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For more than 70 years now, room acousticians have been pre-occupied with the early reflection sound
field, i.e. the first 80 ms of decay. Recently, however, some are starting to re-focus attention on the late
reverberant field. The attention is encouraged by the concept of neural streaming. The neural processing
of sound perception in a room can be seen as two streams running in parallel, one focused on the source
and the other on the room. With this in mind, a new analysis tool is proposed to study the late reverberant
field as if it were a collection of sound sources distributed around the room in space and time. Borrowing
from the language of Minkowski space-time, these are referred to as “Events”. An Event, in this context,
is a multi-dimensional object including but not limited to three spatial dimensions, a temporal dimension,
as well as direction and magnitude dimensions. The tool has been applied to the question of acoustical
proximity, establishing and studying aspects such as the reverberant field’s “Centre of Reverberation” and
the balance between reverberant sound in front of and behind a listener.

1 Introduction

The first half of the first century of room acoustics design was governed by Reverberation Times. A concentration on
what we would now call the late energy field. The second half of the century often concentrated on early reflected sound
[1], [2]. Recent work however has seen a return to an interest in late energy. [3] Spurred on, perhaps, by Marshall’s
concept of acoustical Presence [4], there is a renewed attention to the subject of Intimacy. Or, as it has been referred to
more recently, “Proximity”. To this end, a novel approach to the quantification of the late energy field will be introduced.
Including a concept that will be referred to as the “Centre of Reverberation”.

2 Event Description

The new procedure conceptualises the reverberant field as a collection of sound sources in three dimensional (3-D) space.
Borrowing terminology from Minkowski space [5], these sound sources are referred to as “Events”. But where a
Minkowski Event has four dimensions (i.e. space and time), a reverberant field Event has at least six. Three dimensions
locate the Event in space, along with a temporal dimension, a directional vector and, of course, a dimension to quantify
amplitude or level. A seventh dimension of frequency may also be considered but it will not be examined in this study.
In a typical performing arts venue with a volume of 12,000 m?, such as the one that will be used in this study, there are
typically 100s of thousands of reverberant field Events. The actual count will depend, of course, on the sampling rate,
the size of the room, its Reverberation Time and the dynamic range over which the Events are measured.

Construction of the reverberant sound Events begins with a ray tracing calculation to establish the sound paths of the
reverberant field. These sound paths are then sampled as one might do with an electronic audio signal. For each sample,
a computer object is created containing the six properties noted above — 3 spatial dimensions, a time delay, a directional
vector and an amplitude dimension. A long list of these Events is collected, which can be analysed directly or, as will be
shown in Section 4, can be reduced into a more organised matrix-like representation of the reverberant field.
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3  Centre of Reverberation Calculation & Experiments

The question of acoustical Intimacy (or Proximity) has been a long lasting challenge for acousticians. One of the more
thorough reviews of the subject has been presented by Hyde [6], suggesting, among other things, that visual stimuli may
influence aural stimuli as the brain processes the percept we refer to as Intimacy. This study, however, limits itself to
acoustic sound fields and how they might influence the effect. Some rooms, or some locations in rooms, are known to
generate sound fields that feel closer the listener. It is posited that this might be quantified with parameter akin to the
centre of mass of a solid body. It will be referred to as the “Centre of Reverberation”. Where a centre of mass calculation
is based on mass and distance, a Centre of Reverberation calculation is based on acoustic energy and distance. Both of
these are accessible from a sampled acoustic Event. The distance in this case is measured from the receiver location to
the Event’s position in space, which is one of the properties of an Event object. The energy component of the calculation
comes from the energy property at the Event, which is then subjected to a spherical divergence reduction based on the
distance from the Event to the receiver. Pseudocode for the procedure is shown in the Appendix, attached to the end of
this paper.

The first investigation in these experiments was to follow the spatial path of the Centre of Reverberance as it moves
forward in time. The path is shown in Figure 1 as the white curve with black dots. The Centre of Reverberance point
moves a significant distance in the first 100 ms or so then, for the remainder of the decay, hardly moves at all. Note that,
close to the source, the time delays extend back to negative time. This is because the point of reference, t = 0, occurs
when the direct sound arrives at the receiver. The reverberant field, of course, is already building up inside the room
before the direct sound arrives at the receiver location. Indeed, the listener’s perception of the Centre of Reverberation’s
location (while listening to a continuous stream of music) may or may not depend upon the arrival time of the direct
sound. A second experiment, also shown in Figure 1, located the Centre of Reverberance points according to decay
levels. It is shown as the (barely visible) black curve with white dots. It demonstrates the same behaviour as the time
delay experiment, i.e. significant movement in the early part of the decay then very little movement afterwards.

The conclusion to be taken from these two experiments is that it apparently doesn’t matter whether one quantifies a Centre
of Reverberation calculation using a time window or a level dynamic range. In both cases, however, it appears that the
early part of the decay might have a significant effect on the eventual location of the Centre of Reverberation point.

The author has noted — as, no doubt, have others — that the proximity of the sound in a room can be influenced by nearby
reflectors. Experiments were undertaken to determine if early reflections generated from nearby reflectors can, indeed,
influence the location of the Centre of Reverberance. In the example to be presented here, two independent sound fields
were created inside a computer model of a deliberately simplified version of a 12,000 m* shoebox shaped concert hall
with a 2.2 second Reverberation Time. The first sound field was created with a Ray Tracing routine and is intended to
represent the diffuse reverberant field before the reflectors

have been added. In Figure 2 it is referred to as the “Base |

Building Events”. The second field, representing the
directed early energy, employs a 2" order Method of
Images calculation along with the author’s system of pre-
determined reflection points [7]. In Figure 2, the resulting
fields are referred to as the “Reflector Events”.

The white rectangles visible in most of the images
represent the reflectors providing the early reflected sound.
The size and angles of orientation of these reflectors have
been optimised using Genetic Algorithm (GA) techniques
developed by the author [8]. The intension of the
optimisation was to shorten the distance to the Centre of
Reverberation while at the same time improving the
reflectors’ coverage of the acoustic Source Zone. The
1att§r is. quantiﬁe.d by the Visu.aI Ar§a Fitness Function [8], and levels during a reverberant decay. The white curve with
which is, essentially, a quantification of how much of & 4 dors indicates their positions according to time delay
Source Zone a listener can see, looking at the acoustical ypije the black curve with white dots is for the change
reflectors as if they were optical mirrors. The Proximity according to decay level. The indicated time delays and

Fitness Function is calculated as shown in Equation (1). levels are referenced to t = 0 and L = 0 at the receiver
location.
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Figure 1 Centre of Reverberation points at different times
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is the convergence coefficient associated with Proximity, in this

experiment, Ty, o, = 0.5

The results of the optimisation are quantified in the Pareto optimisation graph shown in Figure 3 which, perhaps, requires
a bit of explanation. In a typical Pareto optimisation, such as this one, the goal is to minimise the two fitness functions at
the same time. Which means the best solutions are the ones closest to the origin.
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Figure 2 Reflection Event fields and Centres of Reverberance for a shoebox shaped room with and without reflectors.



This optimisation exercise worked with a population of 25.
In Figure 3, the performance of each member of the
population is indicated by the black dots. The large blue and
yellow dot is the point of reference. It indicates the
performance of the base building room, without the
reflectors. It can be seen that Proximity improves
immediately upon the introduction of the reflectors — by
about 20% — but doesn’t really change much afterwards.
The progress of the black dots is horizontal, indicating that
the Visual Area Fitness is improving but the Proximity
Fitness is not. The question is why.

Before answering this, the images in Figure 2 will warrant
further explanation. As mentioned, the white rectangles
represent the reflectors intended to improve Proximity.
They are positioned in the approximate location of the facia
for side and end wall balconies in a typical shoebox shaped
concert hall. The reflectors are shown in the best
configuration determined by the optimisation, which
explains, perhaps, their apparently haphazard appearance.
In Figure 2, each reverberant Event is indicated with a black
3-D cross, the size of the cross being proportional to the
energy level at that time and position in space. The three
rows show the progress of the growing reverberant Event
field as it evolves in time from ¢t = 0 ms to t = 160 ms.
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Figure 3 Pareto Optimisation graph showing an improvement in
Visual Area and Proximity Fitness. That is, the optimised black
dots are closer to the origin than the reference blue and yellow
dot.  Unfortunately, the improvement is mostly for the Visual
Area Fitness, not the Proximity Fitness

Each image contains three markers indicating the Centres of

Reverberation. The black hedgehogs represent the Centre of Reverberation for the base building, i.e. generated without
the reflectors. The blue pyramids indicate the same for the field generated by the reflectors on their own, and the green
boxes indicate the combination of the two. It is the latter of these, of course, that is of primary concern.

In all three time frames (i.e. in the three rows of Figure 2) the Centre of Reverberance created by the optimised reflectors
(indicated with the blue pyramids) is significantly better than the base building’s Centre of Reverberance (indicated by
the black hedgehogs). But when the base building and reflector fields are combined (indicated with the green boxes) the
improvement disappears. In all three time frames, the eventual Centre of Reverberation is dominated by the base
building’s reverberant field.

To examine this further, a study of the progress of the reflectors’ Centre of Reverberation was carried out, similar to the
one shown in Figure 1. In this new study, shown in Figure 4, the Centre of Reverberation for the reflectors alone (indicated
with the blue curve) is much closer to the receiver than the base building’s (white curve). It is only 3.0 m away from the
receiver, approximately half the distance shown in Figure 1.
Note, however, that the progress of the reflectors’ Centre of
Reverberation effectively terminates after 100 ms, while the
base building’s continues on to at least 2200 ms. Thus, there
is more energy in the base building’s Event field, compared to
the reflectors’ field. This, perhaps, is a by-product of the
calculation procedure. The reflectors’ Event field was
calculated using the Method of Images, limited to only 2™
order reflections, while the base building’s field was calculated
using a Ray Tracing routine working up to 100 orders. Perhaps
a computer modelling package more sophisticated than the one
written by the author might mitigate this problem. However, Bl
the fact that the problem exists at all, highlights a fundamental
requirement when one is designing reflectors intended to bring
the Centre of Reverberation closer to the listeners. The
reflectors must be close enough and numerous enough to
overcome reverberant field already existing in the base
building.
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Figure 4 Centre of Reverberance Paths for the base building
(white) and the optimised reflectors (blue).
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Figure 5 Movement of the Centre of Reverberance as the level of the reflectors’ sound is increased with respect to the base
building's existing reverberant field. Marker legend shown Figure 2, AL in Equation (2).

To demonstrate, an example is taken from the experiment shown in Figure 2. The t.y0rf < 160 ms data will be used
because that is the time span that Atal, et al. [9] originally found to be best correlated with subjective reverberance. In
Figure 2, the total energy generated by the reflectors for the t¢,0ry < 160 ms time window is 11.5 dB below that of the
energy generated by the base building. Figure 5 shows the effect of increasing the energy levels generated by the reflectors
with respect to the reverberant energy levels generated by the base building. The difference in level is calculated as:

AL = LReflectors - LBaseBuilding (dB) (2)

The left hand frame of the Figure 5 demonstrates a situation similar to that found in Figure 2. The reflected levels are
significantly lower than the existing reverberant field and, hence, the combined Centre of Reverberance (indicated by the
green box) is almost in the same position as that of the reverberant field. The right hand frame shows the opposite effect;
the combined Centre of Reverberance is now at the same position as that generated by the reflectors on their own. It can
be concluded that, if one wants to use early reflected sound to move the Centre of Reverberance closer to the receiver,
the energy created by the reflectors should meet or perhaps even exceed the reverberant field levels into which the early
reflections are introduced. A minimum suggested range might be —5 < AL < 2 dB, mindful of the risk of image shift if
the early reflected energy is too high.

4 Event Matrix Construction

The advantages of reverberant sound coming from behind the listener have been discussed in ref. [3]. Studying how one
might go about providing this calls for data reduction of the % million reverberant Events produced in this 12,000 m?
room — or perhaps a “data organisation”. Specifically, organisation into a 3-D grid. This is achieved by creating a 3-D
matrix of boxes, or “cells”. In the representation that will be presented, each one of these cells may be thought of as an
independent sound source with its own amplitude and direction of propagation. The cell size is loosely governed by the
sampling rate of the sound paths. So, for example, in this study, with a sampling rate of 5 ms, covering a distance of
1.715 m, a Nyquist theory guideline might suggest that the cell size should be twice this, i.e. 3.43 x 3.43 x 3.43 m. In the
example to be discussed now, the cell size is 3 x 3 x 3 m.

In the study, each of the cells is divided by a plane. The plane is created at the centroid of the cell and its normal is taken
from the vector between the sound source point and the centroid of the cell. On one side of the plane there will be the
sampled Events entering the cell and on the others side, Events that are leaving the cell. Thus, in any given cell there will
be two collections of Events with their associated sound levels and directions of propagation, one entering the cell and
one leaving it. Expressing the sound field in this way may help to address the question of front to back ratios. That is,
how does one deliver reverberant sound that is as loud behind the listener as it is in front.

The evolution of the reverberant field is shown in Figure 6. The arrows indicate the average strength and direction of the
sampled Events in each 3 x 3 x 3 m cell. The white arrows represent the Events entering the cell, while the black arrows
are for the Events leaving the cell. The levels and time delays are referenced to the receiver location.

In the top image of Figure 6 (t < 50 ms), looking close to the sound source, most of the energy seems to be leaving the
Event cells. That is, the arrows are mostly black. But, closer to the receiver, most of the sampled energy is entering the
cells, as indicated by the white arrows. The arrows are also longer than the ones at the front of the room, as one would
expect, given their proximity to the receiver.



In the middle, t < 160 ms frame, the early reflected sound
has evolved but, unfortunately, most of the energy is still
concentrated in the front of the room. In the bottom frame,
covering a full 2.2 seconds of reverberant decay, note how
the black and white arrow pairs are of equal length,
indicating equal energy from in front and behind.

Event matrices such as this may be useful in designing for
improved reverberant sound from behind the listener. The
question is, which time window should one design for? It
appears that, when the full 2.2 second decay is considered,
there is as much sound arriving from behind, as in front.
But, perhaps, as Atal et al. found in 1965 [9], the perception
of the reverberant sound’s location may correlate better
with the early sound field. The ubiquitous call for further
research is apparently appropriate!
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Figure 6 Cellular representation of the reverberant sound field
indicating front/back levels and propagation directionality.
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Appendix

CalculateCentreOfReverberation()

Input: Point3d Psource, POINt3d Preceiver> SPaceTimeEvent EventS

where: DPsource 1S the point source location
Dreceiver 1S the receiver or listener location
EventS s alist of SpaceTimeEventS
Point3d is a constructor from the RhinoCommon API [10]

SpaceTimeEvent is a constructor that builds a “space-time” computer object, referred to

as an Event, as described in Section 2.

Output: Point3d Pcentre

where:  p..ne 1S the point in space representing the centre of reverberant energy for the period of

time covered in the income list of EventS

Step 1

Calculate source to receiver distance.

dsource—receiver = Psource- DlStanceTO(preceiver)

where:  dsource—receiver 1S the distance between the sound source and the receiver
DistanceTo() is a Point3d method from the RhinoCommon API [10]

Step 2

Calculate the energy-lengths for all of the event points. Gather the total energy at the same time.

for each e € EventS
d, = e.EventPoint. X
d, = e.EventPoint.Y

e.EventPoint.Z

1o
Il

devent—receiver = e-EventPOLnt-DlStanceTO(preceiver)
— dsource—receiver
ALdisl.‘ance =20 log d i
event—receiver
Lyeceiver = €. EventLevel + AL yispance
Lreceiver
Ereceiuer = 10

energylLength, = energylLength, + E,ocoiver * dy
energylLength, = energyLength, + Eicceiver * d,,
energylLength, = energylLength, + E,.coiver * d;

Etotal = Etotal + Ereceiver
end for




CalculateCentreOfReverberation() ... cont’d

Step 2 (... cont’d)

where: e is amember of the list EventS
EventPoint  1is a property of a SpaceTimeEvent object, describing its location in 3-
D space
dy,d,andd, represents the distance from the event e to the origin (0,0,0)
Aevent—receiver is the distance from the event e to the receiver location
ALgistance 18 the difference in level due to spherical divergence
DistanceT () is a Point3d method from the RhinoCommon API [10]
Lyeceiver 18 sound level of the event e, as measured at the receiver point p,eceiver
EventLevel is a property of a SpaceTimeEvent object, quantifying its sound
pressure level.
P.cceiver 1S the sound pressure of the event as measured at the receiver point
Dreceiver
energylLength,, , is the product of acoustic energy and distance, similar to a mass-length
distance in a Centre of Mass calculation
E,,, is the total acoustic energy.
Step 3

Determine centre of reverberation point.

if Etorar > 0

energylength,
pcentre,x = T
_ energyLengthy
pcentre,y - Etoral
energylLength,
pcentre,z = 7
Poonere = N€W Point3d(p,, P, p,)
end if

here:
WHEE pcentre,x,y,x

Point3d()

are the x, y and z components of the Centre of Reverberation point p

centre

is a constructor from the RhinoCommon API [10]




