)
were used for the other thermal parameters. 

Each zone of four FUs were in one quadrant square as shown in Figure 3.3 and Figure 3.4. As
for the relative locations of the zones, the closer they were, the smaller the difference in values
(or ranges). As it was closer to Zone 2 and Zone 3 than to Zone 4, Zone 1 should have more
similarity with Zone 2 and Zone 3 than with Zone 4 in terms of the tested parameter.

 

Figure 3.4     

 

HVAC zones in tested building

 A thermal value (or range) is expressed by a capital letter with the subscript representing a

thermal property. For instance, A

 

t

 

 (20-22 C), B

 

t 

 

(20-26 C), C

 

t

 

 (16-22 C), and D

 

t

 

 (14-28 C)

represent different temperature ranges, where the subscript “t” identifies the temperature

property. Likewise, A

 

RH

 

(40-60%) is a range of RH and B

 

i

 

 (50 ) is an internal heat value,

etc. There is no relation between values (or ranges) as expressed by the same capital letter
when they represent different thermal properties. For instance, there is no relation between A

 

t,

 

A

 

RH, 

 

A

 

i, 

 

A

 

l, 

 

and A

 

a

 

. Similarly, there is no relation between the “B”s, the “C”s, or the “D”s. The

default values (or ranges) are A

 

t

 

 (20-22

 

o

 

C) for temperature, A

 

RH

 

 (40-60%) for RH, B

 

i

 

(50 ) for internal heat load, A

 

l

 

 (8:00am-5:00pm) for load schedules, and A

 

a

 

 (0.5h

 

-1

 

) for air

exchange rate.

For each parameter, four different values (or ranges) were designed. In each table showing the
four values (or ranges), the one value or range in bold and with a larger size represents a
default value or range.
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3.3.1.3 Temperature

 

Four temperature ranges were assumed as shown in Figure 3.5. They were: A

 

t

 

 (20-22 C), B

 

t

 

(20-26 C), C

 

t

 

 (16-22 C), and D

 

t

 

 (14-28 C). A

 

t

 

 was used as default when a thermal parameter

other than temperature was tested.

 

Figure 3.5     

 

Temperature design

 

3.3.1.4 Relative humidity (RH)

 

Four RH ranges were assumed as shown in Figure 3.6. They were A

 

RH

 

 (40-60%), B

 

RH

 

 (30-

50%), C

 

RH

 

 (50-70%), and D

 

RH

 

 (30-70%). A

 

RH

 

 was used as default when a thermal parameter

other than RH was tested.

 

Figure 3.6     

 

RH design

 3.3.1.5 Internal heat load  

The internal heat load values represented a total of the heat loads generated by equipment,
lighting, and people. To illustrate examples of heat loads for a typical office building, lighting

wattage (heat generation) is 16 , whereas heat generated by computers is on average

between 10  and 20 , depending on actual computer usage.
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Four space internal heat loads were assumed as shown in Table 3.9. They were A

 

i

 

 (30 ),

B

 

i

 

 (50 ), C

 

i

 

 (70 ), and D

 

i

 

 (90 ). For the four designed internal heat loads, the

heat loads from lighting and people were constant (20  and 10  respectively); only

the heat loads generated by equipment varied, which resulted in different total internal heat
loads. 

B

 

i

 

 was used as default when a thermal parameter other than internal heat load was tested. For

A

 

i

 

, B

 

i

 

, C

 

i

 

 and D

 

i

 

, the heat load generated by equipment were 0 , 20 , 40 , and

60 , respectively. 20  was the default heat load generated by equipment.

 

Table 3.9 

 

Internal heat load design

 

3.3.1.6 Load schedule

 

Four load schedules were assumed as shown in Figure 3.7. They were A

 

l

 

 (8am-5pm), B

 

l

 

 (6am-

3pm), C

 

l

 

 (11am-8pm), and D

 

l

 

 (5am-8pm). A

 

l

 

 was a typical schedule therefore it was used as

default when a thermal parameter other than load schedule was tested.

 

Figure 3.7     

 

Load (occupancy) schedule design

 
3.3.1.7 Ventilation (air exchange rate)

 
Four air exchange rates were assumed as shown in Table 3.10. When the subscript “a” was
used to identify the air exchange rate property, these four air exchange rates were expressed
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by symbols A

 

a

 

 (0.2h

 

-1

 

), B

 

a

 

 (0.5h

 

-1

 

), C

 

a

 

 (1h

 

-1

 

), and D

 

a

 

 (2h

 

-1

 

). A

 

a

 

 was the default value when a

thermal parameter other than air exchange rate was tested.

 

Table 3.10 

 

Air exchange rate design

 

3.3.1.8 Data entered and results

 

This section presents all the input data and simulation results (annual energy loads) in a tabu-
lar format. Since four thermal parameters were tested, and for each tested parameter, two
grouping conditions, i.e., grouped condition and mixed condition were tested, there are eight
tables (Tables 3.11 through 3.18) corresponding to these eight test cases. 

In each table, column one lists four zones in a building with each zone having four FUs as
listed in column two. Column three through column seven are required low temperature,
required high temperature, internal heat load, load schedule (occupancy schedule), and air
exchange rate. The last column is the annual energy load obtained through simulation for a
corresponding test case.

As shown in Figure 3.4, in each layout, Zone 1 is the 4-FU quadrant in the upper-left position
of the building plan. Zone 2 is the 4-FU quadrant in the upper-right position of the building
plan. Zone 3 and 4 are the 4-FU quadrants in the lower-left and lower-right positions of the
plan, respectively. An FU id is an identity of the FU’s location on a building plan. For instance,
FU1-2 is the FU in the first row and second column position. FU2-3 is the FU in the second row
and third column position. By defining zone and FU id, each table portrays the exact locations
of zones and FUs on a corresponding layout.

 

3.3.1.9 Simulation results of temperature changes

 

In this test case, all of the FUs share the same set of default values for internal heat load, load
schedule (occupancy schedule), and air exchange rate. In a grouped condition, as shown in
Table 3.11, FUs within the same zone share the same values of low and high temperatures. FUs
within different zones have different low and high temperature values. 
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Table 3.11 

 

Grouped condition by temperature

 

In contrast to this design, in a mixed condition, FUs within the same zone have different low
and high temperatures as shown in Table 3.12. 

 

Table 3.12 

 

Mixed condition by temperature

 

Zone FU id
low 

temperature

(

 

o

 

C)

high 
temperature

(

 

o

 

C)

internal load

(W/m

 

2

 

)

load 
schedule

(hour)

air 
exchange 

rate (h

 

-1

 

)

annual load 
(MWh)

     1

FU1-1 20 22 50 8-17 0.5

34.2

FU1-2 20 22 50 8-17 0.5
FU2-1 20 22 50 8-17 0.5
FU2-2 20 22 50 8-17 0.5

     2

FU1-3 20 26 50 8-17 0.5
FU1-4 20 26 50 8-17 0.5
FU2-3 20 26 50 8-17 0.5
FU2-4 20 26 50 8-17 0.5

     3

FU3-1 16 22 50 8-17 0.5
FU3-2 16 22 50 8-17 0.5
FU4-1 16 22 50 8-17 0.5
FU4-2 16 22 50 8-17 0.5

     4

FU3-3 14 28 50 8-17 0.5
FU3-4 14 28 50 8-17 0.5
FU4-3 14 28 50 8-17 0.5
FU4-4 14 28 50 8-17 0.5

Zone FU id
low 

temperature

(

 

o

 

C)

high 
temperature

(

 

o

 

C)

internal load

(W/m

 

2

 

)

load 
schedule

(hour)

air 
exchange 

rate (h

 

-1

 

)

annual load 
(MWh)

     1

FU1-1 20 22 50 8-17 0.5

44.2

FU1-2 20 26 50 8-17 0.5
FU2-1 14 28 50 8-17 0.5
FU2-2 16 22 50 8-17 0.5

     2

FU1-3 14 28 50 8-17 0.5
FU1-4 16 22 50 8-17 0.5
FU2-3 20 22 50 8-17 0.5
FU2-4 20 26 50 8-17 0.5

     3

FU3-1 20 22 50 8-17 0.5
FU3-2 20 26 50 8-17 0.5
FU4-1 14 28 50 8-17 0.5
FU4-2 16 22 50 8-17 0.5

     4

FU3-3 14 28 50 8-17 0.5
FU3-4 16 22 50 8-17 0.5
FU4-3 20 22 50 8-17 0.5
FU4-4 20 26 50 8-17 0.5
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The annual energy load for the grouped condition is 34.2 MWh, whereas the annual energy
load for the mixed condition is 44.2 MWh. This indicates that grouping FUs by similar
required temperatures can consume less energy annually. Therefore, temperature may be con-
sidered as a factor in grouping FUs.

Note that these simulation studies are of explorative nature. They do not intend to arrive at a
final conclusion as to what thermal criteria are relevant to stacking and zoning applications.
To arrive at such a conclusion, a much larger set of simulations must be preformed based on a
multitude of building types, climates, etc.

 3.3.1.10 Simulation results of internal load changes  

In this test case, all of the FUs share the same set of default values for low and high tempera-
tures, load schedule (occupancy schedule), and air exchange rate. In a grouped condition, as
shown in Table 3.13, FUs within the same zone share the same internal load. FUs within differ-
ent zones have different internal load values. 

 

Table 3.13 

 

Grouped condition by internal loads

 

In contrast to this design, in a mixed condition, FUs within the same zone have different inter-
nal loads as shown in Table 3.14.

 

Zone FU id
low 

temperature

(

 

o

 

C)

high 
temperature

(

 

o

 

C)

internal load

(W/m

 

2

 

)

load 
schedule

(hour)

air 
exchange 

rate (h

 

-1

 

)

annual load 
(MWh)

     1

FU1-1 20 22 30 8-17 0.5

55.0

FU1-2 20 22 30 8-17 0.5
FU2-1 20 22 30 8-17 0.5
FU2-2 20 22 30 8-17 0.5

     2

FU1-3 20 22 50 8-17 0.5
FU1-4 20 22 50 8-17 0.5
FU2-3 20 22 50 8-17 0.5
FU2-4 20 22 50 8-17 0.5

     3

FU3-1 20 22 70 8-17 0.5
FU3-2 20 22 70 8-17 0.5
FU4-1 20 22 70 8-17 0.5
FU4-2 20 22 70 8-17 0.5

     4

FU3-3 20 22 90 8-17 0.5
FU3-4 20 22 90 8-17 0.5
FU4-3 20 22 90 8-17 0.5
FU4-4 20 22 90 8-17 0.5
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Table 3.14 

 

Mixed condition by internal loads

 

The annual energy load (for internal load) for the grouped condition is 55.0 MWh, whereas the
annual energy load for the mixed condition is 54.4 MWh. This suggests that grouping FUs by
similar required internal loads does not make a significant difference in the annual energy
consumption as compared to the mixed condition. Therefore, internal load may not be consid-
ered as a factor in grouping FUs.

This is not to say that internal loads are not important design criteria. It simply suggests that
they did not appear to be sensitive in the zoning schema changes as indicated in the simula-
tions.

 

3.3.1.11 Simulation results of load schedule changes

 

In this test case, all of the FUs share the same set of default values for low and high tempera-
tures, internal loads, and air exchange rate. In a grouped condition, as shown in Table 3.15,
FUs within the same zone share the same load schedule. FUs within different zones have dif-
ferent load schedules. 

 

Zone FU id
low 

temperature

(

 

o

 

C)

high 
temperature

(

 

o

 

C)

internal load

(W/m

 

2

 

)

load 
schedule

(hour)

air 
exchange 

rate (h

 

-1

 

)

annual load 
(MWh)

     1

FU1-1 20 22 30 8-17 0.5

54.4

FU1-2 20 22 50 8-17 0.5
FU2-1 20 22 90 8-17 0.5
FU2-2 20 22 70 8-17 0.5

     2

FU1-3 20 22 90 8-17 0.5
FU1-4 20 22 70 8-17 0.5
FU2-3 20 22 30 8-17 0.5
FU2-4 20 22 50 8-17 0.5

     3

FU3-1 20 22 30 8-17 0.5
FU3-2 20 22 50 8-17 0.5
FU4-1 20 22 90 8-17 0.5
FU4-2 20 22 70 8-17 0.5

     4

FU3-3 20 22 90 8-17 0.5
FU3-4 20 22 70 8-17 0.5
FU4-3 20 22 30 8-17 0.5
FU4-4 20 22 50 8-17 0.5
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Table 3.15 

 

Grouped condition by schedule

 

In contrast to this design, in a mixed condition, FUs within the same zone have different load
schedules as shown in Table 3.16. 

 

Table 3.16 

 

Mixed condition by schedule

 

Zone FU id
low 

temperature

(

 

o

 

C)

high 
temperature

(

 

o

 

C)

internal load

(W/m

 

2

 

)

load 
schedule

(hour)

air 
exchange 

rate (h

 

-1

 

)

annual load 
(MWh)

     1

FU1-1 20 22 50 8-17 0.5

47.9

FU1-2 20 22 50 8-17 0.5
FU2-1 20 22 50 8-17 0.5
FU2-2 20 22 50 8-17 0.5

     2

FU1-3 20 22 50 6-15 0.5
FU1-4 20 22 50 6-15 0.5
FU2-3 20 22 50 6-15 0.5
FU2-4 20 22 50 6-15 0.5

     3

FU3-1 20 22 50 11-20 0.5
FU3-2 20 22 50 11-20 0.5
FU4-1 20 22 50 11-20 0.5
FU4-2 20 22 50 11-20 0.5

     4

FU3-3 20 22 50 6-20 0.5
FU3-4 20 22 50 6-20 0.5
FU4-3 20 22 50 6-20 0.5
FU4-4 20 22 50 6-20 0.5

Zone FU id
low 

temperature

(

 

o

 

C)

high 
temperature

(

 

o

 

C)

internal load

(W/m

 

2

 

)

load 
schedule

(hour)

air 
exchange 

rate (h

 

-1

 

)

annual load 
(MWh)

     1

FU1-1 20 22 50 8-17 0.5

42.4

FU1-2 20 22 50 6-15 0.5
FU2-1 20 22 50 6-20 0.5
FU2-2 20 22 50 11-20 0.5

     2

FU1-3 20 22 50 6-20 0.5
FU1-4 20 22 50 11-20 0.5
FU2-3 20 22 50 8-17 0.5
FU2-4 20 22 50 6-15 0.5

     3

FU3-1 20 22 50 8-17 0.5
FU3-2 20 22 50 6-15 0.5
FU4-1 20 22 50 6-20 0.5
FU4-2 20 22 50 11-20 0.5

     4

FU3-3 20 22 50 6-20 0.5
FU3-4 20 22 50 11-20 0.5
FU4-3 20 22 50 8-17 0.5
FU4-4 20 22 50 6-15 0.5
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The annual energy load for the grouped condition is 47.9 MWh, whereas the annual energy
load for the mixed condition is 42.4 MWh. This indicates that grouping FUs by similar
required load schedules may consume more energy annually as compared to the mixed condi-
tion. Therefore, load schedule may not be used as a criterion in grouping FUs.

 

3.3.1.12 Simulation results of air exchange rate changes

 

In this test case, all of the FUs share the same set of default values for low and high tempera-
tures, internal loads, and load schedules. In a grouped condition, as shown in Table 3.17, FUs
within the same zone share the same air exchange rate. FUs within different zones have differ-
ent air exchange rates. 

In contrast to this design, in a mixed condition, FUs within the same zone have different air
exchange rates as shown in Table 3.18. 

 

Table 3.17 

 

Grouped condition by air exchange rate

 

Zone FU id
low 

temperature

(

 

o

 

C)

high 
temperature

(

 

o

 

C)

internal load

(W/m

 

2

 

)

load 
schedule

(hour)

air 
exchange 

rate (h

 

-1

 

)

annual load 
(MWh)

     1

FU1-1 20 22 50 8-17 0.2

48.9

FU1-2 20 22 50 8-17 0.2
FU2-1 20 22 50 8-17 0.2
FU2-2 20 22 50 8-17 0.2

     2

FU1-3 20 22 50 8-17 1
FU1-4 20 22 50 8-17 1
FU2-3 20 22 50 8-17 1
FU2-4 20 22 50 8-17 1

     3

FU3-1 20 22 50 8-17 0.5
FU3-2 20 22 50 8-17 0.5
FU4-1 20 22 50 8-17 0.5
FU4-2 20 22 50 8-17 0.5

     4

FU3-3 20 22 50 8-17 2
FU3-4 20 22 50 8-17 2
FU4-3 20 22 50 8-17 2
FU4-4 20 22 50 8-17 2
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Table 3.18 

 

Mixed condition by air exchange rate

 

The annual energy load (for air exchange rate) for the grouped condition is 48.9 MWh,
whereas the annual energy load for the mixed condition is 47.3 MWh. This suggests that
grouping FUs by similar required air exchange rates does not consume a significantly differ-
ent amount of energy as compared to the mixed condition. Therefore, air exchange rate may
not be used as a criterion in grouping FUs.

 

3.3.1.13 Findings of energy simulation

 

Table 3.19 shows the eight annual energy loads obtained from the thermal experiment.
According to Table 3.19, grouping FUs with same temperature requirements can save energy
annually by 23%. But grouping FUs with same internal loads, load schedules, and air
exchange rates do not save energy. Intuitively this shows that only grouping based on the tem-
perature values significantly affects the predicted energy use. Therefore temperature is used
as an example to illustrate a formalization of the thermal decomposition process. Note the
illustrative character of these simulation studies. To arrive at a universal judgment as to the
relevant thermal criteria for the purposes of decomposition, a much larger set of simulation
studies may be necessary.

 

Table 3.19 

 

Data analysis

 

Zone FU id
low 

temperature

(

 

o

 

C)

high 
temperature

(

 

o

 

C)

internal load

(W/m

 

2

 

)

load 
schedule

(hour)

air 
exchange 

rate (h

 

-1

 

)

annual load 
(MWh)

     1

FU1-1 20 22 50 8-17 0.2

47.3

FU1-2 20 22 50 8-17 1
FU2-1 20 22 50 8-17 2
FU2-2 20 22 50 8-17 0.5

     2

FU1-3 20 22 50 8-17 2
FU1-4 20 22 50 8-17 0.5
FU2-3 20 22 50 8-17 0.2
FU2-4 20 22 50 8-17 1

     3

FU3-1 20 22 50 8-17 0.2
FU3-2 20 22 50 8-17 1
FU4-1 20 22 50 8-17 2
FU4-2 20 22 50 8-17 0.5

     4

FU3-3 20 22 50 8-17 2
FU3-4 20 22 50 8-17 0.5
FU4-3 20 22 50 8-17 0.2
FU4-4 20 22 50 8-17 1

Tested parameter
Energy use in mixed 

condition
Energy use in 

grouped condition
% of energy saved by 

using grouped condition

Temperature 44.2 34.2 23

Internal load 54.4 55.0 -1

Schedule 42.4 47.9 -13

Air exchange rate 47.3 48.9 -3
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3.3.2  Representing Requirements

As described earlier, a parametric energy simulation study was conducted to identify which
thermal parameters were necessary to group FUs for maximizing energy efficiency. Tempera-
ture was identified as a necessary criterion. Therefore, thermal decomposition is reduced to
temperature decomposition in this work.

In FD, the input of temperature requirements is a collection of FUs with each FU having area
and minimum/maximum temperature requirements.

Figure 3.8 shows an example of formulating temperature requirements in a graph representa-
tion. The nine nodes represent nine FUs. At first they are positioned in the one-dimensional
Euclidean space according to their required average temperatures. The distance between any
pair of FUs shows the difference in their required average temperatures. Therefore there is a
derived relation, the difference in required average temperatures, between any pair of FUs.
The closer two FUs are in the Euclidean space, the stronger the derived relation will be
between them.

 

Figure 3.8     Representing temperature requirements in graph

In order to unify temperature requirements with adjacency requirements, a graph is derived
to represent temperature requirements. The nodes in the graph are the FUs. The links between
nodes show differences in temperatures between connected FUs. The smaller the difference in
a temperature, the bigger the corresponding weight, and vice versa. For example, the temper-

ature difference between Corridor and Bathrm (18-17.3=0.7oC) is small as compared to the
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temperature difference between Waiting and Doc_off2 (25-22=3oC) in the input, therefore the
weight between Corridor and Bathrm (50) is greater than the weight between Waiting and
Doc_off2 (13) in the graph. Note that there should be edges linking between all possible pairs
of FUs. Figure 3.8 only shows some of these edges for illustrative purposes.

Thus the problem is one of grouping FUs into floors and zones according to the average (mean
value) temperature requirements. FUs with similar average temperature requirements, there-
fore greater weights, will be grouped into the same floor or zone, and vice versa, subject to
meeting specified floor/zone number and size constraints. The objective function of stacking
is as follows:

In the above formula,  is the ith floor in a building,  is the required temperature

of FUj,  is the required average temperature for all FUs on ,  is

the number of FUs on , and Nf is the number of floors in the building.

Likewise, the objective function of zoning is as follows:

In the above formula,  is the ith zone on a floor,  is the required temperature of

FUj,  is the required average temperature for all FUs within ,  is

the number of FUs within , and Nz is the number of zones on the floor.

3.4  Acoustic Requirements

3.4.1  Identifying Requirements

Problem analysis, also known as content analysis, was carried out in order to obtain important
grouping criteria. Problem analysis is to extract important factors through reasoning the rela-
tions between different factors under survey. 

In order to analyze acoustic conditions under which FUs can be grouped or should be sepa-
rated, the example of a two-story building was considered. Figure 3.9 is the section of the
building. It contains both horizontal and vertical acoustic relations between adjacent FUs
[Mahdavi et al., 1998].

bjective min tempFUj
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Figure 3.9     

 

Acoustic problem analysis

 

Three factors, namely activity noise, background noise, and sound transmission class (or insu-
lation class) of partition elements were shown to be significant for acoustic decomposition.
Activity noise will be referred to as EEL (expected emission level), and background noise will
be referred to as PSL (permissible sound level) later in the thesis.

The objective of acoustic decomposing was identified as avoiding using expensive insulation
materials and technology to acoustically decouple adjacent FUs. In order to save construction
cost, FUs with compatible background noise and activity noise should be grouped; those with
incompatible activity noise and background noise should be separated.

The key issue is to minimize construction cost. Theoretically FUs with any noise levels can be
adjacent to each other as long as appropriate noise control technologies are used to reduce the
acoustic interference between adjacent FUs. The goal of minimizing construction cost is real-
ized through the arrangement of FUs within a building, either by grouping acoustically com-
patible ones or by separating ones that interfere with each other.

Different from thermal decomposition where the goal is to minimize operational cost (i.e.,
energy consumption), the goal of acoustic decomposition is to minimize insulation cost-- a
one-time cost. The consideration of insulation cost in acoustic decomposition is a way to meet
noise protection. Whereas acoustic requirements can be met through local mitigation (i.e.,
through partition elements to reduce noise from an adjacent space), thermal requirements can-
not be met through such methods of local mitigation. Hence there is no inconsistency between
the goals of thermal decomposition and acoustic decomposition. 

 

3.4.2  Representing Requirements

 

When representing acoustic requirements in an appropriate computational form, some rele-
vant acoustic formulae are used in order to derive acoustic relations between the FUs. These
formulae will be set forth in the subsequent sections.

In this field of study, such formulae are represented without citations, because 

 

a)

 

 they are
empirically derived, 

 

b)

 

 there are different individual approaches of representing them, and 

 

c)

A

B C D
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the nature of the acoustic parameters to be presented in this research are such that they can be
estimated in a variety of ways.

 

3.4.2.1 Important acoustic parameters

 

For the purpose of this research, three acoustic parameters are important: (1) STC or sound
transmission class describing the degree of decoupling between two adjacent FUs for air-
borne sound, (2) IIC or impact isolation class describing the degree of decoupling between
two vertically adjacent FUs for structure-borne sound, and (3) NC or noise criteria defining
the permissible noise level in an FU. Unless otherwise specified, all quantities have units of

decibels

 

1

 

 in sections . through 3.4.2.3.

In order to formulate acoustic requirements, the above parameters are considered in terms of
two criteria: (1) EEL or expected emission level, and (2) PSL or permissible sound level. To
ensure that the maximum PSL requirements of an FU are met, the required air-borne and
structure-borne decoupling level (STC

 

required

 

, IIC

 

required)

 

 between this FU and an adjacent FU

can be estimated as follows: 

 

and

Here EEL

 

airBorne

 

 refers to the adjacent FU’s air-borne noise level, EEL

 

structureBorne

 

 refers to the

adjacent FU’s impact noise level. The constant value of 8 decibel is added to the STC

 

required

 

and IIC

 

required

 

 in order to ensure that the PSL value in the receiver FU is not significantly

affected by the energy transmitted from the source FU.

As for the format of each of the above-mentioned attributes, FD provides, in this case, two
forms of user input, namely discrete categories and/or actual decibel values as shown in
Table 20. This will provide flexibility for the user.  

1. Decibel (dB) is a convenient dimensionless unit for quantifying physical properties such as sound
power, intensity, and pressure. Generally speaking, a decibel level is a logarithmic ratio of a mea-
sured physical parameter to a related reference value. The decibel scale is used to describe sound
pressure level or sound level [Mahdavi, 1995].

STCrequired EELairBorne PSL 8+–=

ICrequired EELstructureBorne PSL – 8+=
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Table 3.20 

 

Discrete attributes of EEL and PSL

 

The discrete attributes for EEL, as shown in Table 3.20, include extremely loud (EL), very loud
(VL), loud (L), neutral (N), quiet (Q), very quiet (VQ), and extremely quiet (EQ). The discrete
attributes for PSL, also shown in Table 3.20, include extremely insensitive (EI), very insensitive
(VI), insensitive (I), neutral (N), sensitive (S), very sensitive (VS), and extremely sensitive (ES).
The decibel values represent illustrative sound levels of the corresponding discrete values
which must be determined on a case-by-case basis.

Table 21 contains four examples of discrete acoustic requirements by FUs to concretely illus-
trate the level of loudness/sensitivity of the discrete EEL and PSL values.

 
Table 3.21 

 
Four FUs’ discrete acoustic values (example)

 

Acoustic decomposition includes horizontal decomposition and vertical decomposition. Hori-
zontal decomposition is formulated as the task of dividing a collection of FUs into floors or
zones with minimum construction cost. Vertical decomposition is formulated as the task of
specifying required construction cost when a FU is located directly on top of another. In this
way, appropriate constraints can be set to guide layout generation toward favorable design
solutions.

 

3.4.2.2 Horizontal decomposition

 

Horizontal decomposition is realized in two steps, namely required construction-cost calcula-
tion and formation of a graph, and partition of the graph. In step one, in order to calculate
required construction cost between any pair of FUs, STC

 

required

 

 needs to be calculated as an
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intermediate step. The two STC

 

required

 

 values of each pair of FUs will be calculated according

to their EEL

 

airBorne

 

 and PSL values. Among the two calculated STC

 

required

 

s, the greater one is

the required decoupling between the two FUs, therefore it will be used a basis in calculating
the required construction cost between the two FUs. When the construction costs between all
pairs of FUs are calculated, a graph of FUs with weights representing different construction
costs will be formulated similar to the one shown in Figure 3.10.

 

Figure 3.10     

 

Representing acoustic requirements in graph

 

It is assumed here, for demonstrative purposes, that a required construction cost is dependent
on two factors, namely STC

 

required

 

 and size of the shared wall between the two FUs. When the

height of walls is considered constant, L

 

wall

 

, the length of the shared wall between the two

FUs, can be used to estimate the size of the shared wall:

Obviously, construction cost, expressed in relative cost units, is a complex function of STC. A
highly simplified assumption is to correlate cost with material use (expressed in terms of sur-

face density 

 

m

 

 in kg.m

 

-2

 

) and use an approximate function for the relation between STC and

 

m

 

:

 Assuming  is a cost coefficient to be determined on a case-by-case basis, the following rela-

tion can be derived:
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This equation is used to derive required construction cost due to the partition element
between a pair of adjacent FUs. 

In step two, a graph-partitioning algorithm is run on this acoustic graph to generate floors or
zones. Those requiring greater noise protection costs for decoupling should be separated into
different floors or zones in order to minimize noise protection cost; those requiring smaller
noise protection costs for decoupling should be grouped into the same floor or zone, since
they do not need much decoupling when allocated together. The objective function of stacking
is as follows:

In the formula above,  is the 

 

k

 

th floor in a building,  is the insulation cost of

the wall between FU

 

i

 

 and FU

 

j

 

 on , and Nf is the number of floors in the building.

Likewise, an objective function of zoning is as follows:

In the formula above,  is the 

 

k

 

th zone on a floor,  is the insulation cost of the

wall between FU

 

i

 

 and FU

 

j

 

 in , and Nz is the number of zones on the floor.

 

3.4.2.3 Vertical decomposition

 

Vertical decomposition is to calculate and represent a required construction cost between any
pair of FUs when they are vertically adjacent. The processes of vertical decomposition include
calculating IIC

 

required

 

 and STC

 

required

 

 between any pair of FUs if one is to be located on top of

the other, and calculating the corresponding required construction cost and representing it
using a graph. 

To calculate IIC
 

required
 

 and STC 
 

required
 

, assuming FU-A is located on top of FU-B, the follow-

ing relations can be derived similar to the equations in horizontal decomposition:

,

onstruc tionCost χ 10
STCrequired 26 +  ( ) 32.4 ⁄

Lw××=

Objective min WallFU i FUj ,
i j i j ≠, ,

FUi FUj , Floork ⊂  
∑

k 1 =

Nf 
∑

 

 
 
 
  

=

Floork WallFUi FUj ,

Floork

Objective min WallFUi FUj ,
i j i j ≠, ,

FUi FUj , Zonek ⊂  
∑

k 1 =

Nz 
∑

 

 
 
 
  

=

Zonek WallFUi FUj ,

Zonek

STCrequired B A →( ) EELB airBorne , PSLA – 8+=
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,

and

.

Among the two calculated STCs (STC

 

required(B

 

->A)

 

 

 

and STC

 

required(A->B)

 

), the greater one is the

required decoupling between the two FUs.

It is assumed here that a required construction cost is related to two factors, i.e., construction
cost resulting from IIC

 

required

 

 and construction cost resulting from STC 

 

required

 

. A simplified

approach is already discussed to derive construction cost estimates based on the required STC
levels. Again, if matters are substantially simplified, cost may be correlated with material use

expressed in terms of surface density 

 

m

 

 in kg.m

 

-2

 

, and an approximate function can be used to
establish a relationship between IIC and surface density:

The construction cost resulting from IIC

 

required

 

 can be then calculated as follows:

In this equation, Area

 

shared

 

 is the shared floor/ceiling area between the two FUs, i.e., the

smaller area of the two FUs’;  is a coefficient that must be determined on a case-by-case basis.

The construction cost resulting from STC

 

required

 

, similar to the horizontal decomposition case,

is calculated as follows:

To unify the construction cost implications of the air-borne and structure-borne decoupling
requirements for the vertical decomposition, the following procedure may be followed. First,
the minimum necessary surface density is calculated to fulfill both STC and IIC requirements
for an FU-dividing partition element. Second, the larger of these two surface density values is
selected to modify either the STC or IIC requirements. Third, these modified requirements are
used to derive the pair of construction costs. Fourth, the higher of the two construction costs is
used in the graph representation. Again, the construction cost is expressed in relative cost
units.

STCrequired A B →( ) EELA airBorne , PSLB – 8+=

Crequired EELA structureBorne , PSLB – +=

IIC 35 m ( )log 54–≅

onstructionCost γ 10
IICrequired 54 +  ( ) 35 ⁄

Areashar××=

γ

nstruc tionCost χ 10
STCreq uired 26 +  ( ) 32.4 ⁄

Areasha××=
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Figure 3.11     

 

Cost graph of vertical placement of FUs

 

A typical output for vertical decomposition is similar to the one shown in Figure 3.11. It is a
graph with weights on edges showing required construction costs in relative units. Specifi-
cally, a weight between two adjacent FUs shows the required construction cost for decoupling
if the “from” FU is located right on top of the “to” FU. For example, in case of FU-A which is
located right on top of FU-B, 90 cost units will be needed. Here, each edge with its assigned
cost units is expressed as a constraint (relationship) between two FUs. 

In the case of using FD’s findings in layout generation, this output would take the form of a
set of constraints to be observed when generating layouts for two vertically adjacent floors. In
SEED-Layout, all of the vertically adjacent FUs will be checked against the required noise pro-
tection cost of the ceiling or floor partitioning. If there is any part of the layout that requires a
high noise protection cost, there will be a warning for that portion of the design.

 
3.5  Merging Engine

 
Since each design criterion (adjacency, thermal, and acoustic) is represented in a graph, these
multiple graphs can be combined into a single graph which comprehensively represents all
criteria or requirements.

Figure 3.12 is an example showing how the merging engine works. The user specifies an
importance number for each of the adjacency, thermal, and acoustic requirements. These num-
bers represent the relative importance between the three criteria. In this example, the user
specifies 10, 3, and 1 for the importance of adjacency, thermal, and acoustic requirements,
respectively. This shows that the user considers adjacency the most important factor in group-
ing, whereas thermal and acoustic are relatively minor aspects. 

Given these importance numbers, each weight on an edge is multiplied by the importance
number specified for that graph. Then the three graphs are combined into a single graph in a
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way that the weights between the same pairs of FUs are added together for a combined
weight. The combined weights in the example are 124 between FU1 and FU2, 60 between FU1
and FU3, and 52 between FU2 and FU3. 

 

Figure 3.12     

 

Merging engine

 

After a combined graph is thus derived, it will be partitioned by the decomposition algo-
rithms. Since the algorithms can be applied to either a combined graph representing multiple
design requirements, or a graph representing a single dimension of design requirements, par-
titioning a combined graph is equivalent to combining the outputs of a separately partitioned
adjacency graph, thermal graph, and acoustic graph. Therefore decomposition according to
the combined requirements is a way to realize the following multiple objectives:

•  minimizing total adjacency relations between different floors or zones;

•  minimizing energy consumption; and

•  minimizing noise protection cost.  

3.6  Decomposition Algorithms

 

This section first discusses the process of stacking and zoning, which is applicable to all
decompositions (adjacency, thermal, and acoustic). Then it describes the expected outputs of
the stacking and zoning process. Lastly it introduces the decomposition algorithms that can
either partition a unified graph, or partition separately the graphs representing adjacency,
thermal, and acoustic requirements, respectively.

 

3.6.1  Process of Stacking and Zoning

 

The process of decomposing a building includes three separate steps: stacking, horizontal
zoning, and vertical zoning. The need for vertical zoning arises from the existence of vertically
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aligned FUs, such as bathrooms and staircases. Vertically aligned FUs form vertical zones.
Each of the three decomposition steps will be discussed at greater detail in the following sec-
tions.

 

3.6.1.1 Stacking

 

In stacking, FUs are grouped by floor in order to minimize the total weight between different
floors. An objective function for stacking is as follows:

In the objective function above,  is the strength of the relation between FU

 

i

 

 and

FU

 

j

 

, and Nf is the number of floors in a building. “Total weight between different floors”, as

shown in the formula, is the sum of weights or strengths of relations between all pairs of FUs
within different floors. It indicates how well the floors are partitioned.

Note that although this objective function resembles the one used in adjacency decomposition

(Section 3.2.2), the two are different. In adjacency decomposition,  is an adja-

cency relation between two FUs, whereas in the objective function above,  is a

unified relation derived from the merging engine. It includes the similarity of temperature
requirements and required noise protection, in addition to the adjacency relation between two
FUs. 

Figure 3.13 is the expected partitioning result of the graph shown in Figure 3.2. In this parti-
tioning result, the total weight between the floors is 10+2+5=17. No other way of grouping the
FUs can achieve a smaller total weight between the floors, subject to meeting the pre-defined
area constraints of each floor. For this particular example, it is assumed that the number of
floors and the area of each floor are fixed.

Objective min WeightFUi FUj,
FUi Floorm ⊂ FUi Floorn ⊂ m n ≠, ,  ∑

n m 1 +=

Nf 
∑

m 1 =

Nf 1 –  
∑

 




  

=

WeightFUi FUj ,

AdjacencyFUi FUj ,

WeightFUi FUj ,
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 Figure 3.13      FUs with their relations (example)  

3.6.1.2 Horizontal zoning

 

In horizontal zoning, FUs are grouped by zone in order to minimize the total weight between
different zones. An objective function for zoning is as follows:

In the above objective function,  is the strength of the relation between FU

 

i

 

 and

FU

 

j

 

. Nz is the number of floors in a building. “Total weight between different zones”, as

shown in the formula, is the sum of weights or strengths of relations between all pairs of FUs
within different zones. It indicates how well the zones are partitioned.

Similarly, although this objective function resembles the one used in adjacency decomposition

(Section 3.2.2), the two are different. In adjacency decomposition,  is an adja-

cency relation between two FUs, whereas in the above objective function,  is a

unified relation derived from the merging engine. It includes the similarity of temperature
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requirements and required noise protection, in addition to the adjacency relation between two
FUs. 

In the example in Figure 3.13, assuming the user wants two zones on Floor1, Lobby and
Gift_shop are assigned to the same zone whereas Bathrm1 is a separate zone by itself, because
the weight between Lobby and Gift_shop (50) is greater and thus they should be grouped.

There are two optional methods of deciding at what points should FUs be separated into dif-
ferent horizontal zones. The first method is to let the user specify the number of zones and the
relative area of each zone. But this is unlikely in the early stage of design. The second method
is to allow the user to specify a threshold relation. This applies to the situation when the user
knows what levels of relations are relatively more important than others and is able to express
this in the form of a threshold weight. FUs with greater weights than the threshold weight
should be grouped into the same zone, and those with smaller weights should be separated
into different zones.

 

3.6.1.3 Vertical zoning

 

For vertical zoning, FUs with vertical relations are organized as vertical zones. Vertical rela-
tions include vertical plumbing connections (e.g., bathrooms), vertical traffic connections (e.g.,
staircases), and vertical spaces (e.g., atria and theaters). For plumbing or traffic connections, a
same FU with either a plumbing or traffic function is created for each floor. On each floor, this
FU is treated the same way as other FUs regarding its adjacencies, thermal, acoustic, and day-
light requirements.

For an atrium or a theater with a multi-story height, a method similar to the one used for a
vertical plumbing or vertical traffic function can be employed, such as creating a vertical FU
subsuming the space of several floors. This FU is treated the same way as other FUs on each
floor regarding its various design constraints. Another way to handle a vertical FU is to con-
sider it as a “negative space”. A “negative space” can be modeled as an “outside FU” in the
middle of the building while the adjacency relations between this “outside” FU and other FUs
are still valid.

In summary, vertical zoning involves creating the same FU for each floor it occupies and orga-
nizing the FUs on continuous floors into a vertical zone. The FUs created for each floor can be
treated like other FUs regarding various design constraints and functional requirements.

 

3.6.1.4 Output

 

The output of FD is represented in the form of an FU hierarchy. It shows which FUs should be
grouped into the same floor/zone, and which FUs should be separated. Figure 3.14 shows the
FU hierarchy output of stacking and horizontal zoning for the example in Figure 3.13. The
shaded FUs are the original input, i.e., nodes in Figure 3.13. The links represent spatial con-
tainment relations; e.g., Floor1 spatially contains Zone1 and Zone2. The input FUs are aggre-
gated into floors, and again into zones, and possibly into sub-zones.
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Figure 3.14     

 

Output of adjacency decomposition (example)

 

While it is used to represent stacking and zoning designs, this hierarchical structure can also
represent vertical zones in a building. Figure 3.15 shows the vertical zones for the example in
Figure 3.13. The bathrooms on different floors form one vertical zone (V-zone1); and the eleva-
tors on different floors form another vertical zone (V-zone2). The vertical zones express the
requirement that FUs within each vertical zone be vertically aligned during the stage of layout
generation.

 

Figure 3.15     

 

Output of vertical zoning (example)

 

3.6.2  Description of Algorithms

 

3.6.2.1 Stacking algorithm

 

The brute force approach in graph-partitioning is to try all the possible ways of partitioning a
graph and find the one that will result in the minimum total weight between different groups.
This is categorized as an NP-complete problem because the time it takes increases rapidly
with problem size; it will be extremely slow when the problem size exceeds a certain value. 
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In the past, many improvements have been realized to make graph-partitioning problems
solvable within polynomial time. A milestone method was achieved through the Fiduccia-
Mattheyses graph-partitioning algorithm [Fiduccia and Mattheyses, 1982]. Its contribution is
to reduce the running time to linear by “locking” moved nodes and using a special data struc-

ture called a bucket list

 

1

 

 to record expected results of possible moves. This reduces the global
optimization problem to one of local optimization.

The original problem Fiduccia and Mattheyses tried to solve was to partition a graph of nodes

into two blocks

 

2

 

 with size constraints. They had a random initial partition and tried to
improve this partition by moving a node from one block to the other which would result in the

maximum decrease in the total weight between the two blocks

 

3

 

. One heuristic they used was
to “lock” a node once it was moved so that it would not be moved again. Thus only unlocked
nodes were considered for future moves. This method of “locking” moved nodes reduced the
computation time from an exponential one to a polynomial one. They also used a bucket list to

record the expected decrease in the cut size

 

4

 

 for each unlocked node. Each time a node was
moved, only an update of the gains of the node’s neighbors were necessary in the bucket list;
calculation of future gains for all the unlocked nodes was not needed. This local update of the
bucket list further reduced a polynomial sequences of operations to one that could be solved
in linear time.

It becomes obvious that, if adapted to solve the stacking problem, the Fiduccia-Mattheyses
algorithm imposes a restriction on the number of floors (only two floors can be handled). In
order to adopt this algorithm, improvement has been made so that it can handle any integer
number of floors.

The stacking algorithm used in FD is an adaptation of the Fiduccia-Mattheyses graph-parti-
tioning algorithm. The data structure of a graph is shown in Figure 3.16. A graph consists of a
set of nodes and a set of edges. Each node is connected with zero or more edges. Each edge
connects two nodes. It should be noted that either a node_list or an edge_list is sufficient to
represent a graph. The redundant use of both facilitates an efficient retrieval of the edges con-
nected with a node, or the nodes connected with an edge. 

In a graph in FD, a node represents an FU, and an edge represents the adjacency/thermal/
acoustic relation between the two connected FUs. 

 

1. The definition of bucket list will be given later in this section.
2. A block is a structure that contains a set of nodes.
3. A total weight between blocks is called a cut size.
4. Decrease in a cut size is called a gain.
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Figure 3.16     

 

Data structure of a graph

 

The improved algorithm partitions a set of FUs into a pre-defined number of floors with area
constraints. Each of the resulting floors contains a set of FUs that satisfy specified floor area
requirements. The algorithm is described as follows:

After the user has specified the number of floors, num_floors, and each floor’s area, the FUs
will be sorted by their total connected weights in descending order. The first num_floors -1
FUs will be assigned to the first num_floors - 1 floors respectively, and the remaining FUs will
all be assigned to the last floor. Note that this initial partition normally violates area con-
straints of the floors. Therefore, the graph-partitioning process will not only minimize the total
cut size, but will also readjust the areas of the floors so that the area constraints of the floors
can be met.

A bucket array (see Figure 3.17) will be set up, and the future gain of each free

 

1

 

 FU will be cal-
culated and registered in this bucket array. In Figure 3.17, a block represents a floor. A possible
move can be of any unlocked FU from its current floor to any of the other floors. Thus each
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floor has a potential relation to every other floor. This relationship is represented by an array.
Each array entry is a bucket list which registers the gains of FUs if they are moved from their
current floor (row index) to a destination floor (column index). The maximum possible gain

caused by a single move is the maximum total connected weight

 

1

 

 of an FU within the graph.

 

Figure 3.17     

 

Data structure of a bucket array

 
1. A total connected weight of a FU (node) is the sum of the weights on all edges that are connected

with the FU (node).
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The move with the maximum gain and more balanced

 

1 areas between floors will be selected.
The corresponding FU will be moved from its current floor to the destination floor as specified
in the bucket array, and then locked. The bucket list will be updated accordingly.

Again, the next free FU with the maximum gain and which, if moved, will result in more bal-
anced areas between the floors will be selected, moved, and locked. The bucket list will be
updated correspondingly. This process will be repeated until either all of the FUs are locked or
no moves will remain that result in more balanced floor area values.

In the above process, an area balance is achieved by selecting moves that will not only
decrease the total cut size, but also improve the area balance between floors. Each time a node
is moved, the areas of its origin floor and its destination floor are locally adjusted. Thus the
optimization process both minimizes the total cut size and improves the area balance in order
to generate groupings that meet specified floor area constraints.

Each time an FU moves, a new state2 will be generated. Figure 3.18 shows the data structure of
a state. A state consists of a set of blocks and a set of cut sets. A block represents a floor. Each
block contains a list of FUs (nodes). Each cut set contains a set of edges linking nodes within
two different blocks. 

1. A floor’s area is the total area of all the FUs assigned to that floor. Balance is the condition that all the
floors’ areas are the same as their required areas.

2. A state is a partition of FUs (nodes), with each of the FUs assigned to a floor (block).
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Figure 3.18     Data structure of a state

The results of the stacking algorithm will be a set of states. Those that satisfy the specified
floor area requirements are feasible states. An optimal state will be the one which among all
the feasible states has the minimum total cut size.

When the stacking algorithm applies to thermal or acoustic decomposition, temperature dif-
ferences or required construction costs between all possible pairs of FUs are needed. This
requires a complete graph to be formulated. When the time it takes to formulate a graph is

, i.e., , and the partition of such a graph takes  time; thus,

the time order for this algorithm is .
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The pseudo code for the stacking algorithm is as follows:

 

formulate a graph with node_list and edge_list;

sort node_list into sorted_node_list by total_connected_weight;

total_num_free_nodes = total_num_nodes;

 

if

 

 (there is pre-assignment) {

pre-assign nodes to specified floors;

lock the nodes;

adjust total_num_free_nodes;

}

 

for

 

 (i =  0 to num_floors-1) {

 

if

 

 (i < floor_num-1 && this floor is empty) 

assign next node in sorted_node_list to this floor;

 

if

 

 (i == num_floors-1)

assign remaining nodes in sorted_node_list to this floor;

}

build bucket_array;

//Perform only one pass. This is different from Fiduccia and Mattheyses 

//which allows multiple passes over data

 

while

 

 (total_num_free_nodes > 0) {

get feasible_moves from bucket_array;

select best_move from feasible_moves;

 

if

 

 (best_move != NULL) {

move best_move;

lock this node;

total_num_free_nodes--;

adjust areas of from_floor and to_floor;

update bucket_array;

generate a new state;

//save all feasible states that have been observed to feasible_states_list

 

if

 

 (the state meets floor area constraints)  //a new feasible state

 add it to feasible_states_list;

}

 

else

 

 

break;

}

get_optimal_state from feasible_states_list;  

There are several improvements that can be made to this algorithm to make it more similar to
Fiduccia-Mattheyses. They are elaborated as follows:
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•  In the 

 

initial partition

 

, instead of assigning all of the FUs to the top floor, either of the
following two strategies could be adopted: 

 

a)

 

 assigning FUs to num_floors floors only
according to the weights between them, and 

 

b)

 

 assigning FUs to num_floors floors
only according to the area constraints. For 

 

a

 

, the greedy clustering algorithm as
described in Section 3.6.2.2 can be used to formulate this initial partition. For 

 

b

 

, a good
heuristic for assigning FUs on the floors would be to put the largest FUs on the floors
first. For example, put the largest FU on floor one. If there is sufficient space for the sec-
ond largest FU, assign it to floor one as well, otherwise on floor two, and so on. Either

 

a

 

 or 

 

b

 

 can achieve a better balance of areas among the floors, as compared to the
method described in Section 3.6.2.1.

•  When 

 

selecting a move

 

, instead of choosing one that strictly improves the balance of
floor areas, temporary moves that violate area constraints should be allowed with the
possibility that subsequent moves will satisfy the area constraints even better. A pen-
alty is associated with each move that violates the area constraints. Therefore, unless
there is a significant decrease in the cut size, moves that violate area constraints will
not be considered. Thus, the criterion for selecting a move is to minimize both total cut
size and penalty for violation of area constraints:

In the objective function above, 

Nf is the number of floors in a building,  is the 

 

p

 

th floor,  is the 

 

q

 

th FU on

floor 

 

p

 

,   is the area of the 

 

q

 

th FU,   is the required area of the

 

p

 

th floor, 

 

c

 

 is a coefficient to be decided on a case-by-case basis, and 

 

abs

 

 is a function of
getting the absolute value of a number.

When all of the FUs are locked, the states that have been generated should be reviewed
to determine an optimal state with a minimal total score (sum of total cut size and area
penalty). If no state meets the area constraints, the area penalty should be increased
and the process repeated. If there is still no state that meets the area constraints, a dif-
ferent initial partition method should be utilized.

• Fiduccia-Mattheyses allows 

 

multiple passes

 

 over data in order to continuously
improve the partition result. But multiple passes in the described stacking algorithm is
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impossible, because each move improves the area balance among the floors. After the
first pass, the floor areas are balanced. Therefore, moving an FU will violate the area
constraints. As a result, no additional moves are allowed. Only when a different strat-
egy of selecting moves is adopted, as described in the “selecting a move” section
above, can multiple passes be realized.

 

3.6.2.2 Zoning algorithm

 

The objective function for (horizontal) zoning has been stated in Section 3.6.1.2. Zoning is a
different problem from stacking. Although the user may define a maximum or a minimum
zone area, there are no strict area constraints for each zone. As such, it is not as strict as stack-
ing where each floor has an area. The major issue in zoning is to group FUs with strong rela-
tions together. The stacking algorithm is “expensive” for this purpose in terms of setting up
and updating bucket array operations. Therefore, a different algorithm from the stacking algo-
rithm should be used for zoning to focus only on the relations between FUs.

FD zones FUs on each floor based on the so-called “greedy clustering” method. In a graph-
partitioning problem, the basic process of greedy clustering is to group nodes into clusters,
and gradually merge these clusters until some termination condition is satisfied. When
adopted for FD, nodes are used to represent FUs, and clusters are used to represent zones. The
criterion of zoning is to group FUs linked by strong weights into the same zones. This process
guarantees that FUs linked with strong weights are grouped according to some specified con-
straints. 

Nodes in a graph represent FUs assigned to a floor, and edges represent adjacency/thermal/
acoustic relations between the FUs. The greater the weight on an edge, the closer the two
linked FUs should be located to each other. The user may specify a required number of zones
(<= number of FUs on the floor) and a maximum zone size (>= maximum FU size).

Figure 3.19 illustrates an example of how FD adapts the greedy clustering method in floor
zoning. Initially, all edges are sorted in descending order according to their weights. After
sorting, the order of the edges is e1, e4, e6, e3, e5, and e2. The initial partition is such that each
FU is in a separate zone. Then all of the edges are visited in the sorted order. If two linked FUs
are in different zones, their zones will be merged if the required number of zones is not vio-
lated. This process terminates when either the number of zones is reduced to the required
number, or all of the edges in the graph have been visited.

When e is the total number of edges in a graph, quicksort takes  time, and travers-

ing the edges and merging the related nodes takes  time. Thus the time order for

this algorithm is . 

O e e ( )log ( )

O e e ( )log ( )

O e e ( )log ( )
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Figure 3.19     

 

Greedy clustering method in floor zoning

 

The pseudo code for zoning is as follows:

 

//check if the required number of zones n and size max_zone_size are reasonable;

 

if

 

 (max_zone_size < maximum node size)

exit; //zone size is not reasonable;

 

else if

 

 (the required number of zones n > number of FUs on floor)

exit; //zone number is not reasonable;

 

else if

 

 (the required number of zones n = number of FUs on floor) {

assign each FU to a separate zone;

exit; 

}

create a sub-graph for the floor with FU_list and edge_list;

quicksort the edge_list according to weights in descending order;

assign each FU to a separate zone;

 

while

 

 (current number of zones > n, for each sorted edge)  {

get two linked FUs FU1 and FU2;

 

if

 

 (FU1 is in zone1 && FU2 is in zone2

&& size(zone1) + size (zone2) <= max_zone_size) {

merge (zone1, zone2);

}

}
 

This program was implemented under X-Windows on a Sun Sparc Solaris machine (sun4m,
SPARCstation-5). The programming language used was C++ with a CC compiler. The size of
the program is 10,948 lines of source code.
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4  User Interface

 

Interface design is especially important in FD. This is because architects’ willingness and abil-
ity to use computers hinges to a large extent on the ease of use of the CAD software at their
disposal (Section 1.1). Despite the intense work devoted to the development of interfaces,
interface design in the building design field remains an area that needs more research.

FD interface design facilitates and simplifies the process of stacking and zoning. In order to
achieve this end, there are several design guidelines to comply with.

 

4.1  Interface Design Guidelines

 

4.1.1  Simplicity

 

The system is not only designed for experienced users, but also for novice and intermittent
users. Cognitive psychology shows that perceived complexity of a system will make the user
feel that there is too much information to handle; and it will increase the intimidation factor
usually present in the acquisition of a new skill. The FD interface is designed such that there

are only a few important elements visible at a time

 

1

 

.

In order to accommodate the needs of different levels of users, the interface is designed with
the progressive disclosure method. Progressive disclosure allows the interface to present the
most common choices to the user while initially hiding more complex choices, so that a novice
user will feel the system is easy to learn and an experienced user will feel that the system has
all the features and power that he/she desires.

 

4.1.2  Consistency

 

The FD interface enables the user to bring to bear his/her previously gained knowledge upon
new areas without having to learn from scratch. This requires that the interface design be com-
pliant with generic interface standards and the user’s expectations. Also within the FD system
itself, consistency is maintained at all levels. For example, double-clicking on a rectangular
room brings up a dialog window with detailed information on the room; likewise, double-
clicking on a tree node brings up a dialog window with information on the FU that the tree
node represents.

 

1. In order to make it look simple, the interface is designed to display a limited number of elements and
only show important ones, instead of displaying detailed information. For example, in the floor sec-
tion presentation, each FU is simply a rectangle. The functional requirements of FUs will not be dis-
played unless the user queries them.
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4.1.3  Flexibility

 

The system is designed to be flexible. This is achieved by providing different options for cus-
tomizing the working environment. For instance, some users like intuitive representation of
floor section drawing; whereas some other users prefer tree representation so that they can see
the grouping results quickly. The system provides both options to cater to different prefer-
ences. 

 

4.1.4  Interactivity

 

The system is designed to actively support interaction between the user and the system. Spe-
cifically, the system presents design information for the user, and the user has the freedom of
modifying any information that is entered earlier or pre-stored by the system. The system pro-
vides automatic support for the user; but the user has full control of the whole process and
results.

 

4.1.5  WYSIWYG

 

The interface faithfully shows what is going on with the system. All the information is open to
the user, including the execution process of the algorithms. In this way the user is well
informed of how information is being processed by the system, and how data is being trans-
formed by specific algorithms; the user is thus able to make the right judgement and decision
correspondingly.

 

4.1.6  Feedback

 

Each time the user does something, there will be immediate feedback which shows the out-
come of the user’s action. If a process takes a long time to execute, the system will provide a
progression indicator showing how much work has been done and how much more time is
expected. 

 

4.2  Features

 

This section describes some of the concrete interface features of FD, including direct manipu-
lation, progressive disclosure, and dynamic display of algorithmic processes. These are illus-
trations of how the guidelines mentioned above have been implemented. 

 

4.2.1  Direct Manipulation

 

The user is able to “see-and-point”. The user can simply perform an operation on an object
without using any menu command. For instance, the user can select an FU on a floor and drag
it to another floor. For another example, double-clicking on a room or a tree node brings up a
window showing detailed information for the FU that the room or tree node represents.

Direct manipulation is an example of simplicity, consistency, interactivity, WYSIWYG, and
feedback guidelines.
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4.2.2  Progressive Disclosure

 

The interface is designed in such a way that it provides a seemingly simple workspace, which
is sufficient for a user to perform basic operations such as stacking and zoning. But more com-
plex and advanced functions will be uncovered as the user explores the system. For instance,
the design requirements window initially looks like a window containing a few document
folders. Each folder, when clicked on, will be unfolded into a window showing detailed
design requirements. 

Employment of the technique of progressive disclosure helps the user to receive information
in a gradual fashion. It also adapts to users with different levels of complexities. Progressive
disclosure is an example of simplicity and flexibility guidelines.

 

4.2.3  Show/hide Options

 

FD interface allows the user either to see the algorithm results directly, or to view the algorith-
mic processes inside the system, when the graph-partitioning or clustering algorithm is run-
ning. In the second mode, the system displays the algorithmic processes by moving nodes
around in the tree view, or moving rooms from one floor to another in the floor view. 

Other show/hide options include allowing the user to expand or collapse a portion in the tree
view if he/she does or does not want to view that portion, using a progression bar indicating
how long an internal process will take, and providing an information bar showing what is
going on in the system.

The show/hide options are a reflection of flexibility, feedback, and WYSIWYG guidelines.

 

4.3  Design

 

4.3.1  Interface Use Cases

 

Like most other engineered software system, FD interface consists of four typical design and
development stages [Pfleeger, 1991], namely functional specification (use cases design), design
specification (specification of object schemata), implementation, and testing.

To date eighteen interface use cases have been developed using the OOSE method [Jacobson
et al., 1992]. Each of them corresponds to a utility that FD provides. For a detailed description
of these use cases, see interaction diagrams depicted in Appendix D (User Interface Interac-
tion Diagrams). The following is a comprehensive list of all the use cases.

•  Start FD  

This use case allows the user to start the FD program.

 

•  New project

 

This use case allows the user to create a new project from scratch.
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•  Load an FU hierarchy

 

This use case allows the user to load a SEED-Pro FU hierarchy in the main window.

 

•  Exit FD

 

This use case allows the user to terminate the FD program.

 

•  Select criteria

 

This use case allows the user to select a subset among the four functional criteria, including func-

tional adjacency, thermal, acoustic, and daylight requirements.

 

•  Edit adjacency matrix

 

This use case allows the user to modify the adjacency values in the adjacency matrix.

 

•  Edit acoustic table

 

This use case allows the user to modify the EEL and PSL values in the acoustic table.

 

•  Edit temperature table

 

This use case allows the user to modify the temperature values of FUs in the temperature table.

 

•  Edit daylight requirements

 

This use case allows the user to modify the daylight requirements in the daylight table.

 

•  Edit floors

 

This use case allows the user to modify number of floors, each floor’s area, and allowed area tol-

erance for each floor.

 

•  Select tree/floors representation

 

This use case allows the user to select either a tree structure or a floors’ section drawing to repre-

sent a grouping result.

 

•  View/hide process of algorithm

 

This use case allows the user to view either the process of an algorithm, or the grouping result 

generated by the algorithm directly in automatic generation.

 

•  View requirements of a tree node or a room

 

This use case allows the user to view detailed requirements for a selected FU.

 

•  Start stacking

 

This use case allows the user to run the stacking algorithm.

 

•  Start zoning

 

This use case allows the user to run the zoning algorithm.

 

•  Attach a tree node as a child of another tree node

 This use case allows the user to move an FU from its current location to another floor/zone in the 

tree view.
 

•  Move a room FU to another floor

 

This use case allows the user to move a room from its current floor location to another floor in the 

floor view.
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•  Collapse/expand a tree node

 

This use case allows the user to hide/show the children nodes of a selected tree node.

 

4.3.2  Interaction Diagrams and Implementation

 

Apart from the graphical representation of the interface during the design stage, object sche-
mata have also been developed. Interaction diagrams in the OOSE method are utilized to
show the use cases in terms of object interaction, etc. In the object schemata, the user, each rel-
evant interface or domain element, and every algorithm is taken as an object. The interaction
diagram describes a sequence of actions performed on these objects which completes the exe-
cution of a corresponding use case. The detailed interaction diagrams are shown in Appendix
D: User interface interaction diagrams.

Based on the interaction diagrams, the interface is implemented in an object-oriented environ-
ment. The ET++ framework is used to generate the FD interface. Below are sample interface
snapshots that illustrate the “look and feel” of the FD system.

 

4.3.2.1 Main window

 

This is the first window that appears on the screen when the user starts the program (Figure
4.1). There are three portions in this window. The top portion is a menu bar containing menu
options. The middle portion is the workspace. When a project is loaded, it is displayed in
either a tree structure or a floor section form. The lower portion is an information bar showing
what is going on in the system. 

A principle in FD interface design is to minimize menu operations. The menu bar only con-
tains three basic types of operations listed as follows: 

•  “FU hierarchy”: This menu contains both input and output functions. As both input
and output are represented in the form of an FU hierarchy, the title of this menu is
called “FU hierarchy”. Functions on this menu include creating, loading, and saving a
project, and exiting the program.

•  “Group”: Functions on this menu include editing floor areas, editing design require-
ments, and starting stacking or zoning algorithms.

•  “Preferences”: Functions on this menu include showing/hiding algorithmic opera-
tions, and selecting tree view or floor view representations. 
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Figure 4.1     

 

Main window

 

4.3.2.2 Design requirements window

 

When the user selects “edit design requirements” under the “group” menu, a separate
“Design Requirements Window” will be opened

 

 

 

(Figure 4.2).

 

Figure 4.2     

 

Design requirements window
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This window contains four document folder-like bars. Each bar, when clicked on, will either
bring up a window or expand into one, and display detailed design requirements. For
instance, the “Adjacency Properties” bar, when clicked on, will bring up a window showing
an adjacency matrix and allowing the user to modify the matrix. For another example, the
“Thermal Properties” bar, when clicked on, will bring up a window showing a temperature
table and allowing the user to modify the table.

 

4.3.2.3 Adjacency requirements window

 

The “Adjacency Properties” bar, when clicked on, will bring up the “Adjacency Requirements
Window” showing an adjacency matrix

 

 

 

(Figure 4.3). This matrix portrays adjacency relations
between all pairs of FUs in a building. When the number of FUs is large, the matrix size will
get large and only a portion of it can be displayed. But the user can move the scrollbar from
left to right, or up and down to view and modify the whole matrix. 

 

Figure 4.3     

 

Adjacency matrix window

 
Only the upper-right portion of the window is used to display the matrix. Its diagonally sym-
metric portion (the lower-left portion) is blank, as the upper-right portion is sufficient to por-
tray the adjacency relations between all pairs of FUs. The ids of FUs are displayed in the first
row. The names of FUs are displayed in the diagonal direction. The position of an FU name is
determined as such that the row and column numbers for that position are both the same as
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the id of the FU. For instance, the id of the FU LOBBY_F1 is zero, therefore, the name
“LOBBY_F1” is displayed in the position of row zero and column zero. 

In order to facilitate the search for a connection between a pair of FUs in a large matrix, search-
ing assistance is provided to highlight a corresponding cell when the user types in two FUs’
ids.

 

4.3.2.4 Temperature requirements window 

 

The “Thermal Properties” bar, when clicked on, will be expanded into a window showing a
temperature table (Figure 4.4). This table displays set-point temperatures of all of the FUs in a
building. When the number of FUs is large, the table size will get large and only a portion of it
can be displayed. But the user can move the scrollbar from left to right, or up and down to
view and modify the whole table. 

 

Figure 4.4     

 

Temperature editor window

 

4.3.2.5 Acoustic requirements window

 

The “Acoustic Properties” bar, when clicked on, will be expanded into a window showing an
acoustic table (Figure 4.5). This table displays EEL and PSL values of all of the FUs in a build-
ing. When the number of FUs is large, the table size will get large and only a portion of it can
be displayed. But the user can move the scrollbar from left to right, or up and down to view
and modify the whole table. 



 

                                                                                                                                       

 

                                                                                                                                                                                                                                       72 of 100

 

Figure 4.5     

 

Acoustic editor window

 

4.3.2.6 Tree view 

 

This is first of the two options FD provides in displaying a building organization in the main
window (Figure 4.1). The root of the tree is the building. Its direct children nodes are floors.
The direct children nodes of the floors are zones; and the direct children nodes of the zones are
FUs. Zones may contain, besides FUs, sub-zones. 

When a new project is started and the user enters the total number of FUs in the building, the
FUs are created using default values provided by the system. A tree view with a bin floor as a
child node of the building will be constructed. All of the space FUs are temporarily assigned to
the bin floor.

When a project is loaded, the tree view will be constructed according to the requirements
already existent in the project files.

When the decomposition algorithm is running and the user chooses to view the algorithmic
process, the FUs are seen as moving from one place to another, showing the user each step in
the algorithmic process. The final picture will be a full-fledged tree with added floors and
zones, or possibly nested zones. The user can then modify the design conveniently by “drag-
ging and dropping” an FU.

When the user wants to focus on a particular portion in the tree view, he/she has the option of
collapsing other portion(s) of the tree view by pressing the middle mouse button on the parent
node of that portion.
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4.3.2.7 Floor view 

 

This is the second of the two options FD provides in displaying a building structure in the
main window (Figure 4.6). The graphically displayed floors with FUs on each floor are shown
as stacked floors filled with rooms in their proportionate dimensions.

When a new project is started and the user enters the total number of FUs in the building, the
floors and FUs are created using default values provided by the system. A floor section view
representing a default number of floors with their default areas and an additional bin floor
will be constructed. All the FUs will be temporarily assigned to the bin floor for distribution to
the other floors.

When an existing project is loaded, the floor section view will be constructed according to the
requirements already existent in the project files.

When the stacking algorithm runs, the FUs will be distributed to appropriate floors. When the
zoning algorithm runs, zones will be constructed with the FUs on each floor distributed to
appropriate zones. When the user selects the “show” option, the FUs are seen as moving from
one floor or zone to another when a decomposition algorithm runs. The user can then modify
the design by selecting a room and moving it from its current floor or zone to another.

 

Figure 4.6     

 

Floor view in main window
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4.3.2.8 Floor editor window 

 

This window allows the user to enter a particular number of floors, each floor’s area, and the
allowed area tolerance for each floor (Figure 4.7). If the user changes the number of floors,
each floor’s area can be adjusted automatically. The system provides two options for the user:
either to change the total area of the floors, or to divide the available area among the remain-
ing floors when the user modifies a floor area.

 

Figure 4.7     

 

Floor editor window

 

4.3.2.9 FU window 

 

The FU window is opened when the user double-clicks on a tree node FU in the tree view or a
room FU in the floor view (Figure 4.8).

The window displays detailed information on an FU, including its id, name, size constraints,
adjacent FUs, set-point temperatures, and acoustic and daylight requirements. This informa-
tion is read-only.
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Figure 4.8     

 

FU window

 

4.3.2.10 Stacking criteria window 

 

When the user selects “start stacking” command on the “group” menu, this window will be
opened (Figure 4.9). It allows the user to select a set of design criteria for stacking and define
their relative importance by entering weights in the corresponding fields.

 

Figure 4.9     

 

Stacking criteria window

 

4.3.2.11 Zoning criteria window 

 When the user selects “start zoning” command on the “group” menu, this window will be
opened (Figure 4.10). It allows the user to select a set of design criteria for zoning and define
their relative importance by entering weights in the corresponding fields. In addition, it
allows the user to specify a threshold weight for zoning. 
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Figure 4.10     

 

Zoning criteria window
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5  Algorithm Testing

5.1  Goal

 

The goal of testing the stacking and zoning algorithms is to evaluate their performance in the
stacking and zoning design of real buildings. The selection of test cases, therefore, follows the
general principle that they should be typical enough to represent different building types and
large enough to adequately test the algorithms. 

Specifically four principles are followed in selecting cases: 

•  The sizes of the buildings should be large enough. A building with over 100 FUs is a
good size. 

•  The buildings should be “tall” enough. They should have a moderate number of floors
or more.

•  The types of buildings should be diverse and cover a few major building types. 

•  The buildings should include both existing ones and those that have not yet been
designed.

 

5.2  Procedure

 

Due to the sizes of the selected projects, it is impossible to enter all the data and requirements
manually. The major test procedure is automated. An FU record file contains the size con-
straints for each FU and required distances between the FUs. A parser reads this file and gen-
erates the following:

•  a base file with the number of FUs in the building, and the FUs’ names and size con-
straints;

•  an adjacency matrix file that can be used to formulate an adjacency graph.

Besides the FU record file, the user has to create the following input files that contain design
requirements. These input files are:

•  floor file with the number of floors, and area and allowed area tolerance for each floor;

•  temperature file with required high and low temperatures for each FU;

•  acoustic file with required EEL and PSL for each FU;

•  daylight file showing which FUs need daylight;

•  pre-assignment file showing which FUs should be fixed to which floors.

For FUs with special requirements, special methods are used. For instance, for FUs that extend
through multiple floors, multiple FUs are created and pre-assigned to the corresponding con-
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secutive floors. Taking a theater as an example, if it is of three-story height, three theater FUs
should be created and assigned to floor one, floor two, and floor three, respectively.

The user may choose a subset of design criteria among the four: adjacency, temperature,
acoustic, and daylight, and may define their relative importance. The algorithms then run to
generate a solution. Before the zoning algorithm runs, however, a threshold weight must be
defined so that FUs with stronger relations are grouped and FUs with weaker relations are
separated.

For a project with an unknown number of floors and floor areas, the user can experiment with
different number of floors and floor areas to generate different stacking and zoning alterna-
tives. It is recommended that a large area tolerance of floors be used in such cases so that FUs
with strong relations can be grouped under flexible area constraints.

 

5.3  Four Projects

 

The test cases (Table 5.1) are Brooklyn Jail in New York, Kaiser office building in Oakland, Cal-
ifornia, Falk Clinic in Pittsburgh, and Center for the Arts at CMU in Pittsburgh. They are two
high-rises and two multiple-floor buildings. The number of FUs in each building ranges from
86 to 351. The floor numbers range from 4 to 28. The respective buildings represent a jail, an
office building, a hospital, and a theater. Therefore the selected cases cover major building
types and are of medium to large size.

 

Table 5.1   

 

Four test cases

 

5.3.1  Reverse Engineering of Existing Buildings

 

Three existing buildings are selected to test if the decomposition algorithms can reproduce the
existing stacking and zoning designs. For these existing buildings, their floor plans are
obtained. The area of each FU is measured. The adjacency relations between FUs are set up rel-
ative to their physical distances. The number of floors and each floor’s area are the same as the
actual figures. 

The acoustic and temperature values of the FUs are entered according to their actual values, or
to the best knowledge of the author when certain data are not available. Daylight require-
ments are established for FUs with crucial daylight requirements. Pre-assignment of FUs to
floors are entered for FUs that must be located on certain floors.

 

Project Brooklyn Jail Kaiser high-rise Falk Clinic Center for the Arts

Type Jail Office Hospital Theater

# of Floors 9 28 7 4/5

# of FUs 139 131 351 86

% correctly assigned 90.6 93.1 77.2 NA
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It is assumed that the stacking and zoning designs of the existing buildings are ideal; therefore
given the input of existing adjacency relations between the FUs in a building, the stacking and
zoning algorithms, if well designed, should be able to reproduce the existing floors and zones.

For each of the three projects, a stacking result based on a single adjacency criterion is pre-
sented. Section 5.3.1.3 gives a detailed analysis of stacking results according to multiple design
criteria using the Falk Clinic project as an example. 

Since the clustering algorithm can always produce a predicted

 

1

 

 grouping result by grouping
FUs with stronger relations than an adequately specified threshold weight, zoning analysis is
omitted from discussion. For a detailed zoning output, see Appendix C: Test Cases. 

The following section gives a description for each project and test results. For detailed out-
puts, also refer to Appendix C: Test Cases.

 

5.3.1.1 Brooklyn Jail

 

This is a nine-story building. Adjacency relations are defined:

•  combinatorially between all pairs of FUs within the same zone, and

•  between a pair of FUs within two adjacent zones.

The second relation is important as it groups adjacent zones on the same floor.

Table 5.2   Stacking analysis of Brooklyn Jail

The stacking result in Table 5.2 shows that the algorithm devises excellent results from floor
two up to floor eight. However it does not produce an ideal outcome for both the ground floor
and the top floor.

It is speculated that this may be due to the initial partition strategy used in the algorithm. At
the beginning, all the FUs are temporarily assigned to the top floor. FUs are then moved from
this floor to the lower ones. This process terminates when all the lower floors are filled. Those
“leftover” FUs remain on the top floor. In this process, the lower floors have higher priority in
grouping. Those FUs that are left out in the grouping process will stay in the top floor. 

1. An algorithm that produces a “predicted” result occurs when the placements (allocations) match
those found in the drawings of buildings that have been reverse-engineered.

Floor number 1 2 3 4 5 6 7 8 9 Total
Total cut 

size

Existing 
design

# of FUs 19 15 15 15 15 15 15 15 15 139 0

Solution 
devised by 
stacking 
algorithm

# of FUs matching 
existing placement

12 15 15 15 15 15 15 15 9 126
178

% of FUs matching 
existing placement

63.2 100.0 100.0 100.0 100.0 100.0 100.0 100.0 60.0 90.6
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5.3.1.2 Kaiser high-rise office building

This is a 28-story office building. Adjacency relations are defined:

•  combinatorially between all pairs of FUs within the same zone on floor one with a rel-
atively large number of FUs,

•  combinatorially between all pairs of FUs on the same floor from floor 2 to floor 28 with
a relatively small number of FUs, and

•  between a pair of FUs within two adjacent zones.

Table 5.3   Stacking analysis of Kaiser high-rise

The stacking result in Table 5.3 shows that the algorithm devises excellent results from floor
two up to floor 27. However it does not produce an ideal outcome for both the ground floor
and the top floor. A speculative reason for this has been given in Section 5.3.1.1.

5.3.1.3 Falk Clinic

This is a seven-story, 351 room (FU) hospital building. On each floor, there are distinct archi-
tecture zones toward each direction: north, south, east, and west. Adjacency relations are set
up in such a way that FUs within the same zone have adjacency relations. The strength of an
adjacency relation is relative to the physical distance between the two FUs. An adjacency rela-
tion is also defined between a pair of FUs within two adjacent zones.

The stacking results in Table 5.4 show that the stacking algorithm, although producing excel-
lent results for floor one through floor four (100% accuracy), does not produce results that are
as good for floors close to the top (around 65% accuracy). The result for the top floor is espe-
cially poor (7.3% accuracy). A speculative reason for this has been given in Section 5.3.1.1.

Floor number 1 2 3-27 28 Total
Total cut 

size

Existing 
design

# of FUs 18 9 4 4 131 0

Solution 
devised by 
stacking 
algorithm

# of FUs matching 
existing placement

12 9 4 1 122
270

% of FUs matching 
existing placement

66.7 100.0 100.0 25.0 93.1
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Table 5.4   Stacking analysis of Falk Clinic according to single criterion

The above provides an analysis of single criterion stacking. Using the Falk Clinic building as
an example, stacking results according to multiple criteria are also analyzed in the following
section. Table 5.5 shows the stacking results based on adjacency, thermal, and acoustic require-
ments. The input contains:

•  adjacency relations;

•  minimum and maximum temperatures of each FU;

•  EEL and PSL of each FU;

•  relative weight (importance) for each design criterion: 10 for adjacency, 2 for acoustic
and 1 for thermal requirements.

In this case of multiple criteria stacking, adjacency weighs more than the other constraints (10
relative to 2 and 1); therefore, it is still a dominant factor and the stacking result is similar to
the one based on a single adjacency criterion, as shown in Appendix C. However, in this case,
some FUs with similar acoustic or thermal requirements are grouped into the same floor
although they do not have adjacency relations. This may result in FU placements that violate
adjacency constraints. For instance, all the personnel rooms and utility type of spaces are
assigned to floor six since they share the same EEL, PSL, minimum and maximum tempera-
tures, although their adjacency relations may require them to be assigned to the other floors.

Table 5.5   Stacking analysis of Falk Clinic according to multiple criteria

Floor number 1 2 3 4 5 6 7 Total
Total cut 

size

Existing 
design

# of FUs 45 39 53 52 61 60 41 351 0

Solution 
devised by 
stacking 
algorithm

# of FUs matching 
existing placement

45 39 53 52 40 39 3 271
1381

% of FUs matching 
existing placement

100.0 100.0 100.0 100.0 65.6 65.0 7.3 77.2

Floor number 1 2 3 4 5 6 7 Total
Total 

cut size

Existing 
design

# of FUs 45 39 53 52 61 60 41 351 21826

Solution 
devised by 
stacking 
algorithm

# of FUs matching 
existing placement

44 23 43 16 37 18 3 184
34502

% of FUs matching 
existing placement

97.8 59.0 81.1 30.8 60.7 30.0 7.3 52.4
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This shows that grouping based on multiple constraints is an adjustment of single criterion
(adjacency) stacking with added constraints. 

When the relative weights between different criteria change, the stacking result will change
accordingly. A sensitivity analysis illustrates how changes in relative weights affect grouping
results. Three types of analysis are conducted that are outlined as follows:

•  to compare with adjacency-based stacking, increment the weight of acoustic require-
ments from one to ten, and examine how changes in acoustic weight affect floor group-
ing (Table 5.6 and Figure 5.1);

• to compare with adjacency-based stacking, increment the weight of temperature
requirements from one to ten, and examine how changes in temperature weight affect
floor grouping (Table 5.7 and Figure 5.2);

•  to compare with adjacency-based stacking, increment the weights of both acoustic and
temperature requirements from one to ten, and examine how changes in acoustic and
temperature weights affect floor grouping (Table 5.8 and Figure 5.3).

Table 5.6 shows how many FUs are placed onto floors in violation of adjacency relations when
acoustic requirements are taken into consideration, in addition to adjacency relations. A “mis-
placement” of an FU is a case when acoustic requirements weigh enough to override certain
adjacency relations. Figure 5.1 intuitively illustrates the percentage of FUs misplaced in the
building due to acoustic considerations.

Table 5.6   Percentage of FU placements violating adjacencies due to acoustic considerations 
(adjacency_weight = 10, temperature_weight = 0)

As shown in Figure 5.1, the effect of acoustic requirements grows with the weight of acoustic
requirements when the weight is below 8. It grows most rapidly when the weight is between 3
and 5, relative to 10, the weight of adjacency requirements. Acoustic requirements override
adjacency relations most strongly when the weight is 8; at such point 38.7% of FUs are placed
in violation of adjacency relations, whereas such a placement favors acoustic relations. After
the acoustic weight reaches 8, the impact of acoustic relations decreases as the acoustic weight
continues to increase.

Acoustic weight 1 2 3 4 5 6 7 8 9 10

Floor 1 0 0 0 9 15 16 26 25 24 27

Floor 2 0 0 0 26 5 15 21 12 12 21

Floor 3 0 0 10 10 19 21 14 18 18 16

Floor 4 0 0 0 18 20 21 19 49 49 19

Floor 5 0 1 -1 -5 8 7 11 14 14 10

Floor 6 0 1 7 12 26 19 17 16 10 12

Floor 7 0 -1 -1 0 1 4 3 2 3 0

Total number 0 1 15 70 94 103 111 136 130 105

Total % 0.0 0.0 4.3 19.9 26.8 29.3 31.6 38.7 37.0 29.9
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Figure 5.1     Percentage of FU placements violating adjacencies due to acoustic consider-
ations (adjacency_weight = 10, temperature_weight = 0)

Thus the impact of acoustic relations does not always increase with the relative weight of
acoustic requirements. This is because when a significant percentage (38.7%) of FUs’ place-
ments violate their adjacency relations, the adjacency-based stacking pattern is non-existent,
at which point it becomes unimportant whether more or fewer FUs’ placements violate their
adjacency requirements when the acoustic weight continues to increase.

Table 5.7   Percentage of FU placements violating adjacencies due to temperature consider-
ations (adjacency_weight = 10, acoustic_weight = 0)

Table 5.7 provides how many FUs are misplaced onto floors in violation of adjacency relations
when temperature requirements are taken into consideration, in addition to adjacency rela-
tions. A “misplacement” of an FU occurs when temperature requirements weigh enough to

Acoustic weight 1 2 3 4 5 6 7 8 9 10

Floor 1 2 25 31 34 47 47

No feasible 
solution due to 
area tolerance

47

Floor 2 18 23 19 20 22 17 21

Floor 3 6 18 33 25 35 37 37

Floor 4 30 40 37 45 45 42 56

Floor 5 10 10 29 29 27 31 30

Floor 6 22 19 22 23 19 18 20

Floor 7 -1 -1 -1 -1 -1 -1 -1

Total number 87 134 170 175 194 191 210

Total % 24.8 38.2 48.4 49.9 55.3 54.4 59.8

1 2 3 4 5 6 7 8 9 10

14.2

28.5

42.7

0

38.7 37.0

31.6
29.3

26.8

19.9

4.3
0.00.0

29.9

acoustic weight

% of FU placements violating adjacencies
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override certain adjacency relations. Figure 5.2 intuitively illustrates the percentage of FUs
misplaced in the building due to temperature considerations.

As shown in Figure 5.2, the effect of temperature requirements grows with the weight of tem-
perature requirements when the weight is below 5. It grows most rapidly when the weight is
between 1 and 3, relative to 10, the weight of adjacency requirements. After the temperature
weight reaches 5, the impact of temperature relations decreases with the temperature weight
at a certain point. The reason for this is similar to the explanation of the decrease of impact of
acoustic relations when the acoustic weight is over a certain limit. When a significant percent-
age (55.3%) of FUs’ placements violate their adjacency relations, the adjacency-based stacking
pattern is non-existent, at which point it becomes unimportant whether more or fewer FUs’
placements violate their adjacency requirements when the temperature weight continues to
increase.

Quite different from the acoustic analysis in Figure 5.1, temperature requirements override
adjacency requirements strongly even when the temperature weight is small. For instance,
when the weight is 1, 24.8% of FUs are placed in violation of their adjacency relations due to
their temperature requirements. This is because FUs sharing a same required temperature also
share a maximum temperature weight. When there are a significant percentage of FUs sharing
a same required temperature, a dense graph is produced where there are many edges with this
maximum temperature weight. A large number of such edges, although each bearing a small
weight, can significantly affect the grouping result.

Figure 5.2     Percentage of FU placements violating adjacencies due to temperature consider-
ations (adjacency_weight = 10, acoustic_weight = 0)

1 2 3 4 5 6 7 8 9 10
14.2

28.5

42.7

temperature weight

57.0

24.8

38.2

48.4
49.9

55.3
54.4

59.8

% of FU placements violating adjacencies
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On the other hand, in the acoustic case, although many FUs share a same required EEL and
PSL, they usually have different dimensional constraints, which result in different required
acoustic decouplings between each other. When a few pairs of FUs requiring minimum decou-
pling have a maximum weight, the remaining FUs have smaller weights between each other
(many weights may be rounded to 0). Thus the acoustic graph is a sparse one and affects
grouping results less significantly as compared with temperature requirements when their rel-
ative weights are the same.

Table 5.8 is an analysis of how acoustic and temperature requirements, when considered
jointly with adjacency requirements, affect the grouping result.

As shown in Figure 5.3, the effect of acoustic and temperature requirements grows with the
weight of acoustic requirements when the weight is below 6, and between 7 and 9 (when tem-
perature weight is constant). However the impact of acoustic requirements on grouping
decreases when the acoustic weight is between 6 and 7, and 9 and 10.

Table 5.8   Percentage of FU placements violating adjacencies due to acoustic and tempera-
ture considerations (adjacency_weight = 10, temperature_weight = 1)

This shows that at certain points, the percentage of misplaced FUs does not increase with the
weight of design requirements other than adjacency. A closer examination of the data sheds
light on a possible explanation for this. When acoustic weight reaches 6, the number of mis-
placed FUs is 161, comprising 45.9%, almost half of the total number of FUs in the building.
When acoustic weight reaches 9, the number of misplaced FUs is 192, comprising 54.7%, over
half of the total number of FUs in the building. When there are a significant number (approxi-
mately one half) of FU placements that violate adjacencies due to acoustic or thermal consid-
erations, the adjacency-based grouping pattern is almost un-identifiable. Thus, further
increasing the acoustic or thermal weight will not always result in additional FUs whose
placements violate adjacency relations.

Acoustic weight 1 2 3 4 5 6 7 8 9 10

Floor 1 2 13 6 31 30 29 32 31 32 23

Floor 2 18 10 13 17 21 24 7 32 18 16

Floor 3 6 16 26 21 26 27 24 29 45 32

Floor 4 30 13 35 31 36 34 20 27 41 46

Floor 5 10 17 15 21 30 32 15 27 34 16

Floor 6 22 25 19 19 14 14 16 17 17 17

Floor 7 -1 -1 0 3 1 1 5 2 5 6

Total number 87 93 114 143 158 161 119 165 192 156

Total % 24.8 26.5 32.5 40.7 45.0 45.9 33.9 47.0 54.7 44.4
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Figure 5.3     Percentage of FU placements violating adjacencies due to acoustic and tempera-
ture considerations (adjacency_weight = 10, temperature_weight = 1)

In summary, while it seems unreasonable that all the auxiliary spaces are assigned to the same
floor because they share certain acoustic or thermal properties, with smaller relative weights
defined for these constraints, a unified stacking result may achieve desired functional rela-
tions, saving both construction cost and energy use.

By solving the decomposition problem according to multiple design criteria, the system
enables the user to explicate trade-offs among different criteria. The user can experiment with
different parameters in order to arrive at a design that is optimal regarding multiple design
requirements. 

5.3.2  Designing Building from Scratch

An architecture program containing a comprehensive set of design requirements is selected
for the Center for the Arts at CMU. This case is used to test the performance of the algorithms
in designing new buildings. Alternative stacking and zoning designs devised by the algo-
rithms are reviewed and evaluated by the project architect.

Since this project has an unknown number of floors and floor areas, different number of floors
and floor areas have been experimented with to generate different stacking and zoning alter-
natives. A large area tolerance of floors is used so that FUs with strong relations can be
grouped under flexible area constraints.

Different from the other three test cases, the Center for the Arts is not an existing building. The
number of floors and floor areas, instead of being decided upon up front, are to be determined
by the stacking procedure. 

1 2 3 4 5 6 7 8 9 10
14.2

28.5

42.7

acoustic weight

57.0

24.8 26.5

32.5

40.7

45.0 45.9

33.9

47.0

54.7

44.4

% of FU placements violating adjacencies
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Also special to this case is the fact that it has FUs of multiple-floor height. For instance, the the-
ater is of three-story height; therefore, the same theater FU is created for floor one, floor two
and floor three, and is pre-assigned to floor one, floor two, and floor three, respectively. As
shown in Appendix C, two alternatives are produced. One is a four-story building including a
basement; the other is a five-story building including a basement. These alternatives are exam-
ined by and satisfy the project architect. 

Designing a building from the beginning is different from reproducing an existing one.
Weights between FUs are set relative to the importance of their adjacency relations, instead of
according to their physical distances. Number of floors and floor areas are unknown, so that
experimenting with different floor configurations helps the designer to achieve viable design
alternatives. This is where the role of FD as an “active design assistant” comes into play.

5.4  Comparison with Benchmark: SABA
The performance of the FD stacking algorithm is evaluated against that of SABA, a state-of-
the-art benchmark. Three projects are selected as test cases. They are the Brooklyn Jail, Kaiser
office building, and Falk Clinic. There are special considerations for SABA: 

•  Since SABA does not handle zoning, only stacking results are evaluated. 

•  SABA only handles adjacency requirements, therefore, only adjacency-based stacking
results are evaluated. 

•  Since SABA can only handle a little over 100 FUs (this number varies from project to
project), the number of FUs is reduced for SABA for each project.

Table 5.9   Comparison with SABA

The size of the Brooklyn project (139 FUs) is greater than the one that SABA can handle; there-
fore, the size of the project is reduced to 128 FUs. As shown in Appendix C, SABA can repro-
duce 91/128 (71%) of the stacking configuration.

For the Kaiser project, SABA cannot handle the 131 FUs; therefore the top floor (the 28th floor)
including the FUs on it, is removed from this project. The reduced size is 127 FUs and 27
floors. As shown in Appendix C, SABA can reproduce 98/127 (77%) of the stacking configura-
tion for this building.

Project Number of FUs Parameter for comparison SABA FD

Brooklyn 139
Number of FUs can handle 128 139

Accuracy(%) 71 90.6

Kaiser 131
Number of FUs can handle 127 131

Accuracy(%) 77 93.1

Falk Clinic 351
Number of FUs can handle 109 351

Accuracy(%) Not tested 77.2
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For the Falk Clinic, SABA cannot handle the 351 FUs. The maximum size SABA can handle is
109 FUs, less than 1/3 of the actual project size. For such a drastically reduced size, the test
results would be meaningless. Therefore, this project is not used in testing and evaluation.

As shown in Table 5.9, FD can reproduce existing buildings more precisely than SABA (90.6%
to 71%, and 93.1% to 77%, respectively) when SABA is using a reduced building size.
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6  Conclusion

6.1  Contributions
With regard to the research objectives as stated in section 1.3, this thesis makes the following
contributions pertaining to the development of active assistance for stacking and zoning:

•  Development of an active design support for stacking and zoning.

The development of this computational assistance provides the user with a reasonable
starting point in design rather than the user making all the decisions. It enables the user
to have the flexibility to handle stacking and zoning according to different constraints
and requirements. It allows the user to have extensive interaction with the system at all
levels of design. Furthermore, the process of the automation can be shown in an intui-
tive way, making it both transparent and easily modifiable by the user.

•  Enhance computerized stacking and zoning by improving the automation process

itself.

The improvement in the automation process is achieved by modeling building design
problems in an efficient computational model with regard to various domain require-
ments, and adapting state-of-the-art VLSI graph-partitioning algorithms. The Ker-
nighan-Lin and Fiduccia-Mattheyses-based stacking algorithm takes only linear time
and generates an excellent partition result.

•  Increase the range of supported design parameters, including functional adjacencies,

thermal, acoustic, and daylight requirements.

None of the current “mono-mode” programs is able to handle design requirements
other than adjacency, whereas these other design requirements may have an important
impact on design. Failing to address several major design criteria makes these pro-
grams impractical. By taking into consideration multiple design requirements, FD is
flexible enough to handle the primary aspects of design. It facilitates the exploration of
relationships between different requirements and design decisions. It also provides
help for the user to explore trade-offs in design.

•  Integration of FD with a comprehensive design environment, SEED.

When integrated with other SEED modules, FD can play an active role in assisting lay-
out design generation. It provides alternative solutions of spatial decomposition to the
layout module, so that a large and complex layout design can take place within a
smaller, less complex, better-defined context, e.g., within a floor or zone.

The input to FD comes from SEED-Pro in the form of a flat FU Hierarchy. This matches
FD’s current representation. Additional work needs to be done to translate SEED-Pro’s
adjacency relations, thermal, acoustic, and daylight requirements into FD’s adjacency
matrix, thermal, acoustic and daylight tables.
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The output of FD is intended to be communicated to SEED-Layout. SEED-Layout is
designed to take an FU Hierarchy as input, which is consistent with FD’s FU hierarchy
representation. More work is necessary to incorporate required construction costs as
part of the output for acoustically decoupling vertically adjacent FUs. 

•  Requirements gathering and modeling through protocol analysis, energy simulation,

and problem analysis.

Different design problems (such as adjacency relations, thermal and acoustic problems)
have different natures and should be dealt with differently. In order to solve the prob-
lem of adjacency decomposition, a protocol analysis was conducted. For thermal and
acoustic decompositions, an energy simulation and problem analysis were carried out,
respectively. Thus FD system design requirements have been gathered and further
modeled into a computational representation. This, besides demonstrating explorative
work in modeling a real world design problem, has also become the basis for the FD
system design. 

•  Set up foundation for future research.

Through various research methods used to obtain useful domain parameters, knowl-
edge has been gained not only in related domains, but also in understanding the stack-
ing and zoning process itself. This has set up a foundation for either improving upon
the existing decomposition components, or incorporating additional design criteria,
such as structural requirements. This is possible because the modular system architec-
ture makes it easy to introduce new elements into the system.

6.2  Future Research Issues
During the development of FD, a proof-of-concept approach was taken to demonstrate the
major functionalities. In order to make FD a full-fledged system, more research needs to be
completed in the following areas:

•  As demonstrated in the test results of the Brooklyn Jail, Kaiser high-rise, and Falk
Clinic, the stacking and zoning algorithm does not produce the required stacking
design for the top floor and in some cases the first floor. A speculative reason for this is
that the initial partition strategy does not favor the top floor (see Section 5.3.1.1). While
the reason for this remains unclear, more algorithm research is necessary on identify-
ing the real cause and adopting a corresponding method to improve the performance
of the algorithm.

•  Vertical relations should be fully considered. Such vertical relations include FUs that
ought to be assigned to adjacent floors, FUs that should be located with ease of access
by stairs or an elevator. Vertical relations, when fully considered, may help to solve the
problem of poor top floor grouping. For instance, when FUs are correctly assigned to a
lower floor, the top floor can achieve a correct grouping result when its FUs bear adja-
cency relations with the lower floor. The FUs that ought to be assigned to the top floor
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will not be assigned to any other floor if their vertical relations are to be met.

•  More architectural design requirements should be considered, such as structure, fire
egress, and accessibility.

•  The relations between different design criteria need to be further explored. Additional
research is necessary to explore both the relative weights within a single criterion and
relative weights across different criteria when multiple criteria are considered.

•  Graphical tools can be incorporated into FD so that designers can tackle aesthetic or
formal issues in the stacking and zoning stage.

•  Last, but not least, further research needs to be done in human-computer interaction so
that the user can use this tool with more ease and flexibility.
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Brown, Donald E. and Clarence Louis Pittard (1993). Classification Trees with Multi-variate

Splits, p475-477.

This paper discusses the disadvantages of some existing algorithms on classifications when

applied to multi-variate problems; and recommends an improved version of the algorithm.

CAFM Works, Inc (1990). CAFM/STACK/BLOCK.

This report introduces the computer system called CAFM/STACK/BLOCK.

Cagan, Jonathan (1992). A Shape Annealing Solution to the Constrained Geometric Knapsack Prob-

lem, Computer Aided Design(UK), vol. 26, no. 10, p763-770.

This paper introduces a technique called shape annealing for layout or packing of parts, com-

ponents and configurations. Shape annealing combines the concepts of the stochastic optimiza-
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Object Recognition, Part I - Entropic Object Location, 1995 IEEE International Conference
on Systems, Man and Cybernetics, New York, NY, vol. 2, p1888-1891.
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Appendix A: 
Transcripts of Architects Interview

 

A.1  David R. Hamburgh

 

D.R. Hamburgh Associates
5135 Fifth Ave.
Pittsburgh, PA
(412) 621-5511

 

 What functional requirements do architects consider in stacking and zoning? 

 

There are different functional requirements to be considered in stacking and zoning. They
include:

•  adjacency requirements;

•  thermal requirements (HVAC, mechanical);

•  acoustic requirements;

•  footprint for structural requirements;

•  view from inside rooms.

Adjacency requirements are most important since they are related with personnel, and
cannot be mechanically reproduced. Initial design process is based on adjacency. 

There are other factors that should be considered as well, they include individual com-
fort, needs of equipment, orientation to the sun, daylighting, relationship to elevators and
core facilities, and accessibility.

 

 Is stacking and zoning important?

 

It is very important. It defines the relationships between spaces. The goal of stacking and
zoning is to improve the functionality of a building.

 

 How do architects do stacking and zoning? 

 

•  do not do it systematically;

•  concurrent with layout design, not a separate step from layout.

 

 Is computer support needed? 

 

Yes. But: 

•  Computers have to violate some adjacency requirements in order to get globally opti-
mal solution. Architects have to accept violations.
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Computers are not practical. For example, a structural design software designed by SEI is
supposed to generate core and configuration of a building; but it can only handle sym-
metrical footprint. This imposes limited use and loses the practicality of the process.

 

 What quantifies accessibility? 

 

Accessibility is generally considered in fire requirements (egress). For example, for an
auditorium, several exits may be required with each of them being an access to a court-
yard.

Accessibility is a combination of both physical effort and psychological effort. Specifically,
it has the following features:

•  number of floors in between (physical effort);

•  horizontal distance in between (physical effort);

•  number of obstructions in between (mental energy).

 

 What features of software do architects like? 

 

Don’t like AutoCAD because it is not easy to use. Use PowerCADD3.0 (on MAC) instead.

•  PowerCADD has different layers for a drawing. It also has different modifiers (differ-
ent options) for a drawing element.

•  PowerCADD can produce precise drawings, e.g., when a red dot appears you are
informed that the line you are drawing is tangent to a circle.

•  PowerCADD is easy to learn.

 

A.2  David C. Brenenborg

 

Brenenborg Brown Group
4018 Penn Ave.
Pittsburgh, PA
(412) 683-0202

 

 What functional requirements do architects consider in stacking and zoning? 

 

Adjacency requirements is most important. “Adjacency” is the right word. Adjacency
does not have to be right next to each other, there are different levels of adjacencies. Dis-
tance is a kind of adjacency. Adjacency means two things: (1) work relationship, and (2)
utility relationship.

Acoustic and thermal requirements are useful in zoning, not in stacking.

There are also a lot of implicit criteria in decision making. For instance, when you decide
if the managers should have the nicest view or the majority should have the nicest view:
it’s a decision on democracy. 
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 How do architects do stacking and zoning in designing a large-sized building?

 

Divide and conquer. Locate bigger departments first. 

BTW, stacking and zoning is an explicit step before a layout design.

 

 Recommendation of a software and literature

 

•  About 10 years ago, Steelcase in Michigan, a furniture company, either owned or devel-
oped a software to automatically allocate departments into different floors according
to the importance of adjacencies.

•  Charlie Eastman, a professor in CMU long ago, worked on AI. He was a professor in
both architecture and CS. He may have some work on this.

 

 On categorical/discrete acoustic values

 

It’s good to provide categories for architects. It’s ridiculous to enter numerical values. 

 

 Is computer support in stacking and zoning needed?

 

Don’t trust computers. Skeptical about its value. Computer should be a tool like a pencil,
a T-square instead of a decision maker. 

Computers are not useful, because:

•  There are a lot of criteria beyond structural, mechanical, and acoustic requirements.
How can computers solve this? 

•  Architects care about things put in the right place, flow good, and look good. How can
computers do this?

•  Computers are cumbersome to use. For example, even to draw a stairwell, you have to
enter about 10 numbers, by the time computer draws this stairwell, architects should
have finished designing two stairwells.

•  Computers are not easy to use. People have to enter numbers into a computer in a spe-
cial format and syntax.

 

A.3  Jason Fourier

 

Hayes Large Architects
606 Liberty Ave., 4th floor
Pittsburgh, PA
(412) 391-3086

 

 What functional requirements do architects consider in stacking and zoning? 

 

•  Adjacencies are critical. Adjacencies determine circulation.

•  Square footage of spaces.
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•  Acoustic requirements are important in stacking only when you have an equipment
room and you want to put it either on the first floor or on the top floor. Otherwise it’s
not important, e.g., low frequency reverberation (e.g., lecture and talking) is not a big
problem.

 

 How much time do architects devote into stacking and zoning? 

 

A typical building design process consists of the following stages:

•  Schematic design: it’s most important, it determines the mass of a building. At this
phase, footprint, mass of a building, stacking, furniture, and equipment are decided;
materials are speculated (not decided); adjacencies and square footages are accounted;
60-70% of time is spent in this stage; 15-20% of time spent in this stage is spent in stack-
ing and zoning.

•  Design development: at this stage, finishes are decided; 15% time is spent in this stage.

•  Construction document: materials are decided.

•  Construction administration.

 

 What software do architects like? 

 

Like MicroStation best since it is easy to use. Use AutoCAD and Arris (a drawing tool) as
well.

Don’t need computer support in stacking and zoning. Architects can do it well.

 

 Recommendation of literature 

 

Bill Hillier is a professor in University of London. He does research on urban planning -
deciding where to locate shopping centers and other facilities based on inhabitants’ resi-
dence and mobile patterns.

 

A.4  Robert Beckjord

 

DBA Architects, Inc.
1100 Liberty Ave.
Pittsburgh, PA
(412) 456-1000

 

 What functional requirements do architects consider in stacking and zoning? 

 

•  Adjacency, or functional dependency are most important (adjacency matrix and adja-
cency graph).

•  Structural requirements are important in stacking (e.g., spaces with heavy equipment
and with smaller spans should be located on lower floors, and vice versa) and zoning
(e.g., spaces with the same span should be grouped on the same floor).

•  Acoustic requirements may be important.
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•  Circulation is important for both subjective and objective reasons: (1) subjectively
speaking, circulation pattern represents clarity and quality of a design, it’s important
in way-finding; (2) objectively speaking, minimum safety standards have to be satis-
fied, fire resistance (egress) requires that there should be two exits from an existing
building; corridors should stack one on top of the other in order to save cost.

•  HVAC control may be important in deciding perimeter wall.

The goal of stacking and zoning is to satisfy adjacency requirements and get minimum
exterior wall (smallest enclosure) in order to (1) achieve energy efficiency, and (2) build
less expensively.

 

 Clarification of some concepts 

 

•  Conceptual design: It is an experimental stage in the building design. In this stage,
architects come up with stacking and zoning, applying to what the structure looks like,
what the volume of the building looks like, and what the materials are.

•  HVAC = thermal; mechanical = HVAC+plumbing.

 

 How much time do architects devote in stacking and zoning? 

 

There are five stages in building design (the first three stages are design stages; the last
two stages are construction stages):

•  Schematic design: 15% of time is spent in this stage;

•  Design development: 15% of time is spent in this stage;

•  Construction drawing: 40% of time is spent in this stage;

•  Billing: 5% of time is spent in this stage;

•  Construction administration: 25% of time is spent in this stage. 20% of schematic
design time is spent on stacking and zoning, i.e., less than 10% of the overall design
time is spent on stacking and zoning.

 

 Is computer support for stacking and zoning needed? 

 

In a manual design process, in order to develop design alternatives, architects normally
use the first alternative as a basis to come up with other alternatives. They also use the

first alternative as a qualifier

 

1

 

 for other alternatives.

Computers provide alternatives which are optimized results and satisfy all the require-
ments, and all the alternatives don’t have “kinship” relationship and therefore are of
equal opportunity.

 

1. Qualify means evaluating and finding something good.
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Computers quickly generate solutions and are more efficient, but this may increase archi-
tects’ evaluation time because in order to improve a computer-generated design, archi-
tects have to modify the input data which cannot be done easily. Thus in order to increase
efficiency, computers must be easy to use.

There are two elements in architecture design, namely quantification and qualification.
Computers quantify information and architects qualify information.



 

                                                                                                                                       

 

   

 

                                                                                                                                   

 

                                                          B-1

 

Appendix B: 
Transcript of Protocol Analysis

 

B.1 Subject: Ph.D. student in related area (BPD)   

 

Date: Nov. 7th, 1995

 

Q

 

1

 

: What criteria shall I use in grouping the things--just according to thermal design or
according to thermal zoning with architectural layout?

 

Q

 

: Is there any criteria as to what spaces should go to the second floor?

 

Q

 

: Is there any implication of which spaces should be put together?

He puts the same-colored pieces together and reviews the list of spaces in col-
lation to the colored pieces.

 

S

 

2

 

: Urgicare is at the ambulance entrance which means that urgicare should be on the
first floor at the ambulance entrance.

 

Q

 

: From which entrance can I go to the exam rooms?

 

S

 

: So at the beginning I break them into different chunks so that I can start grouping
them. The bathrooms should be near the waiting area.

He starts to put pieces on the first floor plan. 

 

Q

 

: Should new patients go to the reception area first?

 

S

 

: There has to be a staircase somewhere around the main lobby. 

 

S

 

: The accounting should be pushed onto the second floor. We have to push things up
and down because of area requirement. 

He arranges pieces in the entrance/reception.

 

S

 

: We should really take advantage of daylight since it’s a long and thin building. 

He arranges pieces in urgicare.

 

S

 

: I can put kitchenette, men’s shower, women’s shower,... in the existing lounge. The
only thing I don’t like the staff lounge much is that it does not have much daylight.

 

Q

 

: Do I have to save the position of the existing elevator? Can I build new staircase so
that I can go to the second floor?

 

Q

 

: We should keep the restaurant, right? 

 

1. Q is an abbreviation of Question by the subject in this whole transcript.
2. S is an abbreviation of Statement by the subject in this whole transcript.
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Q

 

: This lobby seems tremendously huge. What activities take place in the lobby? What
exactly are contained in the reception area? Will the patients go to the reception area
then go to the main lobby, or go to the main lobby first then go to the reception area?

 

S

 

: What I am going to do is to stretch the main lobby thinner and longer. Then stretch
the reception. I will put the gift shop facing the walkway so that people can see
things in it.

He places things...

 

S

 

: Let’s for the time being leave it like that. 

 

Q

 

: Nurse station should be close to the ambulance entrance and waiting area. What
happens to the dirty room and the clean room?

 

S

 

: So I leave some space which I probably need. 

He reviews the layout on the first floor.

 

S

 

: In terms of spatial layout, I put entrance/reception, registration/billing and all that
kind of stuff near the main entrance. 

 

Q

 

: If a patient comes in, would he go to the doctor’s office?

 

S

 

: OK. Patients usually don’t go to doctor’s offices. I can try replacing the doctor’s
offices with the exam rooms. So doctor’s offices will have daylight also. I guess it
would also be nice if the exam rooms have daylight.

 

S

 

: OK. Patients usually don’t go to doctor’s offices. I can try replacing the doctor’s
offices with the exam rooms. So doctor’s offices will have daylight also. I guess it
would also be nice if the exam rooms have daylight.

 

S

 

: Oh from thermal zoning point of view this is going to be problematic. Maybe I
should put the doctor’s offices back and the exam rooms back. All the exam rooms
will be zoned together since they are next to each other. Waiting area, nurse station
and... can be a separate zone. All the doctor’s offices together become one zone.

 

S

 

: (Pointing to the available space) We can have a staircase here. So we can have two
staircases, one on here and one is in the main lobby.

 

S

 

: Lets’ go up to the next level.

 

S

 

: So I break a large chunk into smaller chunks. It kinda makes sense to put similar
occupancies together from either thermal or performance point of view.

 

S

 

: I am going to shuffle things (in accounting) around. I think the exam rooms (in pedi-
atrics) should go here so that there are similar occupancies below. It probably makes
sense to go from the staircase in the main lobby up to pediatrics. So I will put this
stuff (accounting) backward... We need daylight for these people.

He reviews floor two plan.
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S

 

: Let’s see what happens. Maybe I should put accounting back because this area is less
and there needs to be more spaces for the pediatrics.

He puts the accounting back.

 

S

 

: Doctor’s offices definitely should have daylight.

After placing accounting...

 

S

 

:

 

The rationale was that: I took the existing organization, major groupings of accounting, pedi-

atrics, urgicare and entrance/reception-- I took them as is because it seems to be the most con-

venient to me

 

1

 

. Because I am not very familiar with how exactly spaces in a hospital thing

should be arranged, I am assuming the groupings given to us as planned also represent desir-

able physical groupings in a natural physical/spatial setting. So I tried to maintain those

groupings.

 

With the groupings of essentially each of those, two groupings are located on the
lower floor, and two groupings are on the upper floor. The choice was kinda obvious:
the entrance/reception should be towards the south because it should be close to the
main entrance; urgicare should be towards the north because it should be close to the
ambulance entrance. Up to the second floor, I put pediatrics towards the north
because 1). We have exam rooms and doctor’s offices on the lower floor; 2). There is
more space in the pediatrics area and there is more space towards the north.

It’s really nice that we have long plans because basically we have enough daylight so
I used double-loaded corridor.

As for the bathrooms, dirty and clean rooms which people don’t need to spend much
time in, I tried to locate them in the core area. 

Doctor’s offices are placed along the north because they have nice daylight. Other
major exposure is the west side, and of course not particularly desirable from ther-
mal load point of view. But it could be controlled of the solar gain on the west.

I still have to locate where the staircase is going to be, either on the west side or on
the east side. Probably it makes sense to put it on the west side so that we have more
nice spaces on the east side. 

Oh I am not happy with the kitchenette and shower over here. So I can push them
back up there. Yeah, I can put them here (in the north wing).

He adjusts the entrance/reception pieces.

 

1. Important points and conclusions are highlighted by italic style.
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The staircase is here (pointing to the first floor). The staircase is here (pointing to the
second floor). 

Now I have daylight for all inhabitable rooms. Oh I just realized a problem here. The
existing elevator is here; some disabled has to go through the accounting area. That it
not very nice. How can I solve this problem? 

 

Q

 

: Can I build another elevator?

He thinks hard.

 

Q

 

: We have to use the elevator for patient transportation, right?

He thinks about the existing elevator.

 

Q

 

: I don’t need to keep the existing lounge, right?

 

S

 

: Then I can move the things over here (along the wall) so that the main lobby can be
extended straight to the existing elevator.

He switches to the second floor.

 

S

 

: So when you come out from the elevator, you hit... first. There is a staircase here for
this area. Then you don’t need the staircase. This is odd. 

 

Q

 

: How big is the elevator? Will it be able to take all the load that comes in? 

 

S

 

: We do need another stair, right?

He exchanges the positions of pediatrics and accounting.

 

S

 

: There has to be a staircase anyway because of fire requirements. I can put the stair-
case here (pointing to a place north of pediatrics).

He puts accounting on the north part of the plan.

 

S

 

: Now I am done. What I think is: I will keep the existing elevator for moving up and
down. And we have one staircase down here for the main lobby. I get rid of the
employee lounge. There is going to be another staircase (pointing at the inner corner
of the “L” shape). So from both entrances you have a staircase within a short distance
to move up to the second floor. The staircase here on the second floor can serve the
accounting area. On the first floor there should be another entrance somewhere
besides the ambulance entrance. 

I put bathrooms for both accounting and pediatrics in one area. From zoning point of
view it makes sense. I put all the exam rooms in a row on the west. It’s preferable
that you put the exam rooms on the west than put doctor’s offices on the west
because doctor’s offices will need nice air and open windows, similarly for the wait-



 

                                                                                                                                       

 

   

 

                                                                                                                                   

 

                                                          B-5

ing area. For the exam rooms, as I said earlier, they need to be controlled. They can
have small windows which are closed.

 

I

 

1

 

: At the beginning you put pediatrics on the north area because you wanted to zone
the exam rooms with the exam rooms underneath in the urgicare, and zone the doc-
tor’s offices with the doctor’s offices underneath. Later on you noticed there was a
circulation problem. So you moved them (pediatrics) down. So do you think circula-
tion plays a more important role then thermal zoning?

 

A

 

2

 

: Yes, I think so. To some degree, basic spatial organization is a more important issue.

The other reason is I don’t know the occupancy characteristics of these spaces too
well, but I presume from thermal zoning point of view all the offices are similar--
doctor’s offices and accountant’s offices. I assume all the exam rooms should be indi-
vidually controlled depending on how sensitive the equipment in there is. As far as I
put them together, there can be one larger air handling system and they have indi-
vidual control. 

I assume each floor will have a different system. It doesn’t make sense to zone the
exam rooms on the second floor with the exam rooms on the first floor, because there
is roof above the exam rooms on the second floor and they will have different load-
ing condition. So I treat each floor differently mechanically with each floor having
different zones.

 

I

 

: When you grouped things together, what major aspects do you consider? 

 

A

 

:

 

Most importantly, 1). basic chunks. within each group I looked at sub-groups; for example,

exam rooms. 2). I looked at it as a thin, long space. So the most efficient way of using the space

is to have double-loaded corridor type of situation. Beyond that every inhabitable space, espe-

cially for a building like this shape, does have daylight. This is absolutely critical. 3). I tried to

put bathrooms, kitchenette together so that they would share the piping and plumbing. I try

to put the piping and plumbing together in the core area. Also here I aggregated the bathroom

functions.

 

 

 

I

 

: So another factor you considered is daylight.

 

A

 

: Yes. Daylight is very critical. I ensure that every continuously inhabitable space has
daylight; especially for such a generous space and the shape of the building.

 

I

 

: For each sub-group within a department, you considered the priorities of different
directions--east and west...

 

A

 

: Yes. The priorities of orientations are north, south, east and west, because east and
west have low sun angles which is hard to control. So I put accountant’s offices fac-

 

1. I refers to a question/answer/comment by the author.
2. A is an abbreviation for Answer by the subject in this whole transcript.



 

                                                                                                                                       

 

   

 

                                                                                                                                   

 

                                                          B-6

ing the north which is very nice. As to the pediatrics, I put doctor’s offices on the east
and exam rooms on the west because they may not need view or can be private or
closed. So it’s better to put them on the west. For doctor’s offices, probably they will
use operable windows which are bigger; so it makes sense to put them on the east.
Also it’s better to have view over the courtyard than over the parking area. Then I
assume exam rooms don’t have operable windows.

 

B.2 Subject: architect    

 

Date: Nov. 13th, 1995

 

S

 

: As I see here, I would put the main lobby near the main entrance. What I am doing
now is to try to get related functions together near the main lobby, such as registra-
tion/billing. I will put exam rooms next to the registration area. 

There is a waiting area in the urgicare. From the waiting area we should have access
to the six exam rooms. 

Here’s a nurse station. We can make the nurse station a float space. From the ambu-
lance entrance, we can go to the nurse station, waiting area and exam rooms. 

I can put the doctor’s offices adjacent to the exterior wall on the north side. 

 

Q

 

: Can we adjust the position of the door to the existing nursing home?

 

S

 

: Maybe we can connect the bathrooms to the existing bathrooms. 

 

S

 

: What about the reception area? We can make it a part of the main lobby. 

 

S

 

: The reason I put waiting area and exam rooms in between the two entrances (main
entrance and ambulance entrance) is that from either of the entrances, you can come
to this area conveniently. 

 

S

 

: I group the kitchenette, locker, shower and bathroom together. From many different
points of view, if you group the service areas together, you make the building more
efficient by having the plumbing together.

He goes back to the entrance/reception.

 

S

 

: I make temporary children’s room part of the reception area.

 

S

 

: So a patient comes from the main lobby to the registration/billing first, then to the
nurse station and waiting area, then to the exam rooms.

I put the bathrooms here to serve the main lobby, reception area and maybe the res-
taurant.

 

S

 

: The nurse station will be a counter; the waiting area will be an open area.

 

S

 

: I think we need a reception area for the urgicare.
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S

 

: Exam rooms have nothing to do with emergency. I don’t see any relationship
between the exam rooms and the ambulance entrance. If you have an emergency
case, you can go to an operation room or a first-aid room. Maybe one of the exam
rooms can be changed to an operation room.

He arranges pieces in urgicare.

 

S

 

: If we have the option of removing the existing bathrooms, we can convert one of
them into a staff kitchenette.

 

S

 

: Now the second floor.

He puts the same colored pieces (pediatrics and accounting) together.

 

S

 

: I think we must have a lobby here for the elevator. 

 

Q

 

: Is accounting for the patients (pediatrics) or for the building itself as a business func-
tion? It has nothing to do with patients (pediatrics)? Then I will put it backward,
away from the elevator.

 He places pieces in pediatrics.

 

S

 

: From the elevator lobby, we can go to the registration and billing office. We can
expand the waiting area to serve the six exam rooms. 

 

Q

 

: Is the record storage for the filing system?

He places pieces in pediatrics.

 

S

 

: I group nurse office, billing, record storage and registration together; and group the
bathrooms with the waiting area.

 

S

 

: This has a drawback. When you want to go to the accounting, you have to go
through the pediatrics.

He places pieces in accounting.

 

S

 

: Here I can add a nurse station for the waiting area just to manage the calls from the
sick people.

After a patient goes past the nurse office, registration, billing and record storage, he
will go to the waiting area and the six exam rooms.

...

Here I put a corridor between the doctor’s offices for privacy.

 

S

 

: Here I can put a door to separate pediatrics and accounting. We should try not to go
through pediatrics in order to get to accounting. I will try another approach to solve
this problem. 
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We can keep the original layout, but add a separate side corridor from the elevator
lobby to the accounting in order not to go through the pediatrics. It’s better for the
accounting to have a staircase here so that we can have direct access from the first
floor to accounting without the need of a separate corridor.

 

I

 

: When you grouped the spaces, what major aspects did you consider?

 

A

 

:

 

1). The functions of the spaces, how they relate to each other, and how to access from one to

another. For example, the main functions like exam rooms, doctor’s offices, billing office, and

etc.

2). Economy. I put bathrooms together to share plumbing. We can’t put bathrooms every-

where.

3). Open spaces and float spaces. In the waiting area I preferred to have open spaces instead of

closed spaces so that we can have control over this area. 

4). Privacy. For example, I have a main corridor, I also have a smaller corridor for the doctor’s

offices to make the doctor’s offices private. You can see such arrangements in several other

places. Also I have one nurse station and two other accesses. I have to have a space controlled

by the nurse station to control the accesses. That’s why I made it private.

 

I

 

: What factors in thermal zoning/thermal design did you consider?

 

A

 

:

 

Usually we make the center of the building as a control zone and the exterior areas connected

to the elevations of the building as separate zones. But because the nature of this building is

too narrow, we’ll only have one zone.The heat transfer from the external area to the internal

area cannot be applied here because the width of the building is only around 40 feet.

 

 

But for a square-shaped building we can make separate zones because the difference
between the inside and outside is too much.

 

We can sub-divide a zone. For example, we can make the exam rooms in pediatrics a small

separate zone because they need higher control for heat and fresh air. Maybe the doctor’s

offices don’t such control. 

So according to different functions, we sub-divide a zone. Different functions will determine

the thermal zoning, maybe also electric and supplies.

 

I

 

: Why did you put entrance/reception and urgicare on the first floor; and put pediat-
rics and accounting on the second floor?

 

A

 

:

 

Because the main entrance is here, I put the main lobby near it as a connection to the rest part

of the building and the upper level. As for the exam rooms (urgicare), I think most people

come here for examination; so I put it on the first floor also.
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I put accounting offices on the second floor because they are not for the outside patients. They

have a remote relationship with the outside. As for the exam rooms in pediatrics, I consider

them as a second stage for the patients. Urgicare is for emergencies; but pediatrics is not.

 

To get more function of this building, we can consider adding another elevator or
staircase. To improve the design for this “L” shaped building, we should add
another elevator to serve the building, so that we don’t need this corridor to go past
another area.

 

Q

 

: Do you compare my plans with the layouts generated by computer?

 

B.3 Subject: mechanical engineer1   

 

Date: Nov. 15th, 1995

 

Q

 

: First of all, this is an existing building. Alterations will be within the existing build-
ing. Are there any additions to the existing building?

 

S

 

: I will comment as regard to mechanical--HVAC, plumbing and maybe fire protec-
tion. Here is a philosophical comment: We try to accommodate whatever the archi-
tect would like. We also value any architect’s willingness to accept our input in the
process of defining functional spaces. Because many times we are ended at design
which has no recognition of mechanical systems. This is of course the theme of this
evening-- You want my input.

 

S

 

: Let’s start with plumbing. The reason for this is that especially in an existing build-
ing, cost of installation and amount of disruption to existing spaces can be mini-
mized if new plumbing functions are situated near existing plumbing functions--
waste and stacks.

 

Q

 

: In your new functions, do you have anything that requires plumbing?

 

S

 

: I noticed the existing bathrooms on the first floor and second floor, not surprisingly,
they are stacked one on top of the other. I noticed also a restaurant which implies a
plumbing here. So my first advice is: if you can stay with your functional groupings,
if you can situate any bathrooms either in the area near the existing bathrooms or
near the restaurant, that would achieve proximity to the existing plumbing. 

I just give you my thoughts which keep recurring all these things simultaneous
always in my mind, probably recur as the design is refined.

 

Q

 

: Do you have anything that needs exhaust?

 

Q

 

: Bathrooms need exhaust, toilet rooms need exhaust. Do you have laboratories that
might need exhaust?

 

S

 

: Usually in cases like this, such as certain regulations for skilled nursing homes, dirty
equipment and clean equipment must be accommodated with a ventilation system
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in that dirty equipment or soiled linen should be given exhaust ventilation and kept
under a negative pressure.

 

S

 

: Also, there are code requirements, the BOCA building code is rapidly becoming uni-
versal. So I will invoke requirements of the BOCA code in the discussion. 

A requirement of the BOCA code is that any exhaust for foul air, uncleaned air,
whether from a toilet complex, or from a soiled linen room, things of that nature,
must maintain a certain distance from any fresh air intake for the HVAC system.

I don’t know the nature of the existing HVAC system. This is an exiting building. It
should have an existing HVAC system.

You give me the latitude of redo the whole building. Other things that are going into
my mind which will affect the HVAC and how the HVAC system affects the rooms is
as follows: 

When you have a building with different functional areas, if these areas have differ-
ent hours of operations, that must be known, e.g., certain areas might be typical 40
hours a week; other areas might be around-the-clock, e.g., if there is an emergency
area, that is an example of 24 hour area... So the area (entrance/reception) is identi-
fied as probable around-the-clock operations.

From my point of view if you can group all functions in the building that are around-
the-clock operations, that is an advantage, which means you might put them in one
HVAC system; you could run them one system around the clock. 

For other typical business areas, if you have them in another system, you would not
run them 168 hours a week. So in this way you can save operating cost.

Always keep in mind, I consider desirable the functional use in occupancy of the
building really does take priority among members of the design thing. 

 

Q

 

: Are all the areas to be conditioned? I assume so. Are you showing me only a two-
story building or the two-story of a multi-story building?

 

Q

 

: Is this restaurant a full-service kitchen, e.g., does it have, this is important, does it
have an exhaust hood over a food preparation arrange; do they have grease exhaust?
This is important to know because they might have a grease exhaust. My guess is
since this restaurant is one story area in the courtyard, that exhaust probably is
through the roof of the restaurant and that would influence the concept of the HVAC
system. Fresh air intakes are to be avoided in the area.

 

S

 

: Let me look at the functional list again, entrance/reception, no matter what I will do,
you’ve already told me the main entrance is here. So the blue areas will generally be
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clustered here. Bathrooms should be near either existing bathrooms or near existing
plumbing. There must be some plumbing near here (restaurant). 

For the existing bathrooms, you can remove, modify them, but the important thing is
that there is plumbing here.

I see locker, bathroom and shower; will they have in common is exhaust and ventila-
tion? Significant of the exhaust is that the exhaust has to leave the building some-
where. I try to honor the aesthetics of the building by having as few penetrations,
encroachments upon the building facade. For this low-rise building, I’d like to take
the exhaust up through the roof. For that matter, if the areas must be exhausted
around lower-levels, the elevations of the lower-level space will necessarily encroach
upon the high-level floors. 

 

Q

 

: This is the main entrance for the main building, not for employees, right?

 

S

 

: You’ll need to give me a shaft for ventilation, penetrating the second floor then up to
the roof.

 

S

 

: I can play as an architect as well as an engineer. The bulk of the accounting should be
on the second floor. The pediatrics doesn’t seem to me an emergency function, so I
put it on the second floor. If a child has emergency, he’ll go to the urgicare on the first
floor.

Now we have designed four general areas; now we should define each individual
space within each general area.

I have a strong feeling that this has to be an iterative procedure. I keep changing my
mind until I get an optimal learning.

He places the spaces in entrance/reception.

 

S

 

: I don’t want bathrooms too obvious from the main entrance. By placing the new
bathrooms in entrance/reception, I’m defining a need for mechanical shaft for venti-
lation use. But it’s so near the existing bathrooms, I might go laterally a short dis-
tance (assuming the existing bathrooms are ventilated, exhausted through the roof)
and join with that may have the two together as one shaft instead of expanding two
shaft spaces. That’s a detail. We’ll work on that later.

 

S

 

: Now the urgicare. Maybe we can group the various plumbing functions for the urgi-
care as a group, put them over here (on top of existing bathrooms).

For the dirty room, I can put it near the bathrooms so that it can share the exhaust
shaft. But I don’t want to put the dirty room near the kitchenette; well maybe I will
anyway.
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S

 

: On the second floor, I think I will put something public near the elevator, so the pedi-
atrics should be near the elevator. And the business offices (accounting) should be
away from the elevator. 

 

Q

 

: Would it make sense to give one exam room for each doctor’s office?

 

S

 

: Waiting room should be close to the elevator; the bathrooms go with it. It makes
more sense functionally to do that then to put them near the existing plumbing.

 

Q

 

: Do I still have to maintain the corridor to the rest part of the building?

 

S

 

: I would think you might want doctor’s offices between the waiting area and exam
rooms for a buffer for overly concerned parents and their children to be treated and
examined in the exam rooms.

I see record storage.

Dirty room and clean room should be centered to the exam rooms.

He places pieces in pediatrics.

 

S

 

: So now I played as an architect. I gave general arrangement for architectural pur-
poses. (looking at pediatrics) So far I see nothing drastically at odds with HVAC, or
plumbing function with this arrangement. 

 

S

 

: Here we are with the second floor area--accounting. This is 40 hours per week gen-
eral business. 

 

Q

 

: Do you have a staircase? You have to.

 

S

 

: Put the conference room on the corner--give it two windows. Reception area should
be close to staircase. Why waste windows on a copy room?

 

S

 

: I will give a brief check to see if I have ended up in a difficult mechanical design. No.
I don’t see any.

 

I

 

: What major criteria did you consider when you laid out the things?

 

A

 

:

 

1). Layout could be best serviced by a sensible mechanical system. I tried to cluster the 24

hour areas, around the clock occupancy areas together, and non-around-the-clock areas

together. That has been achieved by this plan. Entrance/reception and urgicare, they are 24

hours. They both are on the first floor. Accounting is 40 hours per week. Pediatrics is less

than around-the-clock, if more than 40 hours. I have arranged the groups according to that

criteria.

2). Clustering of plumbing functions--bathrooms, kitchenette, as much as possible to avoid

having a tree of plumbing pipes, not only minimize first cost, but also ease of maintenance in

the years ahead. 
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I also keep that criteria with some exception of the bathrooms in pediatrics area. I had to

stretch the bathrooms for the pediatrics away from the existing plumbing. That’s OK, because

of the general vicinity of the restaurant. 

Other special ventilation needs are the dirty linen rooms. No matter where they are, I can

snake a small duct somewhere up to the roof; that will not be a very large duct requirement.

It’s very important not to let the ventilation be the determinant of the locations of dirty and

clean rooms.

 

 

 

The HVAC, I think is rather routine. 

 

I don’t see any hot spots, such as clustering of computer rooms.

 

 This is a hospital, which
under the BOCA code, will be listed under the “I” use groups (institutional sub-
groups). It’s likely getting into the sprinkler requirements.

 

I assume certain mechanical utilities make their way into the building and they are located

elsewhere other than the area of this project. If that were not correct, some of the major utili-

ties, such as gas, electric, water, just happen to enter this building complex, some of accom-

modations will have to be made for their entry. 

 

Q

 

: Is this a small part of a larger complex?

 

S

 

: Utilities entrance locations--check it out!

 

I

 

: Did you consider any vertical relationship between the two floors?

 

A

 

:

 

Yes, when I tried to stack plumbing. I considered it in duct work. I have no idea what existing

mechanical system is. I don’t know if you have a major mechanical elsewhere with the exist-

ing duct work coming into each floor; or I don’t know if you are relying on mechanical pent-

house on the roof, in which case you’ll need to get some duct work shaft spaces from the roof

down to the lower floors traversing the second floor. You’ll have to find it out for me some-

where.

As you said, if I was free to redefine everywhere, if you supply a given area with duct work

from somewhere in the center of the area then branch outward; the result will be smaller

quantities of sheetmetal for the duct work; the result will be less cost mechanically.

 

 I can’t
comment further on that. Thinking vertically is very important. That’s something a
lot of young architects don’t want to do because the media is two-dimensional.

Much of the HVAC system naturally is outside. You want to see the interior finishing
and interior furnishings. No one wants to see duct work, pipings, wells and pumps.
For buildings of this type the duct work and pipes would be located above the ceil-
ings and what is often overlooked, when ceiling spaces discussed in a preliminary
design meeting, typically clear space from ceiling to the floor above, only to be vio-
lated when the structural engineer comes by and places a 12 inch beam which could
otherwise be a 14 inch beam. Structural concept has to be discussed. 



 

                                                                                                                                       

 

   

 

                                                                                                                                   

 

                                                          B-14

Please all architects remember: I put 99% of my stuff above the ceilings.

 

I

 

: Does each floor have a separate air conditioning system?

 

A

 

:

 

Yes. The reason is different hours of operation. There is no sense of putting in all on one air-

conditioning system and having to run two floors worth of air movement. And that fan

energy can be added up to a big number in a year. No sense of running a large fan around the

clock conditioning the area of the first floor while the second floor is only occupied 30% of the

time. For that reason, I would desire them separate.

 

S

 

: I can give you more input about HVAC system. Having defined the sizes of the
spaces and their functions, I could at this point give a preliminary estimate of duct
work sizes, preliminary estimate of mechanical equipment sizes. You, in turn, would
translate them into spaces that are required to house the equipment. Or if you don’t
want to build a structure to protect it, we’ll have roof-top equipment.

I could at least give those to you which will achieve general size and weight, so that your

structural engineer could begin to conceive the load, not just the live load of the occupancy. 

If it were to be on the roof, the size will be important to you because you want to know if the

size of the roof-top unit will adversely affect the elevational views of the building. So it could

be of some value to you aesthetically.

Also from the preliminary size of the HVAC system, I could make an estimate of preliminary

electrical requirements. The electrical engineer could use that to start his preliminary electri-

cal design. 

So we interface with each other. Architects are of central kingpin situation. Structural,

mechanical and electrical engineers also interface with each other, give each other require-

ments, and to accommodate each other.

B.4 Subject: mechanical engineer2   
Date: Nov. 22nd, 1995

S: (Looking at the list of spaces) I think I will start mechanically with the entrance/
reception area. To me this becomes an obvious thing: the main entrance is here, the main

lobby should be close to the main entrance. 

Gift shop should be adjacent to the main lobby. Reception area, registration/billing,
temporary children’s room, men and women’s bathrooms should all be around the
main lobby.

S: Since this is the ambulance entrance, I assume urgicare should go into this general area

(north part).

I: Why do you think that urgicare should go into this area?
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A: If it’s urgicare sort of thing, you would want it to be the most accessible part of the building.

You would not want it to be on the second floor: you would not want to go through
the main lobby, go through the elevator and get a person up there. 

So I would just probably put urgicare there. I don’t know if there is enough space to
fit it all in, but I would attempt to put it all in there.

S: Accounting is only for the hospital and for those people to deal with, not for patients. I would

try to keep it the hardest place to get to, which should be back in this corner (north part of the

second floor). 

I would put pediatrics at this end (south part of the second floor): because you’ve got the ele-

vator coming up; if they keep coming in with sniffles you don’t want them to be close to preg-

nant women that come in for urgicare.

S: Mechanically we’ve got restrooms. I would probably attempt to keep my restrooms grouped

somewhere over top of each other so that they could be stacked. So we don’t have a problem
of plumbing coming down and squirting all over the place.

In the entrance/reception, I’ve got an air lock; It would go in the front. I would prob-
ably stick the gift shop somewhere in here close to the restaurant and the main lobby.
Registration/billing, I would keep it at this end here (close to the existing elevator)
because it can cover the pediatrics billing also.

Men and women’s bathrooms, probably, it would be nice to put them near the eleva-
tor tower because usually the plumbing would be relatively close to the elevator
tower. But I don’t like them (men and women’s bathrooms) in the main lobby. It
embarrasses people to open a door in the main lobby and go to a bathroom. It would
be nice if they were down in the corridor.

Temporary children’s room, I would try to put it somewhere closely observed by the
registration/billing.

Q: What is the function of reception?

S: So billing/registration and reception should go together, I think.

S: Mechanically you will need good exhaust out of the restrooms; that’s nice because
you are close to the elevator shaft which goes all the way up. You can get the duct
space all the way to the rooftop with the elevator.

The restaurant has a low roof, so the exhaust can get out easily.

I would try to positively pressurize the main lobby so that when the door is open, the
pressure would be out.
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I would try to mechanically make sure the reception area be a separate zone, so that
they could have their own thermostat. Probably registration/billing might tie in with
reception area so that they could collectively be a zone if they are open with each
other.

The temporary children’s room should be ventilated if there is ductwork changing.
You need to worry about that.

S: Urgicare, it’s nice for the doctors to get out without having to go through the lobby
and the waiting area. I would probably put them here (near the main lobby). 

I would put waiting area somewhere up here at the front (toward ambulance
entrance).

Q: Do you think people would come in here (main lobby), check in here, and go toward
this direction (urgicare)?

S: That would change my plan. I will bring the waiting area down into here (close to
the main lobby). I will bring my doctors offices up into this area (against the north
side of the wall).

Exam rooms, I would probably make them more like a surgical suite with the rooms
grouped in the center and the hallways around the outside. Nurse station, I try to
put it here at the end of the exam rooms as a control point.

Clean room and dirty room. I would try to get them back here (near existing bath-
rooms). Bathrooms in waiting, I would try to get them here (near waiting area).

S: My thought process, mechanically, I try to put this stuff (bathrooms,... in urgicare)
back here because I know I’ve got a lot of exhaust and with the existing bathrooms
they could be stacked so that I can get my exhaust through.

The doctors offices, I try to hold them on outside wall to keep them away from the
main lobby so that if there is an emergency they can get there by moving through
there. 

The ambulance entrance would be in close proximity to the exam rooms. I hold the
exam rooms in the middle because you don’t want windows in the exam rooms.It
would be nice to have hallways around the exam area as lounge or waiting space.
You get nice windows to look out in the hallways. So it doesn’t seem like you are
waiting. 

The waiting room would be a zone. The exam rooms be a zone; any bacteria would
be exhausted out of that area. Things will go in, not out. Extremely important, the
dirty room would be exhausted under a negative pressure; the clean room would be
under a positive pressure; The kitchenette would be under a slight negative pres-
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sure. The doctors offices would be a zone. You would group most of the stuff (dirty
room, clean room, locker room...) into a zone.

S: Pediatrics, (going through the list), the elevator would be its entrance. You should
have somebody to meet them. 

I assume the billing office could be a buffer to separate the waiting for the well and
the waiting for the sick.

I probably would do a similar thing to the exam rooms: put them in the center with
double corridors. I would put two nurse offices one at the front end and one at the
back end as controlling points.

Doctors offices, again, I would put them against the wall out here.

Record storage should be close to the billing office.

S: Let’s see accounting. Maybe we may come back to pediatrics afterwards and move
things around.

Q: Can I ask for another staircase?

S: I would probably have a staircase somewhere near the existing bathrooms, or close
to the exterior wall with a direct door to the outside. From fire safety point of view, it
would be nice.

He places pieces in accounting.

S: I would think the offices being on a separate zone. The conference room would be a
separate zone by itself. Depending on what system I end up with, I would like each
of these to be on a separate zone. They are on the north side of the building, so they
don’t get too much sun. The main accountant’s office, through the western window,
will get a little bit of sun in the late afternoon or evening. 

I would keep reception area and copy room a separate zone. 

Pressure-wise, I would tend to keep copy room under a negative pressure; kitchen-
ette a negative pressure.

I would want to, if I could, get a wall across here between pediatrics and accounting
so that pediatrics department would be separated from accounting department.

But there is a problem here: if somebody has a wheelchair and has to get to account-
ing, because of the location of the elevator he has to move through pediatrics to get
to that.
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I don’t like this (location of accounting), simply because I’d like to have another ele-
vator. 

I: If you have the option of adding another elevator, where will you put it? 

A: Here (adjacent to the west side of exterior wall near ambulance entrance). Because if
you need to get somebody up to pediatrics area directly from the ambulance
entrance, the elevator could really serve two purposes--you could do accounting and
also back exit for the pediatrics department.

I: Why did you put the same-colored pieces together?

A: I want to keep my areas together. Urgicare is an area for sick people; pediatrics I like
to have it as a defined department; accounting I would like to have it as a defined
department. Accounting doesn’t want pediatrics people to be in his department. I
would like to have each department compartmentalized so that everybody is in his own area. 

HVAC-wise, it makes enormous amount of sense. You have sick people in urgicare, sick people

in entrance/reception, sick people in pediatrics, you don’t want the sick people to mix in the

accounting section. You would try to keep the well people from the sick people. 

S: Another input: I am assuming that this is a section of a hospital. You would need to
take a child from pediatrics department (or urgicare) and go to the rest part of the
existing building without going to the outside. 

I want to make sure that they could go to the existing building without going to the
outside. 

I: What major factors did you consider when you grouped the things?

A: Taking the exam rooms for an example, it’s good to have them close together. It saves travel

time for the doctors. They can go from one exam room to another one without wasting time. 

From mechanical and electrical point of view, they need the same conditions, same exhaust

and the same temperatures. It’s good to group them together.

From the construction cost point of view, you are going to sound-proof these rooms; you are

going to white them in a special way; the tighter you can group them together, the easier it is

to make the adjacent things not a problem. 

I: Did you consider any vertical relationship?

A: Yes, I did. When I tried to look for mechanical stacking for plumbing and ventilation. I

assume this (elevator) is a good place to take air up and to get plumbing up and down. I

assume the existing bathrooms also a good place. I tried to stack the restrooms here (in urgi-

care on the first floor) with the restrooms here (in pediatrics on the second floor). 

Plumbing and exhaust for the mechanical system might be two reasons to think that way.
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But that’s not absolute. If there were spatial reasons that these would be somewhere else, that

would be a problem.

I: What kind of HVAC system did you arrive at according to such a layout?

A: With the western exposure, this is going to be colder in the morning on the west side. It seems

like the building may wrap around somewhere on the east side. You don’t have any eastern

exposure. It doesn’t seem like you are going to get much morning sun. That’s why I tried to

keep everything on the west side.

S: The doctors offices could look out. The accountants offices could look out in the
north side. 

Q: Is there a budget? Do you have an unlimited budget or a moderate budget?

Q: Can we interface with the other things in the existing building? Or should we keep it
a separate mechanical system? See, I could use the heat from the restaurant to give
myself energy to heat some of these areas.

Q: Is natural gas available? Probably is down in that area.

S: The least inexpensive way to do is by using roof-top units. I put a roof-top unit upper above

here and serve down accounting and urgicare. 

S: A better way to do this is to use a heat pump loop, which gives us the same ability. We can

put a separate unit for each zone, or even a separate unit in each room.

Once people get here, the light will go on. You will be on air-conditioning mode 80-
90% of all the occupied hours. If you are on air-conditioning mode, you need to bring
in a lot of outside air. 

There will be more people in pediatrics and fewer people in accounting. So pediat-
rics will have high people load and high lighting load. Accounting will have rela-
tively low people load and so on. This unit is on cooling (pediatrics) and this unit is
on heating (accounting). So the BTUs from this unit (pediatrics) could be transferred
to this unit (pediatrics). You don’t need to go to the gas company or electric company
to buy more BTUs.

So first cost of heat pump loop will be higher; but the operating cost will be lower.

So each area will be a separate HVAC system; with a minimum of two systems on each floor,

depending on the sub-zones.

I: Daylight factor decides which side you put things, right?

A: Yes. Also I put things adjacent to exterior walls for psychological reasons. But for my
exam rooms, we don’t need windows. But it would be nice for the waiting area (hall-
ways surrounding the exam rooms) to have windows.

S: If I were an architect, this (the layouts of the first and the second floors) is what I would do.
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I: Did you consider fresh air?

A: Yes. Because all the area, particularly the area with negative pressure will need enormous

amount of fresh air. With VVT up on the roof, you can bring in 100% outside air. But
with heat pump loop, it’s a little harder.
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Appendix C: 
Test Cases

 

 C.1  Brooklyn Jail

 

Table C.1 

 

Brooklyn Jail: stacking according to adjacency (

 

State id: 98, Total cut size: 178)

 

Floor 1 Assignments matching existing 
placements 

Assignments differing from exist-
ing placements
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33

21

A
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1

N
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U
s:
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8

LCK1_E_F9
CLL2_E_F9
CLL1_E_F9
DAY2_M_F9
INTW_M_F9
CTRL_M_F9

REST_E_F1
CELL_E_F1
RECV_E_F1
WARD_E_F1
PUB_E_F1

LBBY_M_F1
CSLT_M_F1
STOR_M_F1
VWTG_W_F1
LOCK_M_F1

YARD_F1
DOC_E_F1

 

Number of FUs

 

12 6

 

Floor 2 Assignments matching existing 
placements 

Assignments differing from exist-
ing placements
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LCK1_W_F2
CLN_W_F2
UTL_W_F2
CLL1_W_F2
LCK2_W_F2
LCK2_E_F2
LCK1_E_F2
CLL2_E_F2
CLL1_E_F2
DAY2_M_F2
INTW_M_F2
CTRL_M_F2
CLL2_W_F2
DAY1_M_F2
UTL_E_F2

 

Number of FUs

 

15 0
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Floor 3 Assignments matching existing 
placements 

Assignments differing from exist-
ing placements
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LCK1_W_F3
CLN_W_F3
UTL_W_F3
CLL1_W_F3
LCK2_W_F3
LCK2_E_F3
LCK1_E_F3
CLL2_E_F3
CLL1_E_F3
DAY2_M_F3
INTW_M_F3
CTRL_M_F3
CLL2_W_F3
DAY1_M_F3
UTL_E_F3

 

Number of FUs

 

15 0

 

Floor 4 Assignments matching existing 
placements 

Assignments differing from exist-
ing placements
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LCK1_W_F4
CLN_W_F4
UTL_W_F4
CLL1_W_F4
LCK2_W_F4
LCK2_E_F4
LCK1_E_F4
CLL2_E_F4
CLL1_E_F4
DAY2_M_F4
INTW_M_F4
CTRL_M_F4
CLL2_W_F4
DAY1_M_F4
UTL_E_F4

 

Number of FUs

 

15 0

 

Floor 5 Assignments matching existing 
placements 

Assignments differing from exist-
ing placements
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LCK1_W_F5
CLN_W_F5
UTL_W_F5
CLL1_W_F5
LCK2_W_F5
LCK2_E_F5
LCK1_E_F5
CLL2_E_F5
CLL1_E_F5
DAY2_M_F5
INTW_M_F5
CTRL_M_F5
CLL2_W_F5
DAY1_M_F5
UTL_E_F5

 

Number of FUs

 

15 0
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Floor 6 Assignments matching existing 
placements 

Assignments differing from exist-
ing placements
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LCK1_W_F6
CLN_W_F6
UTL_W_F6
CLL1_W_F6
LCK2_W_F6
LCK2_E_F6
LCK1_E_F6
CLL2_E_F6
CLL1_E_F6
DAY2_M_F6
INTW_M_F6
CTRL_M_F6
CLL2_W_F6
DAY1_M_F6
UTL_E_F6

 

Number of FUs

 

15 0

 

Floor 7 Assignments matching existing 
placements 

Assignments differing from exist-
ing placements
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LCK1_W_F7
CLN_W_F7
UTL_W_F7
CLL1_W_F7
LCK2_W_F7
LCK2_E_F7
LCK1_E_F7
CLL2_E_F7
CLL1_E_F7
DAY2_M_F7
INTW_M_F7
CTRL_M_F7
CLL2_W_F7
DAY1_M_F7
UTL_E_F7

 

Number of FUs

 

15 0

 

Floor 8 Assignments matching existing 
placements 

Assignments differing from exist-
ing placements
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LCK1_W_F8
CLN_W_F8
UTL_W_F8
CLL1_W_F8
LCK2_W_F8
LCK2_E_F8
LCK1_E_F8
CLL2_E_F8
CLL1_E_F8
DAY2_M_F8
INTW_M_F8
CTRL_M_F8
CLL2_W_F8
DAY1_M_F8
UTL_E_F8

 

Number of FUs

 

15 0
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 C.2  Kaiser Office Building

 

Table C.2 

 

Kaiser: stacking according to adjacency (

 

State id: 93, Total cut size: 270)

 

Floor 9 Assignments matching existing 
placements 

Assignments differing from exist-
ing placements
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LCK2_F9
LCK1_W_F9
CLN_W_F9
UTL_W_F9
CLL1_W_F9
LCK2_W_F9

SOCL_W_F1
CAPT_W_F1
CTRL_W_F1
VSIT_W_F1
BTHS_W_F1
GARD_W_F1
DPUT_W_F1

CLL2_W_F9
DAY1_M_F9
UTL_E_F9

 

Number of FUs

 

9 7

 

Floor 1 Assignments matching existing 
placements 

Assignments differing from exist-
ing placements
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RTL1_W_F1
LBY1_W_F1
LBY5_W_F1
BANK_E_F1
SHP4_E_F1
SHP3_E_F1
SHP2_E_F1
SHP1_E_F1
STOR_E_F1

REST_E_F28
REST_W_F28

ELEV_F28
LBY2_W_F1
LBY_M_F1
LBY_E_F1

 

Number of FUs

 

12 3

 

Floor 2 Assignments matching existing 
placements 

Assignments differing from exist-
ing placements

 

S
um

 o
f 

F
U

s’
 a

re
a:

 5
24

10

A
va

ila
bl

e 
ar

ea
: 0

N
um

be
r 

of
 F

U
s:

 9

CAF_E_F2
SERV_E_F2
OFF_E_F2
AUD_M_F2

OFF2_W_F2
OFF1_W_F2
MED_W_F2
LBY_M_F2
KIT_E_F2

 

Number of FUs

 

9 0
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Floor 3 Assignments matching existing 
placements 

Assignments differing from exist-
ing placements
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REST_E_F3
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OFF_F3

 

Number of FUs

 

4 0

 

Floor 4 Assignments matching existing 
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Assignments differing from exist-
ing placements
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OFF_F4

 

Number of FUs

 

4 0

 

Floor 5 Assignments matching existing 
placements 

Assignments differing from exist-
ing placements
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ELEV_F5
OFF_F5

 

Number of FUs

 

4 0

 

Floor 6 Assignments matching existing 
placements 

Assignments differing from exist-
ing placements
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OFF_F6

 

Number of FUs

 

4 0

 

Floor 7 Assignments matching existing 
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Assignments differing from exist-
ing placements
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4 0

 

Floor 8 Assignments matching existing 
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Assignments differing from exist-
ing placements
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OFF_F8

 

Number of FUs

 

4 0
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Floor 9 Assignments matching existing 
placements 

Assignments differing from exist-
ing placements
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REST_E_F9
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OFF_F9

 

Number of FUs

 

4 0

 

Floor 10 Assignments matching existing 
placements 

Assignments differing from exist-
ing placements
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OFF_F10

 

Number of FUs

 

4 0

 

Floor 11 Assignments matching existing 
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Assignments differing from exist-
ing placements
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OFF_F11
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4 0

 

Floor 12 Assignments matching existing 
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Assignments differing from exist-
ing placements
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4 0

 

Floor 13 Assignments matching existing 
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Assignments differing from exist-
ing placements
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Number of FUs
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Floor 14 Assignments matching existing 
placements 

Assignments differing from exist-
ing placements
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Number of FUs

 

4 0
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Floor 15 Assignments matching existing 
placements 

Assignments differing from exist-
ing placements
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Number of FUs

 

4 0

 

Floor 16 Assignments matching existing 
placements 

Assignments differing from exist-
ing placements
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Number of FUs

 

4 0

 

Floor 17 Assignments matching existing 
placements 

Assignments differing from exist-
ing placements
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Number of FUs

 

4 0

 

Floor 18 Assignments matching existing 
placements 

Assignments differing from exist-
ing placements
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Number of FUs

 

4 0

 

Floor 19 Assignments matching existing 
placements 

Assignments differing from exist-
ing placements
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Number of FUs

 

4 0

 

Floor 20 Assignments matching existing 
placements 

Assignments differing from exist-
ing placements
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Number of FUs

 

4 0
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Floor 21 Assignments matching existing 
placements 

Assignments differing from exist-
ing placements
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Number of FUs

 

4 0

 

Floor 22 Assignments matching existing 
placements 

Assignments differing from exist-
ing placements
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Number of FUs

 

4 0

 

Floor 23 Assignments matching existing 
placements 

Assignments differing from exist-
ing placements
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Number of FUs

 

4 0

 

Floor 24 Assignments matching existing 
placements 

Assignments differing from exist-
ing placements
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Number of FUs

 

4 0

 

Floor 25 Assignments matching existing 
placements 

Assignments differing from exist-
ing placements
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Number of FUs
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Floor 26 Assignments matching existing 
placements 

Assignments differing from exist-
ing placements
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Number of FUs

 

4 0
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Floor 27 Assignments matching existing 
placements 

Assignments differing from exist-
ing placements
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Number of FUs

 

4 0

 

Floor 28 Assignments matching existing 
placements 

Assignments differing from exist-
ing placements

 

S
um

 o
f 

F
U

s’
 a

re
a:

 
29

42
0 

A
va

ila
bl

e 
ar

ea
: -

38
5

N
um

be
r 

of
 F

U
s:

 7
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RTL3_W_F1
RTL2_W_F1

OFF_F28

 

Number of FUs

 

1 6
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 C.3  Falk Clinic

 

Table C.3 

 

Falk Clinic: stacking and zoning according to adjacency                                           (

 

State 

id: 283, Total cut size: 1381)

 

1

 

                                                                                                 

 

Stacking Assignments matching existing 
placements

Assignments mismatching exist-
ing placements Zoning

Floor 1
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PERSONNEL2_E_F1 EXAM1_E_F1
PERSONNEL1_E_F1 EXAM2_E_F1

 RESTRM_E_F1 EXAM3_E_F1
PATIENT_ASSESS_E_F1 EXAM4_E_F1

WAITING_E_F1 EXAM5_E_F1
WORK_STATION_E_F1 EXAM6_E_F1

EXAM8_E_F1 EXAM7_E_F1
EXAM7_E_F1 EXAM8_E_F1
EXAM6_E_F1 WORK_STATION_E_F1
EXAM5_E_F1 CHECK_IN_E_F1
EXAM4_E_F1 WAITING_E_F1
EXAM3_E_F1 PATIENT_ASSESS_E_F1
EXAM2_E_F1 RESTRM_E_F1
EXAM1_E_F1 PERSONNEL1_E_F1

WORK_AREA_E_F1 PERSONNEL2_E_F1
WAITING_W_F1 STAFF_E_F1

CHECK_IN_W_F1 EXAM1_W_F1
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NURSE_OFF_W_F1 EXAM2_W_F1
 EXAM11_W_F1 EXAM3_W_F1
EXAM10_W_F1 EXAM4_W_F1
EXAM9_W_F1 EXAM5_W_F1
EXAM8_W_F1 EXAM6_W_F1
EXAM7_W_F1 EXAM7_W_F1
 EXAM6_W_F1 EXAM8_W_F1
EXAM4_W_F1 EXAM9_W_F1
EXAM3_W_F1 EXAM10_W_F1
EXAM2_W_F1 EXAM11_W_F1

PERSONNEL_W_F1 NURSE_OFF_W_F1
EXAM1_W_F1 CHECK_IN_W_F1

REGISTR_M_F1 WAITING_W_F1
RESEARCH_M_F1 PERSONNEL_W_F1

PERSONNEL2_M_F1 RESEARCH_M_F1
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RESTRM_M_F1 OFF1_M_F1
LAB_M_F1 SOCIAL_WORKER_M_F1

EXAM2_M_F1 OFF2_M_F1
EXAM1_M_F1 PERSONNEL1_M_F1

PERSONNEL1_M_F1 CONF_M_F1
SOCIAL_WORKER_M_F1 EXAM1_M_F1

OFF2_M_F1 EXAM2_M_F1
OFF1_M_F1 LAB_M_F1
LOBBY_F1 RESTRM_M_F1

EXAM5_W_F1 PERSONNEL2_M_F1
CONF_M_F1 REGISTR_M_F1

CHECK_IN_E_F1 LOBBY_F1

 

Number of FUs

 

45 0

 

1. Zoning threshold is set to 10, equivalent to an adjacency weight.
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Stacking Assignments matching existing 
placements

Assignments mismatching exist-
ing placements Zoning

Floor 2
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OFF3_W_F2 OFF2_W_F2
EXAM1_W_F2 OFF3_W_F2
EXAM2_W_F2 EXAM1_W_F2
EXAM3_W_F2 EXAM2_W_F2
EXAM4_W_F2 EXAM3_W_F2
EXAM5_W_F2 EXAM4_W_F2
EXAM6_W_F2 EXAM5_W_F2
EXAM7_W_F2 EXAM6_W_F2
EXAM8_W_F2 EXAM7_W_F2

CONF_RM_W_F2 EXAM8_W_F2
LAB_W_F2 CONF_RM_W_F2

CONSULT1_W_F2 RECEPTION_W_F2
CONSULT2_W_F2 LAB_W_F2
MED_REC_W_F2 CONSULT1_W_F2
CHECK_IN_W_F2 CONSULT2_W_F2

MEN_W_F2 MED_REC_W_F2
WOMEN_W_F2 CHECK_IN_W_F2
REGISTR_W_F2 MEN_W_F2

OFF1_W_F2 WOMEN_W_F2
FINANCIAL_W_F2 REGISTR_W_F2
HANDICAP_E_F2 FINANCIAL_W_F2

PERSONNEL1_E_F2 HANDICAP_E_F2
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PERSONNEL2_E_F2 PERSONNEL1_E_F2
PERSONNEL3_E_F2 PERSONNEL2_E_F2
PERSONNEL4_E_F2 PERSONNEL3_E_F2

EXAM1_E_F2 PERSONNEL4_E_F2
EXAM2_E_F2 EXAM1_E_F2
OFF1_E_F2 EXAM2_E_F2
OFF2_E_F2 OFF1_E_F2

PHARMD2_E_F2 OFF2_E_F2
STAFF_E_F2 PHARMD1_E_F2

STORAGE_E_F2 PHARMD2_E_F2
RECEPT_E_F2 STAFF_E_F2

PHARMACY_E_F2 STORAGE_E_F2
CASHIER_E_F2 RECEPT_E_F2

INFO_F2 PHARMACY_E_F2
RECEPTION_W_F2 CASHIER_E_F2

PHARMD1_E_F2 INFO_F2

 

Number of FUs

 

39 0
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Stacking Assignments matching existing 
placements

Assignments mismatching exist-
ing placements Zoning

Floor 3
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EXAM2_E_F3 EXAM1_E_F3
CT_CONTROL_E_F3 EXAM2_E_F3

CT_SCAN_E_F3 CT_CONTROL_E_F3
FILE_SORTING_E_F3 CT_SCAN_E_F3

RESTRM2_E_F3 FILE_SORTING_E_F3
DRESS_E_F3 RESTRM2_E_F3

STORAGE1_E_F3 DRESS_E_F3
MEN_E_F3 STORAGE1_E_F3

 WOMEN_E_F3 MEN_E_F3
STORAGE2_E_F3 WOMEN_E_F3
FREEZER_E_F3 PHLEBOTOMY_E_F3

STORAGE3_E_F3 STORAGE2_E_F3
STAFF_E_F3 FREEZER_E_F3

RESTRM3_E_F3 STORAGE3_E_F3
RESTRM1_E_F3 STAFF_E_F3
RESTRM4_E_F3 RESTRM3_E_F3

STAFF1_S_F3 RESTRM4_E_F3
EXAM1_S_F3 STAFF1_S_F3
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EXAM2_S_F3 EXAM1_S_F3
STAFF2_S_F3 EXAM2_S_F3

RESTRM1_S_F3 STAFF2_S_F3
STORAGE1_S_F3 RESTRM1_S_F3
READING_S_F3 STORAGE1_S_F3

DARK_S_F3 READING_S_F3
UTILITY_S_F3 DARK_S_F3

STORAGE2_S_F3 UTILITY_S_F3
LOCKER1_S_F3 STORAGE2_S_F3
LOCKER2_S_F3 MED_RECORDS_S_F3
RESTRM2_S_F3 LOCKER1_S_F3
SUPPLY_S_F3 LOCKER2_S_F3

RESEARCH_S_F3 RESTRM2_S_F3
STAFF_W_F3 SUPPLY_S_F3

EXAM_A_W_F3 RESEARCH_S_F3
EXAM_B_W_F3 STAFF_W_F3
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EXAM_C_W_F3 EXAM_A_W_F3
EXAM_D_W_F3 EXAM_B_W_F3
EXAM_E_W_F3 EXAM_C_W_F3
EXAM_F_W_F3 EXAM_D_W_F3

PERSONNEL1_W_F3 EXAM_E_W_F3
EXAM1_W_F3 EXAM_F_W_F3
EXAM3_W_F3 PERSONNEL1_W_F3

PERSONNEL2_W_F3 EXAM1_W_F3
RESTROOM_W_F3 EXAM2_W_F3

WAITING_W_F3 EXAM3_W_F3
VASC_LAB_N_F3 PERSONNEL2_W_F3

PERSONNEL1_N_F3 RESTROOM_W_F3
REGISTRATION_N_F3 WAITING_W_F3
PERSONNEL2_N_F3 PERSONNEL1_N_F3

S
um

 o
f 

F
U

s’
 

ar
ea

: 1
63

0

N
um

be
r o

f F
U

s:
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EXAM2_W_F3 REGISTRATION_N_F3
AMBULATORY_N_F3 AMBULATORY_N_F3
PHLEBOTOMY_E_F3 PERSONNEL2_N_F3

MED_RECORDS_S_F3 VASC_LAB_N_F3

 

Number of FUs

 

53 0
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Stacking Assignments matching existing 
placements

Assignments mismatching exist-
ing placements Zoning

Floor 4
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OFF15_S_F4 OFF2_S_F4
OFF14_S_F4 OFF3_S_F4
OFF13_S_F4 OFF4_S_F4
OFF12_S_F4 OFF5_S_F4
OFF11_S_F4 OFF6_S_F4
OFF10_S_F4 OFF7_S_F4
OFF9_S_F4 UTILITY_S_F4

KITCHEN_S_F4 SUPPLY_S_F4
CHECK_IN_S_F4 WORK_AREA_S_F4

OFF8_S_F4 OFF8_S_F4
SUPPLY_S_F4 CHECK_IN_S_F4
UTILITY_S_F4 KITCHEN_S_F4

OFF7_S_F4 OFF9_S_F4
OFF6_S_F4 OFF10_S_F4
OFF5_S_F4 OFF11_S_F4
OFF4_S_F4 OFF12_S_F4
OFF3_S_F4 OFF13_S_F4
OFF2_S_F4 OFF14_S_F4
OFF1_S_F4 OFF15_S_F4

EXAM9_E_F4 OFF16_S_F4
EXAM8_E_F4 TREATMENT_E_F4
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EXAM6_E_F4 CONF1_E_F4
EXAM5_E_F4 CONF2_E_F4
EXAM4_E_F4 CONF3_E_F4
EXAM3_E_F4 WAITING2_E_F4
EXAM2_E_F4 CONSULT1_E_F4
EXAM1_E_F4 CONSULT2_E_F4

CONSULT2_E_F4 EXAM1_E_F4
CONSULT1_E_F4 EXAM2_E_F4
WAITING2_E_F4 EXAM3_E_F4

CONF3_E_F4 EXAM4_E_F4
CONF2_E_F4 EXAM5_E_F4
CONF1_E_F4 EXAM6_E_F4

TREATMENT_E_F4 EXAM7_E_F4
OFF9_W_F4 EXAM8_E_F4
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OFF7_W_F4 OFF1_W_F4
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OFF5_W_F4 OFF3_W_F4
OFF4_W_F4 OFF4_W_F4
OFF2_W_F4 OFF5_W_F4
OFF1_W_F4 OFF6_W_F4
FILE_W_F4 OFF7_W_F4
OFF1_N_F4 OFF8_W_F4
OFF2_N_F4 OFF9_W_F4

RESTRM_N_F4 FILE_W_F4
OFF3_W_F4 OFF1_N_F4
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Number of FUs

 

52 0
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Stacking Assignments matching existing 
placements

Assignments mismatching exist-
ing placements Zoning

Floor 5

 

S
um

 o
f 

F
U

s’
 a

re
a:

 6
28

4

A
va

ila
bl

e 
ar

ea
: 2

78

N
um

be
r 

of
 F

U
s:

 5
9
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EXAM2_N_F7 OFF_N_F7
PERSONNEL4_N_F7 STAFF_N_F7

EXAM1_N_F7 RESTRM_N_F7
TELEPHONE_N_F7 SECRETARY_N_F7

PERSONNEL3_N_F7 PERSONNEL_N_F7
WAITING_N_F7 ASSESSMENT_N_F7
RECEPT_N_F7 OFF2_N_F7

OFF2_N_F7 RECEPT_N_F7
ASSESSMENT_N_F7 WAITING_N_F7
PERSONNEL_N_F7 PERSONNEL3_N_F7
SECRETARY_N_F7 TELEPHONE_N_F7

RESTRM_N_F7 EXAM1_N_F7
STAFF_N_F7 PERSONNEL4_N_F7
OFF_N_F7 EXAM2_N_F7

PERSONNEL1_N_F7 LASER_E_F5

S
um

 o
f 

F
U

s’
 a

re
a:

  
16

80

N
um

be
r 

of
 F

U
s:

 1
7

APPOINTMENT_E_F5 PERSONNEL_E_F5
MED_RECORDS_E_F5 LAB1_E_F5

EXAM9_E_F5 EXAM1_E_F5
EXAM8_E_F5 EXAM2_E_F5
EXAM7_E_F5 EXAM3_E_F5
EXAM6_E_F5 EXAM4_E_F5
STAFF_E_F5 PHOTO_E_F5
EXAM5_E_F5 EXAM5_E_F5
PHOTO_E_F5 STAFF_E_F5
EXAM4_E_F5 EXAM6_E_F5
EXAM3_E_F5 EXAM7_E_F5
EXAM2_E_F5 EXAM8_E_F5
EXAM1_E_F5 EXAM9_E_F5
LAB1_E_F5 LAB2_E_F5

PERSONNEL_E_F5 MED_RECORDS_E_F5
LASER_E_F5 APPOINTMENT_E_F5
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Number of FUs
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Stacking Assignments matching existing 
placements

Assignments mismatching exist-
ing placements Zoning

Floor 6
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Number of FUs
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Stacking Assignments matching existing 
placements

Assignments mismatching exist-
ing placements Zoning

Floor 7
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Number of FUs

 

3 42
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C.3.1   Stacking according to Multiple Criteria

 

Table C.4 

 

Falk Clinic: stacking and zoning according to multiple criteria                                   

(

 

State id: 284, Total cut size: 37789)

 

1

 

                                                                                                 

 

Stacking Assignments matching existing 
placements

Assignments mismatching exist-
ing placements Zoning

Floor 1
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Number of FUs

 

33 13

 

1. Multiple criteria for stacking include adjacency, acoustic, and thermal. In zoning, daylight is consid-
ered in addition to adjacency, acoustic, and thermal, The relative weights are 10 for adjacency, 2 for
acoustic, 1 for thermal, and 10 for daylight. The zoning threshold is set to 10, equivalent to an adja-
cency weight. With this threshold value, FUs with adjacency relations will be grouped together.
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Stacking Assignments matching existing 
placements

Assignments mismatching exist-
ing placements Zoning

Floor 2
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Number of FUs

 

32 10
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Stacking Assignments matching existing 
placements

Assignments mismatching exist-
ing placements Zoning

Floor 3
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Number of FUs

 

28 16
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Stacking Assignments matching existing 
placements

Assignments mismatching exist-
ing placements Zoning

Floor 4
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Number of FUs
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Stacking Assignments matching existing 
placements

Assignments mismatching exist-
ing placements Zoning

Floor 5
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PHOTO_E_F5 EXAM3_W_F7
EXAM4_E_F5 CONF2_W_F7
EXAM3_E_F5 EXAM4_W_F7
EXAM2_E_F5 EXAM2_W_F7
EXAM1_E_F5 EXAM5_W_F7
STAFF_E_F5 OFF1_W_F5
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LAB1_E_F5 OFF2_W_F5
LASER_E_F5 OFF3_W_F5

OFF2_W_F7 OFF4_W_F5
EXAM5_W_F7 OFF5_W_F5
EXAM4_W_F7 MD_OFF_W_F5
CONF2_W_F7 PRIVATE1_W_F5
EXAM3_W_F7 PRIVATE2_W_F5
OFF1_W_F7 PRIVATE3_W_F5

EXAM2_W_F7 OFF6_W_F5
CONF1_W_F7 OFF7_W_F5
EXAM1_W_F7 OFF8_W_F5
NURSE_W_F7 WORKSTATION_W_F5

OFF8_W_F5 EXAM1_S_F3
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OFF6_W_F5 RESEARCH_S_F3
PRIVATE3_W_F5 STAFF1_S_F3
PRIVATE2_W_F5 STAFF2_S_F3
PRIVATE1_W_F5 READING_S_F3

OFF5_W_F5 UTILITY_S_F3
OFF4_W_F5 LOCKER1_S_F3
OFF3_W_F5 DARK_S_F3
OFF2_W_F5 LOCKER2_S_F3
OFF1_W_F5 OFF2_W_F2

S
um

 o
f 

F
U

s’
 

ar
ea

:6
90

N
um

be
r 

of
 F

U
s:

 7

WORKSTATION_W_F5 OFF3_W_F2
DARK_S_F3 EXAM1_W_F2

READING_S_F3 EXAM2_W_F2
STAFF1_S_F3 LAB_W_F2

LOCKER2_S_F3 CONSULT1_W_F2
LOCKER1_S_F3 CONSULT2_W_F2
UTILITY_S_F3 OFF3_S_F5
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STAFF2_S_F3 RESTRM_S_F5
RESEARCH_S_F3 MEN_N_F5
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EXAM2_S_F3 WOMEN_N_F5
EXAM1_S_F3 PERSONNEL1_N_F5

LAB_W_F2 PERSONNEL2_N_F5
CONSULT2_W_F2 CONF_N_F5
CONSULT1_W_F2 OFF1_N_F5

EXAM2_W_F2 OFF2_N_F5
EXAM1_W_F2 LASER_E_F5
OFF3_W_F2 LAB1_E_F5
OFF2_W_F2 EXAM1_E_F5

RESTRM_S_F5 EXAM2_E_F5
OFF2_N_F5 EXAM3_E_F5
OFF1_N_F5 EXAM4_E_F5

PERSONNEL2_N_F5 PHOTO_E_F5
PERSONNEL1_N_F5 EXAM5_E_F5

MEN_N_F5 STAFF_E_F5
WOMEN_N_F5 EXAM6_E_F5
MD_OFF_W_F5 EXAM7_E_F5

CONF_N_F5 EXAM8_E_F5
LAB2_E_F5 EXAM9_E_F5
OFF3_S_F5 LAB2_E_F5

 

Number of FUs

 

36 27
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Stacking Assignments matching existing 
placements

Assignments mismatching exist-
ing placements Zoning

Floor 6
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KITCHEN_S_F4 UTILITY_S_F4
SUPPLY_S_F4 SUPPLY_S_F4
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STORAGE1_E_F3 FREEZER_E_F3
FREEZER_E_F3 STORAGE3_E_F3

STORAGE2_E_F3 RESTRM1_E_F3
RESTRM1_E_F3 RESTRM2_E_F3
RESTRM4_E_F3 MEN_E_F3
WOMEN_E_F3 WOMEN_E_F3

MEN_E_F3 RESTRM3_E_F3
RESTRM2_E_F3 RESTRM4_E_F3
RESTRM3_E_F3 WAITING2_E_F4
WAITING2_E_F4 MED_RECORDS_E_F5
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APPOINTMENT_E_F5 APPOINTMENT_E_F5
MED_RECORDS_E_F5 PERSONNEL_W_F5

PERSONNEL_W_F5 WORKAREA_W_F7
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PERSONNEL_N_F7 WAITING_N_F7

PERSONNEL1_N_F7 PERSONNEL1_N_F7
TELEPHONE_N_F7 TELEPHONE_N_F7

PERSONNEL3_N_F7 PERSONNEL_N_F7
WAITING_N_F7 PERSONNEL3_N_F7
RECEPT_N_F7 PERSONNEL4_N_F7
RESTRM_N_F7 WAITING_E_F1
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STORAGE1_S_F3 RESTRM1_S_F3
RESTRM1_S_F3 RESTRM2_S_F3
RESTRM2_S_F3 WAITING_W_F6
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2 3RESTRM2_W_F6 RESTRM1_W_F6

RESTRM1_W_F6 RESTRM2_W_F6
PERSONNEL_E_F6 MED_RECORDS_E_F6
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KITCHEN_E_F6 PERSONNEL_E_F6
MED_RECORDS_E_F6 KITCHEN_E_F6

RESTRM2_E_F6 RECEPTION_E_F6
RESTRM1_E_F6 RESTRM1_E_F6

PERSONNEL1_N_F6 RESTRM2_E_F6
DRUG_E_F7 RESTRM_E_F7
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PERSONNEL_E_F7 PERSONNEL_E_F7
WORKAREA_E_F7 DRUG_E_F7

RESTRM_E_F7 WORKAREA_E_F7
PERSONNEL2_N_F6 CONF_N_F6
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WOMEN_N_F6 PERSONNEL1_N_F6
WAITING_N_F6 PERSONNEL2_N_F6

MEN_N_F6 WAITING_N_F6
WAITING_W_F6 MEN_N_F6

CONF_N_F6 WOMEN_N_F6
RECEPTION_E_F6 WAITING_S_F6
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MED_RECORDS_S_F6 MED_RECORDS_S_F6

 

Number of FUs

 

17 44
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Stacking Assignments matching existing 
placements

Assignments mismatching exist-
ing placements Zoning

Floor 7
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EXAM13_S_F6 EXAM1_S_F6
EXAM1_S_F6 EXAM2_S_F6

EXAM12_S_F6 EXAM3_S_F6
EXAM2_S_F6 EXAM4_S_F6

RECOVERY_S_F6 EXAM5_S_F6
EXAM3_S_F6 OFF2_S_F6
EXAM4_S_F6 EXAM6_S_F6

EXAM11_S_F6 PROCEDURE_S_F6
OFF3_S_F6 EXAM7_S_F6

EXAM10_S_F6 EXAM8_S_F6
EXAM9_S_F6 EXAM9_S_F6
EXAM8_S_F6 EXAM10_S_F6
EXAM7_S_F6 OFF3_S_F6

PROCEDURE_S_F6 EXAM11_S_F6
EXAM6_S_F6 RECOVERY_S_F6
OFF2_S_F6 EXAM12_S_F6

EXAM5_S_F6 EXAM13_S_F6
OFF1_S_F6 OFF4_S_F6

EXAM2_S_F5 EXAM1_S_F5
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PRIVATE2_S_F5 EXAM2_S_F5
EXAM3_S_F5 EXAM3_S_F5
OFF11_S_F5 EXAM4_S_F5
EXAM4_S_F5 EXAM5_S_F5
OFF10_S_F5 OFF1_S_F5
EXAM5_S_F5 EXAM6_S_F5
OFF9_S_F5 RESIDENCE_S_F5
OFF1_S_F5 OFF2_S_F5
OFF8_S_F5 OFF4_S_F5
OFF2_S_F5 CONF1_S_F5

RESIDENCE_S_F5 PRIVATE1_S_F5
OFF7_S_F5 OFF5_S_F5
OFF6_S_F5 OFF6_S_F5
OFF5_S_F5 OFF7_S_F5

PRIVATE1_S_F5 OFF8_S_F5
EXAM6_S_F5 OFF9_S_F5
OFF4_S_F5 OFF10_S_F5

EXAM1_S_F5 OFF11_S_F5
CONF2_S_F5 PRIVATE2_S_F5
CONF1_S_F5 CONF2_S_F5

FILE_W_F7 FILE_W_F7
SUPPLY_N_F7 SUPPLY_N_F7
BLOOD_E_F7 BLOOD_E_F7

 

Number of FUs

 

3 41
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 C.4  Center for the Arts

 

C.4.1  Alternative One (four floors)

 

Table C.5 

 

Center for Arts: stacking according to adjacency and zoning according to multiple cri-

teria (

 

State id: 26, Total cut size: 354)

 

1

 

Stacking
Zoning

Basement flr FUs

 

10
90 0 2

ORCHESTRA_PIT_THRUST ORCHESTRA_PIT_THRUST

10
90 2

TRAP_ROOM TRAP_ROOM

 

1. Multiple criteria for zoning include adjacency, acoustic, thermal, and daylight. The relative weights
are 10 for adjacency, 2 for acoustic, 1 for thermal, and 10 for daylight.

 

Stacking
Zoning

Floor 1 FUs
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GALLERY ELEC_LIGHT_STORAGE
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OFFICE_CONTROL BOX_OFFICE
COAT_ROOM COAT_ROOM

BLDG_SECURITY BLDG_SECURITY
TECH_STUDENT_LOUNGE FOYER
STUDENT_TECH_OFF_C W_RESTROOM
STUDENT_TECH_OFF_B M_RESTROOM
STUDENT_TECH_OFF_A GALLERY

JANITOR_CLOSET STORAGE_REPAIR_REC
PROPERTIES_SHOP LOBBY_F1

ELEC_LIGHT_STORAGE OFFICE_CONTROL
FOYER LOAD_RECEIVE

GREEN_ROOM TRASH
STAGE_STORAGE SHOP_SUPERVISOR_OFF
PROPERTY_ROOM STUDENT_TECH_OFF_A

SHOP_SUPERVISOR_OFF STUDENT_TECH_OFF_C
BACKSTAGE_TOILET STUDENT_TECH_OFF_B
W_DRESSING_ROOM TECH_STUDENT_LOUNGE
M_DRESSING_ROOM AUDIENCE_CHAMBER_F1

WARDROBE STAGE_STORAGE
TV_REHEARSAL_CLASSRM STAGE_AND_WINGS_F1

TV_CONTROL_BOOTH PROPERTY_ROOM
TV_EDITING_BAY SCENE_SHOP_F1

LOBBY_F1 PROPERTIES_SHOP
BOX_OFFICE GREEN_ROOM

W_RESTROOM BACKSTAGE_TOILET
M_RESTROOM W_DRESSING_ROOM
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TRASH M_DRESSING_ROOM
AUDIENCE_CHAMBER_F1 WARDROBE
STAGE_AND_WINGS_F1 TV_REHEARSAL_CLASSRM

29
90 3SCENE_SHOP_F1 TV_CONTROL_BOOTH

LOAD_RECEIVE TV_EDITING_BAY
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Stacking
Zoning

Floor 2 FUs
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DESIGN_FACULTY_OFF DESIGN_FACULTY_OFF
DESIGN_STUDIO DESIGN_STUDIO

CONTROL_BOOTH CONTROL_BOOTH
COSTUME_GENERAL_STORAGE COSTUME_GENERAL_STORAGE

GRADUATE_DESIGN_STUDIO GRADUATE_DESIGN_STUDIO
COSTUME_DAILY_STORAGE COSTUME_DAILY_STORAGE

ELECTRIC_ROOM ELECTRIC_ROOM
MECHANIC_ROOM MECHANIC_ROOM
SOUND_STUDIO SOUND_STUDIO

FOLLOWSPOT_BOOTH FOLLOWSPOT_BOOTH
FACULTY_VOICE_STUDIO_C FACULTY_VOICE_STUDIO_C
FACULTY_VOICE_STUDIO_B FACULTY_VOICE_STUDIO_B
FACULTY_VOICE_STUDIO_A FACULTY_VOICE_STUDIO_A

DIMMER_ROOM_F2 DIMMER_ROOM_F2
LOBBY_F2 LOBBY_F2
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AUDIENCE_CHAMBER_F2 AUDIENCE_CHAMBER_F2
STAGE_AND_WINGS_F2 STAGE_AND_WINGS_F2

SCENE_SHOP_F2 SCENE_SHOP_F2

 

Stacking
Zoning

Floor 3 FUs
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ARMORY ACTING_CLASSRM_A
ACTING_CLASSRM_A DANCE_STUDIO
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DANCE_FACULTY_OFF DANCE_FACULTY_OFF
MOVEMENT_FACULTY_OFF FITTING_ROOM
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LAUNDRY_DYE_ROOM COSTUME_SHOP
FITTING_ROOM CRAFT_ROOM
CRAFT_ROOM LAUNDRY_DYE_ROOM

ADMIN_ASSISTANTS DEPT_HEAD_OFF

96
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SECRETARY_OFF SECRETARY_OFF
COSTUME_SHOP DEPT_ASSOC_HEAD_OFF

DEPT_ASSOC_HEAD_OFF ADMIN_ASSISTANTS
DEPT_HEAD_OFF ACTING_CLASSRM_C

ACTING_CLASSRM_C ACTING_CLASSRM_B
ACTING_CLASSRM_B MOVEMENT_FACULTY_OFF

20
40 3DANCE_STUDIO ARMORY

MOVEMENT_STUDIO MOVEMENT_STUDIO
FACULTY_OFF_L FACULTY_OFF_A
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FACULTY_OFF_K FACULTY_OFF_B
FACULTY_OFF_J FACULTY_OFF_C
FACULTY_OFF_I FACULTY_OFF_D
FACULTY_OFF_H FACULTY_OFF_E
FACULTY_OFF_G FACULTY_OFF_F
FACULTY_OFF_F FACULTY_OFF_G
FACULTY_OFF_E FACULTY_OFF_H
FACULTY_OFF_D FACULTY_OFF_I
FACULTY_OFF_C FACULTY_OFF_J
FACULTY_OFF_B FACULTY_OFF_K
FACULTY_OFF_A FACULTY_OFF_L

M_REST_CHANGE_RM M_REST_CHANGE_RM
W_REST_CHANGE_RM W_REST_CHANGE_RM

AUDIENCE_CHAMBER_F3 AUDIENCE_CHAMBER_F3
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3STAGE_AND_WINGS_F3 STAGE_AND_WINGS_F3
SCENE_SHOP_F3 SCENE_SHOP_F3
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Table C.6 

 

Center for Arts: stacking and zoning according to multiple criteria                           

(

 

State id: 19, Total cut size: 1411)

 

1

 

                                                                                 

 

Stacking
Zoning

Basement flr FUs

 

10
90 0 2

ORCHESTRA_PIT_THRUST ORCHESTRA_PIT_THRUST

10
90 2

TRAP_ROOM TRAP_ROOM

 

1. Multiple criteria for stacking include adjacency, acoustic, and thermal. In zoning, daylight is consid-
ered in addition to adjacency, acoustic, and thermal. The relative weights are 10 for adjacency, 2 for
acoustic, 1 for thermal, and 10 for daylight.

 

Stacking
Zoning

Floor 1 FUs
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OFFICE_CONTROL JANITOR_CLOSET
GALLERY GREEN_ROOM

STORAGE_REPAIR_REC BACKSTAGE_TOILET
PROPERTIES_SHOP W_DRESSING_ROOM
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JANITOR_CLOSET M_DRESSING_ROOM
ELEC_LIGHT_STORAGE WARDROBE

FOYER TV_REHEARSAL_CLASSRM
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STAGE_STORAGE TV_EDITING_BAY
PROPERTY_ROOM SHOP_SUPERVISOR_OFF
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SHOP_SUPERVISOR_OFF ELEC_LIGHT_STORAGE
BACKSTAGE_TOILET PROPERTIES_SHOP
W_DRESSING_ROOM STAGE_STORAGE
M_DRESSING_ROOM SCENE_SHOP_F1

WARDROBE STAGE_AND_WINGS_F1
TV_REHEARSAL_CLASSRM PROPERTY_ROOM

TV_CONTROL_BOOTH BOX_OFFICE
TV_EDITING_BAY AUDIENCE_CHAMBER_F1

LOBBY_F1 FOYER
BOX_OFFICE W_RESTROOM

W_RESTROOM M_RESTROOM
M_RESTROOM GALLERY

TRASH STORAGE_REPAIR_REC
AUDIENCE_CHAMBER_F1 LOBBY_F1
STAGE_AND_WINGS_F1 OFFICE_CONTROL

SCENE_SHOP_F1 LOAD_RECEIVE
LOAD_RECEIVE TRASH
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Stacking
Zoning

Floor 2 FUs
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ACTING_CLASSRM_A ACTING_CLASSRM_A
ARMORY ARMORY

DESIGN_STUDIO DESIGN_STUDIO
GRADUATE_DESIGN_STUDIO GRADUATE_DESIGN_STUDIO

COSTUME_GENERAL_STORAGE COSTUME_GENERAL_STORAGE
COSTUME_DAILY_STORAGE COSTUME_DAILY_STORAGE

FOLLOWSPOT_BOOTH FOLLOWSPOT_BOOTH
CONTROL_BOOTH CONTROL_BOOTH
MECHANIC_ROOM MECHANIC_ROOM
ELECTRIC_ROOM ELECTRIC_ROOM
BLDG_SECURITY BLDG_SECURITY

COAT_ROOM COAT_ROOM
DIMMER_ROOM_F2 DIMMER_ROOM_F2

LOBBY_F2 LOBBY_F2

15
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AUDIENCE_CHAMBER_F2 AUDIENCE_CHAMBER_F2
STAGE_AND_WINGS_F2 STAGE_AND_WINGS_F2

SCENE_SHOP_F2 SCENE_SHOP_F2
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Zoning

Floor 3 FUs
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FACULTY_VOICE_STUDIO_B FACULTY_VOICE_STUDIO_B
FACULTY_VOICE_STUDIO_A FACULTY_VOICE_STUDIO_A

SOUND_STUDIO SOUND_STUDIO
FACULTY_VOICE_STUDIO_C FACULTY_VOICE_STUDIO_C

DESIGN_FACULTY_OFF DESIGN_FACULTY_OFF
MOVEMENT_FACULTY_OFF MOVEMENT_STUDIO

19
90 2

FITTING_ROOM MOVEMENT_FACULTY_OFF
DANCE_FACULTY_OFF DANCE_STUDIO

20
50 2

LAUNDRY_DYE_ROOM DANCE_FACULTY_OFF
ADMIN_ASSISTANTS FITTING_ROOM

24
25 4

SECRETARY_OFF COSTUME_SHOP
CRAFT_ROOM CRAFT_ROOM

DEPT_ASSOC_HEAD_OFF LAUNDRY_DYE_ROOM
DEPT_HEAD_OFF DEPT_HEAD_OFF

96
5 4

COSTUME_SHOP SECRETARY_OFF
STUDENT_TECH_OFF_A DEPT_ASSOC_HEAD_OFF

TECH_STUDENT_LOUNGE ADMIN_ASSISTANTS
STUDENT_TECH_OFF_C STUDENT_TECH_OFF_A

60
0 4

STUDENT_TECH_OFF_B STUDENT_TECH_OFF_B
ACTING_CLASSRM_C STUDENT_TECH_OFF_C
ACTING_CLASSRM_B TECH_STUDENT_LOUNGE

DANCE_STUDIO ACTING_CLASSRM_C
MOVEMENT_STUDIO ACTING_CLASSRM_B

FACULTY_OFF_L FACULTY_OFF_A

S
um

 o
f 

F
U

s’
 a

re
a:

 1
50

0

N
um

be
r 

of
 F

U
s:

 1
2

FACULTY_OFF_K FACULTY_OFF_B
FACULTY_OFF_J FACULTY_OFF_C
FACULTY_OFF_I FACULTY_OFF_D
FACULTY_OFF_H FACULTY_OFF_E
FACULTY_OFF_G FACULTY_OFF_F
FACULTY_OFF_F FACULTY_OFF_G
FACULTY_OFF_E FACULTY_OFF_H
FACULTY_OFF_D FACULTY_OFF_I
FACULTY_OFF_C FACULTY_OFF_J
FACULTY_OFF_B FACULTY_OFF_K
FACULTY_OFF_A FACULTY_OFF_L

M_REST_CHANGE_RM M_REST_CHANGE_RM
W_REST_CHANGE_RM W_REST_CHANGE_RM

AUDIENCE_CHAMBER_F3 AUDIENCE_CHAMBER_F3
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C.4.2  Alternative Two (five floors)

 

Table C.7 

 

Center for Arts: stacking according to adjacency and zoning according to multiple cri-

teria (

 

State id: 32, Total cut size: 464)

 

1

 

                                                                                 

 

Stacking
Zoning

Basement flr FUs

 

10
90 0 2

ORCHESTRA_PIT_THRUST ORCHESTRA_PIT_THRUST

10
90 2

TRAP_ROOM TRAP_ROOM

 

1. Multiple criteria for zoning include adjacency, acoustic, thermal and daylight. The relative weights
are 10 for adjacency, 2 for acoustic, 1 for thermal, and 10 for daylight.
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Table C.8 

 

Center for Arts: stacking and zoning according to multiple criteria                           

(

 

State id: 23, Total cut size: 1553)

 

1
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Floor 4 FUs
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Stacking
Zoning

Basement flr FUs

 

10
90 0 2

ORCHESTRA_PIT_THRUST ORCHESTRA_PIT_THRUST

10
90 2

TRAP_ROOM TRAP_ROOM

 

1. Multiple criteria for stacking include adjacency, acoustic, and thermal. In zoning, daylight is consid-
ered in addition to adjacency, acoustic, and thermal. The relative weights are 10 for adjacency, 2 for
acoustic, 1 for thermal, and 10 for daylight. The zoning threshold is set to 10, equivalent to an adja-
cency weight.
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 C.5  Test Results of SABA

 

Table C.9 

 

SABA: stacking according to adjacency

 

 

 

(Brooklyn Jail)

 

1
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Number of FUs belonging to floor # of FUs matching 
existing placement

 

1 2 3 4 5 6 7 8 9
Floor 9

 

4

 

4
Floor 8 1

 

10

 

10
Floor 7 2 2 10 2 10
Floor 6 3 13 4 3 13
Floor 5 5 10 1 1 10
Floor 4 5 9 1 9
Floor 3 5 9 1 9
Floor 2 3 10 1 2 10
Floor 1 16 1 16
Total 19 15 15 15 16 19 16 15 4 91

1. In testing this project, three FUs are pre-assigned to the first floor, and two FUs are pre-assigned to
each of the remaining floors. Bold numbers represent the number of FUs whose assignments match
existing placements.
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Table C.10 SABA: stacking according to adjacency (Kaiser)1

Number of FUs belonging to floor # of FUs matching 
existing placement1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27

Floor 27 1 2 2

Floor 26 4 4

Floor 25 4 4

Floor 24 4 2 4

Floor 23 4 4

Floor 22 4 4

Floor 21 4 4

Floor 20 4 4

Floor 19 4 4

Floor 18 4 4

Floor 17 4 4

Floor 16 4 4

Floor 15 4 4

Floor 14 4 4

Floor 13 4 4

Floor 12 4 4

Floor 11 5 1 4 4

Floor 10 8 1 3 1 3

Floor 9 1 1 3 3

Floor 8 1 3 3

Floor 7 1 3 3

Floor 6 1 3 3

Floor 5 1 3 3

Floor 4 1 3 3

Floor 3 3 2 1 1 2

Floor 2 1 6 1 6

Floor 1 3 1 1 3

Total 18 9 4 4 4 4 4 4 5 7 5 4 4 4 4 4 4 4 4 4 4 4 4 5 4 4 4 98

1. In testing this project, three FUs are pre-assigned to the first and second floors respectively; a single
FU is pre-assigned to each of the remaining floors (floors three through 27). Bold numbers represent
the number of FUs whose assignments match existing placements.
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Appendix D: 
User Interface Interaction Diagrams

 

In an interaction diagram, system objects are expressed by symbols. Figure D.1 provides the
definitions of these symbols.

 

Figure D.1     

 

Legend of interaction diagram

 

D.1  Start FD

 

 Start the FD program.

 

Figure D.2     

 

Interaction diagram of starting FD

 

D.1.1  Flow of Events

 

•  Associations

This use case starts when the user types “FD” in the xterm. This will cause the FD pro-
gram to launch and the Main Window to open, thereby ending the use case.

•  Participating Objects

Main Window

•  Special Requirements

•  Pre-conditions

control objectuser interface object domain object

System Object action conditional action

User Main Window

type program name

Xterm

open
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•  Post-conditions

The Main Window is opened.

 

D.2  New project

 

 Start a new FD project from scratch.

 

Figure D.3     

 

Interaction diagram of starting new project

 

D.2.1  Flow of Events

 

•  Associations

The “new project” operation consists of three steps in which: 

 

a)

 

 the user defines the
number of FUs; 

 

b)

 

 the user defines the number of floors and the area of each floor; and

 

c)

 

 the user defines the necessary design requirements, including adjacency, thermal,
acoustic, and daylight. In order to simplify the user’s operations, there are defaults for
all of the requirements except for the number of FUs. The user can edit the default val-
ues in their corresponding windows.

This use case starts when the user selects “new project” on the Main Window menu.
After the user makes this selection, the system opens a dialogue window which
prompts the user for a number of FUs in the building. After the user enters the number
of FUs, the dialogue window closes. The Floor Editor Window will then be opened. It
prompts the user to edit floor area requirements. When the user finishes editing and
selects the “OK” button, the Floor Editor Window closes. Next, the Design Require-
ments Window will be opened and prompt the user to edit adjacency, thermal, acous-
tic, and daylight requirements. When the user selects the “OK” button, an FU
hierarchy will be constructed and loaded in the Main Window.

•  Participating Objects

Main Window, Number of FUs Window, Floor Editor Window, Design Requirements
Window, FU Hierarchy.

User ReqmentsWin

new project

FloorEditor

open

MainWin

open

open

# of FUs Win

enter number of FUs

edit and ok

edit and ok

display FU hierarchy
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•  Special Requirements

•  Pre-conditions

•  Post-conditions

The FU hierarchy is loaded in the Main Window.

 

D.3  Load FU hierarchy

 

Load an existing FD project.

 

Figure D.4     

 

Interaction diagram of loading a project

 

D.3.1  Flow of Events

 

•  Associations

This use case starts when the user selects “load project” on the Main Window menu.
After the user makes this selection, the system opens a file dialogue window, which
prompts the user to select a project. After the user selects a project, the file dialogue
window closes. A flat FU hierarchy will be loaded in the Main Window.

•  Participating Objects

Main Window, File Dialogue Window, project files, FU Hierarchy.

•  Special Requirements

The project files are located within the project directory. They include a base file, an
adjacency file, a thermal file, an acoustic file, a daylight file, and a pre-assignment file.

•  Pre-conditions

•  Post-conditions

The FU hierarchy is loaded in the Main Window. All of the design requirements are
loaded into the system memory (although they do not show in the Main Window).

User FUHier

load project

ProjFiles

construct

MainWin

open

open

DialogWin

display FU hierarchy

select
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D.4  Exit FD

 

 Exit the FD program and close all of the opened windows.

 

 

Figure D.5     

 

Interaction diagram of exiting FD

 

D.4.1  Flow of Events

 

•  Associations

This use case starts when the user selects “exit FD” on the Main Window menu. After
the user makes this selection, the system will 

 

a)

 

 free all of the memory that active
objects occupy, 

 

b)

 

 close all of the opened windows, and 

 

c)

 

 exit the FD program. This use
case ends when the FD program terminates.

•  Participating Objects

Main Window

•  Special Requirements

•  Pre-conditions

•  Post-conditions

The active objects are deleted. The Main Window is closed.

 

D.5  Select criteria

 

Select stacking or zoning criteria and define their relative weights.

 

D.5.1  Flow of Events

 

•  Associations

This use case starts when the user selects either “start stacking” or “start zoning” on
the Main Window menu.

After the user makes this selection, the system will open the Stacking/Zoning Criteria
Window, which prompts the user to select a set of criteria. For stacking, the candidate
criteria are adjacency, thermal and acoustic. For zoning, the candidate criterion is day-
light in addition to adjacency, thermal, and acoustic. This window also prompts the

User MemoryObjects

exit FD

MainWin

delete

close and exit
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user to define the relative importance between the selected set of criteria. After the user
makes the selections, the dialogue window closes, and either the stacking or the zoning
algorithm runs.

 

Figure D.6     

 

Interaction diagram of selecting criteria

 

•  Participating Objects

Main Window, Stacking/zoning Criteria Window, adjacency, thermal, acoustic, and
daylight criteria.

•  Special Requirements

•  Pre-conditions

•  Post-conditions

A set of design criteria are selected with their relative weights defined. The system gen-
erates unified requirements based on the selected criteria.

 

D.6  Edit adjacency matrix

 

Edit adjacency matrix.

 

D.6.1  Flow of Events

 

•  Associations

This use case starts when the user selects “edit requirements” on the Main Window
menu. After the user makes this selection, the system opens the Design Requirements
Window. When the user selects “adjacency requirements” in this window, the Adja-
cency Matrix Window will be opened. The user then can edit this matrix. If the user
wants to find out the relation between two FUs, he/she has to enter the FUs’ ids and
the corresponding cell in the matrix window will be highlighted. When the user fin-
ishes editing the matrix, he/she can select the “save changes” button, and the adja-
cency matrix will be saved.

User ThermalAdjMainWin CriteriaWin Acoustic Daylight

start stacking/zoning

open

select and ok

select/de-select

select/de-select

select/de-select

select/de-select
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Figure D.7     

 

Interaction diagram of editing adjacency matrix

 

•  Participating Objects

Main Window, Design Requirements Window, Adjacency Matrix Window, adjacency
matrix.

•  Special Requirements

•  Pre-conditions

•  Post-conditions

The adjacency matrix is saved.

 

D.7  Edit acoustic table

 

Edit acoustic table.

 

Figure D.8     

 

Interaction diagram of editing acoustic table

User AdjMatrix

edit requirements

AdjMatrixW

update

MainWin

open

open

ReqmentsW

select adjacency requirements

edit and save

User AcoustTab

edit requirements

AcoustTabW

update

MainWin

open

open

ReqmentsW

select acoustic properties

edit and save
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D.7.1  Flow of Events

 

•  Associations

This use case starts when the user selects “edit requirements” on the Main Window
menu. After the user makes this selection, the system opens the Design Requirements
Window. After the user selects the “acoustic properties” bar in this window, the bar
will be expanded into an acoustic table. The user can then edit this table. When the user
finishes editing, he/she can select the “save changes” button, and the acoustic table
will be saved.

•  Participating Objects

Main Window, Design Requirements Window, Acoustic Table, acoustic table.

•  Special Requirements

•  Pre-conditions

•  Post-conditions

The acoustic table is saved.

 

D.8  Edit temperature table

 

Edit temperature table.

 

Figure D.9     

 

Interaction diagram of editing temperature table

 

D.8.1  Flow of Events

 

•  Associations

This use case starts when the user selects “edit requirements” on the Main Window
menu. After the user makes this selection, the system opens the Design Requirements
Window. When the user selects the “thermal properties” bar in this window, the bar
will be expanded into a temperature table. The user can then edit this table. When the

User TempTab

edit requirements

TempTabW

update

MainWin

open

open

ReqmentsW

select thermal properties

edit and save
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user finishes editing, he/she can select the “save changes” button, and the temperature
table will be saved.

•  Participating Objects

Main Window, Design Requirements Window, Temperature Table, temperature table.

•  Special Requirements

•  Pre-conditions

•  Post-conditions

The temperature table is saved.

 

D.9  Edit daylight requirements

 

Edit daylight requirements.

 

Figure D.10     

 

Interaction diagram of editing daylight requirements

 

D.9.1  Flow of Events

 

•  Associations

This use case starts when the user selects “edit requirements” on the Main Window
menu. After the user makes this selection, the system opens the Design Requirements
Window. When the user selects the “daylight requirements” bar in this window, the
bar will be expanded into a daylight editor. The user can then edit FUs’ daylight
requirements. When the user finishes editing, he/she can select the “save changes”
button, and the daylight requirements will be saved.

•  Participating Objects

Main Window, Design Requirements Window, Daylight Editor, daylight record.

•  Special Requirements

•  Pre-conditions

User DaylitRecord

edit requirements

DaylitEditor

update

MainWin

open

open

ReqmentsW

select daylight properties

edit and save
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•  Post-conditions

The daylight record is saved.

 

D.10  Edit floors

 

Edit number of floors, each floor’s area, and allowed area tolerance level.

 

Figure D.11     

 

Interaction diagram of editing floors

 

D.10.1  Flow of Events

 

•  Associations

This use case starts when the user selects “edit floors” on the Main Window menu.
After the user makes this selection, the system will open the Floor Editor Window. The
user can then edit the number of floors, each floor’s area, and allowed area tolerance.
After the user finishes editing and selects “OK”, the Floor Editor Window closes and
the floors’ requirements are updated.

•  Participating Objects

Main Window, Floor Editor Window, number of floors, floors’ areas, and allowed area
tolerance.

•  Special Requirements

•  Pre-conditions

•  Post-conditions

The floors’ requirements are updated.

 

D.11  Select tree/floors representation

 

 Set tree/floor view in the Main Window.

User flrAreas#OfFlrsMainWin FloorsEdW allowedTol

edit floors

open

edit and save

update

update

update
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Figure D.12      

 

Interaction diagram of selecting tree/floor view

 

D.11.1  Flow of Events

 

•  Associations

This use case starts when the user selects “select tree view” or “select floor view” on
the Main Window menu. After the user makes this selection, the system will get the
tree view or floor view and set it as active, and display it in the Main Window. This use
case ends when the tree view or floor view is displayed.

•  Participating Objects

Main Window, tree view

•  Special Requirements

•  Pre-conditions

•  Post-conditions

Either tree view or floor view is set as active and displayed in the Main Window.

 

D.12  Show/hide process of algorithm

 

Choose to show/hide processes of algorithms in the Main Window.

 

Figure D.13     

 

Interaction diagram of setting viewing/hiding processes of algorithm

User TreeView/FloorView

select tree/floor view

MainWin

get

set active and display

User displayAlgMode

show/hide process

MainWin

set to show/hide
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D.12.1  Flow of Events

 

•  Associations

This use case starts when the user selects “show process” or “hide process” on the
Main Window menu. After the user makes this selection, the system will set the mode
of either displaying or hiding the algorithms’ processes. This use case ends when the
mode of displaying the algorithmic processes is set to “show” or “hide”.

•  Participating Objects

Main Window, mode of displaying algorithmic processes.

•  Special Requirements

•  Pre-conditions

•  Post-conditions

The mode of displaying algorithmic processes is set to “show” or “hide”.

 

D.13  View Requirements of a tree node or a room FU

 

View the requirements of a tree node or a room FU.

 

Figure D.14     

 

Interaction diagram of viewing FU requirements

 

D.13.1  Flow of Events

 

•  Associations

This use case starts when the user double clicks on a tree node in a tree view or on a
room in a floor view in the Main Window. After the user does this, the system will open
the FU Requirements Window for the selected FU. This use case ends when the FU
Requirements Window is opened.

•  Participating Objects

Tree/floor view, tree node/room, FU, FU Requirements Window.

•  Special Requirements

•  Pre-conditions

User

double-click tree node/room

FUReqmentsWTree/FloorView

get

open

FU
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•  Post-conditions

The FU Requirements Window is opened.

 

D.14  Start stacking

 

Run the stacking algorithm and generate an FU hierarchy.

 

Figure D.15     

 

Interaction diagram of starting stacking

 

D.14.1  Flow of Events

 

•  Associations

This use case starts when the user selects “start stacking” on the Main Window menu.

When the user makes this selection, the system opens the Stacking Criteria Window,
which prompts the user to select a set of criteria among the three (adjacency, thermal,
and acoustic). It also prompts the user to define the relative importance of the selected
criteria. When the user selects the “OK” button, the Stacking Criteria Window closes
and the algorithm begins to run. A progress bar indicates the status of the algorithm. In
the end, the algorithm determines an optimal solution and constructs an FU hierarchy
in the Main Window, in either tree view or floor view, according to the preferred repre-
sentation. If no feasible solution satisfies the given floor area requirements, a warning
dialogue window will be displayed.

•  Participating Objects

Main Window, Stacking Criteria Window, adjacency, thermal, and acoustic criteria,
stacking algorithm, FU hierarchy.

•  Special Requirements

•  Pre-conditions

Number of floors, floors’ areas are defined.

•  Post-conditions

User FUHier

start stacking

stackingAlg

construct

MainWin

open

run

CriteriaWin

edit and ok

display
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An optimal solution is obtained and a corresponding FU hierarchy is displayed in the
Main Window, in either tree view or floor view according to the preferred representa-
tion. If no feasible solution satisfies the given floor area requirements, a warning dia-
logue window will be displayed instead.

 

D.15  Start zoning

 

Run the zoning algorithm and generate zones for each floor.

 

Figure D.16     

 

Interaction diagram of starting zoning

 

D.15.1  Flow of Events

 

•  Associations

This use case starts when the user selects “start zoning” on the Main Window menu.

When the user makes this selection, the system 

 

a)

 

 opens the Zoning Criteria Window,
which prompts the user to select a set of criteria among the four, namely adjacency,
thermal, acoustic, and daylight requirements, 

 

b)

 

 prompts the user to define the relative
importance of the selected criteria, and 

 

c)

 

 prompts the user to define a threshold value.
When the user selects the “OK” button, the Zoning Criteria Window closes and the
algorithm begins to run. A progress bar indicates the status of the algorithm. In the
end, the algorithm finds a zoning solution and constructs zones in the Main Window,
in either tree view or floor view according to the preferred representation.

•  Participating Objects

Main Window, Zoning Criteria Window, adjacency, thermal, acoustic, and daylight cri-
teria, zoning algorithm, zones.

•  Special Requirements

•  Pre-conditions

Stacking is finished, i.e., FUs have been assigned to floors.

•  Post-conditions

User zones

start zoning

zoningAlg

construct

MainWin

open

run

CriteriaWin

edit and ok

display
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The generated zones are displayed in the Main Window, in either tree view or floor
view according to the preferred representation.

 

D.16  Attach a tree node as a child of another tree node

 

Move a tree node to another tree node and attach it as a child of the destination node.

 

Figure D.17     

 

Interaction diagram of moving a tree node

 

D.16.1  Flow of Events

 

•  Associations

This use case starts when the user selects a tree node, drags it, and drops it on another
tree node in the tree view in the Main Window.

If the destination FU cannot be a parent of the selected FU due to a violation of certain
constraints, a warning dialogue window will be opened informing the user of this vio-
lation. Otherwise, the selected FU will become a child of the destination FU. The floor
view will be updated correspondingly.

•  Participating Objects

Tree view, selected node, another node, FU, another FU, warning dialogue window if
applicable, room, and another floor.

•  Special Requirements

User WarnDiagotherNodeTreeView node FU otherFU

select a node

move

get

get

if violate
constraint, open

place node

set relation

set relation

Room OtherFlr

get

get

set relation
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•  Pre-conditions

•  Post-conditions

The selected FU becomes a child of the destination FU. The floor view is updated corre-
spondingly.

 

D.17  Move a room to another floor

 

Move a room from its current floor location to another floor.

 

Figure D.18     

 

Interaction diagram of moving a room

 

D.17.1  Flow of Events

 

•  Associations

This use case starts when the user selects a room, drags it, and drops it on another floor
in the floor view in the Main Window.

The selected room will be placed on the destination floor. The tree view will be
updated correspondingly.

•  Participating Objects

Tree view, selected room, another floor, FU, another FU, tree node, and another tree
node (another floor).

User otherFlrFloorView room FU otherFU

select a room

move

get

get

place room

set relation

set relation

Node OtherNode

get

get

set relation
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•  Special Requirements

•  Pre-conditions

•  Post-conditions

The selected room is placed on the destination floor. The floor view is updated corre-
spondingly.

 

D.18  Collapse/expand a tree node

 

Collapse or expand a tree node.

 

Figure D.19     

 

Interaction diagram of collapsing/expanding a tree node

 

D.18.1  Flow of Events

 

•  Associations

This use case starts when the user presses the mouse’s middle button to click on a tree
node in the tree view in the Main Window. When the user does this, all of the children
of the selected node will be hidden if they were originally shown; or they will be
shown if they were originally hidden.

•  Participating Objects

Tree view, tree node and its children nodes.

•  Special Requirements

•  Pre-conditions

•  Post-conditions

The children nodes of a selected tree node are either hidden or shown, depending on
their initial state.

User

select a node

childrenNodesTreeView

middle-button

if hide,

node

show

if show,

hide
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Appendix E: 
Daylight Decomposition

 

E.1  Identifying Requirements

 

Problem analysis, also known as content analysis, was carried out in order to identify the
requirements in daylight decomposition. Problem analysis is a method to extract important
factors by examining the relations between different factors being surveyed. 

In order to analyze daylight conditions under which FUs can be grouped or should be sepa-
rated, the example of a floor plan in a multi-story building was considered (see Figure E.1). In
this plan, there is one internal zone and four daylight zones. Each of the daylight zones face a
certain orientation such as north, south, east, and west.

 

Figure E.1     

 

Sample floor plan with daylight zones

 

In order to meet FUs’ orientation requirements, each FU should be located within a zone that
has an external exposure to that orientation. For instance, an FU requiring an eastern exposure
should be located within the east zone. 

When multiple FUs are assigned to the same daylight zone because of sharing the same orien-
tation requirements, these FUs may not be physically grouped together (see shaded FUs in
Figure E.1). Therefore, daylight requirements do not have any grouping implications. This
makes daylight zones different from other architectural zones, such as thermal zones or acous-
tic zones. 
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E.2  Representing Requirements

 

The goal of daylight decomposition is to group FUs with the same orientation requirements
into the same zone on each floor. 

The input of daylight requirements for a set of FUs includes their orientation preferences. For
instance, an FU may need daylight from a particular direction, such as north, south, east, or
west. Alternatively, it may require an external exposure without specification of a particular
orientation.

Daylight is not a factor to consider in stacking because relations between FUs and daylight are
horizontal and do not affect the vertical distribution of FUs onto different floors. To handle
special cases such as FUs requiring skylight, these FUs can be pre-assigned to the top floor.

Daylight requirements are important in zoning. FUs with the same orientation requirements
should be allocated within the same daylight zone so that they can have external exposure to
that orientation.

Daylight requirements can be represented in a graph where FUs with the same directional
constraints are linked together with strong weights. Figure E.2 shows an example of such a
graph. In this figure, each node is an FU. FUs connected by edges share the same required ori-
entation of exposure. For instance, Laser, Photo, CT_scan, and Treatment rooms all need to
have an eastern exposure; therefore, a strong relation (e.g., weight 100) is set up between all
pairs of these FUs. Likewise, for FUs with generic daylight requirements, such as Reception
and Doc_off, a strong weight is set up between all pairs of these FUs. 

 

Figure E.2     

 

Representing FUs with daylight requirements in graph
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With daylight requirements represented in a graph, the same zoning algorithm can be applied,
as described in Section 3.6.2.2.

 

E.3  Output

 

By partitioning the graph, FUs sharing the same directional constraints will be grouped into
the same zone. As a result, four directional zones are formed, including north zone, south
zone, east zone, and west zone. If there are FUs bearing generic daylight requirements, a
generic daylight zone will be generated as well.

This zoning result is part of the input to the SEED-Layout module, and the generic daylight
zone will be represented in union with the four directions. In other words, a generic zone will
be interpreted as having an exposure to any one of the four orientations.




