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ABSTR ACT
Acoustical design is one of the most challenging aspects of architecture. A complex system of
competing influences (e.g., space geometry, size, proportion, material properties, surface detail,
etc.) contribute to shaping the quality of the auditory experience. In particular, architectural
surfaces affect the way that sound reflections propagate through space. By diffusing the reflected
sound energy, surface designs can promote a more homogeneous auditory atmosphere by mitigating sharp and focused reflections. One of the challenges with designing an effective diffuser is
the need to respond to a wide band of sound wavelengths, which requires the surface profile to
precisely encode a range of detail sizes, depths and angles. Most of the available sound diffusers
are designed to respond to a narrow band of frequencies. In this context, fractal-based surface
designs can provide a unique opportunity for mitigating such limitations. A key principle of fractal
geometry is its multilevel hierarchical order, which enables the same pattern to occur at different
scales. This characteristic makes it a potential candidate for diffusing a wider band of sound wavelengths. However, predicting the reflection patterns of complicated fractal-based surface designs
can be challenging using available acoustical software. These tools are often costly, complicated and
are not designed for predicting early sound propagation paths. This research argues that writing
customized algorithms provides a valuable, free and efficient alternative for addressing targeted
acoustical design problems. The paper presents a methodology for designing and testing a customized algorithm for predicting sound diffusion patterns of fractal-based surfaces. Both quantitative
and qualitative approaches were used to develop the code and evaluate the results.

52

1

Rendered views of the fractal-based
surface profiles tested by the
designed algorithm.

INTRODUCTION
The acoustical qualities of any architectural space contribute
significantly to achieving a vibrant and functional auditory atmosphere. With proper design considerations, sound can be easily
steered and manipulated to serve our auditory needs (Fay 2013).
Unfortunately such aspects of architectural design rarely receive
attention during design development. This is mostly due to the
complicated nature of predicting acoustical behavior and the
unavailability of efficient design evaluation tools, specifically at an
early design stage. In particular, architectural surface design can
greatly influence the way that sound reflection patterns propagate through space. As sound waves bounce off hard surface
geometry, the reflected rays maintain most of their original
energy while traveling in the opposite direction. If surfaces are
not carefully designed such reflections can distort sound quality
by producing strong reflections, flutter echoes1 or comb filtering2,
which interfere with the original sound (Cox and D'Antonio
2009). Effective surface designs can help to produce an evenly
diffused sound field by taming harsh reflections and promoting a
more desirable homogeneous acoustical environment. However,
the ability of a surface to successfully diffuse sound waves
depends heavily on its geometry, size and depth of surface
details relative to the reflected sound wavelength. The scattering
of sound waves is most effective when the surface size is comparable to the sound wavelength (Everest and Pohlmann 2009). To
be able to successfully diffuse a broad band of audible frequencies (20 Hz to 20 kHz), a surface profile should encapsulate a
wide range of detail and depth sizes. This requires a complicated
surface design that is able to scatter a wide range of sound
frequencies and wavelengths (Bradley et al. 2011). Unfortunately,
traditional diffusing surfaces are often designed to respond to a
narrow range of frequencies, which limits their functionality and
can promote comb filtering. Fractal surfaces, on the other hand,
can encapsulate a wider range of self-similar sizes, which makes it
a good candidate for approaching this challenge.
Predicting the behavior of sound reflection patterns from complicated fractal surfaces can be challenging while using manual
tools. Computer-based calculations and visualizations provide
a valuable tool for addressing the complexities of acoustical
prediction. One major challenge in the design of responsive
surfaces is the availability of accurate and efficient geometric
acoustical modeling for calculating early sound propagation paths
(Funkhouser et al. 2002). Available software is costly, complicated and often inefficient when handling a specific targeted
scenario. While many acoustical tools exist that can handle
generic acoustical challenges, customized tools that address
specific aspects of sound reflections are not readily available for
designers. Therefore, this paper argues that writing customized
algorithms provides a valuable, free and efficient alternative for

addressing targeted acoustical design problems. Computationaldriven processes follow a path of rational deductive reasoning,
which is suited for exploring similar "well-defined" design problems (Ajlouni 2017). To contribute to this discussion, this paper is
set to investigate the diffusing patterns of fractal-based surface
profiles using a customized algorithm.

BACKGROUND
Wave reflections from surfaces have been studied within many
contexts, including optics (Hanrahan and Krueger 1993), electromagnetism (Beckmann and Spizzichino 1987), underwater
acoustics (Lyamshev 2001), space design, etc. In architectural
design the effect of surface geometry on shaping the quality
of the auditory experience has been investigated (Cox 1996;
Embrechts et al. 2001; Funkhouser et al. 2002; Cox and Lam
1993; Mommertz 2000). A sizable portion of existing acoustical
research has been focused on investigating the design of effective sound diffusers. Today, there is a wide range of commonly
used sound diffusers typically designed as rectangular panels
with certain surface characteristics to either scatter the sound
spatially, temporally or both (Farner 2014). One of the most
effective early diffusers was designed by Manfred Schroeder in
1975, based on his reflection phase grating theory. Schroeder
used number theory to predict the optimal diffusion for a
surface profile (Schroeder 1975). Other diffusers have been
invented based on cubic, curved, cylindrical and spherical shapes;
however, these are still limited in their performance because
they depend on the targeted sound wavelength. Recently, the
interest in designing sound diffusers has shifted toward utilizing
computer power to design numerically optimized surface profiles
(Cox and D’Antonio 2009). Such pseudo-random surface profiles
are often customized to optimize performance for a particular
situation. Henham and colleagues investigated the reflection
patterns of random 3D terrain surfaces generated using the
Fourier Synthesis algorithm (Henham et al. 2016). Others have
investigated the effect of periodic surface designs on sound
propagation (Lee and Sakuma 2015). Moreover, sizable research
has been focused on investigating the influence of rough and
random designs of porous materials on sound propagation
characteristics (Thorson 1988; Vorlander and Mommertz 2000).
Recently, research is shifting toward investigating the acoustical
qualities of fractal-based surfaces, which is the focus of this
research paper.
Fractals

Fractal and self-similar geometries hold an intrinsic design
formula rooted in the operation and evolution of natural
processes. A key principle of the natural order is the multilevel
hierarchical system, which enables the same patterns to manifest themselves at different scales. This is often described as
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the "self-similarity" principle, which is key to understanding
structures in the natural world (Mandelbrot 1983). In addition
to their unique aesthetics, fractal designs serve as an active
visual stimulus for our brain activity by connecting to its own
internal hierarchical neurological logic (Di Ieva et al. 2013).
Fractal patterns hold important visual and structural qualities that
connect directly to our internal makeup and consequently have
deep effects on our mental, psychological and physical performance (Taylor 2006; Salingaros 1999). It is therefore critical to
understand these systems and investigate their value and appropriate application in architecture.
Fractal surfaces offer unique geometric qualities that allow the
same pattern to appear at different scales, making it a potential
candidate for diffusing a broader range of sound wavelengths.
While previous research has mainly focused on non-fractal
geometry, only limited research has been dedicated to the
investigation of the fractal self-similarity principle and its effect
on architectural acoustics. Moreover, most of these studies were
conducted in fields other that architecture, including engineering,
physics, astronomy, etc. (D’Antonio and Konnert 1992; Cox
and D’Antonio 1997; Qian 2001). Most notably, Bradley and
colleagues conducted a preliminary investigation of one-dimensional fractal surfaces, which showed that fractal surfaces
produced higher diffusion coefficients when compared to
non-fractal surfaces (Bradley et al. 2011). Others have suggested
that sound absorption of a surface material can be improved by
the increase of the relative fractal roughness (Ning and Zhao
2017).

becoming a central feature of architectural design manufacturing.
While it is important to recognize the limitations with adopting
a technology-driven approach to design, rapidly evolving digital
and fabrication technologies continue to provide new spheres for
exploration and research. As a rule-based system, fractal geometry can be designed and fabricated using mold casting systems,
which are readily available for architects today.
In the next sections, this paper investigates the use of C++ highlevel programming language to design and test an independent
algorithm for predicting sound diffusion patterns generated by
reflecting point-source sound rays off fractal self-similar surface
profiles.

METHODS
Research Design

This research explores the use of computation to develop a
customized algorithm for predicting sound reflection patterns
of fractal-based surface profiles. The process includes two main
tasks. The first task involves the development of the computer
code for predicting sound reflection patterns. The second task
involves testing the tool and evaluating the results. Specifically,
this research is focused on examining sound scattering of fractal-based surface profiles. The methodology follows an empirical
paradigm in developing and testing the tool and uses experimentation as its main strategy. Both quantitative and qualitative
approaches are used to develop the algorithm and evaluate the
results.
Computer Graphics Infrastructure

Because of their complex nature, the ability to predict the
acoustical behavior of fractal-based surface profiles can be
challenging. Architectural tools are often limited when addressing
such a complex geometry. Moreover, available acoustical software is complicated and does not lend itself to be used as an
effective design tool for predicting early propagation patterns.
It is therefore essential that research investigates alternative
methods for tackling these limitations. This paper argues that
writing independent and customized computer programs offers
an optimal methodology for approaching design problems that
are well defined (Ajlouni 2017). Customized algorithms provide
great opportunities for architects to break free from the limitations associated with using available software and accepting
the limitations within the code and the graphical user interface.
In this context, high-level programming provides an essential
communication skill, which offers a new intellectual and theoretical direction for design exploration and evaluation. Moreover,
it is equally important to recognize that the ability to manufacture fractal-based surfaces can be challenging using traditional
construction methods. But the use of digital fabrication is
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Computer code is designed using C++ high-level programming
language and performed using the Open Graphics Library
(OpenGL) application programming interface (API) for rendering
2D and 3D vector graphics. The OpenGL Utility (window
system-independent) Toolkit (GLUT) is used for implementing
windowing application programming interface (API) for OpenGL.
The Visual Studio Integrated Development Environment (IDE)
was used for code editing and debugging with the Windows
operating platform.
Algorithm/Code Design

Algorithm design involves establishing the basic functions,
operational parameters, visual interface design and the overall
task-organization flowchart (Figure 2). This phase also includes
researching available algorithmic approaches to identify workable techniques for modeling and calculating sound reflections
of surface geometry. In this context, ray tracing (De Greve
2006) provides a theoretical grounding for designing algorithms
that can be used to model the behavior of point-source sound
ray patterns reflected off surface geometry. The program is
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Program flowchart

3

The law of reflection: the angle of
incidence θi is equal to the angle of
reflection θr.
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designed to input a text data file that holds the pointcloud
geometry of the targeted surface profile. Such a file can be
generated through a wide array of sources ranging from 2D/3D
modeling software to scanned data of existing surfaces. The
program reads the data file line by line, saves it into an array of
points and displays the surface geometry on the screen. Next, a
sound source location is defined. This can be achieved by either
programing a predefined location of the point source or can be
defined interactively by the user. By clicking on the desired location within the graphic display window, the user can interactively
define and change the sound source location. The program then
saves the desired location and generates an array of radial sound
rays with the desired density. The density of the radial rays can
also be interactively manipulated by the user by changing the
number of rays in the 360 degrees. Before calculating the reflection vector of each radial ray, the program checks for a positive
intersection between the incident ray and the surface profile
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(Appendix A). If such intersection is found, then the program
saves the intersection point data and displays the incident
vector i on the screen. The reflected beam (reflection vector r)
of each incoming ray is then calculated based on the direction
of the sound rays (incident vector i) and the slope of the surface
profile based on the law of reflection (Figure 3), which states
that the angle of incidence θi is equal to the angle of reflection
θr (Equation 1). The program then calculates the surface normal
vector n by utilizing the dot product, which states that the dot
product is equal to zero if the normal vector n is perpendicular to
the surface slope (Equation 2). Please note that all vectors need
to be normalized (Equation 3). The program then calculates the
reflection vector r based on the direction of the incident vector
i, normal vector n and the angle in between θi (Equations 4 and
5). The code for calculating the reflection vector is displayed in
Appendix B.

A framework of nested hexagrams based on √3 proportion
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5

A multilevel hierarchical order of self-similar structures.

θr = θi

[1]

n0 -->n∞,

rad(n+1)/rad(n) = √3

[6]

dot (n, surface slope) = zero                            [2]
|i| = |r| = |n| = 1

  

[3]

cos (θr) = dot (n, i)

[4]

r = i -2 * cos (θr) *n

[5]

Sample Data

Hexagon-based fractal surface profiles are used as the sample
data for testing the designed algorithm. While this research
focuses specifically on hexagonal-based designs, the underlying
goal is to develop a general method for testing other types
of fractal-based geometry. The construction process of the
fractal patterns is based on a proportional system derived from
the traditional method of using a compass and a straightedge
(Ajlouni 2012). Generating the fractal-based geometry requires
building a progression of nested patterns, in which each level is
proportional to the previous one and based on a fixed ratio. A
framework of nested hexagrams serves as the underlying basic
grid (Figure 4). The fractal system is constructed by building a
progression of nested sequences in which each hexagram is
built to the previous one. The framework grows based on the
√3 proportion. If we denote the radius of the (n)th hexagram
by rad(n) and the next larger radius by rad(n+1), then the ratio
rad(n+1)/rad(n) is equal to √3 (Equation 6).
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The construction process of fractal-based patterns is based on
building a multilevel hierarchical order of self-similar designs.
The framework of nested hexagrams (Figure 4) is constructed
by drawing a polar array of lines through connecting points of
equal distances on the initial hexagon. In this multilevel system,
the higher-level hexagram defines a smaller-scale internal
hexagram, which forms a new base for repeating the same
process. The number of nested cycles can vary and depends on
the desired level of pattern complexity and size. This progression
of nested hexagrams serves a critical role in maintaining a
relational aspect ratio between the different levels, which is the
key to resolving the fractal self-similar structure. In this tightly
controlled proportional system the size of the smallest hexagram
determines the size of the central repeating “seed polygon,”
allowing it to fit precisely in its place. Figure 5 shows four
sequential seed polygon sizes. By mapping the locations of the
seed polygon to the intersection points of the nested hexagrams,
a distribution map of the generalized seed polygons is created.
By manipulating the internal designs of the seed polygon,
designers can create multiple design solutions without affecting
the overall self-similar property. This process allows the freedom
for designers to produce a vast variation of fractal-based designs
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Four levels of hexagon-based fractal designs.

using the same structural grids. The research at hand utilizes the
four levels of self-similar designs shown in Figure 6 to generate
the four three-dimensional self-similar variations of the surface
profiles to be tested by the algorithm (Figure 1).

to simulate sound reflection patterns of four levels of self-similar-fractal surface hierarchies shown in Figure 1. For each fractal
level, seven random section profiles were generated based on
the distribution shown in Figure 7 (Profile 0–Profile 6).

Surface Profiles

From the seven profiles, three section surface profiles were
selected based on the highest degree of variation between the

This research investigates the ability of the designed algorithm

7

Seven section profiles generated for each fractal level

8

Three fractal-based surface profiles selected for testing.
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9

The output for running the algorithm using one surface profile.

9

different levels. These are profiles 1, 3 and 5, and each has four
sequences of hexagon-based self-similar levels (Figure 8). Each of
these profiles are then saved into a pointcloud text data file to be
tested by the algorithm. In the next section, results from testing
the algorithm are discussed.

window, which runs parallel to the graphic display window,
displays the values of all parameters and point data calculated
by the program. This is often used to debug the program and
conform its values. The graphic window displays the reflection
pattern generated from processing surface profile data.

RESULTS AND DISCUSSION

Experiment samples were chosen by the researcher based on
visual analyses of the degree of variation between the different
profile levels. Three groups of section profiles were tested, and
each had four different self-similar hierarchies calculated based
on √3 proportion. The output patterns of the four levels of
self-similar hexagon-based surface profiles were then saved

Experiments were designed to test the ability of the algorithm
to predict sound diffusion patterns of hexagon-based self-similar
surface profiles. Figure 9 shows an example of the generated
output from running the algorithm using one surface profile. The
program displays two types of information. The text counsel

10 The output reflection patterns of sample profiles.

11 The degree of scattering for the tested sample surface profiles.
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and quantitatively analyzed based on the degree of scattering,
which is calculated based on the number of frequencies whose
sequential reflection vectors change directions in response to
transformations in surface slope. Any successive vectors that are
reflected based on the same surface normal are counted as one.
The aim of this group of experiments is to map the reflection
patterns of each level and provide preliminary findings based
on the degree of scattering associated with each profile. The
degree of scattering also reflects the number of surface shifts
and change in direction. Figure 10 shows the output diffusion
patterns of the four tested self-similar levels for each section
profile. The results show an increase of the degree of scattering
by moving toward the smaller fractal size. Figure 11 displays an
overlapping of the four levels of three surface profiles, of which
fractal level 4 has the highest degree of scattering (diffusion).

CONCLUSION
A computational algorithm is presented for predicting sound
diffusion patterns of hexagon fractal-based surface profiles.
The designed algorithm was successful in capturing the correct
reflection patterns of the tested sample data. The preliminary
test results suggest that the diffusion properties of the tested
sample increase with the increase of the fractal-level details;
however, additional testing of other types of fractal-based
designs is still needed. Follow-up investigations should include
the use of physical experimentation to validate the simulation
results. Moreover, future research should extend to investigate
the reflection properties of non-periodic symmetries, which
already encode the fractal nature in their makeup.
In conclusion, this research demonstrated one example of the
ways in which writing customized algorithms provides a valuable
and efficient method for approaching specific design problems.
As a design strategy, computational frameworks can be effective when approaching a well-defined design problem based
on clear deductive logical reasoning, objective data and explicit
knowledge.

NOTES
1.

Flutter echoes occur when sound energy is trapped between two
surfaces, causing sound to vibrate.

2. Comb filtering occurs when certain sound frequencies are amplified
while others are reduced when reflecting off surfaces (Farner 2014).
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APPENDIX B
Algorithms for calculating the reflection vector.

APPENDIX A
Algorithm for checking line-line positive intersection
between the incident vector and the surface profile.
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