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Abstract: Psychoacoustics offers a promising, subject-centred approach in unlocking the sonic experience of
past built spaces. Its tools and metrics offer tempting responses to an essential challenge of sensory archae-
ology practice: the rendition of individual experience as data. How can one person’s experiences be compared
with another’s towards generalized observations? Moreover, what can be said about past experience as a
result? These questions are central to the ongoing acoustic consideration of the ancient sanctuary of Zeus on
Mount Lykaion. Here the landscape that binds the sanctuary ruins offers noteworthy moments of sonic
connectivity and isolation. Building on existing scholarship based on researcher perception, a sensory
approach was developed to explore the site’s sonic relationships and ultimately determine what roles they
could have played in original site usage, information beyond what the architecture and written record offers.
Extensive site research uses first-hand sonic observation to frame a machine-based psychoacoustic analysis of
binaural field recordings. Findings map out a sacred terrain of shared and singular experience orchestrated by
sonic connectivity made available for further interpretation. They also underscore the necessity of caution in
interpreting psychoacoustic findings themselves as an empathetic understanding of past people.
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1 Introduction

What can we learn about a site’s distant past by listening to its current form? And how might we structure this
analytical listening? In recent years, archaeological attentions have turned towards wider experiential modes
of investigation through individual and combined senses, including through sound. Many new methods in
sensory archaeology are being developed to investigate the layer archaeologists have not always prioritized:
the experiential, the intangible, and the immaterial, which is nonetheless derived from the material surround-
ings (see for instance the variety of approaches in Briick, 2005; Fahlander & Kjellstrom, 2010; Hamilakis, 2015;
Hamilton et al., 2006; Landeschi & Betts, 2023; Skeates & Day, 2019). A sense-based investigation can take on
many forms, examining a single sense in isolation or in a synesthetic combination.

Switching the primary lens of historic investigation from visual to sonic has proven to be a rich reposi-
tioning for research (Aletta & Kang, 2020; Butler & Nooter, 2019; Firat, 2021; Scarre & Lawson, 2006). In one
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dimension, doing so shifts attention away from what physical evidence is left towards what (form, individual,
activity) is absent. But more expansively, “viewing” through listening has enabled the re-examination of
interpretive assumptions, floating quotidian (though no less ritualized) experience alongside formalized,
authorized constructions and narratives, and requiring new questions to be posed of existing material
remains. This proves essential for sites such as the Mount Lykaion sanctuary, where the surviving architecture
only indicates general programming for large (and infrequent) gatherings, despite the site very likely being
used frequently for individual, daily ritual purposes outside of grand events.

In general, one can understand the sonic setting of a place as formed by two composite layers: the physical
structure or environment that hosts certain acoustic effects, and the sounding practices and sources that
initiate these effects. Ancient amphitheatres, for instance, were physical structures designed such that activity
on the stage could be heard from any seat; performance practices developed that collaborated with the
architecture and audience for this purpose.

Yet when researching a sonic setting, a third layer must be considered: human sound perception.
Soundscape studies arose out of this consideration, originating with the work of R. Murray Shafer and
Michael Southworth, who were contending with the elevating levels of industrial “noise” (unwanted or
negatively interpreted sound) in 1960s in North American cities (Schafer, 1994; Southworth, 1969). Schafer
codified his approach into what is now a primary reference for soundscape work, republished in 1994 as “The
Soundscape: Our Sonic Environment and the Tuning of the World.” His foundational work was expanded by
the Five Villages project, which carefully studied what could be recognized today as historic soundscapes, and
the influential independent work of his original team, including Hildegard Westerkamp and Barry Truax
(Jarviluoma, Kyt6, Truax, & Uimonen, 2010; Truax, 2012; Westerkamp, 2002). Since these early concerns,
soundscape study has blossomed in many research directions beyond the effects of noise. At its core, sounds-
cape study today involves the study of a particular sonic environment according to how humans perceive it,
either through live soundwalking in the environment and immediate feedback, or through lab-based studies
where sounds are played for participants to respond to in some form. Humans are always the beginning of
perceptual research within soundscape, and individual context is paramount. Since 2014, international stan-
dards for soundscape terminology, investigation, and analysis have been developed and published in stages
under the International Organization for Standardization Standard number 12913 (ISO, 2014, 2018, 2019). This
ISO standard defines the soundscape as the “acoustic environment as perceived or experienced and/or under-
stood by a person or people, in context” (ISO, 2014) and lays out the soundscape approach as a consideration of
“people, acoustic environment and context in a combination of several differing investigative methods”
including psychoacoustic techniques (ISO, 2018).

The field of psychoacoustics, which studies “the relations between the physical characteristics of sounds
and the evoked sensations” in organisms, has uncovered and modelled the particularities of human hearing,
such as our sensitivities to certain frequencies, sound filtering mechanisms, time-based adaptations, pattern
recognition, differences corresponding to age and gender, and our fine-grained spatialization of sound origins
(Fastl & Zwicker, 2007; Plack, 2010b). Each plays a role in how we process a sound wave into information that
we then interpret for meaning. In sound-focused research of place, one must consider the physical properties
of sound as well as how it is perceived by human ears — the two realities may differ.

The examination of sound within historic settings has driven investigations from many disciplines (social
sciences, humanities, and STEM included) that employ a wide range of research methodologies. As a brief
cross-section, consider previous studies (Aletta & Kang, 2020; Blake & Cross, 2015; von Fischer, 2018; Gunder-
lach, 2007; Katz, Murphy, & Farina 2020; Mills, 2014) — efforts centred within archaeology are expanded upon in
Section 3. One of the primary challenges in any discipline is documenting and communicating sound-based
data: in effect, converting information from one sense into another. For researchers who employ technologi-
cally driven approaches in their efforts, the advances in both acoustic measurements and acoustic rendering
offer tools (often developed for acoustical engineering) with an unprecedented guarantee of precision. It is
now possible to differentiate reverberation times of individual frequencies down to the milli- or microsecond,
a level of detail beyond the capabilities of human hearing. Psychoacoustics offers a promising addition to such
approaches, with “objective” insights into human hearing perception based on modern human physiology;
generalizations depend particularly on the capabilities of both the vocal mechanism and the inner ear, which
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are understood to have developed in their current forms between 50,000 and 150,000 years ago (Lieberman,
2007; Mehrotra, Srivatav, Mehrotra, & Sharma, 2020).

However, the direct application of these tools to archaeological site investigation requires some adapta-
tion. While the consistency of measurement that such tools offer is necessary for dependable pattern recogni-
tion and verification of results, the level of precision applied to the gathered data and their analysis must be
scaled appropriately for interpretive intents, especially in settings that no longer bear their original material
configurations. Moreover, the original designed intent of (psycho)acoustic analyses must be accounted for
prior to use; a metric developed for rating speech clarity in a closed indoor environment may produce
unreliable data in an outdoor archaeological site, for instance. To put these various complexities in a row
towards productive research, this study will detail the application of psychoacoustic approaches within the
ancient sanctuary of Zeus on Mount Lykaion, Greece, where striking sonic connections have been observed
between building ruins and distant landscape features alike.

2 Psychoacoustics as a Threshold Between Humans and Their
Environment

With its origins in the spatialized experience of sound (Ouzounian, 2020, Chapter 5; Yost, 2015), the field of
psychoacoustics has found productive application in the research of contemporary settings, often conjoined
with soundscape studies of corresponding sonic environments (Aletta, Kang, & Axelsson, 2016; Engel, Fiebig,
Pfaffenbach, & Fels, 2018; Lenzi, Sddaba, & Lindborg 2018; Genuit & Fiebig, 2017; Lenzi, Sddaba, & Lindborg,
2021; COST, 2013). As mentioned, psychoacoustic study focuses on the first reception and processing of a sound
(e.g. if the sound is received as loud or part of a sound pattern) rather than either the physics of sound moving
in a space or the cultural and meaning-centred responses to sound that fields such as ethnomusicology and
soundscape studies address. In this way, the field of psychoacoustics studies the narrow middle-ground of
human subjectivity between a sound and its eventual interpretation (Plack, 2010a).'

Within the field of psychoacoustics, values for frequency sensitivities, filtering mechanisms, and singula-
rities present in the human ear-brain connection have been derived from physiological averages determined
through experimental testing and subsequent modelling. “Average” hearing responses according to these
characteristics have been identified, which establish general psychoacoustic metrics in standard conditions
such as perceived loudness, sharpness, and roughness, pitch, and fluctuation (Fastl & Zwicker, 2007; I1SO, 2017;
Moore, 2014). The derived values have so far been taken to be representative across cultures and time periods,
as they are applied across the vast majority of psychoacoustics research studies without baseline challenges.

Psychoacoustic analyses are conducted on sound recordings with high playback fidelity (i.e., recordings
that closely resemble original conditions for the human ear) — binaural recordings are typically made, which
record the spatialization of the recorded sound in addition to many attributes. This is particularly relevant for
archaeological applications: such recordings may be considered closer to an archival-quality recording for
future reference (much like a high-resolution photograph); additionally, the files may be revisited by future
researchers for additional study and/or for verification of original conditions and conclusions. The recordings
themselves are thus objects of study that can be analysed according to first-hand impressions through play-
back (and it must be stated that this playback is always dependent on the capacity of the machine as much as
the human listener) as well as being analysed by predicted human perceptive attributes through psychoa-
coustic analysis. Different current archaeological schools of thought may read implicit objectivity and sub-
jectivity of these data differently.

By using psychoacoustic methods (which are detailed in Section 4.3 for this study), a sonic condition or event
is documented according to average human perception — these average values form the baseline of comparison

1 This middle-ground between objectivity and subjectivity provides an ideological tension for current archaeological practices
negotiating between post-enlightenment notions of objective research truths, post-processual and sensory-based understandings of
the researcher-as-interpreter, and post-humanist reassessment of objects’ agency through concepts such as vital materialism.
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between recorded phenomena. For instance, adults have a consistent average assessment of the perceived
loudness of a sound as well as the perceived threshold that differentiates two sounds (largely dependent on
frequency; see Fastl & Zwicker, 2007, pp. 209-210). Such average values have been determined by studying many
individuals in varying sound conditions and physical settings and using averaging procedures as appropriate to
determine a predicted response in a listener (Fastl & Zwicker, 2007; ISO, 2017). These findings are built into the
construction of digital analyses that are employed in this study and detailed in Section 4.3.

Fundamentally, psychoacoustic tools enable quantitative comparison of human sonic encounters at a per-
ceptual level — what might otherwise be considered transitory experience (e.g. how loud a sound is perceived to
be) is translated into quantifiable data. Combined with first-hand personal experience, this information can then
be applied to questions of the past to infer what activities or relationships could have been facilitated by the
sounded layer of the built environment. For instance, if individuals stand today in two ancient structures and
cannot see each other, yet they can hear each other speak or even move, new questions can be asked about how
the people and activities in these structures related to each other in the past. Would past actors modify their
practices to be heard either more or less by others? Was the design of these structures informed by sound
transmittance between them? Psychoacoustics is particularly important when considering certain activities, as
some sounds will be more distinguishable to human ears due to their frequency or repetition, for example —
think of discerning children’s conversations during play vs an adult male chanting. The application of psychoa-
coustics within the ancient mountaintop sanctuary of Zeus on Mount Lykaion provides a case study for exam-
ining the potentials and limitations of psychoacoustics in asking these kinds of questions, combining techniques
used within indoor, landscape, and historical research contexts.

3 Psychoacoustics in Archaeology

To understand how psychoacoustics has started to gain relevance in archaeology as both a concept and a set of
applied tools, it is necessary to set the scene for perception in archaeology more broadly. The sensory turn
within the humanities also influenced archaeological practices; as mentioned, the diversity of theoretical and
applied approaches to sensory experience in past built contexts has made solid in-roads into archaeology
(Briick, 2005; Hamilakis, 2013; Skeates & Day, 2019; Wetherell, Smith, & Campbell 2018). Of the many
approaches, two research strands are particularly relevant for Mount Lykaion and worth mentioning as
theoretical benchmarks for the project: landscape phenomenology, and what is termed either sonic archae-
ology or archaeoacoustics. Both archaeoacoustics and landscape phenomenology rely on human perception as
the primary investigatory tool (rooted in Maurice Merleau-Ponty’s phenomenological theorizations; Merleau-
Ponty, 2004), and both consider acoustic dynamics within landscapes in various capacities. Landscape phe-
nomenology explores dynamics in conjunction with a landscape more fully, including the embodied mean-
ingful or symbolic experience to a person while transiting an area as well as from static positions (Hamilton
et al., 2006; Hamilton & Whitehouse, 2020; McMahon, 2013; Tilley, 2004). Much of this work depends first on
human field observation, which might subsequently be supported by measurements via instruments. This is
similar to the soundscape approach and its employment of psychoacoustic analysis, an important reference
for research on Mount Lykaion as well (ISO, 2014; Jordan, 2020). In contrast to the landscape scale of investiga-
tion, archaeoacoustics started with a clear focus on artefacts such as musical instruments; it has since
expanded to include examinations of the acoustic dynamics within natural and built structures (for just a
sampling, see Dordevi¢, Novkovi¢, & Panteli¢ 2019; Scarre & Lawson, 2006; Till, 2019; Yioutsos, 2014). This work
regularly employs various sound recording tools and methodologies alongside human observation (Kolar,
Covey, & Cruzado Coronel 2018; Primeau & Witt, 2018). Archaeoacoustics research of past inhabited spaces
commonly examines usage patterns made possible through acoustics; for example, studies have attended to
the acoustics of caves and shelters to explain where paintings or use evidence is apparent (Fazenda et al., 2017;
Till, 2014; Yioutsos, 2019).

Recently, psychoacoustic considerations have begun to filter into some archaeoacoustic research, advan-
cing speculations about the impact of sound on ancient humans where other direct evidence is absent both
within structures and at the landscape scale (Kolar, 2017; Valenzuela, Diaz-Andreu, & Escera, 2020). Valenzuela
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et al. (2020) describe some of the challenges inherent in psychoacoustic inclusion and point to off-site pre-
dictive site modelling and lab-based sound quality assessment as new methods being explored to determine
possible ancient conditions. Applications in more recently built structures have also been explored (Aletta &
Kang, 2020; Gerstel, Kyriakakis, Raptis, & Donahue, 2018; Sudrez, Alonso, & Sendra, 2016; Tronchin & Knight,
2016). Psychoacoustic study of Mount Lykaion’s sanctuary of Zeus has been carried out since 2015. Using it as a
case study, Section 4 details the specific capabilities that psychoacoustics (as opposed to approaches in
acoustics or soundscape) can offer to sensory archaeology.

4 Psychoacoustic Research on Mount Lykaion

Ground-survey and excavation-based investigations have been undertaken for over two decades by the Mount
Lykaion Excavation and Survey Project (MLESP) (Romano & Voyatzis, 2010). Separate from this effort, sensory-
based research conducted at the site since 2015 has focused not on the static physical remains themselves but
rather on the human dynamics enabled by sound that may still be latent (Jordan, 2020, 2021a,b). A main reason
this site was chosen for such research was due to its intriguing sonic dynamics, the intact state of the landscape
in relation to architectural features, and its continued isolation from contemporary sound sources that
enabled sound recordings for comparative study. The goal of the research has been to gain a greater insight
into how the sanctuary was used — what the structures were designed for, and what activities could have taken
place in the terrain surrounding them. The ancient architecture is greatly deteriorated and gives up limited
clues; a thin, yet invaluable, first-hand account from antiquity details the appearance of the site when the
buildings were already in ruins, as discussed below. But the mountainous landscape as it stands today
provides an evocative communal experience where communication can be held across great distances. Inter-
estingly, the acoustics can change dramatically within a short distance, providing sudden disruptions in the
sonic patterns one may experience between landscape and architecture. Sonic connectivity can be surrounded
by patches of relative isolation, the sphere of one’s acoustic reach constantly changing. The sonic connective
tissue of the sanctuary, whether designed or naturally occurring, feels undamaged in comparison to the
architecture. It is easy to imagine that people in antiquity would have identified the same hillsides as optimal
for cheering on athletes or would have similarly been surprised by how clearly someone on a distant hillside
could be heard.

4.1 Mount Lykaion/Lykaion Zeus - A Brief Site History

An orientation to the study site’s development in antiquity helps establish the framework for its sonic
investigation. The sanctuary to Zeus was built into the southern peak of Mount Lykaion, a prominent moun-
taintop sanctuary in the Peloponnesian Mountains on the historic, political, and physical border between
Arcadia and Messenia. At its southern peak (1,382 m) sits the remains of an ash altar, a bedrock summit
covered in a thick layer of ash from the centuries of burned sacrifices conducted in the open during ancient
times. Just below are two column bases and an open area identified as a temenos or sacred precinct.
Excavations at the altar have revealed evidence of use extending to the Neolithic period, but the introduction
of structures can be dated to the appearance of a Mycenaean shrine in the sixteenth century BCE (Romano &
Voyatzis, 2014, p. 569). Approximately 200 m in elevation below the altar is a lower sanctuary used for ritual
athletic games in honour of Zeus during Hellenistic practice.

The lower sanctuary today is defined by a cluster of building foundations (Figure 1) — those identified are a
stoa, small building with semi-circular walls, a fountain building, an administration or banqueting building,
monumental seats with statue bases, a tunnel leading to the hippodrome, and a bathing complex. These bound
a visible hippodrome and adjacent stadium area — turning posts for horse races and starting blocks for foot
races have been found, and the earthwork that supports the hippodrome surface still forms clear north and
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Figure 1: Bird’s eye view of the Sanctuary for Zeus with built remains outlined (white text denotes lower sanctuary components); recording
points mentioned in the text are shown in red; location of Mt. Lykaion in Greece is indicated in upper right corner (Image: P. Jordan).

northeastern edges. Another fountain building, known as the Agno or Hagno fountain, was constructed in a
re-entrant of the mountainside approximately halfway in distance between the lower and upper sanctuaries
where abundant water once flowed (Pausanias, 1918, sec. 8.38.3). It is situated at the end of what may have
been a processional way along a mountain spur connecting to the hippodrome surface, and which also draws a
convenient straight line between the bath and Agno fountain. All the buildings listed above were constructed
of monumental local limestone blocks; the characteristic mixture of polygonal masonry mixed with rectilinear
coursed layers visible in the structures supports the assertion that the buildings were constructed simulta-
neously in the mid-fourth century BCE (Romano, 2019; Romano & Voyatzis, 2014, 2015), perhaps coinciding with
the establishment and political consolidation of the valley city of Megalopolis in 371 BCE. Such a unified and
singular composition is a rarity in comparison to the more common evolution over time of other sanctuaries.

After a century and a half of usage, the Lykaion Games were relocated to the valley city of Megalopolis in
215 BCE and the lower sanctuary was apparently abandoned thereafter (Romano & Voyatzis, 2015, pp. 207-276).
This indicates that the limestone structures on display today may have only been used in conjunction with
ritualized athletic competitions for approximately 150 years. However, use of the site appears to have con-
tinued for at least another century for gatherings; the tunnel was transformed into a dumping site, and
substantial banqueting debris dating from the second and first century BCE have been found here (Romano
& Voyatzis, 2015, pp. 219-220, 269-273). A brief account of the physical environment of the lower and upper
sanctuaries was made by Pausanias in the first century CE, when the lower sanctuary was already abandoned
and the buildings fell into disrepair:

There is on Mount Lycaeus a sanctuary of Pan, and a grove of trees around it, with a race-course in front of which is a running-
track. Of old, they used to hold here the Lycaean games. Here there are also bases of statues, with now no statues on them.
(Pausanias, 1918, 8.38.5)

The appearance of limestone architecture does not mark the dawn of the lower sanctuary, however. Evidence
of earlier site activity has been uncovered under the monumental seats and hippodrome surface without the
evidence of previous structures such as foundations or other support materials, indicating possible activity
from the seventh century BCE (Romano, 2019, pp. 98-108; Romano & Voyatzis, 2015, pp. 207-276). This would
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represent 300 years of ritualized site use prior to the appearance of monumental stone architecture. It would
also explain how Pindar could provide descriptions of the established “festival of Lycaean Zeus” (Pindar,
1990c) and celebrated athletic victors from the fifth century BCE, at least 100 years before the buildings were
likely erected (Pindar, 1990a,c,d). If the site was indeed used for hundreds of years prior to architectural
formalization, stone monumental buildings did not always define ritual activity throughout the site’s history;
rather, they concretized an intent by the funding source that could have drawn on existing practices and
relationships developed over centuries.

The site architecture today sits in ruin, with almost nothing known throughout its long history concerning
daily use by local worshippers or ritual events for panhellenic participants. The written record is mostly silent
about functional details such as ancient individual and group practices, navigational pathways to and through
the sanctuary, spectator seating areas, event staging zones, and the identities of priests. Instead, the only
information available — at the level of authorized narrative from what was monumentalized, inscribed, or
mythologized - is limited to victors of athletic competitions and ancient rumours or suppositions (Jordan,
2021a,b; Smith, 2012). There are also some unknown physical site parameters. The wild vegetation and possible
plantings during ancient times are undocumented; the “sacred grove” to Pan mentioned above by Pausanias
stood within the lower sanctuary — was this of note due to the inclusion of special trees or their unique
arrangement? Did a grove stand out against a mountain denuded of its native oak forest due to livestock
grazing? If there were areas of vegetation in and around the sanctuary, the presence of trees or low shrubs can
have a slightly scattering effect on sound transmission, mostly at higher frequencies as shorter wavelengths
are scattered by leaf-cover. A more dominant effect would be the sound of wind in the foliage, with different
leaves producing a variety of effects (Bolin, 2009).

Some parts of the sanctuary are known to have been free of vegetation: the hippodrome and stadium
surfaces, the temenos, and the exposed peak that, though below the tree line, can still be seen from ancient
Megalopolis and the surrounding valley. The porosity of the ground without vegetation will have an effect on a
sound as it passes across the ground and is partially absorbed across frequency spectra (Suravi, Shin,
Attenborough, Taherzadeh, & Whalley, 2019). This dynamic is naturally affected by the water saturation of
the ground soil (Horoshenkov & Mohamed, 2006; Oshima, Hiraguri, & Okuzono, 2015), which is a consideration
for the site due to the prominence of the hippodrome and temenos for sacred activities on or around these
areas. It should be noted that the hippodrome surface today has two distinct material compositions; the
majority of its surface is compacted topsoil with limestone fragments from farming activity; however, the
southern area is a fine, smoothed gravel introduced since 1973 for historical recreations of the ancient
competitions. These have differing acoustic absorption and reflection properties. Other locations where bed-
rock is covered in soil or where water sources were known to have flowed in antiquity would also have been
affected by water saturation levels, and these levels would vary throughout the seasons. Most surrounding
hillsides host a combination of exposed limestone bedrock and thin topsoil with low grass cover.

Despite these variables, there is an important structural consistency between ancient and contemporary
times on the mountain. The geology of the leeward mountainsides that house the lower sanctuary have
remained stable and representative of ancient conditions (Davis, 2009, 2018), suggesting that the experience
of sound in the landscape today could bear significant resemblance to what was possible in antiquity when
considering the geometry of the landscape. Additionally, sound conspicuously connects disparate locations all
around the sanctuary today — activity on the hippodrome can be heard with varying clarity from most (but not
all) building outlines, while visible landscape features provide natural amplification for speech in some spots
and acoustic masking in others, as discussed later in this article.

Acoustic experience in the present thus becomes a primary research avenue towards understanding how
ancient visitors could have organized themselves around ritual practices where sound was a core component.
The site itself, landscape and architecture combined, is the most significant source of evidence concerning
ancient usage. Given the degree to which the ancient structures and surrounding landscape seem sonically
connected today, the acoustics of the sanctuary are approached as a semi-intact stratum of the built landscape,
available for the study of ancient site engagement alongside architectural fragments, soil layers, and
small finds.
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4.2 Sonically Based Research Question, Objectives, and the Standard Field
Approach

Our sonic psychoacoustical investigations on Mount Lykaion begin from the understanding that sacred rites
and cult practices were originally carried out in the landscape with and without architectural staging. What
was considered sacred space in antiquity may be substantially different from today. Moreover, the practices
and expectations of visitors were undoubtedly informed by the time period in which they lived and the locality
from which they originated; Arcadian/regional cultural traditions, wider political agendas manifesting in
Classical and Hellenistic periods, mythological associations between sound and deities (Zeus, Pan, and Pan’s
nymph Echo, for instance), and even the physical labour of the journey to the site could have exerted strong
influence on ancient encounters on the mountain.

Starting from a visual assessment, the original positions of architectural structures are apparent, with
many floors at least partially intact. However, original acoustic relationships are generally absent due to the
partial, ruined state of structures and the absence of many walls and all roof systems. This dearth prevents
studying the effects that building envelopes would have had on acoustic transmission. In many locations,
however, it enables the project to study the landscape dynamics that were in place for centuries before the
buildings were constructed. Did architectural placement take advantage of latent acoustical properties in the
landscape? One can often hear conversations at a great distance with surprising clarity — how much of this
(present-day) dynamic is based on the mountainous environment versus the expectations and conditioning
from our current industrialized times?

To offer answers to these questions, the investigation aims to simultaneously qualify and quantify the
present sonic dimension in relation to antiquity — “qualify” through direct observation, and “quantify”
through acoustic measurements and psychoacoustic analysis. Sound is inherently a spatialized experience,
and our perception of it brings insight of the environment through which it travelled no matter if the sound
originated 1 or 100 m away. Thus, the investigation must be carried out at multiple scales, from a 5m or less
radius of self-originating sound, to tracing acoustics across 100 m or more, to understand the interplay of
environment and sound on perception. The study also requires an approach to sonic analysis that combines
multiple perspectives, from live voice-testing to recorded impulse responses. In all cases, the study depends on
“activating” the acoustics through a newly introduced sound that can then be analysed in detail. A psychoa-
coustic frame adds to objective measurements (e.g. decibel levels or reverberation times) by turning the focus
towards the witnessing individual instead of the sound itself — the research does not stop with a situation’s
measured decibel level; it goes on to determine how loud the sound is perceived to be on average. When
applied in historical or ancient settings, psychoacoustic analyses offer a data-driven avenue for considering
the daily interactions between ancient users and their surroundings.

The next step is determining where to record. Without direct accounts attesting to ancient design inten-
tions, this inquiry requires the investigation of many possible interconnections based on field observations
and informal interviews with participants of the MLESP over the years.

A thorough understanding of the architectural remains and known practices helps to narrow down areas
where sound could have played a significant role. Any area that has an obvious entry, orientation, or desig-
nated place to sit, for instance, demonstrates a programmed focus of attention and activity — the sonic
relationship between the two positions can then be explored. In many cases, the area or activity that is the
focus of architectural attention is unclear or unknown, in which case acoustical findings may help to identify
potential ancient intentions. For instance, the stoa and seats are built parallel to each other and seemingly
parallel to the (naturally occurring) possible processional way — thus the acoustic relationships between these
three structures were recorded for analysis. When conducting this work, it is vital to account for any notice-
able physical changes since antiquity that alter the sonic dynamics being explored. The entry to the tunnel, for
example, has been excavated and currently sits in an open trench almost 2m below the current ground
surface level (Figure 2); any recordings made at this location, no matter how intact the stone architecture
of the tunnel may be, will be significantly affected by the earthen trench walls surrounding it. Recordings
made here will not be historically illustrative and are omitted from the study.
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Figure 2: The excavated (northern) entry to the tunnel, closest to the hippodrome. Acoustic tests here bear no relationship to original
conditions due to the high earthen walls on all sides that were formed after site abandonment (Image: P. Jordan).

Another important source of information used to determine recording positions is the prior experience of
the author and other archaeological researchers recounting their experience of surprising sonic connectivity
while working at the lower sanctuary: the best place to communicate if one’s walkie-talkie dies, what positions
are completely sonically isolated from the rest of the lower sanctuary, or how far away can one stand and still
hear someone on various hilltops (Jordan, 2020, 2021a). These anecdotal observations are then substantiated by
extensive in situ observation during the field research between at least two researchers.

The best tool for gauging acoustic perception remains the human ear, so live sound-producing and listening
tests are carried out before any recordings are made. Each researcher claps her or his hands together several
times as a spontaneous impulse response test — though the effect can vary, the intention is not to collect
statistically similar data. Rather, the practice is a quickly and easily conducted first draft based on a sound
every hearing human is familiar with. It gives preliminary impressions (to the clapper and others) of reverbera-
tion patterns, connectivity across the site, and sound localization affordances in that location (the ability of the
listener to identify from where the sound and its echoes are originating). Key observations are then followed up
with controlled tests. First spoken tests are also carried out during initial explorations, with a researcher
speaking a few sentences at a speaking volume for communicating with one person within a 2m radius, a
projected voice (as if speaking in a large room), and a shouted voice designed to carry across at least 50 m. These
tests are similar to those carried out by Hamilton and Whitehouse in a different landscape setting (Hamilton
et al., 2006; Hamilton & Whitehouse, 2020). The spoken phrases are randomly chosen by the speaker so that the
listener does not have the advantage of expectation to subconsciously fill in gaps of misunderstanding or
inaudibility. Both adult female and male researchers participated in these first explorations, thus incorporating
the inherent sex-dependant variability in human vocal ranges (Lindblom & Sundberg, 2014; Titze, 2000). The tests
illustrate how effectively information-rich sonic detail can be transmitted across the sanctuary at different
degrees of intention (spoken volume implying a different intended audience from shouting). The language
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used in these tests is usually English rather than ancient Greek because specific phonemes are not the object of
study — the acoustics that defines relationships across the landscape are the core interest, so intelligibility in
relation to vocal effort is an important factor in the soundings (Traunmiiller & Eriksson, 2000). Systematic
speaking tests are later repeated with controlled conditions in positions of interest with a single male voice.

The researchers perform these various tests and note what is heard from her or his perspective. Each
individual keeps an ear open for anomalous effects (e.g. surprising speech comprehension at large distances,
flutter echoes), alignments between these dynamics and evident architectural features, and other possible
patterns. Both the overall connectivity and the character of the soundscape that is activated by the sound tests
are noted, as the function and the atmosphere were intrinsically joined in such a sacred space. This fieldwork
method works for stationary positions as well as for identifying zones of connectivity or isolation. In the case
of zones, a researcher moves along a determined path while carrying out the tests, and the listener notes when
sonic dynamics perceptibly change. A clear shift is marked as a different experiential zone; representative
points within different zones can then be recorded later.

The concentrated time and attention spent in active listening naturally provides a wealth of site experience
and baseline expectations in each researcher. The team homed in on particular research questions during the
process. This approach was essential when studying the relationship between the hippodrome surface and
surrounding hillsides, for example, where previous experience suggested strong intercommunicative relation-
ships. Multiple zones of varying acoustic connectivity were identified between points by researchers on the
surface and adjacent hillsides. After this initial phase of “discovery,” recordings were carried out as phase two of
research so that the attributes of the different zones could be identified more specifically.

4.3 Integrating Psychoacoustics into Field Research - 2023 Field Applications

Sonic perception guides the field research through planning, execution, and analysis phases of the project. As
such, the strategy for recording data at the sanctuary is guided by the intent to compare results (not simply to
record the sound of a moment), so that individual experiences of sound can be consistently compared. This
takes a number of forms during data collection: the same speaker setup can be recorded in different climatic
conditions to trace the consistency of the observed dynamic; a recording can be made between two positions
and then the speaker and microphone positions can be reversed for reciprocal analysis; or the recordings of a
stationary sound source from two different positions can be compared to each other for variations. But the
first phase is in situ listening and speaking tests.

Some key positions are naturally identified as being of special research interest by triangulating historical
research, architectural signification, and the first phase of field research. The key positions stand out as
centrally located, as exceptional in acoustic connectivity, as historically referenced, or as having other relevant
features. These positions form central recording nodes from which many other relationships can be explored.
One of the nodes identified in 2022, for instance, was a portion of the hillside to the west of the hippodrome
surface (see “Hillside” in Figure 1), a position from which spoken conversations could be carried out with an
individual on the hippodrome, and which will be returned to later. A speaker is then placed on one of these
nodes, and the headset-based microphones record what is heard from one or up to dozens of positions around
the sanctuary. Most of these recordings are then repeated with the speaker and microphones switched to
determine — among other investigations — if the sonic dynamics are uni-directional or bi-directional in their
effects. This detailed recording scheme marks phase two of field investigations.

For these recordings and their comparisons to be scientifically valid, environmental and recording vari-
ables are reduced as much as possible or kept consistent during the recorded data collection. The baseline
conditions on Mount Lykaion are rural and removed from most constant sources of modern sonic interfer-
ence; there are no routinely trafficked through-roads in the vicinity, nor are there any developments or
inhabitations that could introduce modern sound sources. All recordings were made between 6am and
2 pm for 12 days in August with varying temperature, cloud cover, and humidity conditions, but never during
arain event. August is usually the driest period due to the daytime heat and low rainfall, so moisture contents
of the soil is presumed to be lower than other times of year and thus more sound absorptive. Atmospheric
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Figure 3: Field assistants Tristan Beutter and Bojan Manasijev setting up the speaker and meteorological testing devices at the southern
entrance of the tunnel, which extends downhill to the right (Image: P. Jordan).

conditions were gathered at the speaker’s location, including temperature, humidity, atmospheric pressure,
wind speed and direction, and position of the measurement device relative to the sun (Figure 3). All these
factors can affect sound propagation and perception. At least three recordings of each sound were made to
control for interfering sound or changing weather conditions. The same researcher wore the microphones,
and the speaker was set to the same height. The researcher wearing the binaural recording device always
faced the sound source, and the speaker was always positioned to face the recording position. The sounds of
cars, airplanes, and any similar intrusions were omitted (files were re-recorded as needed) to reduce con-
temporary sonic elements in the data. The ubiquitous sounds of pastoral goat bells throughout the mountain
landscape could not be avoided and have been considered a form of living or intangible heritage from more
recent eras (Panopoulos, 2018; UNESCO, 2003); however, recording efforts were paused when the auditory
masking of the bells overpowered the test signal. Similarly, low levels of wind were a constant factor, but
recordings were remade or paused when gusts dominated the recorded material.

Different test signals were employed to cover multiple research motivations. In total, a 10 s long loga-
rithmic sweep file from 100 to 12,000 Hz, a 30 s stepped logarithmic sweep file from 100 to 9,000 Hz, a 20 s white
noise file from 100 to 12,000 Hz, and a recording of live speech (male voice) at three different volumes were
recorded at each position. The duration and projected volume of each recording signal was designed to
maximize the output for analysis while keeping the recording time itself as brief as possible. The ranges of
sound were limited to within the capabilities of the speaker and the human hearing range. The human hearing
range is widely accepted to be between 20 Hz and 20 kHz; variations exist across individuals and age groups,
particularly as one ages and loses sensitivity at higher frequencies (Moore, 2014, pp. 476-477).

Each file offers slightly different information in later analysis during phase three of the field research, so it
was important to have multiple sound sources in data collection. The sweeps and white noise files are useful
for direct comparisons between files; the most direct version is a transfer function analysis, which traces the
effect of the path taken by sound between source and receiver. It allows comparison by amplitudes, for
instance, so the difference in decibels (dB) between overall files or portions of signals can be tracked. These
findings can then be tallied with psychoacoustic analyses such as perceived loudness to determine if perceived
differences correspond with the objective dB readings.” The continuous and stepped sweeps provide an easily

2 Perceived loudness is measured in sone, a unit of subjective loudness equivalent to 40 phons. One phon is equivalent to 1 dB(SPL)
at 1,000 Hz (1 kHz) and varies at other frequencies. Such rough equivalencies between dB(SPL) and sone can indicate significant
deviations between sound behavior and human perception as long as frequency is noted.
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Figure 4: Initial FFT vs time spectrograms comparing identical noise file recordings made between a hillside and the ceremonial seats. In
this reciprocal set, the speaker was placed on the hill and directed towards the seats (left) and then placed on the seats and directed
towards the hill (right). The right image clearly demonstrates a difference in perception between 900 and 1,200 Hz (Image: P. Jordan
using ArtemiS Suite™).

recognizable pattern in fast Fourier transform (FFT) versus time spectrogram representations of the record-
ings and in psychoacoustic analyses that consider pattern recognition, such as the relative approach (RA)
(Bray, 2004; Genuit, 1996). The continuous sweep also allows running convolution analyses with the files later;
these, in turn, allow the playback of any sound file as if it had been recorded in the original field setup.

The pre-recorded noise file enables comparisons as well. Because the power of all frequencies (100-12,000 Hz)
projected in the file are identical, FFT vs time spectrograms of the recordings reveal any frequencies that are
consistently affected by the sanctuary in some way. Figure 4 depicts an example where sound reception is
evidently not the same in both directions between the ceremonial seats and a hillside approximately 100 m
away (Figure 1 for positions). While the lower range (100-500 Hz) and upper range (4,000 Hz+) in these
recordings are attenuated similarly, the range between 900 and 1,200 Hz varies up to 15 dB(SPL) when pro-
jecting from the seats vs the hillside. Such a drop could affect the perception of sounds such as human
whistling or flute playing in this range such as the aulos (Polychronopoulos et al., 2021). Finally, the live
speech recordings are essential for studies in detailed pattern recognition and speech legibility between
sanctuary positions, such as lab-based listening studies conducted with public participants. The binaural
quality of the recordings is also relevant, for it ensures that later playback has the highest possible experiential
fidelity for future researchers — they can be considered archival documents in themselves, beyond the targets
of this research project. They also serve as an effective communication tool for general audiences; recordings
of live speech offer a humanized approach to the data that are more comprehensible than seemingly abstract
sweep files that entail only cursory pattern recognition. The most persuasive tool for sharing sensory research
findings to a general audience often can be the field recording itself, where the listener can more easily feel
emplaced through a spatialized sonic experience that closely mimics one’s own hearing capacities (Fastl &
Zwicker, 2007, Chapter 15.4; Genuit & Fiebig, 2017).

4.4 Field Equipment

The basic setup for field recordings has remained constant over four field seasons of recording (2015, 2017,
2019, and 2022): test sounds are emitted from one location and recorded binaurally from another, and
meteorological conditions are recorded from only one of the two positions. The equipment used in making
field recordings was selected for consistent performance, easy portability, prolonged operation under battery
power, and stability in rugged terrain with sunny outdoor exposures. Any external power devices (generators
or large power banks) were not employed, as they could introduce potential sonic interference to the record-
ings in very quiet conditions or with small distances between the speaker and microphones. Recordings in 2022
were made using the handheld SQobold II recording system (HEAD Acoustics, GmbH™) paired with the BHS II
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binaural headset (binaural microphones worn as headphones), which could also give live sound pressure level
readings, FFT-based analyses, and some psychoacoustic measurements such as loudness over time on the
SQobold’s monitor.

The speaker used to project the pre-recorded sounds was a portable, battery-powered Mackie FreePlay
Live speaker, mounted on a standard tripod at human height (the base was positioned at approximately
160 cm/5.25 feet). The test sounds were loaded onto an iPhone 7 with i0S15.5 operating system and then played
at maximum phone volume via the Google Drive app, which relayed them to the speaker via Bluetooth. The
master volume on the speaker was set to maximum.

Meteorological data were recorded using a Benetech Anemometer (Model GM8910), a Tacklife Humidity
Meter (Model HMO01), and a WeatherFlow WINDmeter with corresponding Wind and Weather Meter App. The
anemometer and humidity meters were affixed to the tripod legs, while the windmeter was handheld and
directed towards the wind manually. Since weather conditions may affect sound propagation and perception
(Attenborough, 2008; Bohn, 1988), average value readings for the speaker-microphone pairing were taken
across the time spent recording all test sounds — a period of approximately 15 min per placement. Any sound
emitted from the spinning mechanism of the wind velocity meter was found to be negligible. Generally,
recordings were made when the wind was at low or consistent levels.

Recordings were calibrated via a set of control tests made on the hippodrome surface during prime
conditions (very low wind and no interfering masking sounds). Each test signal was recorded at 5, 10, 20,
and 40 m from the speaker to determine the speaker’s output in situ.

4.5 Recording Examples

With over 1,600 recordings, the dataset encompasses dozens of site relationships that can be delved into from
many perspectives. In order to highlight the constant interplay between perception and archaeological inter-
pretation, two recording examples will be discussed in detail that together demonstrate different scales of
interaction and varied applications of psychoacoustics.

Example 1. As mentioned earlier, previous field seasons and anecdotes shared by archaeologists suggested that
the hillside immediately west of the hippodrome is a promising place from which to converse with others
throughout the lower sanctuary (Jordan, 2020, 2021a). Preliminary field testing confirmed that spoken com-
munication could easily be held across 100 m or more between the hillside and the southern side of the
hippodrome. More extensive live testing was first carried out to determine optimal positions from which to
make recordings. This process, conducted with three researchers over 2 days, highlighted a specific elevational
band on the hillside where speech was clear and intelligible to and from the hippodrome, and where the sound
of clapping was sharp and distinct from any first reflections. One position within this band was selected as an
indicative study point. In turn, zones of similar features were identified on the hippodrome. It became clear
that the hippodrome surface was acting as an effective reflector, though with different intensities across its
surface. The ground surface material had a perceptible effect for those on the hippodrome and on the hillside.
Indicative points within the contrasting zones were selected as study points for recordings, one of which is
depicted in Figure 1 (corresponding to the red dot on the hippodrome).

Identical control recordings were made on the dirt and the gravel surfaces of the hippodrome in open field
conditions with a radius of at least 10 m on all sides; these provide baseline absorption and reflection effects of
the materials so they may be factored into results later. The psychoacoustic study of all these recordings was
started by using specific loudness and the RA analyses (Sottek & Genuit, 2005) to determine if the perceived
clarity with which a conversation can be held across these positions is reciprocal or more uni-directional. Such
analyses indicate whether the sound level and the perceived loudness levels match, or whether a sound is
perceived to be louder than it actually is — a convenient possible effect in this case. From field-tests alone, this
location seems strongly reciprocal in its sonic connectivity, an observation that reinforces data from past
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seasons with similar sensory findings. Without question, there exists a zone on the hillside that is particularly
helpful for having a mutual sonic interaction between southern hippodrome activity and hillside. More
detailed analysis will provide insight into whether perception and objective sound transmission match or
whether human perception is particularly suited to hearing sounds projected between these two areas.

If the observed reciprocity is true, the finding raises the important question of locating ancient spectating
as a ritual activity on Mount Lykaion. Chaniotis has made a strong case for ritual activity being an intrinsically
and intentionally shared experience between “actor” and spectator (Chaniotis, 2006). In Mount Lykaion’s
lower sanctuary, cult worship centred around ritualized athletic competitions held in part on the hippodrome
surface; public spectators would have completed a pilgrimage up the mountain to witness these events, as they
did at other sanctuaries of Zeus such as Olympia and Nemea. Yet no formal areas demarcated for ancient
spectating have been found on the mountain in the past decades, suggesting the practical solution that
witnesses of the games stationed themselves on the surrounding hillsides. Identifying hillside and hippodrome
zones for the optimal perception of activities creates a physical condition to analyse; understanding the role
that such experiential reciprocity could have held in ritualized practices, through the research of Chaniotis
and others, underscores the possible relevance such effects could have had in ancient practice. Psychoacoustic
investigations thus point to a new location for further archaeological examination in search of ancient
spectating evidence.

The hillside study point, as mentioned, was identified as a study node for the season, so many reciprocal
recording sets across the sanctuary were made from this position in addition to the hippodrome surface. One
such additional set was made between the hillside position and the front edge of the stoa, which was open to
the north and facing the hippodrome (Figure 1). These two positions have very similar absolute elevations.
Field tests suggested that a strong sonic connection existed between both positions, which also share good
visual access to the hippodrome. So, recordings were carried out to explore the potential sonic relationships
between two possible positions of ancient spectating. With Chaniotis’ research again in mind, how sonically
connected could groups in these two areas have been?

In favourable conditions, the first analysis showed only a 2-3 dB difference between the two directions of
recording (sound from the hillside was slightly more powerful than sound from the stoa). An FFT spectral
analysis comparing two recordings from these positions demonstrates the overall finding with slight varia-
tions at different frequencies (Figure 5). All recordings from these positions (three in each direction) were
compared and the outcome is consistent within a few dB variation. We can then project this result back into
historic context; during a ritual athletic festival, celebrants and participants could have been present on the
hillside, along the stoa edge, and many locations between these areas. These athletic competitions were
popular events, with victors celebrated by writers of the day (Pindar, 1990d; Xenophon, 1922, pt. 1.2.10).
Many other activities could have taken place simultaneously, and masking effects from crowds and other
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Figure 5: FFT spectral analysis of stepped sweep file projected from the hill (black dashed) and from the stoa edge (red solid). A few dB
(SPL) difference are apparent, indicated by colour-related shading and selected spot measurements. (Image: P. Jordan using ArtemiS
Suite™).
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sound sources throughout the sanctuary would have been likely. Silence may have also played an important
role and should not be forgotten. Capacity of connection does not, therefore, guarantee utilization by past
users. So, more study is needed to draw more specific conclusions concerning possible interrelationships
between groups in these two positions in antiquity.

Example 2. In contrast to the above example, a smaller investigation was carried out in the unearthed ruins of
a small building next to the stoa. This is an exception to the typical recordings carried out at the landscape
scale, demonstrating how an approach employing psychoacoustics can remain flexible and responsive to
different acoustic conditions.

The building (Figure 6) was first documented by the Greek archaeologist Konstantinos Kourouniotes at the
turn of the twentieth century (Kourouniotes, 1909) and was again unearthed recently. The structure stands out
from other architectural remains in the sanctuary, despite its comparably ruined state, due to its back wall
being semi-circular instead of rectilinear. The original curved interior wall is intact up to approximately 1 m in
height, with the joints between monumental limestone blocks still tight and the sidewalls extending from each
end of the semi-circle moderately intact to the same height. So far, this appears to be the only building with a
curved element in the sanctuary, an exception aesthetically and acoustically. Most concave, reflective surfaces
will produce a focusing effect for someone positioned at the focus point of the curve, because the rounded
surface will reflect more sound back to the source position rather than dispersing it. Such focusing was
discussed previously as a probable condition (Jordan, 2021b), and this was confirmed to be present in the
2022 field season.

Making a detailed acoustic study of the ruins, by employing impulse response tests to map out the full
acoustic signature of the space, would not provide useful information for this study because the structure in its
current form does not represent past conditions. The upper walls, ceiling, roof, and floor are absent, and each
would make an important contribution to the acoustics within the structure. Furthermore, the exterior walls
of the semi-circular building as well as the adjacent stoa (the remains of which are in the immediate back-
ground of Figure 6) and nearby buildings are all missing. All would have mediated the sound entering the
inner curved chamber from the exterior of the building. The greater context is simply too different from the
supposed original conditions. Inter-sanctuary relationships could thus not be explored through testing, such as
where sounds made on the interior of the structure could be perceived throughout the sanctuary. Nor could
the perceptual effects be studied directly that are inherent in moving from an open, public place of ritual and
transit into a partially enclosed space of more private activity, as guaranteed by the evident architectural
design.

Despite the modern alterations, field tests suggested that there was still relevant information to glean: the
intact, consistently sized portion of the rounded interior wall lent noticeable focusing effects to both clapping

Figure 6: Excavated building with semi-circular interior stone wall, speaker placed at focal point of curve (Image: P. Jordan).
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and spoken tests. So far, this is the only building uncovered at the site with a discernible acoustic character
that likely bears a resemblance to original conditions — though they would significantly change the overall
acoustics of the interior building volume, fully intact walls, floor, and ceiling would not have likely changed
the focusing effects of the concave wall. So, a recording strategy was developed to capture the effects of self-
made sounds within the structure rather than relationships between positions in the sanctuary and to deter-
mine what role acoustic perception could have played in this unidentified structure.

First, the focus of the concave surface (not quite a 180° semi-circle) was identified and used as the study
position (Figures 1 and 6). The speaker was mounted so that the majority of sound emitted would be projected
onto the concave surface rather than above it; this required it to be mounted lower than normal at approxi-
mately 0.6 m above the floor (Figure 6 shows the “normal” speaker position at 1.2 m, average human height of a
modern observer in a standing position). A researcher wore the BHS II headset with microphones and
crouched immediately behind the speaker, facing the concave wall and positioned so that the microphones
were above the speaker to prevent the speaker box from blocking direct reflections from the concave wall. All
pre-recorded and spoken tests were conducted and recorded with this setup to maintain consistency of
recording strategy across the sanctuary. In doing so, significant resonance was experienced, with particularly
strong results noticed in the field around 1,000 Hz. As expected, repeating the recordings outside of the curve’s
focus point — on the centreline of the structure at the edge of the building ruins as well as the open ground area
beyond — showed that the focusing effect is only perceivable within about a 1.5 m radius from the focus point.

To verify and quantify the above observation of focusing effects, a psychoacoustic analysis was made of
the sweep file played in the curve focus point (Figures 7 and 8), comparing a recording made in the semi-
circular structure with a control recording made in the free-field condition of the hippodrome at 5 m distance
from the speaker. First, an FFT vs time analysis was run on both recordings to determine the absolute levels of
sound in each context — how the sound objectively moved through each space. As Figure 7 shows, most of the
sound power was conveyed to the microphones with little absorption; the two recordings appear very similar,
with the sound power evenly distributed throughout the sweeps. From this representation, we can expect that
the sweep is heard clearly across all frequency bands. There is also no indication of unusual resonance around
1,000 Hz in the semi-circular structure, both in absolute terms and in comparison to hippodrome. If this were
the only information presented, we might conclude that the two conditions sound the same. However, a
representation of the sounds based in a holistic psychoacoustic analysis of each case can provide more nuance
based on human perception.

There are a few tools that might accomplish this. The RA tool takes into consideration the many sensitiv-
ities of human hearing, with particular attention to our incorporation of pattern recognition and the adaptive
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Figure 7: FFT vs time analysis of the sweep file measured at 5 m in the free field of the hippodrome (a), and at the focus of the semi-
circular building (b). In both, the sound energy of the sweep (depicted by the well-defined line extending from bottom left to top right) is
conveyed quite similarly in both contexts (Image: P. Jordan using ArtemiS Suite™).
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Figure 8: RA analysis of the sweep file representing holistic perception, measured at 5 m in the free field of the hippodrome (a), and at
the focus of the semicircular building (b). The sweep is clearly perceived with more intensity in the semi-circular building (b), and the
resonance noticed in the field around 1,000 Hz is visible in red (b) (Image: P. Jordan using ArtemiS Suite™).

nature of human hearing (Bray, 2004; Genuit, 1996). For the average listener, absolute sound levels — as
depicted in the FFT analysis for instance — are less impactful to perception than how one moment compares
to what was heard in the very recent past — especially true given a complex auditory (outdoor) environment
when partial masking is present due to other sound sources (Bregman, 1993; Fastl & Zwicker, 2007, Chapter 8).
This is an important reason why comparing the subtleties of a sound played once and then repeated even
5min later is quite difficult, as we would have already adapted to the intervening conditions in between
replays and subtly changed our hearing baselines as a result. So the RA analysis (Figure 8) provides a relative
depiction of holistic perception over time. What can clearly be seen is the difference in perception between the
two contexts. On the hippodrome (a), the sweep can be seen (and thus heard) above the background sounds,
especially in the upper range between 2,000 and 5,000 Hz. In comparison, the sweep file in the building (b) is
perceived to be much stronger at almost all frequencies. This analysis also clearly captures the resonance
noticed in the field around 1,000 Hz, shown in red on the image and quantified as falling between 790 and
890 Hz in actuality. So, while the FFT analysis shows the sound energy to be received similarly in both
positions, the RA analysis illustrates how the building ruins amplify the perception of that same sound energy
and perhaps construct the especially resonant effect between 790 and 890 Hz. The consequences of this effect
can be researched in more detail now that it has been identified, perhaps exploring possible ritual sound-
making that could occur in this range. Digital modelling has been used productively in other studies of historic
conditions (Beckers & Borgia, 2009; Katz et al., 2020; Lokki, 2013; Richards-Rissetto, Primeau, Witt, & Goodwin,
2023; Sudrez, Alonso, & Sendra, 2018; Weber & Katz, 2022). A digital reconstruction of the building and acoustic
analysis from the same node point could be a future step to expand these findings towards original conditions.

With these in situ observations and analyses, we can return to the building as a historic setting to explore
their implications at the structure as well as sanctuary landscape level. The original purpose of the semi-
circular structure is unknown, but the recordings confirm how personal movements in the space are rein-
forced in one’s own perception, creating a heightened sonic environment distinct from any other part of the
sanctuary.’ This study surmises that such a condition was very likely present in antiquity as well, perhaps

3 Perhaps the only other possibility for such a focusing effect, likely shared with other individuals simultaneously, was the tunnel
connecting the building cluster to the hippodrome. Such an effect would have been greatly influenced by the original ceiling
treatment of the tunnel; an arched limestone roof would have produced focusing effects, while a flat roof would have simply
ensured a closed-off, reverberant space. At present, there is no evidence of a curved limestone roof.
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even intensified with the presumed addition of a reflective stone floor and walls. Tests in the semi-circular
structure confirmed that the effect would not have been easily shared with other visitors, as one must stand in
an unobstructed position at the centre to experience it. Thus, the effect could be understood to be a private
sonic reinforcement inaccessible to others, even those at the threshold of the small structure a few metres
away. Such sonic dynamics could have been significant if the building originally functioned as a sacred space,
especially if sound-making played any role in (ritual) activities within. Sound-based practices were associated
with the cult worship of Pan, particularly in caves and grottos (Yioutsos, 2019), and evidence of Pan worship
appears to originate on this mountain in the sixth century BCE (Hiibinger, 2016, p. 6). A sanctuary of Pan within
the ruins of sanctuary of Zeus is referenced by Pausanias and yet to be identified in contemporary investiga-
tions: “There is on Mount Lycaeus a sanctuary of Pan, and a grove of trees around it” (Pausanias, 1918, 8.38.5).
The curved building does not exactly match this portrayal, but the sonic study allows a different avenue for
interrogating contemporary interpretations of Pausanias’ description.

Even if not related to Pan, the importance of sonic effect underscored in this structure suggests that the
broader sanctuary could have been a more diverse sonic environment than previously understood, composed
of numerous forms of sound-based ritual engagement. One would arrive to the ritual space of a rural
sanctuary from an established entry point and follow certain necessary activities (purification, initiation rites,
etc.). Studying the acoustic relationships in conjunction with the architectural remains allows this order of
operations and its impact on ritual practice and site design to be understood more fully. Having the flexibility
to study the potentials of sonic perception at the building and the landscape scales is key to understanding the
interrelationship of these components.

5 Psychoacoustics and Empathy in Ancient Settings

As the potential ancient sanctuary soundscape emerges, it is natural to imagine ancient individuals hearing
what we do today. Our empathetic projections bear a moment of consideration, however, from a few direc-
tions. First, it is necessary to recognize that the functional concept of empathy introduces different connota-
tions depending on the disciplinary perspective one takes (Weigel, 2017). This discussion approaches empathy
as based on a presumption of shared physiological responses paired with dissimilar cultural contexts — a
combination of physical and emotional contexts that we can relate to in a first-person re-imagining (Hollan &
Throop, 2022, pp. 1-21, following Halpern, 2001). As such, psychoacoustic tools offer data that reflect this
presumed shared physiological response to the sonic environment, but it measures only present conditions.
It is then necessary for archaeologists, historians, and other experts to discuss what meanings and values a
hypothetical past individual could have ascribed to her or his initial responses to the acoustic environment.
The data gathered in the present must be interpreted within the full cultural and emotional context of past
users, which we cannot fully know nor ultimately empathize with. In addition, the significant potential in
applying psychoacoustics in research must be balanced with awareness of what the tools were originally
designed to accomplish. In the case of psychoacoustic measurement tools and spatialized sound more broadly,
these can be traced to military research and applications (Ouzounian, 2020, Chapter 5). And as mentioned, the
universal applicability of psychoacoustic averages across cultures and settings could still be confirmed to a
greater degree.

By applying psychoacoustic analyses to the remains of an ancient soundscape such as on Mount Lykaion,
new questions can be asked about the ritual dynamics, possible construction logics, and hierarchies of access
that originally organized the site through sound. The examples presented above demonstrate the utility of
psychoacoustic analysis as one of many tools: first-hand experience of sonic connection from a hillside was
supplemented with psychoacoustic data collection, substantiating the initial observation and leading to new
questions concerning spectating as a key element to ritual engagement in ancient times. The tools help
speculate about the texture, range, and diversity of sonic input that ancient users could have experienced.

One must take care when drawing conclusions about ancient peoples from such research, however. While
psychoacoustic study can draw a direct connection to past actors through a surmised shared perception of
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sound, it can also be understood to take a universalist or ableist approach to human experience, presupposing
an average engagement with sound to be the norm or standard. Its application to archaeological settings then
forms the basis for assumptions about past people and their lived experience. A straightforward premise
would be that the research delivers a shared, empathetic rendering of experience in the past. Such assump-
tions have been applied to archaeological investigations already, where “similar perceptual and emotional
experiences” are deemed to result in ancient and modern peoples from a similar acoustic condition, with the
conclusion that “the effects of soundscape acoustics on human experience are universal in ancient and
modern times and listeners” (Valenzuela et al., 2020, p. 6).

Directly relating to the emotional experience of ancient peoples through mechanical innovations must be
carefully defined — one cannot presume empathic data as the output of technology developed for other
(contemporary) purposes. In fact, the derivation of archaeological interpretations from scientific data has
its critics generally (Sgrensen, 2017). Modern expectations related to technology, to communication in public,
and to sound in isolated spaces are quite strong and deeply influential on conclusions — so while a contem-
porary visitor hears talking clearly across large distances in the sanctuary and immediately interprets the
experience as surprising, this is an interpretive jump that cannot necessarily be ascribed to ancient users as
well. Psychoacoustics has been extensively used in researching and predicting emotional responses to con-
temporary sounds in modern individuals. However, a few more research steps are necessary to draw the line
in the reverse direction between current readings and ancient emotional response — the physiological reality
of hearing a sound is the same (we should be able to hear the same speech with similar clarity as ancient
individuals), but the first emotional response may be vastly different depending on cultural context, for
instance. From the archaeological perspective, Joanna Briick warns against forming universal conclusions
about phenomenological encounters using contemporary interpretations (Briick, 2005) with parallels found in
anthropological discourses on sound-focused research, especially where recording instruments play a vital
role (Ames, 2003; Erlmann, 2004; Samuels, Meintjes, Ochoa, & Porcello, 2010). Sarah Tarlow specifically warns
against presupposing emotions to be universally defined across time and cultures (Tarlow, 2012), while David
Konstan has explored the possible congruity of precognitive emotional response to music in ancient Greece
and today (Konstan, 2021). From sound studies, Jonathan Sterne recognizes the tension of what is considered
empathy from both sides of the divide between psychoacoustics and humanities/social sciences (Sterne, 2008),
a helpful guide to squaring psychoacoustics with emotion-based research within past cultures. Researchers are
wise to restrict conclusions about past sensory experience and how it might have been programmed or
understood; it is a challenge for upcoming research efforts to actively bridge this current disciplinary dis-
connect and candidly address how we draw borders between contemporary and ancient responses to the
same conditions. In fact, this is a prime window of opportunity for researchers working with sound in the built
environment to work towards a common language and interpretation standards. For now, psychoacoustic
study clearly proves fruitful for asking richer questions about an embodied distant past and considering more
holistic human participation in built environments.

6 Conclusion

Sonic investigations on Mount Lykaion have made one thing clear: sound can be an organizing force to human
interaction on the mountain. Applying psychoacoustic approaches to archaeological examinations here
enables new kinds of queries concerning how sounded events were perceived in the past by listeners, in
addition to how architecture or landscape may have harboured sonic experience. A primary question guiding
work on Mount Lykaion is whether the placement of architectural structures took advantage of latent acous-
tics in the landscape for ritual practice. The evidence is not yet sufficient to say definitively that sonic effect
was an intentional driver of the sanctuary’s (standing) architectural design. However, the findings substantiate
where and to what degree sound could have played a central role in visitor experience. Sonic connectivity
between distant people and their activities would have been a prevailing feature in stationary positions and
while processing through the sacred terrain. Bi-directional sound clarity between the hippodrome surface and
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an adjacent hillside points to how easily athletes and spectators could have interacted during festivals. Sonic
isolation at the public fountain could have provided experiential contrast from the rest of the lower sanctuary
at a moment of more individualized action (drinking, cleansing). And acoustic focusing of the semi-circular building
would have provided a sensorial diversity that should factor into considerations of site experience both within and
beyond festival celebrations. Further analysis will detail the varied characteristics and locations of this connectivity.
It will also overlay the network of positions under relative isolation (e.g. the water sources: the fountain house,
Agno fountain, and bath complex) and explore the possible ritual implications with positions of silence and sonic
connection being in such close proximity in a sacred landscape for Zeus and Pan.

As capacities in situated acoustic inquiry are only expanding, it is vital that those investigating designed
spaces not only familiarize themselves with this technology for use but also be active voices with acoustic
engineers in the development of these tools. This is a salient concern as well for those negotiating the fault
lines between processual and post-processual approaches to archaeological investigation. The field of psy-
choacoustics offers helpful approaches for archaeologists probing the experience of past people; the more
studies that engage with the difficult challenges such approaches raise, the richer the tools, the theoretical
underpinnings, and the research findings can become.
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