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ABSTRACT 

 

 

A simple framework has been developed to optimize acoustic diffusers in reasonable time 

without the need for boundary element predictions. The approach combines e volutionary 

optimization and time  domain simulation to design shallow, profiled surface s that create a 

large amount of diffusion.  The òleanó optimization uses an integer genetic algorithm to find 

candidate designs in a low resolution design space. It compares candidates using a finite 

di fference time domain model to predict diffusion performance. The process has been shown 

to produce diffusers that  offer an excellent trade -off between performance and compact 

geometry . Fractal forms have been generated from these results to ex tend  the band width 

over which diffusion occurs . The new optimized and fractal  diffusers are compact, modular, 

and based on the set of integers between zero and 16 . This makes them practical  to 

simulate with high accuracy using finite difference time domain and simple t o construct 

using low precision manufacturing.  
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1. INTRODUCTION  

 

An ideal acoustic diffuser is a surface that causes an incident sound wave fro m any 

direction to be evenl y scattered in all directions. Until recently  the design of diffusers  was 

practiced by a few knowledgeable acoustician sñyet many enthusiast s and music industry 

professionals saw merit in  emulating the designs . With the publication of Acoustic 

Absorbers and Diffusers (2004), Cox and DõAntonio [1] have brought diffuser design 

technique s to a larger audience . The result has been  an explosion of Schroeder [2] diffusers 

in the professional audio marketplace. However, the design of optimized diffusers has 

remained the domain of experts ; notably , the industryõs leading innovator, RPG Diffuser 

Systems [3]. It appears that diffuser optimization is avoided by designers and acoustical 

engineers because it requires a sophisticated framework . The heart of this framework is a 

simulati on to predict acoustic scattering . For this  a boundary element model  is the 

natural ñbut not always viable ñchoice. 

 

1.1. Objective and Scope  

 

This work focusses on  solving a practical problem that will be called òthe lean diffuser 

optimization problemó. The design objective is to answer t he following  question : 

 

What modular sound diffuser provides an ôoptimal õ trade -off between uniform  scattering  and 

compact geometry, and how can this surface be discovered without using boundary element 

predictions?  

 

ôOptimal õ in this context does not mea n ideal. It implies that within a given framework, 

optimization is used to explore the solution space (the set of candidate solutions) and an 

excellent  candidate  is picked. The quality of the solution will depend  on how thoroughly the 

optimization process searches the solution space, which will depend on time constraints. In 

this work a practical optimization run is generally not expected to find the global optimum . 

The design framework will allow a variety of problems to be solved; therefore, the method  is 

at least as significant as the resulting diffuser designs . 

 

1.2. Structure  

 

Key points from the literature are condensed in Chapter 2. Based on this, the lean 

optimization problem and the design method used to solve it  are presented in Chapter 3. 
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Chapter 4 covers the implementation of a finite difference time domain model for scattering 

prediction, and Chapter 5 presents the measures of diffusion quality used for evaluation. 

After preliminary design considerations in Chapter 6, Chapter 7 demonstrates how the 

optimization problem was solved using an integer genetic algorithm. The designs are 

enhanced in Chapter 8 via the self -symmetry properties of fractals. Finally, in Chapter 9 a 

larger scale time domain simulation is used to further assess the optimized designs , and the 

results are interpreted to reveal the winn ing diffuser geometries.  

 

1.3. A brief review of diffusers and diffusion  

 

When designing a room with high quality acoustics, one of the primary goals is to achiev e a 

diffuse reverberant sound field . Diffusers are used in studios and live music spaces  to 

prevent  specular reflections that would interfere with critical listening ( Figure 3), and to 

provide a controlled reverberation , or ambience. They are functionally  mounted in plain 

sight , therefore acousticians are intere sted  in developing designs with various visual 

aesthetics to expand the palette of forms available  to the end -userñperhaps a musician 

with a home studio, or an architect who needs a diffuser to blend in with a new building [4]. 

Forms with a low profile  are desired  for the lean optimization problem , and forms that pose 

obvious hazards to human safety  are automatically disqualified. A diffuser shaped like an 

array of icicles, for example, would pose a n eye hazard when mounted on a wall ( Figure 1).  

 
 

 
Figure 1  The òstick roomó achieves exceptional diffusion, but invites eye injury.  

Most control rooms use significant absorption to cre ate a reflection free  zone (RFZ) around 

the listener . In contrast, this space  at Blackbird Studios uses liberal 2D diffusion  to achieve a 

level of clarity  that may be acceptable  for critical listening  (depending on oneõs school of 

thought) . One-in ch square  pegs with lengths varying from 6 to 40 inches  are used to realize  a 

design based on the prime number 138,167. (Source: Digizine, 2011) [5]  
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1.3.1. Spatial and temporal Dispersion  

 

A ôdiffuse reflectionõ is one dispersed in both space (spatial dispersion) and time (temporal 

dispersion), as depicted in Figure 2. Diffusers are often designed to have uniform spatial 

dispersion, assuming that temporal dispersion  will al so occur [1]. Temporal variation  is less 

convenient  as a design parameter because  it  does not guarantee uniform spatial dispersion 

and often introduces colo uration to the frequency spectrum ( Figure 3). An ideal diffuser will 

generate both uniform spatial and temporal dispersion over all audible frequencies.  

 

 

Figure 2  Spatial and temporal dispersion generated by a Schroeder diffus er. 

Temporal dispersion (left) can be interpreted from an impulse response plot; spatial 

dispersion (right) can be interpreted from a polar plot (After Cox and DõAntonio [1]). 

 

 
Figure 3  Temporal and frequency response for flat (top) and diffusive (bottom) surfaces.  

The frequency response is shown for the reflected sound only. The frequency response for the 

flat surface is characterized by a high pass filter response, and for the diffuser exhibits peaks 

and nulls spaced irregularly with respect to frequency (After Cox and DõAntonio [1]).  
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2. LITERATURE REVIEW  

 

This chapter  explores existing methods of diffuser design  and summarizes their relative 

merits. Methods that optimize a surface for uniform scattering are emphasized.  

 

2.1. Schroeder Diffusers  

 

Schroeder diffusers are designed using convenient mathematical principles that allow them 

to be constructed as a series of wel ls separated by thin fins. The wells have equal width and 

different depths, with depths determined by a theoretic number sequence. The maximum 

well depth and well width are commonly used to define the bandwidth for predictable 

dispersionñbut in reality, qu ality diffusion may extend beyond the predicted upper limit 

[1]. 

 

While commercially successful to date, many acousticians are reluctant to use these designs 

as they do not visually complement moder n architecture. Additionally, the number 

theoretic designs have performa nce limitations, most notably:  
 

¶ They only achieve ôoptimumõ dispersion at discrete frequencies. 

¶ They are designed based on simplified theory: ôoptimum diffusionõ means equal 

energy in  the diffraction lobes [1] . This is not the same as uniform scattered energy 

in all directions.  

 

Optimization algorithms can be used to improve the design of Schroeder diffusers, with the 

ultimate goal being uniform broadband dispersion.  

 

 
Figure 4  Scattered pressure from a Schroeder diffuser (left) and plane surface (right).  

 (After Cox and DõAntonio [1]) 
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Figure  5  A one-dimensional Schroder diffuser (After Cox and DõAntonio [6]). 

 

 

2.1.1. Maximum length sequence diffusers  

 

In 1975, Schroeder proposed constructing diffusers based on Maxim um Length Sequences 

(MLS) [2].  He justified this using a fact from optics theory: the far field scattering can be 

approximately predicted by taking the Fourier transform of a ôsurfaceõ, thus the power 

spectrum and surface scattering are closely related [1].  The MLS was chosen as it has a 

flat power spectrum at all frequencies.  

 

One dimensional MLS diffusers consist of strips of material with two different depths, 

placed according to an MLS. For example, one period of an N = 7 MLS surface could be 

based on the sequence [0, 0, 1, 0, 1, 1, 1]. The diffuser shape is represented by a box with 

variable admittance on the front surface.  

 

The admittanc e of the surface is determined from plane wave propagation in the wells, 

leading to design equations that relate physical dimensions to dispersion performance.  

This makes it straightforward to design a surface that achieves maximum scattering at a 

specific frequency.  

 

An octave above the design frequency, MLS diffusers exhibits specular reflection. At this 

critical frequency the phase -grating fails because the well depth is half a wavelength, 

causing waves to re -radiate with the same phase. To solve this narrow -bandwidth problem, 

Schroeder suggested different number sequences, such as the quadratic residue sequence.    

 

 
Figure 6  Cross-section profile through a single period of an N = 7 MLS diffuser.  

 (After Cox and DõAntonio [1]) 
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2.1.2. Quadratic residue diffusers  

 

Quadratic residue diffusers (QRD) are designed to extend the dispersion characteristics of 

MLS diffusers over a wider bandwidth. The QRD achieves optimum scattering a t integer 

multiples of the design frequency, and generally achieves reasonable dispersion in between 

these frequencies [1]. Good dispersion over more frequencies can be achieved by using 

orthogonal modulations, resulting in diffusers with two different design frequencies [7,1].  

 

 
Figure 7  Cross-section profile of an N = 7 QRD® ( After Cox and DõAntonio [1]). 

 

 

2.1.3. Primitive root diffusers  

 

Primitive root diffusers (PRD) are designed to produce a notch in the scattering response, 

with even energy in the other diffraction lobes. Like the QRD, optim um scattering is only 

achieved at integer multiples of the design frequency.  Unfortunately, the pressure nulls 

achieved by the PRD are located elsewhere in the spectrum.  

 

The Cox-DõAntonio-modified primitive root diffuser (CDMPRD) is a  revised notch diffuser 

designed to solve this problem. In effect, the technique introduces a frequency shift: the 

reflection coefficients are appropriately aligned around the unit circle at multiples of the 

design frequency, resulting in the desired press ure nulls [6,7,1].   

 

It may seem that the PRD is useful in small spaces as a means to minimize the energy 

reflected in th e specular reflection direction; however, as PRDs only work at discrete 

frequencies, they do not make practical notch filters. The PRD does remain useful as a 

diffuser, having similar performance to the QRD.  

 

Numerical optimization can be applied to form a  broader notch over a wider frequency 

range [6]ñbut this is difficult to do.  In general, optimization struggles to shape polar 

responses, but is successful as a method to achieve uniform dispersion . 
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Triangles or pyramids can be used to achieve a more broadband notch, but they restrict the 

angle of incidence over which for which diffusion is effective [1].  

 

2.1.4. Other sequences  

 

The MLS, quadrati c residue and primitive root sequences are not the only suitable 

sequences for diffuser design. Other promising sequences include [1]: 

 

¶ Index sequences, which should yield diffusers with similar per formance to the PRD, 

but with extra absorption.  

¶ Short power residue sequences, which under certain conditions can be formed by 

undersampling longer primitive root sequences.  

¶ The Chu sequence, which will yield similar performance to a QRD.  

¶ Optimized sequen ces.  

 

Promising sequences are those with good autocorrelation properties [1]. If the 

autocorrelation function of the reflection coefficients is a delta function, its Fourier 

transform will reveal a  flat power spectrum. This corresponds to an even scattering 

distribution ñin effect, a good diffuser.  

 

 

2.1.5. Modulation schemes and fractal constructions  

 

As Schroeder diffusers are periodic, the scattered energy is dominated by grating lobes. A 

more even scatt ering distribution can be achieved by making the diffuser aperiodic or by 

increasing the spacing between periods.  

 

Aperiodicity will result from using a long number sequence with good autocorrelation 

properties. However, this is rarely a viable design pra ctice because there are few known 

large  aperiodic polyphase sequences [1]. Moreover, p eriodicity facilitates modular 

manufacturing and cost effective shipping. Aperiodicity does not.  

 

One practical solution is to use a modulation scheme [1,6,7]. Typically, the best choice is to 

use a diffuser and its inverse, arranged to achieve aperiodicity ( Figure 8).  
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Figure 8  A basic aperiodic modulated diffuser.  

Aperiodic modulation is provided by arranging an optimal binary sequence of the base shape 

(binary 1) and flipped shape (binary 0) (After Cox and DõAntonio [6]). 

 

 
Figure 9  Effects of periodicity and modulation (After Cox and DõAntonio [1]). 

 

Fractal formations are an elegant solution to periodicity, absorption and bandwidth 

problems.  High frequency diffusers can be nested within low frequency diffusers, exploiting 

the self -symmetry property of fractals to provide  full spectrum diffusion within a single 

device [8,1]. 
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Figure 10  The QRD Diffractal ® by RPG Diffusor Systems.  

Left: Construction o f the Diffractal consists of first and second generation fractals based on 

the quadratic residue sequence. Right: Polar scattering response for seven periods of an (a) 

QRD and (b) QRD Diffractal at the high design frequency. Simulated using near -field 

Kirc hhoff  diffraction theory (After Cox and DõAntonio [9]). 

 

 

2.1.6. Two-dimensional (hemispherical) diffusers  

 

Thus far only planar devices have been addressed. Planar diffusers scatter incident sound 

into a hemi -disc, while two dimensional diffusers disperse sound in a hemispherical pattern 

(Figure 11). 2D Schroeder diffusers are constructed using two -planes, each designed for 

optimal scattering. One plane scatters in  the x -direction, the other scatters in the z -

direction, resulting in even lobes in a hemisphere. The device typically takes the form of a 

grid, with cavity depths determined by applying the Chinese remainder theorem to fold two 

1D sequences into a 2D arra y [1]. Each 1D sequence should be based on the same prime 

number.  

 

As 2D diffusers scatter in two planes they deliver less scattered energy to a receiver than 

1D devices, making them less efficient . Additionally, 2D diffusers constructed as a grid 

have higher absorption per unit area than their 1D counterparts.  
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Figure 11  Hemidisk scattering pattern for a one -dimensional QRD (left).  

Hemispherical scattering pattern for  a two-dimensional QRD (right).  

Incident plane wave is at 45Á with respect to surface normal (After Cox and DõAntonio [9]). 

 

2.1.7. Phase optimized Schroeder and stepped diffusers  

 

Instead of relying on a n optimal number sequence with a flat power spectrum, the design of 

Schroeder diffusers can be improved by optimizing for uniform scattering directly. This 

approach combines multi -dimensional optimization techniques with boundary element 

predictions to des ign phase optimized diffusers (POD) [10].  

 

The first step to optimizing the Schroeder is to remove the fins between the wells, yielding 

a simpler, superior design: the stepped diffuser . This simple  modification improves 

dispersion performance [11] and provides these additional benefits:  

¶ Simplified geometry reduces manufacturing costs.  

¶ Removal of the resonant wells results in lower absorptio n.  

 

The optimization process starts by randomly choosing a well depth sequence, then 

predicting the scattering and assessing its quality. The goal is to minimize the error 

between the predicted scattering and desired scattering. This is done by making 

incremental adjustments to the well depth sequence until a figure of merit it satisfied (in 

effect, minimizing the error).  

 

To solve the diffuser optimization problem, [1] the following scaffolding mu st be in place:  

 

1. A model to predict the scattering from a given diffuser design.  

2. An error parameter or figure of merit to define the quality of the scattering.  

3. An optimization algorithm to change the well depth sequence and search for an 

appropriate soluti on.  
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A boundary element model (BEM) is generally the first choice for scattering prediction in 

acoustical design, but there are other options including Fraunhofer models, Fourier models, 

finite difference time domain (FDTD) methods and finite element anal ysis (FEA)  [1,12,13]. 

While a BEM can be slow to compute, the results are accurate. Older studies used 

Fraunhofer sol utions which offer fast optimization at the expense of solution accuracy 

[11,13]. Another approach is to use simple models to narrow in on a solution region, and a 

more accurate model to compute the solution.  

 

A single figure of merit for uniform broadband dispersion can be formed from the mean and 

standard deviation of the diffusion coefficients across all frequencies. This works as follows 

[1]: 

¶ The diffusion coefficient at each one -third octave band is computed from the 

prediction model [11]. 

¶ The mean and standard deviation of the diffusion coef ficient spectra are calculated.  

¶ The standard deviation is subtracted from the mean.  

 

Thus a penalty is applied to the figure of merit, proportional to the unevenness of the 

diffusion coefficient spectra. If the predicted diffusion is very uneven across all  frequencies, 

the standard deviation will be large, and a large penalty will be applied to the figure of 

merit.  

 

If the gradient of the figure of merit is known, using it can greatly speed up the 

optimization process. In most cases of diffuser optimization  the gradient is not available, 

therefore suitable optimization algorithms are those that depend only on function values.  

 

¶ Downhill simplex is a natural choice. While slow, it is robust to non -linear 

constraints and can be applied to wide range of diffuser  optimization problems.  

¶ An alternative is to use a genetic algorithm, which requires extra set up as it must 

be carefully tuned to a given problem.  

¶ Quasi -Newton gradient descent methods are fast, but unreliable when combined 

with BEM prediction. These me thods rely on approximate gradients, calculated with 

finite differences and data retrieved from the prediction model. As a BEM prediction 

will exhibit small inaccuracies, there is a high risk of numerical error propagation 

that will throw off the gradient.   

 

ôMinimizingõ the error between the desired response and the figure of merit involves 

searching for the global minimum, or else a suitable local minima in the feasible region (the 
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space of all candidate solutions). As the degrees of freedom increase, the  region to search 

becomes more complex and the global minimum becomes virtually impossible to find ñbut 

at the same time it becomes less important. Searching for a suitable solution will typically 

involve evaluating the scattering a thousand times [1].  

 

 

 
Figure 12  Optimized stepped diffuser for the rear wall of a performance facility.  

(After Cox and DõAntonio [12]) 

 

 

 
Figure 13  Process to find an optimal well depth sequence for a phase grating diffuser.  

(After Cox and DõAntonio [1]) 
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2.2. Geometric Diffusers  

2.2.1. Curved surfaces  

 

Compared with other diffuser designs, curved surfaces have the potential benefit of lower 

construction costs and lower absorption. In theory, the cylinder appears to be the perfect 

diffuser design [1]; but in  practice, a single -cylinder design would be too deep for most 

architectural applications.  

 

Convex reflectors based on part of a circle ñsuch as a semicylinder (ellipse) ñonly disperse 

sound well for normal incidence. Better response at oblique incidence can  be achieved by 

forming an array of semicylinders, or by creating a more complex shape using optimization.  

 

When placed in an array the response from a single cylinder becomes secondary to the 

response of the array [1]. For such an array to be effective cylinders must be spaced far 

apart, as randomly as possible; otherwise, modulation schemes are required to reduce 

periodicity.  

 

2.2.2. Optimized curved surfaces  

 

Curved surfaces can be optimized to meet per formance and aesthetic requirements for most 

architectural applications. For an optimization algorithm to change the shape of the 

surface, the shape is first described as a set of numbers represented by a Fourier series. In 

theory, an infinite Fourier seri es can represent any shapeñbut for optimization to be 

possible, the series must be truncated.  4 -6 harmonics are typically used to avoid 

unnecessary complexity which would increase manufacturing costs [1]. 

 

To achieve an acoustically optimized shape that satisfies physical design specifications, 

non-acoustical constraints are typically needed. Three constraint methods are mentioned by 

DõAntonio and Cox [1]:  

 

¶ Fuzzy constraints check to see if a surface is sufficiently close to constraint points 

during optimization. If not, a penalty is applied to the error parameter.  Fuzzy 

constraints add complexity to the optimization problem, as the error par ameter 

depends on both scattering quality and shape quality. While this system can be used 

to avoid simple physical obstacles, it is inelegant as a means to satisfy a desired 

visual aesthetic.  
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¶ A spline construction with linear constraints can be used to s implify the above 

problem.  

¶ A base shape can be designed from shape variables, and distorted to change the 

acoustical performance.  The same compression, modulation and warping techniques 

used in image processing can be applied to distort the surface while preserving 

desired visual characteristics.  

 

 

The shape optimization process is given in Figure 14. Downhill simplex  is typically used as 

it is robust to non -linear constraints ñbut the resulting search process is s low, and may 

require many trials with different starting locations [14]. 

 

 
Figure 14  Shape optimization process (Source: rpginc.com [3]). 

 

 

All optimized curved diffusers tested by Cox and DõAntonio [1] performed at least as good as 

tan arcs of a circle.  In general, these surfaces have the best dispersion per formance of all 

diffuser designs ñprovided that periodicity can be avoided. Periodicity may be dealt with by 

using a modulation scheme if diffusers are arranges in arrays, or by constructing a single 

large surface.  
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2.2.3. Fractals  

 

High quality dispersion can be  achieved by constructing fractal surfaces that simulate 

fractional Brownian motion. Fractional Brownian diffusers (FBD) constructed using 

Fourier synthesis result in complex surfaces governed by many shape parameters [8].  Such 

surfaces may be manufactured using extrusion, but due to the many shape variables it is 

not practical to optimize them for best diffusing performance.  

 
 

 
Figure 15  Fourier synthesis generation of a surface that represents Brownian motion.  

By extrusion, the surface can be manufactured into a fractional Brownian diffuser, or FBD 

(After Cox and DõAntonio [1]).  

 

 
Figure 16  Three fractal surfaces generated by Fourier synthesis.  

Input noise: (a) Brown noise; (b) Pink noise; (c) White noise (After Cox and DõAntonio [1]). 

 

Fractal generation using step function addition 

A series of randomly displaced step functions can be used to generate a fractal surface that 

simulates Brownian motion. This enables the number of parameters defining the surface to 

be reduced, and therefore the use of optimization techniques. True Br ownian motion would 

require an infinite number of superimposed step functions, each having random amplitude 

and a random displacement along the width of the diffuser (the x -axis of Figure 17).  

 






































































































































