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Abstract Archaeologists are employing a variety of digital tools to develop new
methodological frameworks that combine computational and experiential approaches
which is leading to new multisensory research. In this article, we explore vision,
sound, and movement at the ancient Maya city of Copan from a multisensory and
multiscalar perspective bridging concepts and approaches from different archaeo-
logical paradigms. Our methods and interpretations employ theory-inspired vari-
ables from proxemics and semiotics to develop a methodological framework that
combines computation with sensory perception. Using GIS, 3D, and acoustic tools
we create multisensory experiences in VR with spatial sound using an immersive
headset (Oculus Rift) and touch controllers (for movement). The case study simu-
lates the late eighth and early ninth-century landscape of the ancient Maya city of
Copan to investigate the role of landscape in facilitate movement, send messages,
influence social interaction, and structure cultural events. We perform two simula-
tions to begin to study the impact of vegetation on viewsheds and soundsheds of a
stela at ancient Copan. Our objectives are twofold: (1) design and test steps towards
developing a GIS computational approach to analyse the impact of vegetation within
urban agrarian landscapes on viewsheds and soundsheds and (2) explore cultural
significance of Stela 12, and more generally the role of synesthetic experience in
ancient Maya society using a multisensory approach that incorporates GIS and VR.
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1 Introduction

Archaeologists began using computers in the 1950s and 1960s, contributing to the
subsequent rise of New Archaeology (Cowgill 1967; Gardin 1971). However, only
since the turn of the twenty-first century with the emergence of many off-the-shelf
software packages have digital technologies played a larger role in shaping archaeo-
logical practice and scholarship. When archaeologists began employing Geographic
Information Systems (GIS) in the 1980s, GIS had a non-GUI interface requiring users
to code in GRASS (Geographic Resources Analysis Support System) with a Unix
shell (https://grass.osgeo.org/home/history/). In 1981, ESRI (Environmental Science
Research Institute released ARC/INFO, the first commercial GIS, but it also had a
non-GUI interface requiring users to code with the ARC Macro Language (AML).
In 1992, ESRI released ArcVIEW providing a user interface for GIS that did not
require coding. However, wide-spread adoption of GIS did not occur until the early
2000s with the introduction of ArcGIS Desktop in 1999 (ESRI) along with a push
to provide low-cost and free educational licenses for the software and greater access
via the internet. Post-processual archaeology and the addition of extensions such as
Spatial Analyst and 3D Analyst moved digital archaeology beyond data management
and mapping to human-centred approaches by affording greater analytical function-
ality for non-expert users (i.e. coding was no longer an essential skill) (Llobera
2000, 2001, 2003; Lock 2000; Wheatley and Gillings 2000; Wheatley 1993, 1995).
By the early 2000s developers began work on a variety of open-source GIS solutions,
including Quantum GIS/QGIS and JUMP/OpenJUMP, both released in 2002, and
gvSIG and SAGA, both released in 2004. By 2009, many archaeologists had become
familiar with the open source QGIS providing greater access to GIS.

In the 1990s a few archaeologists began to use Virtual Reality (VR) (e.g. Barcel6
et al. 2000; Dingwall et al. 1999; Forte and Siliotti 1997a, b; Reilly 1991). While
the purpose of VR is to create interactive 3D reconstructions, in the 1990s and early
2000s archaeologists primarily employed VR to create 3D reconstructions that were
viewed as static 2D illustrations or non-interactive animations (Bentkowska-Kafel
etal. 2012). In 2005, Unity—a 3D gaming engine—was released making the devel-
opment of 3D interactive content more accessible. Currently unity works on over 25
platforms and along with rapid software and hardware development of immersive
virtual reality (e.g. Oculus Rift, Samsung Gear VR and HTC Vive headsets), archaeol-
ogists have increasingly used VR to intentionally create interactive 3D environments
that facilitate embodied experiences of archaeological sites and landscapes (Forte and
Bonini 2010; Forte and Gallese 2015; Richards-Rissetto et al. 2012, 2014; Rubio-
Tamayo et al. 2017). Recently, software and hardware have been released inviting
archaeologists to experiment with approaches to enhance embodiment in VR.
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In this vein, cyberarchaeology integrates computer science, engineering, and
archaeology (Levy et al. 2012) to simulate potential past environments in 3D
affording multisensory interaction with data in VR. Cyberarchaeology is therefore
leading to new methods and knowledge that are beginning to influence archaeological
practice (Forte 2010, 2016b; Forte and Pietroni 2009; Forte and Siliotti 1997a, 1997b;
Jones and Levy 2018; Smith and Levy 2014). While archaeologists have carried out
many visibility analyses using GIS (e.g. Doyle et al. 2012; Howey and Burg 2017;
Kosiba and Bauer 2013; Lake and Woodman 2003; Lambers and Sauerbier 2006;
Richards-Rissetto 2010, 2017a, b; Wernke et al. 2017; Wheatley 1995), they are only
recently performing acoustic analyses (e.g. Goodwin and Richards-Rissetto 2020;
Lake 2013; Primeau 2022; Primeau and Witt 2018; Witt and Primeau 2019; Zalaquett
2010; Zalaquett Rock 2015). Other scientists have explored acoustics using tech-
nologies outside of GIS and VR (e.g. Azevedo et al. 2013; Diaz-Andreu et al. 2017,
Tannace et al. 2014; Kolar 2017; Liwosz 2018; Loose 2008; Reznikoff 2008; Watson
and Keating 1999). Despite these advancements, there are very few computational
and experiential multisensory studies of the past; however, archaeologists are increas-
ingly integrating complex heterogeneous datasets into various digital technologies
moving us forward in human-centred analyses that are expanding understanding of
the past (Jones and Levy 2018).

2 Research Overview

Bringing together cyberarchaeology, geospatial modelling and an immersive
embodied experience, we engage in a multisensory study of vision, sound, and
movement in archaeological landscapes using GIS and VR. We initially represent
the ancient landscape as 2.5D GIS data created using analogue maps and airborne
LiDAR (von Schwerin et al. 2016). Next, we integrate these GIS data along with
3D models acquired via terrestrial laser scanning and photogrammetry as well as
3D Computer Aided Design (CAD) models to simulate built and natural compo-
nents in VR. Using both GIS and VR, we investigate the ancient Maya landscape
from a multisensory and multiscalar perspective using computational and embodied
approaches to construct spatial narratives of potential past experiences. Computa-
tional methods in GIS generate viewsheds and soundsheds and acoustic tools allow
us to process sound data from the field to integrate into VR to create multisensory
experiences with spatial sound using an immersive headset and touch controllers.
Our methods and interpretations employ theory-inspired variables from proxemics
(Hall 1966; Moore 2005; Gillings and Wheatley 2020) and semiotics (Buchler 1978;
Richards-Rissetto 2010, 2017a, b) to develop a methodological framework in which
different scales of representation can be defined to specifically target a variety of
sensory perceptions.

The case study simulates the late eighth and early ninth-century landscape of the
ancient Maya city of Copdn to investigate from a multisensory perspective the role of
landscape in facilitating movement, sending messages, influencing social interaction,
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and structuring cultural events (Richards-Rissetto 2010, 2012, 2017a, b; Richards-
Rissetto and Landau 2014). While most sensory analyses focus on either individual
buildings or non-urban landscapes, we employ GIS and VR to bring together both
built and natural elements of the landscape to explore the combined cultural and
ecological impacts on multisensory experience. Combining urban structures with
vegetation is particularly important for the Ancient Maya given that they viewed
settlements as “populated earth”, or kahkab (Marcus 2000), likely representing Maya
cities as urban agrarian places with urban gardens and orchards intermixed with
residences (Ashmore 2004; Chase et al. 2016; Isendahl 2012; Isendahl and Smith
2013; Fletcher 2009; Graham 2008).

To investigate the multipurpose roles of vision, sound and movement for the
ancient Maya, we generate viewsheds and soundsheds from Stela 12 situated in
the southeastern part of Copdn. We explore the cultural significance of Stela 12
its physical surroundings by performing two simulations in GIS and VR. Simula-
tion #1 models viewsheds and soundsheds from Stela 12 using an Urban Digital
Elevation Model (Urban DEM) generated from LiDAR and pedestrian mapping
data (von Schwerin et al. 2016) that includes bare earth (terrain) and archaeolog-
ical structures without vegetation. Simulation #2 builds on this by incorporating
vegetation modelled from paleoenvironmental, botanical, and ethnobotanical data
(House 2007; McNeil et al. 2010; Richards-Rissetto et al. 2016). The objectives are
threefold: (1) augment the Soundshed Analysis Toolbox computational approach to
account for additional ecological variables (beyond temperature, humidity, etc.) to
include groundcover such as urban gardens or orchards, maize fields, forests, etc.,
(2) analyse the impact of vegetation within urban agrarian landscapes on viewsheds
and soundsheds, and (3) explore the cultural significance of Stela 12 using a multi-
sensory approach, and more generally the role of synesthetic experience in ancient
Maya society (Houston et al. 2006).

3 Theoretical Foundations

Shifting paradigms and new technologies lead to innovative approaches to archae-
ology. In the 1950s, settlement pattern studies emerged as archaeologists expanded
research beyond site-level analysis to regions (Sears 1956; Willey 1953, 1956;
Williams 1956). This shift impacted archaeological practice by expanding research
questions and methodologies. Archaeologists began to carry out pedestrian surveys,
mapping large areas to investigate regional interaction and patterns of land use
(Chisholm 1979), and spatial analysis burgeoned. Spatial concepts (often stemming
from geography) such as central places, thresholds and ranges became integral, along
with quantitative methods (Clarke 1972, 1977; Christaller 1933; Foley 1977; Vita-
Finzi and Higgs 1970). In the 1980s, archaeologists adopted Geographic Information
Systems (GIS) for data management and as we entered into the 1990s, archaeolog-
ical uses for GIS expanded to include cost surfaces, resource allocation, predictive
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modelling, and other computational approaches (Kvamme 1988; Lock et al. 2014;
Lock and Stancic 1995; Wheatley and Gillings 2013).

In the 1990s, in part as a backlash to processual archaeology, post-processual or
interpretative archaeology emerged, asking questions about human agency, indige-
nous perspectives, gender and perception (Brady and Ashmore 1999; Conkey and
Gero 1997, 2002; Wylie 1992). Phenomenology began to explore human perception
in the past (Tilley 1994) serving as a major driver/impetus to creating narratives
of human experiences in ancient landscapes (Llobera 2012). For example, archae-
ologists began to use GIS to investigate the role of vision and movement in the
past to understand human agency, social interactions, etc. (Kantner 1997; Wheatley
1995; Wheatley and Gillings 2000). In the early twenty-first century, archaeologists
have been developing GIS computational methods to employ viewsheds and cost
surfaces to investigate past human experience in new ways (Llobera 2001, 2003,
2007; Llobera et al. 2011; Richards-Rissetto 2010, 2017a, b; Richards-Rissetto
et al. 2012; Richards-Rissetto and Landau 2014; Verhagen et al. 2013; Wheatley
and Gillings 2000; Whitley and Hicks 2003).

While GIS applications were gaining momentum, Paul Reilly (1991) introduced
the concept of virtual archaeology. In 1997, Forte and Siliotti published the first
publication exploring the potential of virtual archaeology, and while VR applica-
tions have been increasingly utilised in the past two decades (Barcel6 et al. 2000;
Bruno et al. 2010; Champion 2015, 2017; Dakouri-Hild and Frischer 2009; Richards-
Rissetto et al. 2012), it is only in the last decade with the growth of Cyberarchaeology
that we are witnessing multisensory interaction and analysis in 3D environments
affording increased embodiment (Pujol and Champion 2012). Cyberarchaeology
crosses archaeology, computer science and engineering (Levy et al. 2012) to simu-
late “potential past” in a 3D “cyber-environment” (Forte and Siliotti 1997b) affording
innovative approaches and leading to new questions and knowledge as well as
changing archaeological practice (Forte 2003, 2010, 2016b; Forte and Pietroni 2009;
Jones and Levy 2018; Smith and Levy 2014). In regard to landscape archaeology,
VR in archaeology has focused primarily on built environments for projects such as
Rome Reborn (Dylla et al. 2010), Digital Revival of Cham’s Architecture (Guidi et al.
2012), Depicting Catalhoyiikness (Pujol 2017), Ultraset 3D (http://patrimoni.gencat.
cat/en/ullastret3D) and Funerals on the Rostra (Saldafia and Johanson 2013), or pale-
oenvironmental reconstructions with little to no built architecture (Spada et al. 2017).
Recently, archaeologists have been bringing together the built and natural compo-
nents of the landscape in VR environments for more holistic analysis. They are also
integrating a variety of digital tools to develop new methodological frameworks that
combine computational and experiential approaches leading to new multisensory
research (Chalmers and Zanyi 2010; Gillings and Goodrick 1996; Richards-Rissetto
2017a).
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4 Digital Affordances and Material Culture: GIS and VR

Digital technologies provide certain opportunities to perform, create, and otherwise
represent the potential sensory environment of the past in faster and newer ways.
In other words, they have affordances, or offer possibilities for specific action(s)
by users that may extend beyond their original intended use(s) (Conole and Dyke
2004; Gibson 1979; Norman 1988). In regard to digital, affordances relate to human-
computer interaction and computer-mediated communication; for example, affor-
dances of web 1.0 centred on consumers, while the web 2.0 expanded affordance to
provide opportunities for participation and collaboration, or producers of information
(i.e. user-generated content).

In 1977, James J. Gibson coined the concept of affordance originating from his
research on visual perception. Gibson (1979) argues for a direct theory of perception,
which means the environment that an animal is situated in encodes meaning that is
directly perceived by that animal. In other words, the environment is meaning-laden
and sensory engagement extracts that meaning. Affordance is not a static concept,
and there is an ongoing debate within psychology about its exact meaning (Heft
1989; Jones 2003; Michaels 2003). Gibson’s own descriptions of affordances were
somewhat vague.

As for archaeology, Gillings (2012) argues that spatial technologies such as GIS
should focus on experiential affordances rather than attempting to model human
perception or sensory modalities. Gillings notes that using affordance, as a framework
for GIS-based analyses does not mean anyone is attempting to actually map and
analyse affordances. Instead he contends it is more important to generate framing
heuristic in order to study relations. As a case study Gillings takes a GIS-based
approach to study the placement of early Neolithic monuments. In order to understand
the importance of ocean views in the location of these monuments, he explored
the question: “Where on the island does the relationship between an active viewer
and topographical configuration afford these qualities?” (Gillings 2012, 608). His
analysis was primarily based on GIS derived viewsheds.

However, these were not generated to understand sensory perception, instead they
were generated in order to investigate the relation between people and landscape
(affordance). In other words, Gillings is not visualising an affordance but using GIS
to begin the investigation of one. He concludes that GIS has a key part in experiential
landscape research but the time for dialogue between GIS and experiential landscape
theory is past. Instead of a middle ground, he believes archaeologists should develop
new frameworks that take current trends into account to initiate new debates, while
also embracing emerging spatial technologies.

In the late 1990s archaeologists began to promote the idea that VR afforded oppor-
tunities for embodiment in past places (Forte 2000; Forte and Siliotti 1997a, b). VR
encompasses a wide range of technologies (past, present, and future), reconstruc-
tions (schematic, photorealistic, human actors, etc.) and affordance differs amongst
them (Forte 2016b). Since the turn of the twenty-first century, debate has ensued
about the technological affordances for embodiment (Champion 2011; Forte and
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Bonini 2010; Forte and Gallese 2015; Forte 2016a). Technically, embodiment refers
to the representation or expression of something in tangible or visible form; however,
archaeologists, and others, contend that more than simply being visible is necessary
to create embodiment. Instead, for a person to feel embodied requires a multisensory
experience allowing for real-time feedback and interaction (Forte 2016b). Addition-
ally, questions as to the degree of actual embodiment in VR environments persist, in
great part related to multisensorial capabilities and interactive experiences derived
from real-time feedback (Champion 2011; Pujol and Champion 2012; Forte 2016b).

Cyberarchaeology offers a potential for enriching embodiment using VR (Forte
2016b); and GIS and VR allow for specific affordances, two of which we discuss
here. One affordance is the ability to utilise technology for the development of various
interpretations (Opitz et al. 2022); the other is the ability for technology to draw upon
various sources of evidence and to invite researchers to incorporate evidence that they
may not have otherwise considered (Forte 2016b, 117). Both these affordances are
present in this study as the authors incorporate various evidences for Maya political
and ritual performance: not only does the technology allow for the exploration of
the importance of performance within a particular case study, it also requires an
explicit consideration of the ephemeral aspects of performance. These aspects, such
as sights, sounds and movement, are inherently difficult for archaeologists to study,
but evidence for them is present within the archaeological record (Katz 2017, 2018;
Sanchez 2007). The incorporation of these phenomena within GIS and VR allows
researchers to more fully understand and interpret the experience of previous perfor-
mances, constructing a phenomenological account based more firmly upon evidence
(Gillings 2011; Witt and Primeau 2019).

5 Case Study: Ancient Maya

5.1 Perspectives of Sight, Sound, and Movement

The Classic Maya regarded sound, sight and other senses as tangible yet impercep-
tible phenomena that were important to ancient Maya interaction and experience.
Archaeological and ethnographic evidence support this interpretation (Garza et al.
2008; Katz 2018; Sanchez 2007; Vogt 1976). Vision was proactive to the ancient
Maya; it affected and changed the world around it. Observers validated and autho-
rised what they saw, the gaze of Classic Maya rulers was crucial for moral validation
and projection of power (Houston et al. 2006). This concept is evident in sculptures,
which were viewed as extensions of the person represented and capable of affecting
the space around them. For this reason, when monumental architecture was destroyed,
the eyes and other areas of the face of sculptures were often intentionally mutilated
(Clancy 1999; Freidel 1986; Just 2005). This understanding of Maya perceptions
suggests that elevation and vision are important aspects of city planning, and that
there is an association between visibility and authority amongst the ancient Maya
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(Hammond and Tourtellot 1999; Doyle et al. 2012; Landau 2015; Richards-Rissetto
2010).

In Mesoamerica, sight and sound were conceptually linked (King and Sanchez
Santiago 2011) and sound was equally important as a vision to the ancient Maya. A
diverse array of instruments is depicted in ancient Maya artwork and uncovered in
archaeological excavations (Katz 2017, 2018; Kerr et al. 1998; Sanchez 2007). They
range from percussion instruments like drums and rattles to wind instruments such
as flutes. The sound of instruments was used to enhance visual spectacles, mimic
wildlife, direct dancers, and awaken supernatural entities (Houston et al. 2006; Katz
2018; Looper 2009; Ramos and Medina 2014; Zalaquett Rock 2015; Zalaquett et al.
2014).

Like sight and sound, movement was also important to the ancient Maya, espe-
cially in the context of ritual processions (Keller 2009; Palka 2014; Reese-Taylor
2002; Sanchez 2007). Ritual processions are focused on movement from one locale
to another over the course of a ceremony. Movement in a ritual procession is inter-
rupted by stops to engage in ritual acts at certain stations. These processions were a
specialised rite performed for a specific reason such as the symbolic establishment
of land ownership or promotion of social cohesion. Ancient Maya cities provided a
locale for public performances such as ritual processions that mimic the cosmos and
the actions of the supernatural (Ashmore and Sabloff 2002; Coggins 1980; Sanchez
2007, Takeshi 2006; Tate 2019).

5.2 Ancient Maya City of Copdn

Today Copan is a UNESCO World Heritage Site in Honduras and the city’s land-
scape is dramatically different from the past. During the fluorescence of the Maya
Kingdom of Copén (427-820 CE), a series of sixteen dynastic kings ruled over the
city and its surroundings (Fash 2001). For over four hundred years, the city’s popu-
lation and infrastructure grew. At its peak about 22,000-25,000 people lived in the
city (Webster 2005) manufacturing and trading goods, growing crops, maintaining
households, attending ceremonial events as well as carrying out political and admin-
istrative duties. By the late eighth century, the main civic-ceremonial precinct (Prin-
cipal/Main Group) had undergone many construction phases resulting in a sequence
of large temples, palaces, and freestanding monuments (Fash 2001). Not only did the
Main Group and urban core experience growth and change, but surrounding suburbs
(sub-communities) developed and grew (Fig. 1).

Scholars have argued that the ancient Maya viewed their cities as kahkab, a concept
combining kah (earth) and kab (community). This concept implies that both built
and natural features were integral to Maya landscapes, including cities (Marcus
2000). Supporting this idea is the hypothesis that they practiced urban agrarianism
(Isendahl 2012; Isendahl and Smith 2013). Households typically had garden orchards
with cultivated plants and suburbs outside the urban core also likely grew patches
of maize, along with beans and squash (Fedick 1996; Ford and Nigh 2009; Graham
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Fig. 1 Map of archaeological structures and sub-communities, Copan, Honduras

2008; Killion 1992). While Copan had two sacbe (causeways) leading to the Main
Group, they only extended about 0.75 km to the east and west. Thus, most movement
outside the Main Group was along informal (travel-worn) paths, and while plaza
floors were cleared of vegetation, and some plastered, spaces beyond the plazas would
have had varying degrees of vegetation. Thus vegetation along with topography is
essential to consider in analyses of sight, sound, and movement through ancient Maya
landscapes.

In our simulations we compare the potential impact of vegetation on acoustics
during a ritual performance held at a stela outside Copén’s urban core. The case
study is Stela 12, erected by Ruler 12 to celebrate the 9.11.0.0.0 period (Maya
Long Count notation) ending on Oct. 9, 652 CE (Morley 1920) outside the city’s
urban core in an area with low-density settlement, and yet archaeologists believe it
played an important role in the city’s past (Fig. 2). Several hypotheses exist about
Stela 12’s significance: (1) it was a sun marker, along with Stela 10 that identified
the onset of planting season (Morley 1920), (2) it formed part of a line-of-sight
communication system for relaying smoke signals (Fash 2001), (3) it served as a
territorial marker for the Copan polity (Fash 1983, 2001), (4) it was a locus for ritual
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Fig. 2 Location of Stela 12, Copén (right)

and community events, and (5) it served as a destination for ritual processions (Carter
2010; Richards-Rissetto 2010).

Our intent (at this time) is not to interrogate each of these hypotheses, but rather
begin to gather new (multisensory) data to deepen understanding of ancient Maya
processions. Iconographic, archaeological, ethnohistoric, and ethnographic evidence
indicates that the ancient Maya practiced three main types of processions: Circum-
ambulation, Core-Periphery, and Base to Summit (Keller 2009; Palka 2014; Reese-
Taylor 2002; Vogt 1969). Each type of employed elements of performance involving
stimulating the senses to achieve specific sociopolitical and ideological outcomes.
Our research seeks to contribute to scholarship on ancient Maya processions and
more broadly, to offer empirical and experiential approaches for archaeologists to
explore the role of sound and vision in performance within past urban agrarian (and
other) landscapes.
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6 Materials (Data Sources)

6.1 Data Acquisition and Integration

Using GIS and VR, we integrate various datasets including survey, excavation, ethno-
graphic data, architectural drawings and LiDAR (Fash and Long 1983; Hohmann
1995; Hohmann and Vogrin 1982; Richards-Rissetto 2010, 2013; von Schwerin
et al. 2016; Wisdom 1940) with paleoenvironmental, botanical and ethnobotanical
data (McNeil 2009, 2010, 2012; McNeil et al. 2010; Richards-Rissetto et al. 2016)
to simulate the ancient landscape. Ambient sounds captured in the field along with
reproduced sound sources such as a conch shell, whistles and flutes (Goodwin 2018;
Katz 2017) provide acoustical data.

We create simulations of Copdn in the mid to late eighth century during the
reign of Yax Pasah, Copan’s 16th and final dynastic ruler. The data collection and
reconstruction process began with the built environment and terrain and recently
turned to adding vegetation to refine simulations of ancient Maya urban agrarian
landscapes (Richards-Rissetto et al. 2016).

Architecture and Terrain: Previous publications discuss the datasets and
process employed to create GIS and 3D data we use to simulate ancient Copéan
(Goodwin 2018; Goodwin and Richards-Rissetto 2020; Richards-Rissetto 2010,
2013; Richards-Rissetto and Landau 2014; Richards-Rissetto et al. 2016; von
Schwerin et al. 2016). Our archaeological settlement data came from excavations,
photogrammetric mapping, pedestrian surveys and airborne LiDAR (Fash and Long
1983; Hohmann and Vogrin 1982; von Schwerin et al. 2016). Initially paper maps
(scale 1:2000) were georeferenced and manually digitised to create vector GIS
data (shapefiles) of archaeological structures and contour lines (Richards-Rissetto
2010). In 2013 the MayaArch3D Project commissioned airborne LiDAR for 25
km? surrounding Copdn’s main civic-ceremonial complex (Fig. 3) (von Schwerin
et al. 2016). 3D points were post-processed to identify archaeological features and
compare to existing analogue-derived GIS data as well as generate a 0.5 m Digital
Elevation Model (bare earth with archaeological mounds) and a 0.5 m Digital Terrain
Model (with archaeological mounds removed). The DTM was integrated with raster-
ized structures assigned height using a trigonometric formula (Richards-Rissetto
2013) to create an Urban DEM to simulate the city (scape) of Copan in the mid to
late eighth century with terrain but without vegetation that we use for computational
analysis in GIS.

Vegetation: Vegetation is classified according to five physiographic zones, low
terrace, intermountain pocket, high terrace, foothills and floodplain, designated for
Copén in the 1980s (Baudez et al. 1983), as well as two additional zones, water and
urban. Vegetation data originate from multiple sources. Palynological (pollen and
spore) data from pond sediment cores provide plant species classifications with asso-
ciated AMS dates (McNeil et al. 2010). Using these raw data, we aggregated the data
into specific time periods (e.g. Preclassic, Early Classic, and Late Classic) to isolate
plant types for landscape simulation. In future research we will use percentages of
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Fig. 3 Digital elevation model (top); urban digital elevation model (bottom)
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pollen and spores classified as arboreal, herb or aquatic to begin to determine vegeta-
tion composition for the mid to late eighth century (McNeil et al. 2010). Additionally,
we will employ ethnographic, ethnobotanical, and archaeological studies on land use
to provide context for interpreting and integrating plant, terrain, and settlement data
for the simulation. A key resource is The Maya Ethnobotanical Report—a quanti-
tative ecological study for Copdn Archaeological Park with data on species density,
frequency, and dominance—and information on indigenous plant uses (House 2007).

The GIS data as well as airborne LiDAR and photogrammetric data are the
building blocks for the current VR environment. All GIS data and 3D models are
georeferenced (i.e. they have real-world spatial reference). We generated the terrain
from airborne LiDAR, (with a decimated/optimised resolution) (von Schwerin et al.
2016) and the archaeological structures, monuments, and architectural sculpture from
four sources: shapefiles, photogrammetry, SketchUP and 3D Studio Max (Goodwin
and Richards-Rissetto 2020; Lyons 2016; Remondino et al. 2009; Richards-Rissetto
2010,2013; Richards-Rissetto and Plessing 2015; von Schwerin 201 1). Figure 4 illus-
trates the photogrammetric data integrated into their spatial surroundings comprising
extruded GIS models as 3D models generated using the software SketchUP and
3D Studio Max (www.youtube.com/watch?v=XEXZJHNpn4c; www.youtube.com/
watch?v=B9U3y0CbVh0). The vegetation data comprise initial simulations using a
range of temperate and tropical plants rendered in the gaming engine Unity using
GIS footprints (Day and Richards-Rissetto 2016). Future 3D and VR modelling will
provide more accurate plant types, communities and spatial distribution for VR simu-
lations (see the MayaCityBuilder Project for a sample of vegetation data http://may
acitybuilder.org/?page_id=1219).

Using this VR environment, we integrated captured ambient sounds of spaces
at Copan with 3D and VR models for a more immersive experience. The recorded
ambient sounds were captured through on-site recordings utilising a handheld Zoom
H4n stereo recorder with adjustable microphones that are adaptable to numerous
fieldwork situations. Once recorded, sounds were utilised to create ambience in the
VR environment with the DearVR plugin. The plugin enables a greater sense of
position and reality through spatial sound. For instance, with the DearVR plugin the
audibility of bird calls in the VR environment are relative to the user position. DearVR
has several features that contribute to spatial sound. The first is occlusion, which is
the manipulation of sound waves upon being fully blocked by a surface or feature.
The second is obstruction, which like occlusion may result in a partial blocking of
sound waves, however, some sound may be reflected around the obstruction altering
sound source loudness and reverberation. Obstruction is generally applicable only to
objects near the listener. Third is distance correction, which can increase or decrease
the perceived distance of a sound source relative to the user. Together, the GIS and VR
data allow us to create multiple simulations using different technologies to explore
multisensory experience in the past.


http://www.youtube.com/watch?v=XEXZJHNpn4c
http://www.youtube.com/watch?v=B9U3y0CbVh0
http://www.youtube.com/watch?v=B9U3y0CbVh0
http://mayacitybuilder.org/?page_id=1219
http://mayacitybuilder.org/?page_id=1219
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Laser Scanning (FBK)

Fig. 4 VR environment integrating multiple data types-GIS, 3D StudioMax, Photogrammetry, and
LiDAR

7 Methods

7.1 Soundshed Analysis Toolbox

In 2016, the Soundshed Analysis Tool, beta version 0.9.2, was developed as part
of an Archaeoacoustics Toolbox written in the Python programming language for
ArcGIS 10.3 (Primeau 2022; Primeau and Witt 2018; Witt and Primeau 2019). The
Soundshed Analysis Tool models how sound spreads throughout a landscape and is
based upon “SPreAD,” developed to calculate the effects of noise in US National
Forests (Harrison et al. 1980), and “SPreAD-GIS,” an open source script that first
converted SPreAD into a GIS tool (Reed et al. 2009, 2010). The tool operates by
creating a raster layer of the resultant A-weighted Decibel (dBA) Sound Pressure
Level (SPL) observed by a listener when a sound is made outdoors (i.e. in a “free-
field”). Several factors that contribute to losses or “attenuation” of SPL are calculated
by acoustical formulae which include: atmospheric absorption loss as described in
ANSI 1.26 (1995), topographic loss as described in ISO 9613-2 (1996), and barrier
attenuation as described by Maekawa’s optical diffraction theory (Maekawa 1968;
Primeau 2022; Primeau and Witt 2018; Witt and Primeau 2019).

The Soundshed Analysis tool was initially applied to study archaeoacoustics in
Chaco Canyon, New Mexico, using a variety of acoustical and environmental inputs
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Table 1 Soundshed analysis

1001 v0.9.2 input variables, Environmental inputs Cultural inputs

from Witt and Primeau (2019)  Percentage of relative Location of Sound Source
humidity
Air temperature (°F) Height of sound source (ft)
Ambient sound pressure level | Sound pressure level of source
(dBA) (dBA)
LiDAR-based DEM Measurement distance of

source (ft)

Frequency of source (Hz)

(see Table 1) and employing 1.5 m LiDAR data to provide base modelling elevations
(Primeau and Witt 2018; Witt and Primeau 2019). These studies captured the way
that sound spreads through the landscape, recreating potential experiences; however,
as noted they did not accurately reflect potential impacts of old, no longer extant
structures on audibility. When the Soundshed Analysis Tool was first used to explore
two case studies at Copdn’s principal group, this limitation was overcome through
the addition of Urban Digital Elevation Models which, as noted previously, recreate
the original structure dimensions, most notably their heights (Goodwin et al. 2018a,
b). Soundsheds created using the Urban DEM could therefore be compared chrono-
logically to reveal how the construction or demolition of a structure could alter the
sonic environment.

However, anthropogenic modification is not limited to the built environment.
Whereas Chaco Canyon presents a fairly homogeneous semi-arid desert landscape
of scrub and grasses, Copan presents a landscape of ecotones with both vegetative
and urban modifications. These differences revealed further opportunity to enhance
and modify options within the Soundshed Analysis Toolbox. The Soundshed Anal-
ysis—Variable Cover tool was therefore developed to incorporate vegetation attenu-
ation and includes the optional assignment of multiple ambient SPLs based on cover
type: for example, one ambient SPL in a dense semi-tropical forest, and another
in garden orchards. While the utilisation of reconstructed vegetation models is a
source of debate (e.g. Cummings and Whittle 2003; Lyon et al. 1977; Peng et al.
2014), land cover and vegetation may have impacted the experience of past sound-
scapes. Recent reconstructions (e.g. Goodwin and Richards-Rissetto 2020; Guth
2009; Llobera 2007) support the inclusion of vegetation in analyses to produce a full
range of potential reconstructions, particularly in study areas where past ecosystems
and flora have persisted, essentially unchanged.).

The Soundshed Analysis—Variable Cover tool currently models attenuation based
on four general categories of vegetation. These cover type categories correspond to
formulae used by the US Forest Service (Harrison et al. 1980; Reed et al. 2009,
2010) and were further informed by the work of Aylor (1972). Category A consists
of open or cleared areas (approximately 80% cleared or greater). These areas may
include open water, barren soils, open urban spaces, or low grasses, crops and shrubs
(<0.5 mtall). Category A areas may include trees or other tall vegetation but these are
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sparse and do not result in major breaks in line of sight between the sound source and
observer; structures or other features are visible on the landscape beyond. Category
B areas correspond to denser (approximately 50-80% cleared) vegetation between
1.3 and 2.0 m tall (e.g. thick maize). This vegetation is not much taller than a person,
however, the average person would have a difficulty seeing through it as visibility
is restricted by dense stems. Category C and D areas both consist of dense forested
areas (<50% cleared) that a person cannot see through. Type C areas consist of dense
coniferous vegetation or “old growth” forests where attenuation is primarily due to
tree trunks causing breaks in the line of sight. Type D areas consist of full growth
trees with a high density of branches, leaves, and undergrowth. These areas provide
the greatest amount of attenuation.

7.2 Project Specific Environmental Inputs

For this analysis the seven physiographic zones within the Copén study area were
divided into vegetation attenuation categories as follows: Category A included water,
urban areas, low terrace, intermountain pocket and high terrace; and Category B
included foothills and floodplains. No category C or D areas were modelled based
on the data resolution.

To analyse the impact of vegetation on sight and sound, both the Soundshed
Analysis Tool and the Variable Cover tool were provided the same environmental
input values, including the use of a single ambient Sound Pressure Level of 31 dB.
The models assume the conch shell trumpet is being played on a warm, humid day
(26 °C, 90% humidity) during the wet season (May—November) in the early morning.
Therefore, the only difference between the models is that the Variable Cover tool
includes formulae to calculate vegetation attenuation based on the categories assigned
to the physiographic zones (Fig. 5).

8 Results and Analysis

8.1 GIS Results and Interpretation

Stela 12 and its modelled soundsheds are located entirely within the foothills’ phys-
iographic zone. The presence of vegetation in the area surrounding Stela 12 results
in a degree of sound attenuation that would have ranged between the two mapped
possibilities created by the soundshed tools; therefore, the experience of the listener
should be interpreted as a reality somewhere between these extremes. The sound-
shed created with the Soundshed Analysis tool which encompasses a larger and more
multi-directional area (Fig. 6) illustrates how far the conch could be heard without
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Fig. 5 Inputs for Stela 12: (top) Soundshed analysis tool; (bottom) Soundshed variable cover tool
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intervening vegetation to muffle its sound (i.e. no vegetation attenuation). The sound-
shed created with the Variable Cover tool (Fig. 7) presents a much more conservative
auditory experience showing the impact of thicker vegetation in this area (i.e. with
vegetation attenuation). Taking these results together, we can determine that those
in the immediate vicinity of the conch, as well as those located to the north and
northeast of the sound would have heard the instrument being played regardless of
whether the vegetation was low, or taller and thicker, up to the thickness of dense
shrubbery. The audibility of the conch to those in the south and southwest would
likely have been impacted by the intervening vegetation.

Combining the soundshed modeling with viewshed analysis (Fig. 8), we devel-
oped a VR simulation. This simulation (Figs. 9 and 10) illustrates the experience
of walking through the project area while a conch shell trumpet is being played. A
video is available online at the link below that demonstrates the VR simulation and
the spatial sound capabilities of an immersive headset and touch controllers (https://
youtu.be/qHUnxNn4C3g).

e M - 4
N 1
Audibility of a
Conch Shell Trumpet
] Stela 12
| - A -
| Inputs A
Sound Source Height: 6f. S

Frequency: 330 Hz. .
Sound Level of Source: 9568 | %
Measurement Distance: 1ft.
Temperature: 79 F
Relative Humidity: 90%

Ambient SPL: 31dB

Elevations: Ruler 16

Legend
© Stela or Structure

Audible Area (R.16)

C?Smmms

Sound Pressure Level (dB8)
" High ; 53,1735

Low: 0

Elmﬁajtn!-asl}
s High 911,083

Low : 571.104

Fig. 6 Soundshed of conch shell trumpet at Stela 12, Copdn using soundshed analysis tool
[vegetation attenuation not included]


https://youtu.be/qHUnxNn4C3g
https://youtu.be/qHUnxNn4C3g
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Elevations: Ruler 16 - § i

Legend
©  Stela or Structure

Audible Area (R.16)

7 Structures

&und;m:stsl; L?wd {dB)
1531735
| N

Low: 0
Elevation (m-asl) ' S|
High : 911.083 - |

Low : 571.104 » i 5004

Fig. 7 Soundshed of conch shell trumpet at Stela 12, Copdn using the soundshed analysis—variable
cover tool [vegetation attenuation included]

9 Conclusions and Future Direction

This study represents a preliminary exploration of the impacts of vegetation on the
spread of sound. The Copan Archaeological Project (PAC 1) delineated five physio-
graphic zones (Baudez et al. 1983) that provide an established baseline for vegetation
reconstruction at Copan, further refinement of the landscape reconstruction will be
necessary to achieve the most accurate modelling results. Category C and D vegeta-
tion, as described above, will be added to a high resolution (up to 1 m) land cover
reconstruction raster, capturing the vegetative variability within the physiographic
zones. Viewsheds will also be updated to reflect the irregular patches of vegetation.

As illustrated by the above discussion, vegetation played an important part in both
everyday life and special events in the past. Often considered only on a surface level,
if at all, vegetation impacted visibility, sound and movement across the landscape.
When considered in the context of processions and other political or ritual events,
vegetation limited the reach, and thus the audience, of those events. It remains to
be seen if those events were modified to take this effect into account, but as the
events themselves were meant to be experienced by an audience—indeed, gain their
meaning from the fact that an audience is present—it seems likely that this would
have been a key consideration (Inomata and Coben 2006).
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© Stela or Structure
@ visivle Area
] Stuctures

Elevation (m-asl)
High - 911,083
—

Low : 571.104

Fig. 8 Viewshed from Stela 12, Copédn, Honduras

Fig. 9 Screenshot from the VR simulation as the user approaches Stela 12 with the city’s urban
core in the background
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Fig. 10 Screenshot from the VR simulation after the user has moved past Stela 12 and towards the
civic core and residentials groups visible in the background

Technologies such as GIS and VR allow researchers to explore visibility, audi-
bility and movement, and how they may have affected the performance of events.
Rather than recreating the paths of events themselves, the technologies provide affor-
dances and open up the ability to question the past, allowing archaeologists and other
researchers to engage sensorially with the past, albeit grounded on the evidence of
material culture. This provides for a human-centred form of analysis, rather than one
dictated by the specificities of local geography and resource availability.

However, going beyond this specific affordance, digital technologies lead
researchers to other questions: if GIS and VR are being used to develop accurate
models of the past, in order to allow for a sensorial engagement with that past,
then what information needs to be included in these models? Beyond the presence
or absence of structures and surrounding terrain, or visibility, or even audibility
of events, what other aspects of the past need to be considered? Is there evidence
within the archaeological record to provide clues to answering this question? Digital
technologies guide us to both of these questions and the research needed to answer
them.



200 H. Richards-Rissetto et al.

References

American National Standards Institute. 1995. ANSI S1.26-1995 Method for Calculation of the
Absorption of Sound by the Atmosphere. New York City: Acoustical Society of America.

Ashmore, Wendy. 2004. “Classic Maya Landscapes and Settlement.” In Mesoamerican Archae-
ology: Theory and Practice, edited by Julia A. Hendon and Rosemary A. Joyce, 169-191. Malden,
MA; Oxford: Blackwell Publishing.

Ashmore, Wendy, and Jeremy A. Sabloff. 2002. “Spatial Orders in Maya Civic Plans.” Latin
American Antiquity 13 (2): 201-215. https://doi.org/10.2307/971914.

Aylor, Donald. 1972. “Noise Reduction by Vegetation and Ground.” The Journal of the Acoustical
Society of America 51 (1B): 197-205. https://doi.org/10.1121/1.1912830. https://asa.scitation.
org/doi/abs/https://doi.org/10.1121/1.1912830.

Azevedo, Matthew, Benjamin Markham, and John N. Wall. 2013. “Acoustical Archaeology -
Recreating the Soundscape of John Donne’s 1622 Gunpowder Plot Sermon at Paul’s Cross.”
Proceedings of Meetings on Acoustics 19 (1): 015133. https://doi.org/10.1121/1.4799054.

Barceld, Juan A., Maurizio Forte, and Donald Hugo Sanders, eds. 2000. Virtual Reality in
Archaeology, BAR International Series. Oxford: Archaeopress.

Baudez, Claude F., William L. Fash, and Kurt Z. Long, eds. 1983. Introduccion a la arqueologia
de Copdn, Honduras. Tegucigalpa: Proyecto arqueoldgico Copdn, Secretaria de estado en el
despacho de cultura y turismo.

Bentkowska-Kafel, Anna, Hugh Denard, and Drew Baker, eds. 2012. Paradata and Transparency
in Virtual Heritage, Digital Research in the Arts and Humanities. Farnham, Surrey, England:
Ashgate.

Brady, James E., and Wendy Ashmore. 1999. “Mountains, Caves, Water: Ideational Landscapes
of the Ancient Maya.” In Archaeologies of Landscape: Contemporary Perspectives, edited by
Wendy Ashmore and Arthur Bernard Knapp, 124-145. Malden, MA: Blackwell.

Bruno, F.,, S. Bruno, M. L. Luchi, M. Muzzupappa, G. De Sensi, and S. Mancuso. 2010. “From
3D Reconstruction to Virtual Reality: A Complete Methodology for Digital Archaeological
Exhibition.” Journal of Cultural Heritage 11 (1): 42-49.

Buchler, J. 1978. Philosophical Writings of Peirce. New York City: Dover Publications.

Carter, Nicholas. 2010. “Paleographic Trends and Linguistic Processes in Classic Ch’olti’an: A
Spatiotemporal Distributional Analysis.” MA thesis, Anthropology, Brown University.

Chalmers, Alan, and Eva Zanyi. 2010. “Multi-Sensory Virtual Environments for Investigating the
Past.” Virtual Archaeology Review 1 (1): 13—16. https://doi.org/10.4995/var.2010.4750.

Champion, Erik. 2011. Playing with the Past.Human—Computer Interaction Series. London:
Springer.

Champion, Erik. 2015. Critical Gaming: Interactive History and Virtual Heritage. Farnham, Surrey,
England: Ashgate.

Champion, Erik. 2017. “Bringing Your A-Game to Digital Archaeology: Issues with Serious Games
and Virtual Heritage and What We Can Do About It.” The SAA Archaeological Record 17 (2):
24-217. https://www.onlinedigeditions.com/publication/?i=392992 &article_id=2740714&view=
articleBrowser&ver=html5.

Chase, Arlen F., Kathryn Reese-Taylor, Juan C. Fernandez-Diaz, and Diane Z. Chase. 2016. “Pro-
gression and Issues in the Mesoamerican Geospatial Revolution: An Introduction.” Advances in
Archaeological Practice 4 (3): 219-231https://doi.org/10.7183/2326-3768.4.3.219.

Chisholm, Michael. 1979. Rural Settlement and Land Use: An Essay in Location. London:
Hutchinson.

Christaller, Walter. 1933. Die zentralen Orte in Siiddeutschland. Jena: Fischer.

Clancy, Flora S. 1999. Sculpture in the Ancient Maya Plaza: The Early Classic Period. Albuquerque:
University of New Mexico Press.

Clarke, David L., ed. 1972. Models in Archaeology. London: Methuen.

Clarke, David L., ed. 1977. Spatial Archaeology. London; New York: Academic Press.


https://doi.org/10.2307/971914
https://doi.org/10.1121/1.1912830
https://doi.org/10.1121/1.1912830
https://doi.org/10.1121/1.4799054
https://doi.org/10.4995/var.2010.4750
https://www.onlinedigeditions.com/publication/?i=392992&amp;article_id=2740714&amp;view=articleBrowser&amp;ver=html5
https://www.onlinedigeditions.com/publication/?i=392992&amp;article_id=2740714&amp;view=articleBrowser&amp;ver=html5
https://doi.org/10.7183/2326-3768.4.3.219

Multisensory Experiences in Archaeological Landscapes ... 201

Coggins, Clemency. 1980. “The Shape of Time: Some Political Implications of a Four-Part Figure.”
American Antiquity 45 (4): 727-739. https://doi.org/10.2307/280144.

Conkey, Margaret W., and Joan M. Gero. 1997. “Programme to Practice: Gender and Feminism in
Archaeology.” Annual Review of Anthropology 26: 411-437. https://doi.org/10.1146/annurev.ant
hro.26.1.411.

Conkey, Margaret W., and Joan M. Gero. eds. 2002. Engendering Archaeology: Women and
Prehistory. Oxford: Blackwell.

Conole, Grdinne, and Martin Dyke. 2004. “Understanding and Using Technological Affordances:
A Response to Boyle and Cook.” Research in Learning Technology 12 (3). https://doi.org/10.
3402/r1t.v12i3.11261.

Cowgill, G. L. 1967. “Computer Applications in Archaeology.” International Workshop on
Managing Requirements Knowledge, November 14-16, 1967.

Cummings, Vicki, and Alasdair Whittle. 2003. “Tombs with a View: Landscape, Monuments and
Trees.” Antiquity 77 (296): 255-266. https://doi.org/10.1017/S0003598X00092255.

Dakouri-Hild, Anastasia, and Bernard Frischer, eds. 2009. Beyond Illustration 2D and 3D Digital
Technologies as Tools for Discovery in Archaeology. Oxford: Archaeopress.

Day, Zachary, and Heather Richards-Rissetto. 2016. “Creating Interactive Landscapes with Multi-
Method Modeling.” 81st Annual Meeting Society for American Archaeology, Orlando, FL, April
8, 2016.

Diaz-Andreu, Margarita, Gabriel Garcia Atiénzar, Carlos Garcia Benito, and Tommaso Mattioli.
2017. “Do You Hear What I See? Analyzing Visibility and Audibility in the Rock Art Landscape
of the Alicante Mountains of Spain.” Journal of Anthropological Research 73 (2): 181-213.
https://doi.org/10.1086/692103.

Dingwall, Lucie, Sally Exon, Vince Gaftney, Sue Laflin, and Martijn van Leusen, eds. 1999. Archae-
ology in the Age of the Internet: CAA 97: Computer Applications and Quantitative Methods in
Archaeology: Proceedings of the 25th Anniversary Conference, University of Birmingham, April
1997, British Archaeological Reports. Oxford: Archaeopress.

Doyle, James A., Thomas G. Garrison, and Stephen D. Houston. 2012. “Watchful Realms: Inte-
grating GIS Analysis and Political History in the Southern Maya Lowlands.” Antiguity 86 (333):
792-807. https://doi.org/10.1017/S0003598X0004792X.

Dylla, K., B. Frischer, P. Mueller, A. Ulmer, and S. Haegler. 2010. “Rome Reborn 2.0: A Case
Study of Virtual City Reconstruction Using Procedural Modeling Techniques.” In Making History
Interactive. 37th Proceedings of the CAA Conference March 22-26, 2009, Williamsburg, Virginia,
edited by B. Frischer, J. Webb Crawford and D. Koller, In BAR International Series, 62—66.
Oxford: Archaeopress.

Fash, William L. 1983. “Maya State Formation: A Case Study and its Implications (Volumes I-III).”
Ph.D. dissertation, Anthropology, Harvard University.

Fash, William L. 2001. Scribes, Warriors and Kings: The City of Copdn and the Ancient Maya.
London; New York: Thames and Hudson.

Fash, William L., and Kurt Z. Long. 1983. “Mapa Arqueologico del Valle de Copan.” In Introduccion
a la arqueologia de Copdn, Honduras, edited by Claude F. Baudez, William L. Fash and Kurt Z.
Long. Tegucigalpa: Proyecto arqueolégico Copan, Secretaria de estado en el despacho de cultura
y turismo.

Fedick, Scott L., ed. 1996. The Managed Mosaic: Ancient Maya Agriculture and Resource Use.
Salt Lake City: University of Utah Press.

Fletcher, Roland. 2009. “Low-density, Agrarian-based Urbanism: A Comparative View.” Insights
2: 2-19. https://doi.org/10.1017/CB0O9781139022712.013.

Foley, Robert. 1977. “Space and Energy: A Method for Analysing Habitat Value and Utilization in
Relation to Archaeological Sites.“ In Spatial Archaeology, edited by David L. Clarke, 163—-188.
London; New York: Academic Press.

Ford, Anabel, and Ronald Nigh. 2009. “Origins of the Maya Forest Garden: Maya Resource
Management.” Journal of Ethnobiology 29 (2): 213-236. https://doi.org/10.2993/0278-0771-
29.2.213.


https://doi.org/10.2307/280144
https://doi.org/10.1146/annurev.anthro.26.1.411
https://doi.org/10.1146/annurev.anthro.26.1.411
https://doi.org/10.3402/rlt.v12i3.11261
https://doi.org/10.3402/rlt.v12i3.11261
https://doi.org/10.1017/S0003598X00092255
https://doi.org/10.1086/692103
https://doi.org/10.1017/S0003598X0004792X
https://doi.org/10.1017/CBO9781139022712.013
https://doi.org/10.2993/0278-0771-29.2.213
https://doi.org/10.2993/0278-0771-29.2.213

202 H. Richards-Rissetto et al.

Forte, Maurizio. 2000. “About Virtual Archaeology: Disorders, Cognitive Interactions and Virtu-
ality.” In Virtual Reality in Archaeology, edited by Juan A. Barcel6, Maurizio Forte and Donald
H. Sanders, In BAR International Series, 247-259. Oxford: Archaeopress.

Forte, Maurizio. 2003. “Mindscape: Ecological Thinking, Cyber-Anthropology and Virtual Archae-
ological Landscapes.” In The Reconstruction of Archaeological Landscapes through Digital Tech-
nologies: Proceedings of the Ist Italy-United States Workshop, Boston, Massachusetts, USA,
November 1-3, 2001, edited by Maurizio Forte and P. Ryan Williams, In BAR International
Series, 95-108. Oxford: Archaeopress.

Forte, Maurizio. ed. 2010. Cyber-Archaeology, BAR International Series. Oxford, England:
Archaeopress.

Forte, Maurizio. 2016a. “Cyber Archaeology: 3D Sensing and Digital Embodiment.” In Digital
Methods and Remote Sensing in Archaeology: Archaeology in the Age of Sensing, edited by
Maurizio Forte and Stefano Campana, 271-289. Cham: Springer.

Forte, Maurizio. 2016b. “Virtual Reality, Cyberarchaeology, Teleimmersive Archaeology.” In 3D
Recording and Modelling in Archaeology and Cultural Heritage: Theory and Best Practices,
edited by Fabio Remondino and Stefano Campana, In BAR International Series, 113—127. Oxford:
Archaeopress.

Forte, Maurizio, and E. Bonini. 2010. “Embodiment and Enaction: A Theoretical Overview for
Cybercommunities.” In Heritage in the Digital Era, edited by Marinos Ioannides and A. Addison,
45-56. Brentwood, Essex: Multi-Science Publishing.

Forte, Maurizio, and Vittorio Gallese. 2015. “Embodiment and 3D Archaeology: a Neolithic House
at Catalhoyiik.” In Breaking Barriers: Proceedings of the 47th Annual Chacmool Archaeological
Conference, edited by Robyn Crook, Kim Edwards and Colleen Hughes, 35-55. Calgary, Alberta:
Chacmool Archaeological Association.

Forte, Maurizio, and Eva Pietroni. 2009. “3D Collaborative Environments in Archaeology: Experi-
encing the Reconstruction of the Past.” International Journal of Architectural Computing 7 (1):
57-76. http://papers.cumincad.org/data/works/att/ijac20097104.content.pdf.

Forte, Maurizio, and Alberto Siliotti, eds. 1997a. Virtual Archaeology: Great Discoveries Brought
to Life through Virtual Reality. London: Thames and Hudson.

Forte, Maurizio, and Alberto Siliotti, eds. 1997b. Virtual archaeology: Re-Creating Ancient Worlds.
New York: H.N. Abrams.

Freidel, David. 1986. “The Monumental Architecture.” In Archaeology at Cerros, Belize, Central
America, edited by R.A. Robertson and D.A. Freidel, 1-22. Dallas, TX: Southern Methodist
University Press.

Gardin, Jean Claude. 1971. “Archaeology and Computers: New Perspectives.” International Social
Science Journal 23 (2): 189-203.

Garza, Clara, Andrés Medina, Pablo Padilla, Alejandro Ramos, and Francisca Zalaquett. 2008.
“Arqueoactstica maya. La necesidad del estudio sistemdtico de efectos actsticos en sitios
arqueoldgicos.” Estudios de cultura maya 32: 63-87.

Gibson, James J. 1977. “The Theory of Affordances.” In Perceiving, Acting and Knowing: Toward
an Ecological Psychology, edited by Robert E. Shaw and John D. Bransford, 67-82. Hillsdale,
N.J: Erlbaum.

Gibson, James J. 1979. The Ecological Approach to Visual Perception. Boston: Houghton Mifflin.

Gillings, Mark. 2011. “Chorography, Phenomenology and the Antiquarian Tradition.” Cambridge
Archaeological Journal 21 (1): 53—-64. https://doi.org/10.1017/S0959774311000035.

Gillings, Mark. 2012. “Landscape Phenomenology, GIS and the Role of Affordance.” Journal of
Archaeological Method and Theory 19 (4): 601-611.

Gillings, Mark, and Glyn Thomas Goodrick. 1996. “Sensuous and Reflexive GIS: Exploring
Visualisation and VRML.” Internet Archaeology (1). https://doi.org/10.11141/ia.1.2.

Gillings, Mark, and David Wheatley. 2020. “GIS-Based Visibility Analysis.” In Archaeological
Spatial Analysis: A Methodological Guide, edited by Mark Gillings, Piraye Hacigiizeller and
Gary Lock, 313-332. London: Routledge.


http://papers.cumincad.org/data/works/att/ijac20097104.content.pdf
https://doi.org/10.1017/S0959774311000035
https://doi.org/10.11141/ia.1.2

Multisensory Experiences in Archaeological Landscapes ... 203

Goodwin, Graham. 2018. “Modeling Sound in Ancient Maya Cities: Moving Towards a Synesthetic
Experience using GIS & 3D Simulation.” MA thesis, Anthropology, University of Nebraska-
Lincoln.

Goodwin, Graham, and Heather Richards-Rissetto. 2020. “Modelling acoustics in ancient Maya
cities: Moving towards synesthetic experience using GIS & 3D Simulation.” Digital Archae-
ologies, Material Worlds (Past and Present). Proceedings of the 45rd Annual Conference on
Computer Applications and Quantitative Methods in Archaeology edited by J. Glover, J. Moss,
and D. Rissolo, pp. 73-86. Tubingen University Press.

Goodwin, Graham, Heather Richards-Rissetto, Kristy E. Primeau, and David E. Witt. 2018a.
“Bringing Sound into the Picture: Experiencing Ancient Maya Landscapes with GIS and
3D Modeling.” Computer Applications and Quantitative Methods in Archaeology (CAA)
International Conference, Tiibingen, Germany, March 19-23, 2018.

Goodwin, Graham, Heather Richards-Rissetto, Kristy E. Primeau, and David E. Witt. 2018b.
“Soundscapes and Visionscapes: Investigating Ancient Maya Cities with GIS and 3D Modeling.”
83rd Annual Meeting of the Society for American Archaeology, Washington, DC, April 11-15,
2018.

Graham, Elizabeth. 2008. “Stone Cities, Green Cities.” Archaeological Papers of the American
Anthropological Association 9 (1): 185-194. https://doi.org/10.1525/ap3a.1999.9.1.185.

Guidi, G., M. Russo, D. Angheleddu, and P. Zolese. 2012. “A Virtual Connection between Past and
Present: The Digital Revival of Cham’s Architecture (Vietnam).” In /8th International Conference
on Virtual Systems and Multimedia: Proceedings of the VSMM 2012 Virtual Systems in the
Information Society, edited by Gabriele Guidi and Alonzo C. Addison, 361-368. Piscataway, NJ:
Institute of Electrical And Electronics Engineers, Inc.

Guth, Peter L. 2009. “Incorporating Vegetation in Viewshed and Line-of-Sight Algorithms.”
ASPRS/MAPPS 2009 Specialty Conference, San Antonio, Texas, November 16-19, 2009.

Hall, Edward T. 1966. Hidden Dimension. New York: Anchor Books.

Hammond, Norman, and Gail Tourtellot. 1999. “Shifting Axes: Spatial Expressions of Power at La
Milpa.” 64th Annual Meeting of the Society for American Archaeology, Chicago, IL, March 27,
1999.

Harrison, R. T., R. N. Clark, and G. H. Stankey. 1980. Predicting Impact of Noise on Recreationists.
ED&T Project No. 2688: Noise Pollution Prediction Method San Dimas, CA: USDA Forest
Service, Equipment Development Center.

Heft, Harry. 1989. “Affordances and the Body: An Intentional Analysis of Gibson’s Ecological
Approach to Visual Perception.” Journal for the Theory of Social Behaviour 19 (1): 1-30. https://
doi.org/10.1111/j.1468-5914.1989.tb00133 ..

Hohmann, Hasso. 1995. Die Architektur der Sepulturas-Region von Copdn in Honduras der
Siedlungsraum nordostlich des Hauptzentrums: Vermessung, Plandarstellung, Rekonstruktion,
Untersuchung der baulichen Elemente und der rdumlichen Zusammenhdnge. Graz: Academic
Publishers.

Hohmann, Hasso, and Annegrete Vogrin. 1982. Die Architektur von Copan/Honduras: Vermessung,
Plandarstellung, Untersuchung der baulichen Elemente und des rdumlichen Konzepts 2 2. Graz:
Academic Publishers.

House, Paul R. 2007. “Etnobotdnica Maya, Parque Arqueoldgico Ruinas de Copan.” August 31,
2007.

Houston, Stephen D., David Stuart, and Karl A. Taube. 2006. The Memory of Bones: Body, Being,
and Experience among the Classic Maya. Austin, TX: Univ. of Texas Press.

Howey, Meghan, and Marieka Brouwer Burg, eds. 2017. Archaeological GIS Today: Persistent
Challenges, Pushing Old Boundaries, and Exploring New Horizons., Special issue, Journal of
Archaeological Science 84: 1-136.

Tannace, Gino, Amelia Trematerra, and Ahmad Qandil. 2014. “The Acoustics of the Catacombs.”
Archives of Acoustics 39 (4): 583-590. https://doi.org/10.2478/a0a-2014-0062.


https://doi.org/10.1525/ap3a.1999.9.1.185
https://doi.org/10.1111/j.1468-5914.1989.tb00133.x
https://doi.org/10.1111/j.1468-5914.1989.tb00133.x
https://doi.org/10.2478/aoa-2014-0062

204 H. Richards-Rissetto et al.

Inomata, Takeshi, and Lawrence S. Coben. 2006. “Overture: An Invitation to the Archaeological
Theater.” In Archaeology of Performance: Theaters of Power, Community, and Politics, edited by
Takeshi Inomata and Lawrence S. Coben, 11-44. Lanham, MD: Altamira Press.

Isendahl, Christian. 2012. “Agro-Urban Landscapes: The Example of Maya Lowland Cities.”
Antiquity 86 (334): 1112-1125. https://doi.org/10.1017/S0003598X00048286.

Isendahl, Christian, and Michael E. Smith. 2013. “Sustainable Agrarian Urbanism: The Low-
Density Cities of the Mayas and Aztecs.” Cities 31: 132—143. https://doi.org/10.1016/j.cities.
2012.07.012.

Jones, Ian W. N., and Thomas E. Levy. 2018. “Cyber-archaeology and Grand Narratives: Where
Do We Currently Stand?” In Cyber-Archaeology and Grand Narratives: Digital Technology and
Deep-Time Perspectives on Culture Change in the Middle East, edited by Thomas E. Levy and
Tan W. N. Jones, 1-17. Cham: Springer.

Jones, Keith S. 2003. “What Is an Affordance?” Ecological Psychology 15 (2): 107-114. https://
doi.org/10.1207/s15326969ec01502_1.

Just, Bryan R. 2005. “Modifications of Ancient Maya Sculpture.” Res: Anthropology and Aesthetics
(48): 69-82. https://doi.org/10.1086/RESv48n1ms20167678.

Kantner, John W. 1997. “Ancient Roads, Modern Mapping: Evaluating Chaco Anasazi Roadways
Using GIS Technology.” Expedition 39 (3): 49-61. https://www.penn.museum/documents/pub
lications/expedition/PDFs/39-3/Ancient.pdf.

Katz, Jared C. 2017. “Digitized Maya Music: The Creation of a 3D Database of Maya Musical
Artifacts.” Digital Applications in Archaeology and Cultural Heritage 6: 29-37. https://doi.org/
10.1016/j.daach.2017.08.004.

Katz, Jared C. 2018b. “Gentle Flutes and Blaring Horns: An Analysis of Ancient Maya Music
and Musical Instruments in Daily and Ceremonial Activities.” Ph.D. dissertation, Anthropology,
University of California Riverside.

Keller, Angela H. 2009. “A Road by Any Other Name: Trails, Paths, and Roads in Maya Language
and Thought.” In Landscapes of Movement: Trails, Paths, and Roads in Anthropological Perspec-
tive, edited by James E. Snead, Clark L. Erickson and J. Andrew Darling, 133—157. Philadelphia,
PA: University of Pennsylvania Press.

Kerr, Justin, Barbara Kerr, and Nikolai Grube. 1998. The Maya Vase Book: A Corpus of Rollout
Photographs of Maya Vases. New York, NY: Kerr Associates.

Killion, Thomas W. 1992. “Residential Ethnoarchaeology and Ancient Site Structure: Contem-
porary Farming and Prehistoric Settlement Agriculture at Matacapan, Veracruz, Mexico.” In
Gardens of Prehistory: The Archaeology of Settlement Agriculture in Greater Mesoamerica,
edited by Thomas W. Killion, 119-149. Tuscaloosa, Ala.: University of Alabama Press.

King, Stacie M., and Gonzalo Sdnchez Santiago. 2011. “Soundscapes of the Everyday in Ancient
Oaxaca, Mexico.” Archaeologies T (2): 387-422. https://doi.org/10.1007/s11759-011-9171-y.
Kolar, Miriam A. 2017. “Sensing Sonically at Andean Formative Chavin de Hudntar, Perd.” Time

and Mind 10 (1): 39-59. https://doi.org/10.1080/1751696X.2016.1272257.

Kosiba, Steve, and Andrew M. Bauer. 2013. “Mapping the Political Landscape: Toward a GIS
Analysis of Environmental and Social Difference.” Journal of Archaeological Method and Theory
20 (1): 61-101. https://doi.org/10.1007/s10816-011-9126-z.

Kvamme, Kenneth L. 1988. “Development and Testing of Quantitative Models.” In Quantifying the
Present and Predicting the Past: Theory, Method, and Application of Archaeological Predictive
Modeling, edited by W. James Judge and Lynne Sebastian, 325-428. Denver, Colo.; Washington,
D.C.: Bureau of Land Management.

Lake, Mark W. 2013. “Trends in Archaeological Simulation.” Journal of Archaeological Method
and Theory 21 (2): 258-287. https://doi.org/10.1007/s10816-013-9188-1.

Lake, Mark W., and Patricia E. Woodman. 2003. “Visibility Studies in Archaeology: A Review and
Case Study.” Environment and Planning B: Planning and Design 30 (5): 689-707. https://doi.
org/10.1068/b29122.

Lambers, Karsten, and Martin Sauerbier. 2006. “GIS-based visibility studies of the Nasca geoglyphs
at Palpa, Peru.” In Recording, Modeling and Visualization of Cultural Heritage, edited by


https://doi.org/10.1017/S0003598X00048286
https://doi.org/10.1016/j.cities.2012.07.012
https://doi.org/10.1016/j.cities.2012.07.012
https://doi.org/10.1207/s15326969eco1502_1
https://doi.org/10.1207/s15326969eco1502_1
https://doi.org/10.1086/RESv48n1ms20167678
https://www.penn.museum/documents/publications/expedition/PDFs/39-3/Ancient.pdf
https://www.penn.museum/documents/publications/expedition/PDFs/39-3/Ancient.pdf
https://doi.org/10.1016/j.daach.2017.08.004
https://doi.org/10.1016/j.daach.2017.08.004
https://doi.org/10.1007/s11759-011-9171-y
https://doi.org/10.1080/1751696X.2016.1272257
https://doi.org/10.1007/s10816-011-9126-z
https://doi.org/10.1007/s10816-013-9188-1
https://doi.org/10.1068/b29122
https://doi.org/10.1068/b29122

Multisensory Experiences in Archaeological Landscapes ... 205

Emmanuel Baltsavias, Armin Gruen, Luv Van Gool and Maria Pateraki, 249-262. London:
Taylor & Francis.

Landau, Kristin. 2015. “Spatial Logic and Maya City Planning: The Case for Cosmology.”
Cambridge Archaeological Journal 25 (1): 275-292. https://doi.org/10.1017/S09597743140
0105X.

Levy, Thomas, Neil Smith, Mohammad Najjar, Thomas Defanti, Albert Yu, Min Lin, and
Falko Kuester. 2012. Cyber-Archaeology in the Holy Land: The Future of the Past.
San Diego, CA: California Institute for Telecommunications and Information Technology
(Calit2), UC San Diego. https://www.biblicalarchaeology.org/free-ebooks/cyber-archaeology-in-
the-holy-land-the-future-of-the-past/.

Liwosz, Chester R. 2018c. “Benchmarks: Ontological Considerations at Two Mojave Desert Petro-
glyph Labyrinths.” Ph.D. Dissertation, Department of Anthropology, University of California
Santa Cruz.

Llobera, Marcos. 2000. “Understanding Movement: A Pilot Model towards the Sociology of Move-
ment.” In Beyond the Map: Archaeology and Spatial Technologies, edited by Gary R. Lock, In
NATO ASI Series A: Life Sciences, 65-84. Amsterdam: 10S Press.

Llobera, Marcos. 2001. “Building Past Landscape Perception With GIS: Understanding Topo-
graphic Prominence.” Journal of Archaeological Science 28 (9): 1005-1014. https://doi.org/10.
1006/jasc.2001.0720.

Llobera, Marcos. 2003. “Extending GIS-based Visual Analysis: The Concept of Visualscapes.”
International Journal of Geographical Information Science 17 (1): 25-48. https://doi.org/10.
1080/713811741.

Llobera, Marcos. 2007. “Modeling Visibility through Vegetation.” International Journal of
Geographical Information Science 21 (7): 799-810. https://doi.org/10.1080/136588106011
69865.

Llobera, Marcos. 2012. “Life on a Pixel: Challenges in the Development of Digital Methods Within
an “Interpretive” Landscape Archaeology Framework.” Journal of Archaeological Method and
Theory 19: 495-509. https://doi.org/10.1007/s10816-012-9139-2.

Llobera, Marcos, Pastor Fébrega-Alvarez, and César Parcero-Oubifia. 2011. “Order in Movement:
A GIS Approach to Accessibility.” Journal of Archaeological Science 38 (4): 843-851. https://
doi.org/10.1016/j.jas.2010.11.006.

Lock, Gary, ed. 2000. Beyond the Map: Archaeology and Spatial Technologies, NATO Science
Series A: Life Sciences. Amsterdam: I0S Press.

Lock, Gary, Mariza Kormann, and John Pouncett. 2014. “Visibility and Movement: Towards a
GIS-based Integrated Approach.” In Computational Approaches to the Study of Movement in
Archaeology: Theory, Practice and Interpretation of Factors and Effects of Long Term Landscape
Formation and Transformation, edited by Silvia Polla and Philip Verhagen, 23—42. Berlin: de
Gruyter GmbH.

Lock, Gary, and Zoran Stancic, eds. 1995. Archaeology And Geographic Information Systems: A
European Perspective. London: Taylor & Francis.

Looper, Matthew George. 2009. To Be Like Gods: Dance in Ancient Maya Civilization. Austin:
University of Texas Press.

Loose, Richard W. 2008. “Tse’Biinaholts’a Yalti (Curved Rock That Speaks).” Time and Mind 1
(1): 31-49. https://doi.org/10.2752/175169608783489080.

Lyon, Richard H., Christopher N. Blair, and Richard G. DeJong. 1977. “Evaluating Effects of
Vegetation on the Acoustic Environment by Physical Scale-Modeling.” In Proceedings of the
Conference on Metropolitan Physical Environment, General Technical Report NE-25, edited
by Gordon M. Hesler and Lee P. Herrington, 218-225. Upper Darby, PA: U.S. Department of
Agriculture, Forest Service, Northeastern Forest Experiment Station.

Lyons, Michael. 2016. “A 3D Reconstruction of Structure 10L-18 in Copan, Honduras: Data
Structuring for Transparency.” MA thesis, University of Bonn, Germany.

Maekawa, Zyun Iti. 1968. “Noise Reduction by Screens.” Applied Acoustics 1 (3): 157-173. https://
doi.org/10.1016/0003-682X(68)90020-0.


https://doi.org/10.1017/S095977431400105X
https://doi.org/10.1017/S095977431400105X
https://www.biblicalarchaeology.org/free-ebooks/cyber-archaeology-in-the-holy-land-the-future-of-the-past/
https://www.biblicalarchaeology.org/free-ebooks/cyber-archaeology-in-the-holy-land-the-future-of-the-past/
https://doi.org/10.1006/jasc.2001.0720
https://doi.org/10.1006/jasc.2001.0720
https://doi.org/10.1080/713811741
https://doi.org/10.1080/713811741
https://doi.org/10.1080/13658810601169865
https://doi.org/10.1080/13658810601169865
https://doi.org/10.1007/s10816-012-9139-2
https://doi.org/10.1016/j.jas.2010.11.006
https://doi.org/10.1016/j.jas.2010.11.006
https://doi.org/10.2752/175169608783489080
https://doi.org/10.1016/0003-682X(68)90020-0
https://doi.org/10.1016/0003-682X(68)90020-0

206 H. Richards-Rissetto et al.

Marcus, Joyce. 2000. “Toward an Archaeology of Communities.” In The Archaeology of Commu-
nities: A New World Perspective, edited by Marcello A. Canuto and Jason Yaeger, 231-242.
London; New York: Routledge.

McNeil, Cameron L. 2009. “The Environmental Record of Human Populations and Migrations in
the Copan Valley, Honduras.” In Cho’rti’ Maya Area: Past and Present, edited by B. Metz, C.
McNeil and K. Hull, 47-59. Gainesville: University Press of Florida.

McNeil, Cameron L. 2012. “Deforestation, Agroforestry, and Sustainable Land Management Prac-
tices among the Classic Period Maya.” Quaternary International 249: 19-30. https://doi.org/10.
1016/j.quaint.2011.06.055.

McNeil, Cameron L., David A. Burney, and Lida Pigott Burney. 2010. “Evidence Disputing Defor-
estation as the Cause for the Collapse of the Ancient Maya Polity of Copan, Honduras.” PNAS:
Proceedings of the National Academy of Sciences 107 (3): 1017-1022. https://doi.org/10.1073/
pnas.0904760107.

Michaels, Claire F. 2003. “Affordances: Four Points of Debate.” Ecological Psychology 15 (2):
135-148. https://doi.org/10.1207/S15326969EC0O1502_3.

Moore, Jerry D. 2005. Cultural Landscapes in the Ancient Andes: Archaeologies of Place.
Gainesville: University Press of Florida.

Morley, Sylvanus Griswold. 1920. The Inscriptions at Copan. Washington: Carnegie Institution of
Washington.

Norman, Donald A. 1988. The Psychology of Everyday Things. New York: Basic Books.

Organizacion Internacional de Normalizacion. 1996. ISO 9613-2:1996, Acoustics: Attenuation of
Sound During Propagation Outdoors. General Method of Calculation. Geneva: International
Organization for Standardization.

Opitz R., H. Richards-Rissetto, K. Dalziel, J. Dussault, and G. Tunink. 2022. Affording archaeolog-
ical data reinterpretation: exploring 3d data reuse & repurposing through procedural modeling. In
Critical Archaeology in the Digital Age, edited by Kevin Garstki, pp. 123-139. Costen Institute
Press.

Palka, Joel W. 2014. Maya Pilgrimage to Ritual Landscapes: Insights from Archaeology, History,
and Ethnography. Albuquerque: University of New Mexico Press.

Peng, Jeffrey, Rob Bullen, and Simon Kean. 2014. “The Effects of Vegetation on Road Traffic
Noise.” Inter.noise 2014 Conference, Melbourne, Australia, November 16—-19, 2014.

Primeau, Kristy E. 2022. “A GIS Approach to Landscape Scale Archaeoacoustics.” Ph.D. disserta-
tion, Anthropology, SUNY Albany. https://www.proquest.com/openview/1a935d9ea5e463d4be
15d55303103b17/1?pq-origsite=gscholar&cbl=18750&diss=y

Primeau, Kristy E., and David E. Witt. 2018. “Soundscapes in the Past: Investigating Sound at the
Landscape Level.” Journal of Archaeological Science: Reports 19: 875-885. https://doi.org/10.
1016/j.jasrep.2017.05.044.

Pujol, Laia. 2017. “Depicting Catalhdyiikness.” Accessed August 27, 2020. http://www.catalhoyuk.
com/content/depicting-catalhoyukness.

Pujol, Laia, and Erik Champion. 2012. “Evaluating Presence in Cultural Heritage Projects.” Inter-
national Journal of Heritage Studies 18 (1): 83—102. https://doi.org/10.1080/13527258.2011.
577796.

Ramos, Alejandro, and Andres Medina. 2014. “Pardmetros de utilidad en la caracterizacién acustica
de espacios mesoamericanos.” In Entramados sonoros de tradicion mesoamericana : identidades,
imdgenes y contextos, edited by Francisca Zalaquett Rock, Martha Ilia Ndjera C and Laura Sotelo,
149-175. Mexico City: Instituto de Investigaciones Filologicas.

Reed, S. E., J. L. Boggs, and J. P. Mann. 2010. SPreAD-GIS: An ArcGIS Toolbox for Modeling the
Propagation of Engine Noise in a Wildland Setting. Version 2.0. San Francisco: The Wilderness
Society.

Reed, S. E., J. P. Mann, and J. L. Boggs. 2009. SPreAD-GIS: An ArcGIS Toolbox for Modeling the
Propagation of Engine Noise in a Wildland Setting. Version 1.2. San Francisco: The Wilderness
Society.


https://doi.org/10.1016/j.quaint.2011.06.055
https://doi.org/10.1016/j.quaint.2011.06.055
https://doi.org/10.1073/pnas.0904760107
https://doi.org/10.1073/pnas.0904760107
https://doi.org/10.1207/S15326969ECO1502_3
https://www.proquest.com/openview/1a935d9ea5e463d4be15d55303103b17/1?pq-origsite=gscholar&amp;cbl=18750&amp;diss=y
https://www.proquest.com/openview/1a935d9ea5e463d4be15d55303103b17/1?pq-origsite=gscholar&amp;cbl=18750&amp;diss=y
https://doi.org/10.1016/j.jasrep.2017.05.044
https://doi.org/10.1016/j.jasrep.2017.05.044
http://www.catalhoyuk.com/content/depicting-catalhoyukness
http://www.catalhoyuk.com/content/depicting-catalhoyukness
https://doi.org/10.1080/13527258.2011.577796
https://doi.org/10.1080/13527258.2011.577796

Multisensory Experiences in Archaeological Landscapes ... 207

Reese-Taylor, Kathryn. 2002. “Ritual Circuits as Key Elements in Maya Civic Center Designs.” In
Heart of Creation: The Mesoamerican World and the Legacy of Linda Schele, edited by Andrea
Joyce Stone, 144—-165. Tuscaloosa: University of Alabama Press.

Reilly, P. 1991. “Towards a Virtual Archaeology.” In Computer Applications and Quantitative
Methods in Archaeology 1990, edited by S. Rahtz and K. Lockyear, In BAR International Series,
132-139. Oxford: Tempus Reparatum.

Remondino, Fabio, Armin Gruen, Jennifer von Schwerin, H. Eisenbeiss, Alessandro Rizzi, Stefano
Girardi, Martin Sauerbier, and Heather Richards-Rissetto. 2009. “Multi-Sensor 3D Documen-
tation of the Maya Site of Copan.” 22nd CIPA Symposium, Kyoto, Japan, October 11-15,
2009.

Reznikoff, Iegor. 2008. “Sound Resonance in Prehistoric Times: A Study of Paleolithic Painted
Caves and Rocks.” The Journal of the Acoustical Society of America 123 (5): 3603. https://doi.
org/10.1121/1.2934773.

Richards-Rissetto, Heather. 2010. “Exploring Social Interaction at the Ancient Maya City of Copén,
Honduras: A Multi-Scalar Geographic Information Systems (GIS) Analysis of Access and Visi-
bilty.” Ph.D. Dissertation, Anthropology, The University of New Mexico. https://search.proquest.
com/docview/734287221.

Richards-Rissetto, Heather. 2012. “Social Interaction at the Maya Site of Copdn, Honduras: A
Least Cost Approach to Configurational Analysis.” In Least Cost Analysis of Social Landscapes:
Archaeological Case Studies, edited by Devin A. White and Sarah L. Surface-Evans, 109-127.
Salt Lake City: University of Utah Press.

Richards-Rissetto, Heather. 2013. “From Mounds to Maps to Models: Visualizing Ancient Archi-
tecture across Landscapes.” 2013 Digital Heritage International Congress, 28 Oct.—1 Nowv.
2013.

Richards-Rissetto, Heather. 2017a. “An Iterative 3D GIS Analysis of the Role of Visibility in Ancient
Maya Landscapes: A Case Study from Copan, Honduras.” Digital Scholarship in the Humanities
32 (2): 195-212. https://doi.org/10.1093/1lc/fqx014.

Richards-Rissetto, Heather. 2017b. “What Can GIS + 3D Mean for Landscape Archaeology?”
Journal of Archaeological Science 84: 10-21. https://doi.org/10.1016/j.jas.2017b.05.005.

Richards-Rissetto, Heather, and Kristin Landau. 2014. “Movement as a Means of Social
(Re)production: Using GIS to Measure Social Integration across Urban Landscapes.” Journal
of Archaeological Science 41: 365-375. https://doi.org/10.1016/j.jas.2013.08.006.

Richards-Rissetto, Heather, and Rachel Plessing. 2015. “Procedural Modeling for Ancient Maya
Cityscapes: Initial Methodological Challenges and Solutions.” 2015 Digital Heritage, 28 Sept.—2
Oct. 2015.

Richards-Rissetto, Heather, F. Remondino, G. Agugiaro, J. von Schwerin, J. Robertsson, and G.
Girardi. 2012. “Kinect and 3D GIS in Archaeology.” 2012 18th International Conference on
Virtual Systems and Multimedia, 2-5 Sept. 2012.

Richards-Rissetto, Heather, Jim Robertsson, Jennifer von Schwerin, Giorgio Agugiaro, Fabio
Remondino, and Gabrio Girardi. 2014. “Geospatial Virtual Heritage: A Gesture-Based 3D GIS to
Engage the Public with Ancient Maya Archaeology.” In Archaeology in the Digital Era: Proceed-
ings of the 40th Annual Conference of Computer Applications and Quantitative Methods in
Archaeology (CAA), edited by G. Earl, T. Sly, A. Chrysanthi, P. Murrieta-Flores, C. Papadopoulos,
I. Romanowska and D. Wheatley, 118-130. Amsterdam: Amsterdam University Press.

Richards-Rissetto, Heather, Shona Sanford-Long, and Jack Kirby-Miller. 2016. “3D Tool Eval-
uation and Workflow for an Ecological Approach to Visualizing Ancient Socio-environmental
Landscapes.” In Digital Methods and Remote Sensing in Archaeology: Archaeology in the Age of
Sensing, edited by Maurizio Forte and Stefano Campana, 171-198. Cham: Springer International
Publishing.

Rubio-Tamayo, Jose, Manuel Gertrudix Barrio, and Francisco Garcia Garcia. 2017. “Immersive
Environments and Virtual Reality: Systematic Review and Advances in Communication, Inter-
action and Simulation.” Multimodal Technologies and Interaction 1 (4): 21. https://doi.org/10.
3390/mti1040021.


https://doi.org/10.1121/1.2934773
https://doi.org/10.1121/1.2934773
https://search.proquest.com/docview/734287221
https://search.proquest.com/docview/734287221
https://doi.org/10.1093/llc/fqx014
https://doi.org/10.1016/j.jas.2017b.05.005
https://doi.org/10.1016/j.jas.2013.08.006
https://doi.org/10.3390/mti1040021
https://doi.org/10.3390/mti1040021

208 H. Richards-Rissetto et al.

Saldafia, M., and C. Johanson. 2013. “Procedural Modeling for Rapid-Prototyping of Multiple
Building Phases.” International Archives of the Photogrammetry, Remote Sensing and Spatial
Information Sciences XL-5/W1: 205-210. https://doi.org/10.5194/isprsarchives-XL-5-W1-205-
2013.

Sanchez, Julia L. J. 2007. “Procession and Performance: Recreating Ritual Soundscapes among the
Ancient Maya.” World of Music 49 (2): 35-44. https://doi.org/10.2307/41699763.

Sears, William H. 1956. “Settlement Patterns in the Eastern United States.” In Prehistoric Settle-
ment Patterns in the New World, edited by Gordon R. Willey, 45-51. New York: Wenner-Gren
Foundation for Anthropological Research.

Smith, Neil G. , and Thomas E. Levy. 2014. “ArchField in Jordan: Real-Time GIS Data Recording
for Archaeological Excavations.” Near Eastern Archaeology 77 (3): 166—170. https://doi.org/10.
5615/meareastarch.77.3.0166.

Spada, Italo, Cesaria Ferdinando, Chionna Francesco, Cucinelli Anna Marina, and Scarano Teodoro.
2017. “The Virtual Reconstruction of Torre Guaceto Landscape (Brindisi, Italy).” Conservation
Science in Cultural Heritage 16 (1): 277-313. https://doi.org/10.6092/issn.1973-9494/7173.

Takeshi, Inomata. 2006. “Plazas, Performers, and Spectators: Political Theaters of the Classic
Maya.” Current Anthropology 47 (5): 805-842. https://doi.org/10.1086/506279.

Tate, Carolyn Elaine. 2019. Yaxchilan: The Design of a Maya Ceremonial City. Austin, TX:
University of Texas Press.

Tilley, Christopher. 1994. A Phenomenology of Landscape. London: Routledge.

Verhagen, Philip, Tom Brughmans, Laure Nuninger, and Frédérique Bertoncello. 2013. “The Long
and Winding Road: Combining Least Cost Paths and Network Analysis Techniques for Settlement
Location Analysis and Predictive Modelling.” 40th Annual Conference of Computer Applications
and Quantitative Methods in Archaeology (CAA), Southampton, March 26-29, 2012.

Vita-Finzi, Claudio, and Eric Sidney Higgs. 1970. “Prehistoric Economy in the Mount Carmel
Area of Palestine: Site Catchment Analysis.” Proceedings of the Prehistoric Society 36 (1):
1-37. https://doi.org/10.1017/S0079497X00013074.

Vogt, Evon Z. 1969. Zinacantan: A Maya Community in the Highlands of Chiapas. Cambridge,
MA: The Belknap Press of Harvard University Press.

Vogt, Evon Z. 1976. Tortillas for the Gods: A Symbolic Analysis of Zinacanteco Rituals. Cambridge,
MA: Harvard University Press.

von Schwerin, Jennifer. 2011. “The Sacred Mountain in Social Context. Symbolism and History
in Maya Architecture: Temple 22 at Copan, Honduras.” Ancient Mesoamerica 22 (2): 271-300.
https://doi.org/10.1017/S0956536111000319.

von Schwerin, Jennifer, Heather Richards-Rissetto, Fabio Remondino, Maria Grazia Spera, Michael
Auer, Nicolas Billen, Lukas Loos, Laura Stelson, and Markus Reindel. 2016. “Airborne LiDAR
Acquisition, Post-processing and Accuracy-checking for a 3D WebGIS of Copan, Honduras.”
Journal of Archaeological Science: Reports 5: 85—104. https://doi.org/10.1016/j.jasrep.2015.
11.005.

Watson, Aaron, and David Keating. 1999. “Architecture and Sound: An Acoustic Analysis of
Megalithic Monuments in Prehistoric Britain.” Antiquity 73 (280): 325-336. https://doi.org/10.
1017/S0003598X00088281.

Webster, David. 2005. “Political Ecology, Political Economy, and the Culture History of Resource
Management at Copan.” In Copdn: The History of an Ancient Maya Kingdom, edited by E. Wyllys
Andrews and William Leonard Fash, 33-72. Santa Fe, NM: School of American Research.

Wernke, Steven A., Lauren E. Kohut, and Abel Traslavifia. 2017. “A GIS of Affordances: Movement
and Visibility at a Planned Colonial Town in Highland Peru.” Journal of Archaeological Science
84: 22-39. https://doi.org/10.1016/j.jas.2017.06.004.

Wheatley, David. 1993. “Going over Old Ground: GIS, Archaeological Theory and the Act of
Perception.” In Computing the Past. Computer Applications and Quantitative Methods in Archae-
ology. CAA92., edited by J. Andresen, T. Madsen and I. Scollar, 133-138. Aarhus: Aarhus
University Press.


https://doi.org/10.5194/isprsarchives-XL-5-W1-205-2013
https://doi.org/10.5194/isprsarchives-XL-5-W1-205-2013
https://doi.org/10.2307/41699763
https://doi.org/10.5615/neareastarch.77.3.0166
https://doi.org/10.5615/neareastarch.77.3.0166
https://doi.org/10.6092/issn.1973-9494/7173
https://doi.org/10.1086/506279
https://doi.org/10.1017/S0079497X00013074
https://doi.org/10.1017/S0956536111000319
https://doi.org/10.1016/j.jasrep.2015.11.005
https://doi.org/10.1016/j.jasrep.2015.11.005
https://doi.org/10.1017/S0003598X00088281
https://doi.org/10.1017/S0003598X00088281
https://doi.org/10.1016/j.jas.2017.06.004

Multisensory Experiences in Archaeological Landscapes ... 209

Wheatley, David. 1995. “Cumulative Viewshed Analysis: A GIS-based Method for Investigating
Intervisibility, and its Archaeological Application.” In Archaeology And Geographic Information
Systems: A European Perspective, edited by Gary R. Lock and Zoran Stancic, 171-185. London:
Taylor & Francis.

Wheatley, David, and Mark Gillings. 2000. “Vision, Perception and GIS: Developing Enriched
Approaches to the Study of Archaeological Visibility.” In Beyond the Map: Archaeology and
Spatial Technologies, edited by Gary R. Lock, In NATO Science Series A: Life Sciences, 1-27.
Amsterdam: I0S Press.

Wheatley, David, and Mark Gillings. 2013. Spatial Technology and Archaeology: The Archaeolog-
ical Applications of GIS. New York City: Taylor & Francis.

Whitley, Thomas G., and Lacey M. Hicks. 2003. “A Geographic Information Systems Approach to
Understanding Potential Prehistoric and Historic Travel Corridors.” Southeastern Archaeology
22 (1): 77-91. https://www.jstor.org/stable/40713266.

Willey, Gordon R. 1953. Prehistoric Settlement Patterns in the Viru Valley, Peru. Washington, DC:
Smithsonian.

Willey, Gordon R. ed. 1956. Prehistoric Settlement Patterns in the New World. New York: Wenner-
Gren Foundation for Anthropological Research.

Williams, Stephen. 1956. “Settlement Patterns in the Lower Mississippi Valley.” In Prehistoric
Settlement Patterns in the New World, edited by Gordon R. Willey, 52—-62. New York: Wenner-
Gren Foundation for Anthropological Research.

Wisdom, Charles. 1940. The Chorti Indians of Guatemala. Chicago: University of Chicago Press.

Witt, David E., and Kristy E. Primeau. 2019. “Performance Space, Political Theater, and Audibility
in Downtown Chaco.” Acoustics 1 (1): 78-91. https://doi.org/10.3390/acoustics 1010007.

Wylie, Alison. 1992. “Reasoning About Ourselves: Feminist Methodology in the Social Sciences.”
In Women and Reason, edited by Elizabeth D. Harvey and Kathleen Okruhlik, 225-244. Ann
Arbor: University of Michigan Press.

Zalaquett, Francisca. 2010. “The Northern Group Plaza in Palenque: An Archaeoacoustic Study.”
The Journal of the Acoustical Society of America 128 (4): 2330-2330. https://doi.org/10.1121/1.
3508237.

Zalaquett, Francisca, Martha Ilia Ndjera, and Laura Sotelo, eds. 2014. Entramados sonoros
de tradicion mesoamericana : identidades, imdgenes y contextos. Mexico City: Instituto de
Investigaciones Filoldgicas.

Zalaquett Rock, Francisca. 2015. Estrategia, comunicaciéon y poder. Una perspectiva social del
Grupo Norte de Palenque. Mexico City: Instituto de Investigaciones Filoldgicas.

Heather Richards-Rissetto is an Associate Professor of Anthropology in the School of Global
Integrative Studies (SGIS) and a Faculty Fellow at the Center for Digital Research in the Humani-
ties (CDRH) at the University of Nebraska-Lincoln. She is an archaeologist who employs geospa-
tial and 3D technologies to research ancient Maya landscapes.

Kristy Primeau is the Agency Preservation Officer at the New York State Office of Renewable
Energy Siting. They are an archaeologist specialising in archaeoacoustics, the archaeology of the
Northeastern United States, and geospatial modeling and analysis.

David Witt is a Research Assistant Professor with the Department of Anthropology at the Univer-
sity at Buffalo, and a Tribal Liaison with Washington State’s Department of Archaeology and
Historic Preservation. He is an archaeologist who studies hegemony and politics in the American
Southwest, as well as the history of anthropology and its relationship with Native peoples.


https://www.jstor.org/stable/40713266
https://doi.org/10.3390/acoustics1010007
https://doi.org/10.1121/1.3508237
https://doi.org/10.1121/1.3508237

210 H. Richards-Rissetto et al.

Graham Goodwin is a Ph.D. student in the Interdisciplinary Humanities group at the Univer-
sity of California-Merced. His research interests focus on the experience of sound in the past and
present by utilising digital tools such as GIS and VR to better understand how space and place
affect people.

Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons license and
indicate if changes were made.

The images or other third party material in this chapter are included in the chapter’s Creative
Commons license, unless indicated otherwise in a credit line to the material. If material is not
included in the chapter’s Creative Commons license and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder.


http://creativecommons.org/licenses/by/4.0/

	 Multisensory Experiences in Archaeological Landscapes—Sound, Vision, and Movement in GIS and Virtual Reality
	1 Introduction
	2 Research Overview
	3 Theoretical Foundations
	4 Digital Affordances and Material Culture: GIS and VR
	5 Case Study: Ancient Maya
	5.1 Perspectives of Sight, Sound, and Movement
	5.2 Ancient Maya City of Copán

	6 Materials (Data Sources)
	6.1 Data Acquisition and Integration

	7 Methods
	7.1 Soundshed Analysis Toolbox
	7.2 Project Specific Environmental Inputs

	8 Results and Analysis
	8.1 GIS Results and Interpretation

	9 Conclusions and Future Direction
	References


