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The paper investigates and assesses different room acoustics software and the
opportunities they offer to engage in parametric acoustics workflow and to
influence architectural designs. The first step consists in the testing and
benchmarking of different tools on the basis of accuracy, speed and
interoperability with Grasshopper 3d. The focus will be placed to the
benchmarking of three different acoustic analysis tools based on raytracing. To
compare the accuracy and speed of the acoustic evaluation across different tools,
a homogeneous set of acoustic parameters is chosen. The room acoustics
parameters included in the set are reverberation time (EDT, RT30), clarity (C50),
loudness (G), and definition (D50). Scenarios are discussed for determining at
different design stages the most suitable acoustic tool. Those scenarios are
characterized, by the use of less accurate but fast evaluation tools to be used in
early design stages, or by more accurate but slower tools for later-stage design
stage detailing and delivery phases.
Keywords: Geometrical Acoustics, Parametric design, Real-time acoustic
analysis, Virtual reality

INTRODUCTION
Despite the increased recognition of acoustic as a
primary and important factor in the well-being and
health of people especially in urban environments,
issues relating to acoustics are often considered late
in the architectural design process. When acoustic
specialists are involved in late design stages, the improvement and optimization of ill-conceived designs
becomes diﬃcult and costly. The involvement of specialists in early design stages is not encouraged in the
current paradigm: consultants typically use indepen-

dent models for acoustic analysis, separated from the
CAD environment, rendering ineﬃcient and timeconsuming the processes of generation and evaluation of diﬀerent design proposals. Each iteration involves operations as simpliﬁcation of the CAD model,
exporting, and application of acoustic attributes to
surfaces. Those operations require to spend considerable time in coordination and communication
among the parties involved. The exchange of information is not continuous and it makes it diﬃcult to
engage in heuristic design process.
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architectural and acoustic design are updated synchronously. Iterative design processes are enabled,
encouraging the investigation of geometry exploration with performance analysis already from the
early design stages.
Conventional CAD systems focus design attention on the representation of the artifact being designed. Currently industry attention is on systems in
which a designed artifact is represented parametrically, that is, the representation admits rapid change
of design dimensions and structure. Parameterization increases complexity of both designer task and
interface as designers must model not only the artifact being designed, but a conceptual structure that
guides variation [Aish, 2005].
In such environment designs are conceived
within a topological space, i.e. a non-metric space
built by the relationship among geometric entities
subjected to a prescribed set of generative and transformative actions [Aish, 2013]. A topological space
allows rapid changes in the design and geometry
through a set or parameters, and allows to rapidly explore multitude of geometrical conﬁgurations.
While the deﬁnition of a parametric model requires more eﬀort while compared to a model
which merely represent the artifact being built,
parametrization enhance exploratory design phases
by facilitating iterative processes between form exploration and performance evaluation. Iterative, and
interactive processes, are enabled since early design
stages.
The present paper investigates the interoperability of three diﬀerent acoustics analysis tools with
Grasshopper3d, by benchmarking speed of analysis,
accuracy, and speed of exchange of data between
the geometric and the acoustic model.

AIM AND METHODOLOGY
On the other hand, recent advances in the architectural design processes have seen the increased
popularity of parametric software as Grasshopper3d
for McNeel’s Rhinoceros. This environment allows
to develop only one parametric model where both
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During the last decade parametric design systems
has started to emerge as a tool for architectural design. Such an environment allows to add levels of
information to the geometrical primitives, assigning
attributes which in turn allows to create an uninter-
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rupted chain of information from the geometrical
model to analysis tools and BIM software through IFC
library.
This has sparked novel design processes which attempt to bridge the gap between architectural and
engineering design by improving the exchange of
data between Grasshopper and analysis software.
In particular it is possible to witness the diﬀusion
of plugins dedicated to structural analysis and environmental analysis that follow mainly two diﬀerent
paradigms:
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Results

1. (i) the use of customized analysis tools developed and integrated within the same environment of the geometric model:
2. (ii) the use of plugins which enable a continuous transfer of information to external applications as commercial software.

Figure 7
Results

Both the alternatives have advantages and disadvantages [Mendez et al 2013]; on the one hand, the use of
integrated software allows to maximize the speed in
which the output of the analysis is retrieved, making
it more useful whenever a fast feedback loop needs
to be established, for instance with the use of optimization algorithms [Mirra et. al,2016, Saviola &
Svensson 2015]. On the other hand, the use of interlinked external software requires more time for retrieving the output, but it allows typically to access
more in-depth tools and purposely developed interfaces for analysis and evaluation.
Three diﬀerent geometric acoustic analysis tools
have been chosen as case study to assess their potential in engaging in parametric design processes:
Pachyderm for Rhino and Grasshopper, CATT, and
EMRT-system. While each software is based on raytracing, they diﬀer substantially in terms of modelling
interface, interoperability, target users and speed of
analysis.

Geometrical Acoustics
The acoustics of a room can be modeled under several diﬀerent frameworks and for various purposes.

The two main approaches are based either on numerically solving the wave equation or on the assumptions of geometrical acoustics (GA). In principle,
wave-based modeling is able to provide the most accurate results. However, these techniques are computationally very expensive; thus, it is often more ap-
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propriate to resort to faster but less accurate techniques such as those based on GA.

space, but at lower frequencies the approximation errors increase as wave phenomena play a larger role
[Parker et al., 2010].
In GA each ray carries information on how far it
has travelled (l), and how much energy it contains (e).
Each surface of the model is prescribed two numerical values in the interval of 0 and 1: absorption and
scattering. The absorption coeﬃcient describes how
much of the incoming energy that is absorbed. Scattering decides whether a ray is reﬂected in a specular
reﬂection, as light in a mirror, or scattered, as light on
a piece of white paper.
When a ray intersects with a surface, three things
happen:
• The distance between the intersection point
and the sound source is added to the total
distance the ray has travelled. Multiplied by
the speed of sound, this gives the delay of the
sound impulse from this path.
• The absorption of the surface is multiplied by
the energy the ray carries. This gives the amplitude of the sound impulse of this path.
• A new ray direction is calculated, and a new
ray is sent out, with added travel distance and
lowered energy from the collision
When a ray has a negligible remaining energy, its
propagation is terminated. When all rays are terminated, the impulses from all diﬀerent paths are gathered to form the impulse response of the room. From
this, most common acoustic parameters (Reverberation time, Deﬁnition, Clarity, Early decay time etc.)
can be calculated.

Pachyderm
In GA, all of the wave properties of sound are neglected, and sound is assumed to propagate as rays.
This assumption is valid at high frequencies, where
the wavelength of sound is short compared to surface dimensions and the overall dimensions of the
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Pachyderm is a plugin developed by Arthur Van der
Harden. It is an open source acoustic engine embedded into the Rhinoceros 3D(TM) modeling environment [1]. Pachyderm has both a Rhinoceros interface
and a Grasshopper interface. Pachyderm allows representation of curved surfaces with NURBS, without
resorting to discretization into planar elements, typically meshes. By allowing access through scripting
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interfaces, it intends to facilitate customization and
new possibilities for creative use of simulation technology.
Figure 11
Isometric view

continuous stream of data between the parametric
model and the analysis. However, due to the time
required for an acoustic analysis, the stream of data
is slow and the beneﬁt of the complete integration
within Grasshopper cannot be taken full advantage
of.

CATT
Computer Aided Theatre Technique, CATT is a room
acoustic prediction and auralization software. The
developer of CATT describe their prime users as room
acoustics consultants and universities.
The geometry is handled through input-ﬁles are
in text-format and the data entry is done using any
suitable editor or via an export from AutoCAD and
SketchUp. A DXF-conversion via DXF2GEO or via a
modeling plugin is provided. The input-ﬁle format
has been made very forgiving allowing for blank lines
and comments and symbolic constants, expressions,
calls to math functions, IF-statements, tracing statements, loops, interactive input, and hierarchic ﬁles for
the geometry are incorporated.
The author D. Parigi has developed a plugin
which exports Grasshopper and Rhinoceros geometries to CATT through the generation in real-time of
a geometry input ﬁle. Parametric variations are immediately reﬂected in the ﬁle that is read from CATT.
This process belongs to paradigm (ii), where a plugin
allows to enable a continuous transfer of information
to external applications as commercial software.
The beneﬁt of CATT is the possibility for extremely accurate analysis and auralization through a dedicated
interface.
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EMRT-System

The results of the analysis can be retrieved directly
into Grasshopper, enabling a seamless exchange of
data between geometric and material variations and
their impact on the acoustic performance. This software belongs to the paradigm (i), i.e it is a tool embedded in the parametric environment that allows a

The EMRT-system is a GPU-accelerated geometric
acoustic engine, using stochastic ray tracing. This
means that sound energy is propagated by rays travelling in straight lines, interacting with room surfaces.
The system is implemented by author E Molin using
the Nvidia ray tracer OptiX [9]. It is implemented
as a library to facilitate integration with CAD software, and the long term design goal is to allow acoustic evaluation early in the design process. The au-
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thors E Molin and D Parigi are currently developing
a plugin for the full integration of the EMRT-system
in Grasshopper. The current benchmark does not yet
uses the plugin, but a transfer of data between the
software through txt ﬁles.
At this moment therefore this software belongs to
paradigm (ii), while future work is intended to provide a full integration within Grasshopper. The beneﬁt of this software is the speed of calculation thanks
to the use of GPU processor. The speed allows to
take full advantage of a complete integration within
a parametric software.

materials of the room are shown in Figure 11,12, 13,
14. Figures 15 to 19 shows the results for each of the
acoustical parameter and Figure 20 plots the time required for the analysis for each software.
Figure 15
Results

BENCHMARK
The software is benchmarked on two spaces for
learning. The ﬁrst is a classroom in Malmö and it
was chosen because the classroom acoustical performance was assessed and documented in the report: “Measurements of room acoustical parameter in classrooms” by Ingemansson Technology AB,
Project manager Leif Akerlof, 8/11/2005. The report
has been provided by the author D. Bard. The report provided the data necessary to validate the results from the acoustic analysis tools. The second is a
classroom in Montecarasso and it was chosen due to
the unique spatial and architectural qualities of the
room. The double-height and curved ceiling challenge the typical box-shaped rooms for classrooms
and together with the asymmetry of the room it was
deemed as an ideal room to test the response and
consistency of the software in analysis.

Malmö
This section presents the results of the analysis on the
Malmö classroom. The geometry and the materials of
the room are shown in Figure 1,2,3,4. Figures 5 to 9
show the results for each of the acoustical parameter
and Figure 10 plots the time required for the analysis
for each software.

Montecarasso
This section presents the results of the analysis on
the Montecarasso classroom. The geometry and the
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Figure 20
The time required
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DISCUSSION
Each of the analysis has been carried with a number
of rays calculated with 50 times the volume of the
room in cubic meters. Such number of rays has been
chosen as it guaranteed very stable results, while it
should be noted that consistent results are obtained
already with a number of rays 25 times the volume.
Diﬀerences among software is relevant but satisfactory. In particular in the Malmo classroom the presence of measurements validates the results of the
analysis of the ray tracers, despite diﬀerences are
found in the order of 10% across the parameters. At
the same time it is very important to understand how
sensible is the human hearing system to variations in
all acoustical parameters, i.e. how big a diﬀerence
is perceived by the listener. This values are called
Just Noticeable Diﬀerences (JNDs). The ISO 3382-1
standard reports a JND for EDT of 5% , for C80 of
1 dB, for G as 1 dB (Mendez, 2013). Despite variations in the results may be in some acoustical parameters the order of two times the JNDs, the benchmark shows that such a result can be attributed to the
intrinsic limitations of geometrical acoustics rather
than to a speciﬁc tool. Results diﬀer across software
and depending on the acoustical parameter in analysis. Despite CATT oﬀer more possibility to ﬁne-tune
the analysis and potentially obtain more accurate results, the present study is aimed at the present stage
to early design stages, where a balance between accuracy, speed and interoperability is crucial to facilitate the integration of acoustical considerations. In
this respect particular relevance assume the results
obtained with the EMRT-system (Figure 21), where a
dramatic reduction in the time of analysis is coupled
with a good accuracy of results and integration with
parametric environment.

Figure 21
The results
obtained with the
EMRT-system
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type. Moreover, it has showed how the dramatic
drop in the analysis speed of the EMRT-system, coupled with a good level of accuracy, enable new design paradigms, by linking real-time acoustic analysis
with virtual reality toolboxes.
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negotiations and common decisions among the involved parties, leading to suggestions for improvements of the initial design proposals. In this process, there may be a need to present analysis results
in diﬀerent ways depending on the audience. Professionals in engineering and architecture will typically communicate results from analysis and simulations in a technical language, which will not necessarily be understood by non-professional end users
of the planned facilities. To facilitate the presentation
and discussion of design proposals and the analyzed
acoustic performance with end users, it is the intention in the current research project to test a combined virtual reality solution, which includes both visual and acoustic aspects of the design proposal. In
this respect the EMRT system shows good potential
for integration with virtual reality toolboxes.

CONCLUSIONS
The paper has investigated and assesses diﬀerent
room acoustics software and the opportunities they
oﬀer to engage in parametric acoustics workﬂow and
to inﬂuence architectural designs. The benchmark
of three diﬀerent acoustic analysis tools based on
ray-tracing has showed the suitability of each software to diﬀerent design stages and to diﬀerent user
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