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Summary
Stonehenge is the largest and most complex ancient stone circle known to mankind. In its original form, the con-
centric shape of stone rings would have surrounded an individual, both visually and aurally. It is an outdoor space
and most archaeological evidence suggests it did not have a roof. However, its large, semi-enclosed structure,
with many reflecting surfaces, would have reflected and diffracted sound within the space creating an unusual
acoustic field for the Neolithic Man. The work presented here reports the reconstruction of the acoustic sound
field of Stonehenge based on measurements taken at a full size replica in Maryhill, USA. Acoustic measurements
were carried out using state-of-the-art techniques and the response collected in both mono and B-Format at vari-
ous source-receiver positions within the space. A brief overview of Energy Time Curves and Reverberation Time
together with a comparison to a recent measurement in the current Stonehenge site is provided. The auralisation
process presented uses a hybrid Ambisonic and Wave Field Synthesis (WFS) system. In the electro-acoustic ren-
dering system, sound sources are created as focussed sources using Wave Field Synthesis whilst their reverberant
counterpart is rendered using Ambisonic principles. Using this novel approach, a realistic acoustic sound field, as
it is believed to have existed in the original Stonehenge monument, can be experienced by listeners. The approach
presented, not only provides a valuable insight into the acoustic response of an important archaeological site but
also demonstrates the development of a useful tool in the archaeological interpretation of important buildings and
heritage sites.

PACS no. 43.55.-n

1. Introduction

The preservation and recreation of the acoustic character-
istics of ancient spaces serves various important purposes:
It is vital in the reconstruction of theatres [1]; aids in in a
more ecologically valid 1 archaeological interpretation of
important buildings and heritage sites, some of which may
not exist in their original form [2, 3]; and allows experi-
encing of their soundfields through auralisation which has
benefits for public interactive applications. The work pre-
sented here reports on the recreation of the acoustic sound
field of Stonehenge, a well known pre-historic stone circle
situated in Wiltshire, England. Due to its circular shape
and the large number of enclosing surfaces, a listener in-
side the original stone circle would have been presented
with an unusual sound field for an outdoor space. How-
ever, as it currently stands, the monument is in ruins and
only a few of the original stones still remain standing. As
such, measuring and experiencing the acoustic sound field
within Stonehenge in its final construction phase (ca. 2000
B.C.) has hitherto not been possible.

Received 4 May 2012,
accepted 17 December 2012.
1 Ecological validity in this context refers to simulations that emulate the
original real life environments in terms of directional and reverberant
cues.

Figure 1. Photos of sites measured. Left: Stonehenge, right:
Maryhill.

A full size identical replica of the Stonehenge monu-
ment exists on the banks of the Columbia River in Mary-
hill, Washington, USA. The stone positions and sizes have
been replicated using concrete, the surfaces of which have
been shaped in an attempt to simulate stone roughness.
The ’stones’ in the Maryhill site are, in general, more reg-
ular and do not replicate those at Stonehenge in absolute
detail (see Figure 1). It may however be argued that some
of the more general acoustic effects, such as reflection
patterns and reverberation characteristics of Stonehenge,
may also be found at Maryhill since the general archi-
tectural shape is similar. Significant acoustic differences
are most likely to exist at very high frequencies where
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the wavelength becomes comparable to the differences in
stone profile found at each site (≈ 30 cm; f ≈ 11 kHz;
c = 340 m/s). At this range of frequencies, particular dif-
fusion and diffraction effects are not replicated at Maryhill.
A series of acoustic measurements based on B-Format im-
pulse responses has been carried out at the Maryhill site
in order to obtain data for auralisation of the space us-
ing a hybrid approach that combines Wave Field Synthesis
(WFS) and Ambisonic reproduction.

This paper describes the measurement and auralisation
process and is organised as follows: Section 2 gives a brief
overview of Stonehenge including brief results of acoustic
measurements taken at the site; section 3 discusses mea-
surement and results for the acoustic response of the Mary-
hill site; section 4 discusses the rendering method and its
validation; section 5 describes the production of a sound-
scape that has been used in public presentations of the sys-
tem; a summary of this work is finally presented in sec-
tion 6.

2. Stonehenge

The Stonehenge monument is characterised by concentric
stone rings of various sizes. The outer circle is composed
of 30 upright sarsen stones, 17 of which are still stand-
ing (shaded in Figure 2). The tops of the upright sarsen
stones were originally linked by a horizontal lintel ring.
Inside the sarsen ring there was a 2nd circle of smaller
blue stones. The 5 large trilithons, arranged in a horse-
shoe shape of blue stones and another series of head-height
bluestones arranged in an oval shape, form the 3rd inner
semi-enclosure. More detailed information about the site
and its archaeological study can be found in [4]. Acoustic
measurements have been carried out inside the Stonehenge
monument using the balloon burst method [5] since no
mains energy or other impulse generating methods were
allowed on site. Envelope-Time Curves (ETC) have been
determined from measured impulse responses (IR) as fol-
lows. Given a time domain impulse response h(t), the lin-
ear scale envelope time curve can be obtained from

e(t) =
��h(t) + jĥ(t)

��, (1)

where ĥ(t) is the Hilbert transform of the signal h(t) given
by

ĥ(t) =
1
π

�∞

−∞

h(τ)
t − τ

dτ. (2)

Assuming h(t) denotes acoustic pressure, the Heyser en-
ergy time curve in decibel scale normalised to the direct
source, can be obtained from

ETC(t) = 20 log
�

h(t)
hdirect

	
. (3)

The ETC obtained for source and receiver in the centre
of Stonehenge (indicated respectively as M1 and 1 in Fig-
ure 2) is shown in Figure 3.
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Figure 2. Diagram of Stonehenge circle. Receiver position is
marked as M1 in the centre. Source positions used for the acous-
tic measurements are indicated as 1, 2 and 3.
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Figure 3. ETCs derived from single channel impulse responses.
The response shown corresponds to source at position 1 in Fig-
ure 2 and the receiver at the centre. Stonehenge (dashed) and
Maryhill (solid) results are provided.

The ETC response measured at the centre of the Stone-
henge monument shows a few specular reflections al-
though, depending on which subjective data is used [6, 7],
they barely rise above the reflection detection threshold.
Anecdotal evidence from the measurement visit whilst
standing inside the stone circle revealed a faint slap-back
type echo arising mainly from the intact portion of the
outer sarsen ring, where the longer time of arrival (>40 ms)
allows the perception of a faint reflection.

The reverberation times for measurements on site have
been determined according to ISO3382. Various source
and receiver positions were used. Because the balloon
burst method is associated with a very low signal to noise
ratio, the portion of decay curve used to extrapolate RT
from the Stonehenge data has been truncated between
−5 dB and −15 dB for frequencies below 200 Hz and be-
tween −5 dB and −25 dB for frequencies above. T30 data
has been used for the Maryhill measurements. Results are
shown in Figure 4. As expected from an outdoor site, the
RT values for Stonehenge are quite low, averaging 0.4 sec-
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Figure 4. Reverberation Times for acoustic measurements at
Stonehenge and Maryhill sites (left and centre bars); and for the
Wave Field Synthesis/Ambisonic hybrid system used to recreat-
ing its acoustic response (right bars). RT figures for each octave
band in the measured data were obtained from the arithmetic av-
erage of various source and receiver positions. RT for each octave
band in the rendering system has been obtained from a single
FDTD simulation. RT values indicated in the legend correspond
to wideband averages.

onds for the 500 Hz and 1 kHz octave bands (0.4 s in the
63 Hz to 8 kHz range).

These results confirm the expected notion that Stone-
henge, in its current form, has few noteworthy acoustic
features. Notwithstanding, in its final stage of construc-
tion, circa 2000 B.C., it is likely that the sound field within
Stonehenge would have revealed a different character. In-
deed, one could argue that the large number of enclosing
stones, of different sizes and shapes and at different dis-
tances, would have created significant levels of diffusion.
Specular reflections, such as those measured in the current
Stonehenge, would have been replaced by multiple reflec-
tion paths arriving in succession at a listener position. It is
also likely that, enclosed by many reflective surfaces, the
space would have sustained a significant level of reverber-
ation that might have been unusual for people visiting the
site.

3. Maryhill

Given the Stonehenge site is in ruins, a faithful model of
its acoustic response is required to obtain reliable acoustic
measurements that may provide an indication of the acous-
tic characteristics of such a building. It is granted that a
number of modelling techniques are available to predict
the acoustic behaviour of spaces, for example [8, 9, 10].
Although such digital techniques are extremely powerful
at generating predictions of the acoustic sound field, they
are also dependent on the accuracy of the CAD model
used and are not totally free of issues and imprecisions
[11, 12]. A more traditional method, based on the use of
physical models, has long been a robust and accepted prac-
tice in acoustic design and research, only recently getting
replaced by digital models [13, 14]. It is thus justifiable
that the use of a physical model is an acceptable method
to study the acoustic response of a space and consequently
to create an auralisation of the sound-field within it.

An identical replica of the Stonehenge monument, as
it is believed to have existed at around 2000 B.C., exists
in Maryhill, Washington state, USA. The Maryhill Stone-
henge is a full size, physical model of Stonehenge, built in
1929 as a memorial to the soldiers of the First World War.
This physical model provides the closest physical repre-
sentation of the acoustic sound field present during the
last phase of the construction of Stonehenge (see [4] for
an archaeological and historical recount of the construc-
tion phases at Stonehenge). This has thus been exploited
to obtain acoustic measurements for analysis of the acous-
tic response and to recreate an auralisation of its sound
field.

Techniques for measuring the acoustic characteris-
tics of performance spaces have been widely reported
[15, 16]. ISO3382 sets the standard for such measure-
ments although it does not acknowledge or utilize the
advantages brought about by the use of pressure-par-
ticle velocity probes such as the Soundfield microphone
(www.soundfield.com). The use of Soundfield microphones
for capturing spatial sound properties of a space and
the resulting B-Format output for rendering through var-
ied electroacoustic formats (binaural, stereo, 5.1 and am-
bisonic) are now becoming ubiquitous in measurement-to-
auralisation work such as the one presented here (see for
example [2, 17, 18]).

The measurement method used here follows standard
procedures established in the work referenced above. In
particular, a dodecahedron source was paired with a sub-
woofer to adequately cover the audio frequency range
between 40 Hz and 10 kHz with an omnidirectional po-
lar response. The excitation signal used was a 10 sec-
ond log-sweep. The acoustic response of the space was
captured using both an omnidirectional reference micro-
phone (to obtain conventional impulse response and de-
rive standard acoustic measures as prescribed in ISO3382)
and a Soundfield ST250 microphone to capture the B-
Format impulse responses. A first order B-Format signal
consists of 4 spatially coincident signals corresponding to
one omnidirectional pressure signal, W, and 3 orthogonal
figure-of-eight pressure gradient signals, X,Y and Z, di-
rected as front-back, left-right and up-down respectively
(more details on B-Format technology can be found at
www.soundfield.com). The B-Format impulse responses
provide a means of extracting monaural acoustic parame-
ters of the space from the W signal and spatial information
about the time and level of arrival of reflected energy from
the X,Y,Z pressure gradient signals.

The subwoofer was placed on the floor and the dodec-
ahedron was placed directly above it at a height of ap-
proximately 1.6 m. Microphones were positioned at an av-
erage standing head height of 1.6 m. All measurements
presented for the Maryhill site were obtained using Win-
MLS software, a modern personal computer and a Focus-
rite Saffire Pro 10 soundcard set to sample at 48 kHz with
16 bit. As measurements were taken outdoors, power was
provided via a combustion generator where due care was
taken to minimise noise contamination onto the measured
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responses. Similarly, and due to proximity of roads, envi-
ronmental conditions and public access to the site, every
measurement was checked for adequate signal to noise ra-
tio to ensure validity of data.

Maryhill measurements show an average RT of 0.7 sec-
onds in the 500 Hz to 1 kHz frequency range (0.8 seconds
in the 63 Hz to 8 kHz range). The ETC for a source placed
in the centre of the space and obtained with a single chan-
nel reference measurement also in the centre is shown in
Figure 3 (solid line). In comparison to the measurement
taken at Stonehenge in identical source-receiver relation-
ship (Figure 3-dashed line), it is clear that the Maryhill
monument exhibits significant reflected energy. Interest-
ingly, there are no defined specular reflections suggesting
the space might support an acoustic sound field more simi-
lar to diffuse conditions. Reverberation times for the Mary-
hill site are indicated in Figure 4. As expected, the val-
ues for RT are significantly higher than those measured at
Stonehenge since, at least in the horizontal axis, the larger
number of surrounding stone surfaces offers a more en-
closed environment. This effect is clearly perceived as one
walks into the space and this is portrayed quite clearly in
the auralisation work reported here.

The auralisation of the space, described in detail in sec-
tion 4, was performed using measurements taken at a sin-
gle receiver position, at the centre of the stone circle as
indicated in Figure 2. Three source positions were used
to independently excite the space at various points. These
are also indicated in Figure 2. Using the Soundfield mi-
crophone, B-Format impulse responses were acquired for
each of the source positions. Each of these measurements
provides 4 channels of data where the acoustic response of
the environment at the measurement position is acquired.
An example of an orthogonal impulse response measured
in the centre of the Maryhill monument is shown in Fig-
ure 5. The W signal corresponds to the pressure compo-
nent (omnidirectional). The X and Y signals contain the
front/back and left/right orthogonal components respec-
tively. The Z component, corresponding to height informa-
tion, is not displayed. This latter component is not used in
the rendering system since the acoustic sound field in this
dimension is mainly absorbent – the space has no roof;
floor reflections appear in X and Y channels as weaker,
horizontal, reflection energy. Furthermore, the wave field
synthesis system developed does not reproduce height in-
formation and could not therefore reproduce this dimen-
sion.

4. Electro-acoustic rendering system

The rendering system developed emphasises two impor-
tant aspects of aural perception: the correct localisation of
a physical sound source and its embedding in an ecolog-
ically valid acoustic environment. It is thus expected that
the rendering system is able to reproduce both the correct
directional cues for the rendered sources as well as their
interaction with the acoustic characteristics of the space
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Figure 5. Orthogonal Impulse Responses measured in Maryhill
(a full size identical replica of Stonehenge). Only W,X and Y
signals are represented. Direct and reflected sound regions are
plotted in different line styles.

Figure 6. Focussed source using the Wave Field Synthesis repro-
duction system. An FDTD model has been used to recreate the
electro-acoustic system for illustrative purposes. Left: Top view,
right: Side view.

they inhabit. In doing so, an immersive and realistic aural-
isation of the space is obtained. In the case presented here,
the aim of the electro-acoustic system is to render sound
sources and their reflected counterparts (early reflections
and reverberation) as would be experienced within the
original Stonehenge. The method developed is novel yet
based on a simple principle:
• Dry sound sources are rendered as focussed sources us-

ing wave field synthesis (WFS) principles. Focussed
sources are explained in more detail in section 4.1. The
system allows real time movement of these sources.

• The acoustic response of the space is obtained through
convolution of the dry source signals and the orthogo-
nal impulse responses obtained within it. The resulting
IRs have been manipulated to remove the direct sound
information since this has already been rendered into
the auralisation space in the form of a focussed source.

A listener within the electro-acoustic rendering system is
thus subjected to the correct directional cues generated
from the reconstructed wavefronts for the focused sources
and the ecologically valid environmental reflections of the
space. The rendering system used here has been fully de-
veloped within the Acoustics Research Centre at the Uni-
versity of Salford and is based on commercially available
hardware comprised of 64 audio channels that drive an oc-
tagon shaped array of 64 loudspeakers (see Figure 6). The
WFS, ambisonic and control algorithms are based on our
own developed C++/C# /WASAPI software application.
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4.1. Reproducing focussed sources in WFS

The theoretical basis for wave field synthesis was devel-
oped in the frequency domain [19, 20] to demonstrate how
a soundfield within a volume can be constructed from ar-
rays of monopole or dipole sources on enclosing 2D sur-
faces. WFS employs the Huygens principle which essen-
tially states that wavefronts can be created by the cumu-
lative effect of secondary sources just behind them. Given
a plane of monopole sources the pressure at the receiver
point in the volume can be predicted by adding secondary
source contributions using a half space simplification of
the Kirchhoff-Helmholtz integral. Therefore, in theory, de-
sired wavefields within a volume can be constructed from
a set of enclosing surfaces of secondary sources. Consid-
ering a virtual source located in space such that its position
vector is rs, the pressure at rv as a function of frequency
ω can be considered as a sum of contributions of a driving
function at secondary source (i.e. loudspeaker) positions
rl such that

pr(ω) ∝
�
S

D
e−jk|rv−rl |

|rv − rl|
dS. (4)

Typically the driving function includes a window a to en-
sure only forward propagating waves reach the listener and
a stationary phase approximation to represent vertical con-
tributions at a given loudspeaker since linear arrays (not
planes) are used [21, 22]. Driving functions for wavefields
in arbitrary shaped arrays can be specified for plane wave
and spherical wave sources [23]. Equation (5) is the driv-
ing function for a spherical wave. The S term represents
the sound signal to be rendered, n is the direction vector of
the loudspeaker and s = jω.

D = −2a



2π
��rl − rref

�� (rl − rs)Tn
(rv − rl)

1√
c

·
�
s +

c

|rl − rs|

	
1
s
e−jk|rl−rs|S(ω). (5)

In practice, virtual sources (herewith named focussed
sources) are positioned within the world space coordinate
system and their contributions to the respective driving
functions are evaluated in the time domain, hence rendered
by setting amplitudes, delays and coefficients of an FIR (or
IIR) filter (which is used to account for the source spectra
being a function of rs). The WFS part of the system is
thus able to recreate the wavefronts of multiple arbitrar-
ily positioned virtual sources both outside and within the
confines of the speaker array thus emulating the distribu-
tion of sound waves in a volume as would be experienced
by a user at any given position within that volume. As
such, WFS does not require users to remain at a designated
sweet spot and movements of both source and listener are
allowed whilst maintaining the correct directional cues.

4.2. ’Reverberant Tails’ in Ambisonic Reproduction

In order to place the dry focussed sources within the ren-
dering of Stonehenge , they have to be convolved with

the measured orthogonal IRs thus providing a spherical
harmonic decomposition of these sources in the reverber-
ant sound field. However, correct integration with the ren-
dered focussed sources provided by the WFS system re-
quires that only the early reflections and reverberation of
the space, herewith named reverberation tails, are repro-
duced by the ambisonic system. It follows that the direct
sound and first reflection must be identified in the impulse
responses.

The identification of the onset on the impulse responses
was performed using a technique based on measuring the
variation of temporal energy contained in the impulse re-
sponse and finding where the energy ratio of consecu-
tive analysis windows is maximum [24]. The impulse re-
sponse is then trimmed to the index corresponding to its
onset. The reflection onset times (ROT) are then obtained
through a running kurtosis analysis as established in [25].
This analysis is carried out on the W signal since this chan-
nel, corresponding to the omnidirectional response, con-
tains all reflections at their maximum amplitudes. ROT1

is then used to determine the point before which each of
the W,X and Y impulse responses must be padded with
zeros to remove the direct sound. Zero padding ensures
that the correct propagation time between source and re-
ceiver are maintained in the data series. The resultant im-
pulse response waveforms can be seen in Figure 5. The
initial portion, plotted in a dashed black line, corresponds
to the direct sound. The remaining data points, plotted in a
solid blue line, are the reverberant tails containing early re-
flections and reverberation. Note that the propagation time
from the direct sound to ROT1 is also included in the data
vectors for subsequent convolution with the desired source
signal.

The reverberant tails are rendered simultaneously
through the same system but decoded as Ambisonic sour-
ces by applying Gerzon’s equations [26] across all loud-
speakers. For each loudspeaker, the relative contributions
of X and Y are set as functions of the angle between rl-
rs and n. Due to the underlying ambisonic theory and its
first order limitation in this case, the ambisonic cues are
only rendered correctly to a centrally placed listener. Thus,
for a centrally placed listener heading in any direction, the
rendered source cues (time, direction and amplitude) are
correct for sources placed at the same positions as those
used to measure the IRs in the physical space (source po-
sitions 1,2 and 3 in Figure 2). If real time movement of the
focused sources is required or the listener moves within
the rendering environment, the early reflection cues will
no longer maintain their corrected cues unless their corre-
sponding orthogonal IRs are rotated and the amplitude of
individual reflections manipulated accordingly. Reverber-
ant cues, per definition, will not make a significant contri-
bution to subjective source localisation. It is reasonable to
argue that, if the focussed source cues are correctly main-
tained, they will dominate over the early reflection and re-
verberation cues and thus maintain accurate source locali-
sation and realism. Indeed this was the case at a few event
demonstrations of the system.
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To deal with the case of moving listener or sources,
an interpolation between a comprehensive grid of source-
receiver IRs would be required to maintain a physically ac-
curate representation of the reflection profile of the space
for each desired position. To obtain this grid, extensive
acoustic measurement in physical models or comprehen-
sive model prediction of the acoustic sound-field would be
require. Whether a large number of acoustic measurements
or state-of-the-art acoustic digital models are prescribed to
deal with this problem, these would invariably lead to con-
siderable costs in operational efficiency of the rendering
system and was thus not attempted in this work.

4.3. Validation of the rendering system

To validate the method described in this paper and to pro-
vide illustrative results of the system performance, a Fi-
nite Difference Time Domain (FDTD) emulation of the
WFS/Ambisonic electro-acoustic system has been devel-
oped. The FDTD model avoids issues which ensue from
measurements of the physical reproduction system di-
rectly. The FDTD model allows a validation of the integra-
tion of the focussed sources reproduced using WFS with
the reverberant tails reproduced through ambisonic decod-
ing.

Though originally developed for computational electro-
dynamics [27], FDTD is useful for modelling broadband
sound propagation phenomena [10] and can be adapted to
model sound within complex environments that include ar-
bitrarily shaped frequency dependent boundaries [28]. The
acoustic implementation of FDTD considers sound propa-
gation as coupled equations (6) and (7):

1
K

∂p

∂t
= −∇w, (6)

ρ
∂w

∂t
= −∇p, (7)

where p is pressure, w is particle velocity, ρ is the den-
sity of medium and K its bulk modulus. Writing equations
(6) and (7) in discrete centre-difference forms yields equa-
tions (8), (9), (10) and (11) where i, j and k represent grid
locations and n represents time steps.
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Hence, sound propagation in the medium can be repre-
sented as interleaved 3D grids of pressure and veloci-
ties respectively, with neighbouring pressure and veloc-
ity nodes separated by a half step in time and space. To
avoid reflections at grid terminations, perfectly matched
layers (PMLs) [29] are implemented to introduce grad-
ual absorption whilst keeping the impedance constant. By
adding or setting pressures within specified grid positions
various source types can be emulated.

The method was adapted for emulating the hybridised
WFS/Ambisonic rendering of Stonehenge by placing 64
hard sources within the pressure grid at positions cor-
responding to loudspeaker positions and hence setting
summed pressures as functions of time accordingly. Fig-
ure 6 shows the source layout. Detectors can be added at
the desired listener positions to record pressure and parti-
cle velocity responses. The technique can be extended to
model the sound system’s mediating environment and lis-
tener’s head and body shape [30].

4.3.1. ’Dry’ focussed sources

One often overlooked but very important aspect of a con-
vincing auralisation is the correct representation of source
wavefronts. The advantages of reproducing the dry fo-
cussed sources using WFS is that the correct wavefront is
generated for listeners positioned anywhere within the ren-
dering space (except between the rendered source and the
main loudspeakers responsible for generating it due to pre-
echo effects). The rendering of a focused source within the
electro-acoustic system is demonstrated in Figure 6, which
displays a time frame when the focussed source just to the
left of the listener position (centre of the array) reaches
the listener. The compression and rarefaction zones of the
wavefront can clearly be seen as they progress from left to
right across the listening area. If only this focussed source
is considered, a listener can freely move in an area around
it whilst still localising the source at the defined position.
This perceptual effect is crucial in conveying a realistic au-
ral representation of the sound source [31]. In the system
presented, focussed sources can be generated at various
positions within the space and moved in real time. Listen-
ers may also move relative to the source position whilst
the source position directional cues are maintained.

4.3.2. Reverberant cues

For a listener positioned at the centre of the electro-
acoustic system the correct reverberant cues may be cre-
ated using ambisonic technology as described in 4.2. The
FDTD modelled output from the system is shown in Fig-
ure 7. The detector position is defined at the centre of the
loudspeaker array where directional cues decoded from
the B-Format measurements system will be correct if the
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Figure 7. Orthogonal impulse responses for a centrally placed
receiver in the hybrid WFS/Ambisonic rendering system. Re-
sponses contain both direct and reflected sound. Source and re-
ceiver relationship is identical to measurement in Figure 5.

source position matches those used for measuring the B-
Format responses in the physical space. For validation pur-
poses, the same source/receiver relationship as shown in
Figure 5 has been used. The FDTD grid has been excited
using a point source. The orthogonal responses shown in
Figure 7 contain both the direct sound, which is rendered
as a focussed source as described in 4.3.1, and the rever-
berant tail, which is rendered using correct decoding equa-
tions for each of the 64 loudspeakers in the system. The RT
presented by the rendering system when configured to re-
produce one of the sources within Stonehenge has been
determined from the W (omnidirectional) signal and is
shown in Figure 4. The obtained values for RT are compa-
rable to what was measured on site. Some differences are
observed which can be explained by the fact that a single
source/receiver position for the modelled response is be-
ing used rather than an average of various measurements
as is the case in the physical measurement data. The results
demonstrate that a listener within the rendering system is
presented with a soundfield similar to that existing in the
real space.

5. Creating the soundscape within Ston-
henge

For public presentation, a folk ensemble comprised of two
singers, one percussion instrument and a choir was ren-
dered in the system. Source positions marked 2 and 3 in
Figure 2 were selected for the two singers since the orthog-
onal IRs obtained at these positions contain the physically
correct spatial cues. Given the limited number of measured
source positions, two extra source positions were gener-
ated by inverting the pressure gradient sensitive channels
of the corresponding IRs prior to convolution. I.e. two fur-
ther source positions, diametrically opposite positions 2
and 3, were generated by inverting the respective Y and X
signals of the corresponding original B-Format IRs. The
authors are aware that this latter technique will not rep-
resent the acoustic environment accurately but rather flip
it in terms of side to side or front to back. It is neverthe-
less a complementary tool that may be used to obtain more
source positions when only a few measurements are avail-
able, without introducing gross inaccuracies. Furthermore,

editing the temporal and amplitude response of reflections
in the obtained IRs would allow further manipulation of
the resulting directional cues and reverberation character-
istics. Such techniques, as are already available in convo-
lution reverb applications [32], will not be entirely accu-
rate as they distort the physical characteristics of the space
but are available to add flexibility to the method. The per-
ceptual benefits of such techniques when compared to the
more costly option of comprehensive B-Format IR mea-
surement grids and associated interpolations is an issue for
further investigation.

6. Summary

The work presented here describes a set of acoustic mea-
surements and the development of an electro-acoustic
rendering system to recreate an auralisation of the Pre-
Historic monument Stonehenge as it is believed to have
existed around 4000 years ago.

A brief overview of acoustic measurements taken at
Stonehenge and at a full size identical and complete
replica of it at Maryhill, USA, has been reported. It has
been shown that the acoustic sound field currently present
at the Stonehenge monument reveals a few weak specular
reflections and weak acoustic reverberation. This is natu-
rally associated with the fewer stones still standing at the
site and a section providing a clear propagation path be-
tween the centre and the outer sarsen circle. At Maryhill,
echo and focusing effects that could have been expected
from the circular shape of the structure, are actually very
weak and present no such acoustical problems. This is
due to the peculiar shape of the site with various concen-
tric circles of stones and the stone-gap-stone arrangement,
providing a high degree of sound scattering and creating
conditions where the arrival of reflected energy is evenly
spread out in time rather than at the defined intervals typ-
ical of specular reflections. The larger number of stones
arranged in concentric circles helps to retain reverberant
energy within the space even without the presence of a
roof. The site’s response is thus characterised by a short
but noticeable reverberation with no evidence of echoes.

The rendering system presented is a novel concept that
brings together wave field synthesis and ambisonic repro-
duction techniques. Numerical validation of the method
has been presented using a Finite Difference Time Do-
main model of the rendering system. The correct gener-
ation of focussed sources within the rendering space has
been demonstrated. The acoustic response obtained when
modelling a source in Stonehenge through the rendering
system is similar to the conditions found in the measured
physical model at Maryhill.

The approach presented not only provides a valuable in-
sight into the acoustic response of an important archae-
ological site but also demonstrates the development of a
useful tool in the archaeological interpretation of impor-
tant buildings and heritage sites, some of which may not
exist in their original form.
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The rendering system has been setup at public events
and may be experienced at the Acoustics Research Cen-
tre at the University of Salford. Auralisations using a
similar binaural/ambisonic hybrid technique and FDTD
animations of the rendering principles are available at
www.acoustics.salford.ac.uk/res/fazenda/acoustics-of-
stonehenge/.
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