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Abstract
The revitalization of existing buildings is gaining importance. We are facing a development where,
in many cases, there is no need to design new buildings because an increasing number of existing
buildings are not used anymore. The most ecological procedure to revitalize these buildings would be
through a continued usage and by making few or no alterations to the stock. Thus, the modus operandi
could be called a “non-destructive” approach.
From the architect’s point of view, non-destructive redesign of existing buildings is time-consuming
and complex. The methodology we developed to aid architects in solving such tasks is based on
exchanging or swapping utilization of specific rooms in order to reach a design solution. With the
aid of mathematical rules, which will be executed by the use of a computer, solutions to floor space
relocation problems will be generated. Provided that “design” is in principle a combinatorial problem,
i.e., a constraint-based search for an overall optimal solution of a problem, an exemplary method will
be described to solve such problems.
The design of the model developed is related to problems in logistics (e.g., the loading in transshipment centers). The model does not alter geometric proportions or locations of rooms, but solely
changes their occupancy such that a new usage could be applied to the building. From our point
of view, non-destructive models can play an important role in floor space relocation processes. Our
examinations demonstrate that new patterns of utilization could be found through the use of this
model.

Introduction
This research focuses on an
approach to describe principles in floor
space relocation within the domain of
revitalization. To avoid conflicts relating
to theoretical subtleness, a customary
approach adopted from Operations
Research has been chosen in this work
(Domschke and Drexl 2005). In this
approach, design is a synonym for planning,
which could be described as a systematic
and methodical course of action for
the analysis and solution of current or
future problems. The planning task is

defined as an analysis of a problem with
the aim to prepare optimal decisions by
the use of mathematical methods. The
decision problem of a planning task is
represented by an optimization model and
the application of an efficient algorithm to
aid finding one or more solutions to the
problem. The basic principle underlying
the approach presented herein is the
understanding of design in terms of
searching for solutions that fulfill specific
criteria. This search will be executed by the
use of a constraint programming language.
Designing a building is a complex
task. It can be compared to composing
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music, writing a poem, or creating an
object of art. All these activities have in
common that they share artistic principles.
Unfortunately, these principles make it
difficult to generalize the modus operandi
of the design process. Therefore, the use of
a mathematical description to characterize
a design problem implies the following
hypotheses:
•
•
•

Architectural design is affected by
rules.
Rules can be used to constrain the
solution space of a design problem.
Provided that constraints and
objectives are specified by the
architect, computers can extend
the number of feasible solutions to
a design problem.

Methodology
In terms of methods used in
Operations Research, it is possible to
classify the above mentioned assumptions
as integral components of an optimization
model:
•
•
•

The design solution has to meet
specific requirements (Constraints).
The design has to strive for specific
goals (Objectives).
There are choices available that
might meet the constraints and
objectives (Design Variables).

The optimization model itself consists
of a given number of variable and constant
parameters, one or more objectives, as
well as a fluctuating number of constraints.
Each object that belongs to the model
can be accessed and altered by the use
of parameters. A room, for example, is
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an object with geometric parameters
such as length, width, height, surface area,
and perimeter. Objects can also imply
alphanumerical parameters such as their
occupancy or neighborhood. Parameters
are defined in the form of variables or
constants, whereas variables can be used
as inputs for the optimization process.
Responses result from the composition
of other variables. If a variable is
changed during the optimization process,
dependent variables will be changed as
well. Inputs and Responses are called
Optimization Variables. These variables
form the basis of constraints and objective
functions. Both must be functions of one
or more optimization variables (Bhatti
2000). Within an architectural problem
domain, a response variable could be the
area occupied by a specific room. Through
multiplication of two input parameters
(width and length) a response variable
would be rendered. It is indeed of primary
interest that such parameters generate
serious problems for the optimization
process due to their non-linear form.
Once the design problem is stated in
form of design variables, constraints, and
objectives, the parameters will be passed
to the optimization engine which tries to
find a feasible solution to the problem. The
model described above is a general model
that can be applied to many problem
domains beyond architecture. Within
an architectural examination of suchlike
problem formulation, the model has been
implemented in the area of architectural
floor space relocation.
It is obviously difficult to say which
routes architects follow whilst designing.
Therefore, it is complicated to code a
set of steps that describe how a design
problem could be solved by a machine.
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Thus, the relocation problem was set up
by means of a programming paradigm that
specifies a set of constraints and objectives
that must be met without stating how to
perform this task. A programming language
that supports this paradigm and that was
used in our research is OPL (Optimization
Programming Language), which was
developed in 1995 (Van Hentenryck and
Lustig 1999).
Programming Techniques
Prototypes have been developed
through the use of mathematical (MP),
integer (IP), mixed-integer (MIP), and
mixed-integer linear programming (MILP)
techniques that are based on a geometric
or topological description of rooms. The
most important aspect of using OPL as
a programming language is its ability to
specify search procedures as well as upper
and lower bounds on variables. The use
of search procedures is of uppermost
interest due to many problems in floor
space relocation being NP-complete. Their
application can dramatically influence the
total cost of the optimization process.
Revitalization Models
Two different approaches exist to
undertake floor space relocation tasks. The
architect can either alter the construction
of an existing building (rebuilding) or
change its organization (reorganization).
The advantage to reorganizing a building
is that this only implies solutions that do
not require changes to the construction
of the building. From an ecological point of
view, this methodology should always be
regarded first. However, if such courses of
action do not lead to satisfactory solutions,

small-scale changes to the construction
can be made and the reorganization
procedure reapplied. If no solution can
be found at all, rebuilding procedures
could be applied. Consequentially,
both procedures—rebuilding and
reorganizing—demand different models to
be performed. The models we developed
for these purposes are respectively a
“destructive” and a “non-destructive”
model. Both models consider rectangular
and non-rectangular floor plans, whereas
the “non-destructive” model could as well
be applied to any non-rectilinear shape.
Destructive Model
The destructive model mathematically
represents a part of an existing building
which has to be rebuilt. Due to its
destructive nature, the model moves and
resizes units, i.e., rooms. Thus, it actually
alters the plan of an existing building,
either by removing existing walls or by
inserting new walls.
Non-Destructive Model
The non-destructive model is based
on the inherent structures of an existing
building. These structures result from
the organizational decomposition of a
building into individual spaces. Generally,
these spaces represent existing rooms.
It is possible, albeit not desirable, to
decompose the building into even smaller
spaces, e.g., on the basis of grid dimensions
of existing building components. The aim of
this model is to find space units within the
existing floor plan that correspond to the
demands of the space allocation plan. This
task is accomplished through a comparison
of the properties of existing spaces with
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the definition of the spaces in the space
allocation plan. In doing so, no structural
measures will be undertaken due to the
fact that the geometric proportions of the
spaces will not be altered, but only their
occupancy. The methodological course of
action could be recapitulated as follows:
•
•
•
•

Decomposition of the building in
small spaces, i.e., rooms
Description of existing
neighborships
Definition of the space allocation
plan
Organizational decomposition
of the space allocation plan into
interrelated groups

Figure 1. Decomposition and constraints

•
•
•
•

Definition of restrictions that apply
to the members of a group
Definition of sub-ordinate targets
Definition of priority objectives
Comparison of the properties of
existing spaces with properties of
spaces in the space allocation plan

Figure 3. Solutions

The design of the model is related
to problems in logistics, e.g., the loading
in trans-shipment centers. It also has
analogies to board games like Chess or
Go. These games are based on a specific
number of fields or crosses of grid lines
which are occupied by various tokens.
Occupation is subject to a variety of
conditions or rules. Compliance to
conditions and objectives is clearly defined
by the use of these rules. The analogy to
our model is the fixed grid, the limited
possibility to occupy fields, and the
fulfillment of an overall goal (i.e., to win
the game). Therefore, the model does not
alter geometric proportions or locations
of rooms, but changes their occupancy
such that a new usage could be applied to
the building. Spaces are defined by means
of graphs, where nodes correspond to the
rooms of the existing building and edges
represent their neighborship.

Figure 2. Objectives and reorganization

•
•

No feasible solution exists
At least one feasible solution exists

Figure 4. Graph representation and methodology of the
non-destructive model

For implementation into OPL, the
graph is transformed into an adjacency
matrix that describes the neighborhood of
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existing rooms in the stock. Additionally, an
array stores the area values of each room.
Through the use of OPL, a procedure
was defined that searches for coherent
graphs within this matrix. The graphs
represent units (interrelated groups) of
different usage (n office spaces consisting
of m rooms). The rooms within such a
group must always represent a coherent
graph, which means that each room has
to have at least one neighbor. In addition,
all members of a group have to fulfill
specific requirements regarding the size of
each single room and the total number of
rooms within the group. These conditions
are fulfilled if the size of each member
of a group is at least equal to the size
of an equivalent room specified in an
array containing the desired room sizes.
However, in existing buildings this is hardly
ever the case for all rooms. Quality ratings

were integrated into the model in order to
compensate for this.

Figure 5. Non-destructive optimization of exist. floor plans

Figure 6. Plan and graph representations

Examples
The results of the model developed
are encouraging. Figure 5 shows 8
exemplary assemblies of 21 rooms. We
were searching for 4 groups of rooms with
6, 6, 5, and 4 group members. All solutions
fulfill the requirements pertaining to the
size of the rooms, their adjacency and the
number of members in a unit (group).
We began working with larger models
consisting of 78 rooms, respectively 6,084
entries, in the matrix (Figure 6). These
optimization runs can be solved within
2 hours time on ordinary machines with
a reasonable amount of memory. Our
latest attempts deal with more than 300
rooms (respectively 90,000 entries in
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the matrix) arranged on different stories.
These tasks are difficult to solve from a
computational point of view and might
call for parallelization of the programs
developed. However, the matrix is capable
of representing two– or three–dimensional
arrangements (multiple stories) of rooms
in equal measure. It can represent various
buildings as well.
Figure 7 demonstrates an exemplary
calculation within which we were searching
for 17 rooms. Each room had to fulfill
specific requirements regarding its floor
space and adjacency to other rooms. The
figure represents 3 out of 4,935 solutions
found to the problem. All solutions range
within a 3% tolerance of the specified
objectives. To judge these solutions, we
integrated quality ratings and performance
measures as well as penalizations in the
model. (Figure 8)

Figure 7. Three exemplary solutions
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Figure 8. Calculation trend and performance measure
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Figure 9. Best performance and nominal / actual value
comparison

On the basis of these performance
measures, a solution can be objectively
evaluated. Figure 9 shows the solution
with the best performance. The numbers
demonstrate a nominal / actual value
comparison of the floor spaces for which
we were searching.
Conclusion
Non-destructive models can play an
important role in the architectural design
process. Our examinations demonstrate
that these models, which are often NPcomplete, benefit dramatically from search
methods that the user is able to define
in OPL. The examination of different
models developed also demonstrates that
many models could not be solved within
an appropriate time range without the
use of these search methods. However,
the results of this model are promising
not only from a computational point of
view. Their greatest potential lies in the
possible extension to multiple buildings.
In the perpetually important domain of

revitalization, non-destructive optimization
models can aid the architect in finding
quick answers to design problems.
However, there is no doubt that a
decision pro or con revitalization action
depends on many more parameters
than we mapped in our approach. The
list of parameters that could be mapped
mathematically is for sure extendable. In
this regard the matrices we adopted from
graph theory could likewise represent
parameters other than adjacency or group
membership. But it is also quite obvious
that mathematical parameterization
of every single design action is neither
possible nor is it what the user desires.
Precisely because chance, intuition,
and creativity play an important role in
the design process, our methodology
differentiates between objective and
subjective rules. Objective rules represent
generally accepted facts such as contextual
rules. Subjective rules such as design
rules could as well be implemented in
the model. Their implementation is userspecific and could be established before
or after the optimization passes. For this
reason quality ratings that objectively
determine the performance of a solution
based on the architect’s specifications
were integrated in the model. At any
time the architect is able to disrupt the
computational process to alter the model
by changing constraints regarding his
modified design aims. It is as well possible
to apply user-specific rules to assessed
results of prior optimization passes.
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