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Approaches to Palaeolithic art have increasingly shifted beyond the traditional focus on engraved or depicted
forms in isolation, to appreciating the sensorial experience of art making as integral to shaping the form of
depictions and the meaning imbued within them. This kind of research appreciates an array of factors pertinent

i‘rrte to how the art may have been understood or experienced by people during the Palaeolithic, including placement,
Visual psychology lighting, accessibility, sound, and tactility. This paper contributes to this “sensory turn” in Palaeolithic art
Anthropology research, arguing that the roving light cast by the naked flame of fires, torches or lamps is an important

dimension in understanding artistic experiences. However, capturing these effects, whether during analysis, as
part of interpretation, or presentation, can be challenging. A new method is presented in virtual reality (VR)
modelling — applied to Palaeolithic art contexts for the first time - as a safe and non-destructive means of
simulating dynamic light sources to facilitate analysis, interpretation, and presentation of Palaeolithic art under
actualistic lighting conditions. VR was applied to two Magdalenian case studies: parietal art from Las Monedas
(Spain) and portable stone plaquettes from Montastruc (France). VR models were produced using Unity software
and digital models of the art captured via whitelight (Montastruc) and photogrammetric (Las Monedas) scans.
The results demonstrate that this novel application of VR facilitates the testing of hypotheses related to the
sensorial and experiential dimensions of Palaeolithic art, allowing discussions of these elements to be elevated
beyond theoretical ideas.

passive within the process of art making. This paper advances an
alternative position, that fire was a technology whose properties actively
shaped the artist’s sensory engagements with their art. Shifting focus to
fire and its light as active agents in this way can expand understanding of

1. Introduction

In recent years, interpretations of Upper Palaeolithic art have shifted
towards a nuanced appreciation of sensorial and experiential elements

of production and use, with a deeper consideration of the role of cave
topographies, acoustics, tactility and other elements (e.g., Fazenda et al.,
2017; Jouteau et al., 2020; Pettitt et al., 2014; Sakamoto et al., 2020).
Within this “sensory turn”, lighting systems have also been considered as
a means to animate depicted forms (Azéma and Rivere, 2012) or even
induce hypoxia and altered states of consciousness (Kedar et al., 2021;
Lewis-Williams, 1997; Lewis-Williams, 2004). Whilst these conceptual
perspectives appreciate fire beyond its quotidian applications in Palae-
olithic lifeways, methodological approaches often cast fire and its light
as a pragmatic technology in artistic contexts, used as a matter of ne-
cessity in the absence of daylight. In this sense, fire is perceived as
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how art was made, used, and experienced within particular contexts.
The argument is advanced in two parts. In Part 1, a theoretical
framework is developed to reconsider the role of firelight, building from
anthropological and psychological research. Anthropological accounts
of the role of fire within social and cosmological settings are considered,
revealing a rich array of applications that blur the ‘functional’ and
‘nonfunctional’ spheres. Making and using art by firelight is revealed to
be a particularly charged and potent activity within certain cosmologies.
Visual psychology and neurological responses to firelight are evaluated,
revealing that the warm, dim, flickering, red-shifted light that fire pro-
duces can have significant impacts on the human visual system in a
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1. Wisher and A. Needham

range of contexts. These perspectives tangibly evidence how firelight
shapes social and cultural interactions, and significantly impacts expe-
rience and sensation, inviting a deeper consideration of how firelight
actively influenced the making and reception of Palaeolithic art.

However, this raises a potential challenge: in practical terms, how
can art be investigated using dynamic lighting conditions when it is not
feasible to use fire, torch, or lamp light within art-bearing caves or
museum collections? In Part 2, a new digital method in Virtual Reality
(VR) modelling is presented as an essential tool for addressing this issue.
By utilising VR models built using insights derived from an archaeo-
logical context, the visual effects of firelight can be integrated and
evaluated systematically. A full methodology for using VR modelling in
Palaeolithic art research is presented and two case study applications of
the technique - the first of their kind within a Palaeolithic context - are
discussed. The role of firelight in the selection of materials and surfaces
to paint or engrave and in enhancing depictions to augment depth and
movement, is explored through the models produced. The wider sig-
nificance of fire and its light in art contexts is discussed, alongside
consideration of VR as a method to facilitate evidence-led assessments of
dynamic lighting within diverse periods.

2. Part 1: New theoretical perspectives on fire and its light
2.1. The sensorial and experiential in Palaeolithic art

Approaches to Palaeolithic art have become increasingly diverse,
with a movement away from focusing on the completed form as a locus
of meaning, and towards an incorporation of the wider context in which
art was made and experienced, especially in caves. Sensory factors - such
as tactility (Pettitt et al., 2014); darkness (Pettitt 2016; Pettitt et al.,
2017; Sakamoto et al., 2020); and acoustics (Fazenda et al., 2017;
Jouteau et al., 2020; Reznikoff 2014; Till 2014; Waller 2019) — and
contextual factors — such as the relationship between art placement and
space (Intxaurbe et al., 2020; Jouteau et al., 2019; Pettitt et al., 2017;
Robert 2016; Sakamoto et al.,, 2020), or interactions between
engraving/painting and rock surface (Bahn, 2003; Clottes 2013; Hodg-
son & Pettitt 2018; Pastoors & Weniger 2011; Pettitt 2016) — have been
explored, drawing attention to their importance in art production and
use. This approach has also seen application to portable art contexts,
including consideration of the integration of support form into engraved
or painted animal motifs (Conneller, 2011; Farbstein, 2013; Needham,
2017; Needham et al., 2022), the role of movement (Azéma and Rivere,
2012), and production and use in darkness (Arias, 2009).

This shift has advanced in tandem with an expanding methodolog-
ical toolset which allows for the analysis of art in increasing detail,
including a range of 2.5D and 3D modelling methods (Domingo et al.,
2013; Garcia Moreno and Garate, 2015; Gonzalez-Aguilera et al., 2009;
Giith, 2012; Lerma et al., 2010; Mudge et al., 2006; Plisson and Zotkina,
2015); digital imaging approaches, such as DStretch (Defrasne, 2014;
Harman, 2008; Le Quellec et al., 2015; Man-Estier et al., 2015; Quesada
and Harman, 2019); diverse types of microscopy (Bello et al., 2017;
Bello et al., 2020; Fritz, 1999; Fritz and Tosello, 2007; Marshack, 1972),
and experimental approaches (Alvarez et al., 2001; Ferrier et al., 2014;
Salmon et al., 2021; Rivero and Garate, 2020). The exploration of wider
contextual factors together with new methods has proved to be a
powerful way to approach art and advance understanding. However,
current methods do not facilitate the consideration of all aspects of art
contexts.

A crucial, but underexplored, aspect of art making is the presence of
fire and its light. Fire was of fundamental importance during Upper
Palaeolithic life, and its quotidian uses are well attested, including
extending the day (Pettitt et al., 2017); cooking (Kabukcu et al., 2022;
Nakazawa et al.,, 2009); heating water (Nakazawa et al., 2009);
providing warmth (Kedar et al., 2020); heat treating materials (Cavallo
et al., 2018; Monik et al., 2017; Perles and Vanhaeren, 2010), and
creating synthetics (Bradtmoller et al., 2016; Cnuts et al., 2018).
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However, less attention has been given to the potential for fire to play a
more-than-functional role in Palaeolithic art contexts. Discussions of
lighting technologies have tended to gravitate to the functional,
including: the identification of lighting methods (fixed fires, lamps,
torches) (Garate et al., 2020); experimental approaches to understand
the properties of firelight cast from different types of lamps or torches
(de Beaune, 1987; de Beaune and White, 1993; Medina-Alcaide et al.,
2015; Medina-Alcaide et al., 2021); and the extent to which particular
lighting systems and the materials they were made from were sufficient
to illuminate art panels (Ferrier et al., 2014; Medina-Alcaide et al.,
2019). Whilst this contributes significant insight into the context of art
making through the preparation of appropriate lighting technologies,
firelight remains passive: a practical means of illuminating art in the
absence of daylight.

2.2. Insights from anthropology

A more active conceptualisation of fire and firelight in Palaeolithic
art contexts has begun to emerge, notably surrounding the “animation”
of animal depictions (Azéma, 2021; Azéma and Rivere, 2012) and the
deliberate exploding or fragmenting of portable art (Arias, 2009; Bahn,
2014; Tosello, 2003, 2005; Rivero, 2012; Vandiver et al., 1989), in part
inspired by anthropological observations of active engagements with art
through performance. Previous archaeological studies have also used
analogies with the anthropological record to understand Palaeolithic
fire from a functional perspective linked to making, management and
use (Mallol and Henry, 2017; McCauley et al., 2020; Scherjon et al.,
2015). However, this reflects only a facet of documented contemporary
hunter-gatherer engagements with fire, and accounts exploring its role
in the social, cultural and cosmological contexts are less developed.
Across diverse contemporary hunting and gathering communities, fire
has a wide array of documented social applications, including social-
ising, telling stories, and dancing. Anderson (2006, 8-9) reports that for
the Orochen Evenkis (Siberia), the fireside is an important centre of
activity where people gathered to carry out practical tasks, such as re-
pairs or eating, but also to smoke and socialise. Both Wiessner (2014)
and Marshall (1961, 252) discuss Ju/’hoansi (Namibia) use of fire as an
important social space where people congregate during visits and when
telling stories, especially at night. In a wider cross-cultural review,
Sugiyama and Reilly (2023) documented 31 cultures that utilised the
fireside as a locus for storytelling. The fireside can also be a performance
space. Finnegan (2013) notes that the Yaka (Democratic Republic of
Congo) and Mbuti (Democratic Republic of Congo) perform ceremonies
involving dance by the fireside, while Marshall (1969, 357) documents
fireside medicine dances amongst the Ju/’hoansi (Namibia), with the
fire contributing to performers entering trance states.

Fire can also feature prominently within cosmological systems.
Gould’s (1971) analysis of fire use amongst eastern desert Aborigines
(Australia) documents a diverse suite of functional applications, but also
its role within storytelling of The Dreaming, as well as the performance
of ceremonies at night, both for warmth and light, and as an active agent
within rituals. Page et al. (2018, 46) reports the use of fire in promoting
good health amongst the Agta (Philippines), where it is kept burning
during childbirth to keep away cold winds that harbour evil spirits. For
the Evenk (Siberia), fire is an element of the upper world and the hearth
is a means of communicating with this realm and with the spirits of the
deceased (Gron et al., 2008, 65-66). Hearths can also be home to spirits
and on certain occasions fires were fed food in thanks, such as after a
successful hunt, or when returning to camp at a previously occupied
location (Grgn et al., 2008, 66). Fire is thus more than a passive back-
drop around which socially or cosmologically charged activities happen;
instead, it is an active component of them.

The active nature of fire can be seen clearly within some documented
accounts of art production and use. Polychromatic paintings made by
the Ju/’hoansi on rock shelters have been argued to have their cosmo-
logical power magnified in the presence of firelight, which serves to
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augment the realism of depictions and enhance the perception of
movement (Mazel, 2021, 11), as well as increase vibrancy and three-
dimensionality (Lewis-Williams and Dowson, 1990, 12). Firelight in
such accounts actively shapes perception and experience of art,
rendering it more dynamic. This effect is reported to activate the human
visual system regardless of the angle of the light (Mazel, 2021, 10),
suggesting that any type of firelight could promote this effect.

Fire and light emerge as important agents in sociality and cosmology.
In some contexts, firelight is a prominent and vibrant aspect of how art
was experienced and understood, and through its particular effects
served to enhance the social and cosmological power of depictions.
However, it is not clear from the anthropological literature alone why
fire and its light can have such powerful effects on human societies.
Consideration of how the human visual system processes firelight, and
how it can shape perception and experience, can provide further insight
into why it holds such importance within hunter-gatherer communities —
past and present — and how it produces such powerful effects when
viewing art.

2.3. Insights from visual psychology

Visual and perceptual psychology offers an important means of un-
derstanding the sensorial effects of firelight, both in the contemporary
world and in the past, including in relation to art production and use.
Previous archaeological applications have included discussion of par-
eidolic- or hyper- imagery elicited by darkness in caves (Hodgson,
2003,2006,2008,2012,2021); the suggestion that cave environments
potentially induced altered states of consciousness (Lewis-Williams
1997, 2004; Lewis-Williams and Clottes, 1998; Lewis-Williams and
Dowson, 1988); the testing of psychologically-derived hypotheses
related to the overrepresentation of salient animal features in open-air
rock art (Meyering et al., 2020); and consideration of how visual re-
sponses such as pareidolia were activated by firelight, informing the
making and use of some portable (Needham 2017; Needham et al.,
2022) and parietal (Wisher, 2022; Wisher et al., forthcoming) art.
However, consideration of the precise visual and perceptual effects
firelight evokes using psychology, and how these effects may have
manifested or been intentionally harnessed within artistic behaviours, is
needed.

Whilst there has been limited discussion of firelight in the psycho-
logical literature, its fundamental properties - unpredictable flickering
light and shadow; warm and dim light of approximately 1900 K; red-
shifting of colour - have each been explored in other contexts and
their perceptual effects are well understood. The visual system uses cues
from light and shadow to process depth, dimensions, shape perception,
and movement of objects in the world (Proulx, 2014). This likely stems
from processing objects illuminated by daylight, which provides a
constant when perceiving a scene, augmented by shadows which give
reliable information about an object (Snowden et al., 2006). The
manipulation of these conditions, for example by introducing moving or
false shadows, elicits particular sensory responses, such as an object
appearing as if in motion or changes to size relative to true dimensions
(Imura et al., 2006; Imura et al., 2008; Katsuyama et al., 2011; Kersten
et al. 1996; Mamassian et al. 1998). Similar perceptual effects may be
elicited by the shifting shadows produced by objects illuminated by
firelight, whether from fires, torches, or lamps. Shadows cast by firelight
will flicker and move unpredictably, particularly when illuminating
morphologically complex stone supports used in some art making,
eliciting similar illusory responses of perceiving movement in depicted
forms. Additionally, the relative brightness of the firelight would acti-
vate the cone (bright light adapted) cells in the eye and bleach rod (dim
light adapted) cells, preventing the eye from fully adjusting to darkness
(Snowden et al., 2006). This may cause visual stimuli in the darkness to
be even more ambiguous, slowly being distinguished if paid visual
attention for a prolonged period of time but disappearing as the eye
saccades back to areas illuminated by firelight.
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Low light conditions also evoke particular psychological effects, with
objects being processed holistically based on general form rather than
individual features, inducing a construal level effect (Steidle et al., 2011;
Steidle et al., 2013). Construal level pertains to the psychological dis-
tance (temporal, spatial, social, hypotheticality) of an object or event
and whether it is considered in a concrete or abstract way (Steidle et al.,
2011). Under dim light, as objects are processed more holistically by the
visual system, construal level is heightened, increasing the perception of
objects in abstract ways and elevating creativity (Steidle and Werth
2013; Zmigrod et al., 2015). Producing art under dim light conditions
may thus encourage the abstraction of both topographic features of the
cave wall or support - manifesting, for example, as a pareidolic response
to such features - and the depictions themselves, with greater attention
paid to general form (i.e., salient outline) than individual details as
construal level and holistic processing are heightened.

The warm, red-shifted nature of firelight stimulates the visual system
and promotes collegiality, cooperation, social connection and social
behaviours by creating an atmosphere conducive to the extension of self
to include others (Baron et al. 1992; Kombeiz et al., 2017). In contem-
porary settings, such lighting has been used to encourage conflict reso-
lution, with people more likely to openly share their emotional response
to an issue and work empathetically and collaboratively to resolve it
(Kombeiz et al., 2017). Warm-light can also red-shift colours in the
environment, exciting the visual system which can stimulate an
emotional response and encourage creativity (Kombeiz and Steidle
2018). In comparison to daylight, which is homogenous, cool-toned
light of approx. 6500 K, firelight evokes creative and emotional re-
sponses and encourages intimate, social behaviours.

These psychological effects also emphasise how the properties of
firelight can actively affect vision, perception and even social in-
teractions, perhaps providing insight into why fire is prominent in some
socially and cosmologically charged contexts amongst contemporary
hunting and gathering communities. In Palaeolithic contexts, the crea-
tivity and heightened sense of social interaction and group cohesiveness
that firelight can stimulate may have been an important dimension of art
production and reception, and the wider suite of practices surrounding
it. The properties of firelight, such as its shifting and dynamic nature,
may have been desirable, powerful, and actively harnessed in such
contexts, inducing visceral visual illusions, animating motifs by making
them appear as if in movement, or enlivening rock and inspiring the
placement of depictions. The development of a practical method that
facilitates an evidence-led modelling of lighting conditions for specific
Palaeolithic art corpora is therefore fundamental, with clear potential to
expand understanding of how art was perceived and experienced.

3. Part 2: Using virtual Reality modelling to enhance art
analysis and interpretation

Part 1 demonstrated that fire is an active agent within a breadth of
contemporary hunter-gatherer social, cultural and cosmological con-
texts, enriching the experience. Visual psychology provided deeper
insight, showing that fire and its light can activate aspects of visual
perception, shaping sensation in these contexts of use. The properties of
fire have universal effects on the visual system, inducing a sense of
movement and dynamism in objects illuminated by its flickering light,
which can influence creativity and socialility. The dynamic effects of
firelight - whether in caves or more open contexts at night - was a core
part of engagement in Palaeolithic artistic practices, being foundational
to experience and sensation during production and use, and its capture is
important to facilitate interpretation. In Part 2, Virtual Reality (VR)
modelling is introduced as a practical solution for systematically ana-
lysing, from an emic perspective, the dynamic visual and perceptual
effects of firelight in particular art contexts.
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3.1. Modelling dynamic light and the advantages of VR

Attempts to utilise digital techniques to simulate the lighting effects
of lamps, torches or fires for Palaeolithic art are rare. Chalmers (2002)
reflects an early attempt to simulate the interaction of dynamic lighting
in relation to an art panel using a suite of computer-vision methods and
2D images extracted from a laser-scan of the art. Although Chalmers
(2002) stressed the importance of simulating the visual effects of fire-
light for Palaeolithic art, attempts remain infrequent. Subsequent ap-
proaches have used software such as 3D Studio Max or Blender (Garcia
and Castillejo, 2015; Hoffmeister, 2017) or software such as PHANIE
that simulates light based on spectral data (Jouteau et al., 2020). Whilst
these softwares are useful in facilitating intuitive simulations that input
and manipulate real-world lighting data, they are limited to considering
the extent of illumination afforded by a particular lighting technology as
a static model, and are only capable of manipulating 3D models at low
resolutions. In a Palaeolithic art context this may compromise the
simulation with subtle undulations, texture such as cracks or fissures,
and even finely engraved depictions, not appropriately captured within
the model. VR software such as Unity - a free and accessible game-
development software - offers a solution. Unity can simulate the real-
time effects of a flickering light source using high-resolution 3D
models. It can also create additional 3D objects (or “assets™) that can be
coded to have particular qualities; manipulate lighting to provide
ambient light conditions or lighting from a certain source; code light
sources to add pertinent attributes such as irregular flicker and colour
temperature; and simulate real-world interactions between modelled
and 3D objects. Consequently, access to high-resolution data is impor-
tant when populating VR models, such as experimental data regarding
the exact colour temperature and range of illumination provided by a
particular lighting technology.

3.2. Materials: Targeted sites and protocol used

VR dynamic light simulations were modelled for Palaeolithic art
from two Magdalenian sites (Needham et al., 2022; Wisher et al.,
forthcoming): a series of charcoal drawn parietal animal depictions from
within the limestone cave of Las Monedas (Spain), with AMS
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radiocarbon dates of 13,766-13,248 cal. B.P. and 14,811-13,791 cal. B.
P. obtained from ibex 16, and 14,076-13,519 cal. B.P. from horse 20
(Garcia-Diez et al., 2021; Moure Romanillo et al., 1996); and portable
engraved animal depictions on limestone plaquettes from the rock-
shelter site of Montastruc (France), dating to 12070 =+ 180B.P.
(14587-13579 cal. B.P.) and 13020 + 130 BP (15980-15220 cal. B.P.)
(Cook, 2010). The simulation results - the first of their kind in a Palao-
lithic context - are used to evaluate the efficacy of the technique in
contributing to new interpretations.

3.2.1. Las Monedas

The art of Las Monedas — consisting of 30 figurative and 15 non-
figurative depictions drawn in charcoal — is constrained within one
small gallery (Gallery of the Paintings, approximately 5 m x 20 m) of the
large cave, leaving many suitable cave surfaces unused (Ochoa, 2017;
Ripoll Perello, 1980). The placement of depictions appears intentional
and work was carried out to understand the factors that shaped selection
(Wisher, 2022; Wisher et al., forthcoming). The interplay between dy-
namic cave topography and firelight - a requirement in a dark cave
environment - may have been significant in influencing art placement,
perhaps to achieve particular visual effects. A VR simulation was created
to test this (Wisher, 2022; Wisher et al., forthcoming).

For the Las Monedas simulation (Wisher, 2022), photogrammetric
models of the majority of the cave walls were imported into a virtual
environment constructed in Unity, with 28 of the 30 figurative de-
pictions analysed within the VR simulations. Non-figurative motifs were
not considered as these primarily consist of small traces or lines and, as
early Medieval radiocarbon dates have been obtained from some non-
figurative marks (Garcia-Diez et al., 2021), it is less certain that these
motifs can be confidently attributed to the Upper Palaeolithic. As the art
in Las Monedas is situated beyond the reach of daylight (Ochoa, 2017),
ambient light was set to near absolute darkness in the model. No evi-
dence for lamps or fires has been recovered from Las Monedas, sug-
gesting torches were the likely method of illumination. A torch asset was
produced and a point light was used to simulate torch light in the model
to capture this. This emits light in all directions equally with an intensity
inversely proportional to the distance from the centre of the light source,
capturing how light behaves in the real world. Based on experimental
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Fig. 1. Different positions of the virtual torch. Heights correspond to the approximate distance between the floor and the centre of the light source, when the torch is

held in different positions.
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results for juniper wood torches (Medina-Alcaide et al., 2021), the point
light was given a radius of 1.25 m, a temperature of 1900 K, and an
arbitrary value of 0.5 for the light intensity. To capture the dynamic
nature of firelight, the point light was coded with a C# script to
randomly vary light intensity within a set range of +/- 0.25, creating a
flickering effect. In Unity, the light intensity values do not correspond to
real-world lux values. However, as consideration of dynamic lighting
was the objective, specific light intensity values were not essential and
the ranges selected were insufficient to create distortion (overlighting/
underlighting). The virtual torch was placed at 1 m, 1.5 m and 1.9 m,
approximately adult hip, shoulder and head height, to simulate different
lighting angles corresponding to the height of a depiction (e.g., a
depiction 1.1 m height from the cave floor would have lighting simu-
lated at hip height) (Fig. 1). As there are no torch or rubefaction marks
on the cave walls at Las Monedas, lighting distance was modelled
consistently at 40 cm, approximately a half-arm length, which is close
enough to illuminate the cave wall but without flames coming into
direct contact with its surface.

3.2.2. Montastruc

The Montastruc plaquettes - consisting of 54 objects in total, with 50
produced on limestone and 4 with unknown geology - feature natural-
istic depictions, including individual and multiple animals, the latter
sometimes blurred by the recycling of body elements. Approximately
half of the plaquettes (27 in total) evidence rubefaction traces or thermal
fragmentation, indicating interaction with a heat source. It was
hypothesised that these features were connected and firelight may have
been harnessed to create dynamic visual effects across engraved and
sometimes morphologically complex limestone surfaces when viewed at
night. This research question was addressed with experimental archae-
ology and 3D modelling, using the results to populate a VR simulation
(Needham et al., 2022).

For the Montastruc simulation, a subsample of plaquettes with clear
rubefaction traces were selected for the VR analysis, to visualise the
experimental observations on the archaeological objects themselves
(Needham et al.,, 2022). A preliminary step was required prior to
importing models into Unity. The plaquettes are eroded, with little
colour contrast between engravings and the surrounding limestone, but
experiments show that fresh engraving was a vibrant white colouration
(Needham et al., 2022). Substance Painter was used to recolour
engraved lines on 3D models of the plaquettes created by Needham
(2017) to capture this effect. The modified 3D models were then im-
ported into an open environment in Unity with ambient light set to near
darkness, to capture the visual effects of plaquettes observed by firelight
at night (Needham et al., 2022). Spatial relationships between pla-
quettes and other site features are compromised at Montastruc due to
the excavation methods used (Needham 2017). However, rubefaction
traces localised to some plaquette edges suggest a direct relationship
with fire, likely a hearth (Needham et al., 2022). A small hearth asset
was produced with an arbitrary footprint of 0.5 m in diameter, a point
light source of 2.5 m radius, a temperature of 1900 K light intensity of
value of 0.8. Based on experimental results (Medina-Alcaide et al., 2021;
Needham et al., 2022), the light source was also attributed with the C#
script that allowed the light intensity to fluctuate within a range of +/-
0.25. In contrast to the Las Monedas simulation, the hearth asset
remained static and the plaquette models were positioned around it. To
ensure accurate placement of the plaquettes models, orientation was
informed by experimental observations with edges modified by rube-
faction placed closest to the hearth feature (Needham et al., 2022). The
VR simulation allowed for the integration of experimental results
directly with the archaeological objects to understand the visual effects
of placing the Montastruc plaquettes in proximity to flickering light. No
quantitative data were measured from these depictions, as they intended
only to visualise the experimental results for the archaeological objects,
but screen-capture videos were produced to record the visual effects
created by the virtual firelight.
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4. Results of VR simulations
4.1. Las Monedas

The Las Monedas simulations of torchlight enabled a deeper
consideration of the relationship between placement of depictions and
topographic features of the cave wall (Wisher et al., forthcoming). VR
revealed, in some cases, a more nuanced interplay between the posi-
tioning of depictions and the visual effects of firelight interacting with
the rock surface than could be discerned by field or 3D models alone.
Different lighting angles appeared to make no appreciable difference to
the relationship between firelight, the rock surface, and the depictions.
If a depiction was illuminated from below shadows stretched subtly
upwards and equally, if illuminated from above, shadows stretched
downwards, but the areas of illumination and shadow across a depiction
remained broadly consistent. Depictions spatially positioned either very
high or low on the cave wall were the exception, where lower or higher
angles of light respectively were insufficient to illuminate them.

The majority of figurative depictions (71%) at Las Monedas inte-
grated cave topography to directly represent anatomical features or in-
fluence the form of the depiction (Wisher et al., forthcoming). The VR
simulations suggest this may have been a direct result of perceiving cave
walls under firelight, which facilitated the identification of evocative
animal forms embedded within their undulating surfaces and encour-
aged the manipulation of light and shadow to add drama to the de-
pictions. For example, depiction 5 (Fig. 2) - a bison in vertical
orientation - appears to be influenced by firelight coalescing with the
cave topography, with the curved edge of the rock surface and subtle
cracks in the wall enhanced under firelight and integrated to represent
anatomical features. The depiction also harnesses shadows created by
firelight, in this case to ambiguate. The flickering and shifting shadows
cast by firelight adds dimensionality and depth, creating a subtle
impression of movement, while the choice to infill the head of the bison
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Fig. 2. Digital tracing (top) and VR simulation (bottom) of Depiction 5.



1. Wisher and A. Needham

Fig. 3. Digital tracing (top) and VR simulation (bottom) of Depiction 8.
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with black pigment blurred the boundary between depiction and
shadow, drawing the bison back into the cave surface. The VR simula-
tion for depiction 8 (Fig. 3) - a partial horse in right profile - revealed
that a deep, curved crack in the cave wall was enhanced under firelight
and directly integrated to represent the dorsal line of the horse. The
simulation also indicated that the artist used areas of shadow created by
firelight alongside natural cracks and fissures in the cave wall to create
the impression of the horse springing from an area of darkness and
retreating into another. Firelight in tandem with cave morphology was
actively harnessed in art placement, orientation, and form to create a
narrative and a sense of movement. Depiction 25 (Fig. 4) - a bear in right
profile - appears to have been similarly placed to utilise a subtle con-
cavity, making the animal appear as if it were emerging from the
shadows. Again, firelight and cave morphology were integrated to create
a powerful visual effect, imbuing the bear with narrative and movement.
These insights are only afforded through VR simulations.

The interaction between firelight and the cave surface appears to
have been a strongly motivating factor in art production at Las Monedas,
perhaps because of the visceral sensory experiences this can create. The
VR simulations demonstrate how firelight enhanced cave wall topog-
raphy by extending shadows cast by cracks or fissures and through
fluctuating luminosity across each surface.

4.2. Montastruc

The Montastruc VR simulations allowed for the consideration of
experimentally observed phenomena applied to the archaeological ob-
jects. This afforded the capacity to explore why particular plaquettes
may have been placed adjacent to a hearth, providing insight into the
relationship between firelight and the making and experience of
plaquettes.

Fig. 4. Digital tracing (top) and VR simulation (bottom) of Depiction 25.

Fig. 5. High resolution image (top) and VR simulation (bottom) of pla-
quette 691.
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The simulations indicated several different visual phenomena eli-
cited by the dynamic firelight. The first pertains to a subtle animation
effect when superimposed animal forms were exposed to flickering light.
This effect was evident in the simulation of plaquette 691 - featuring
multiple horses and a cervid in right profile - where animals appeared to
drift in and out of perception as the light shifted (Fig. 5; see Needham
et al., 2022 for VR simulation video). The repetition and superimposi-
tion may have been designed to harness this perceptual effect of fire-
light, perhaps evoking a sense of narrative as the animals became
animated and appeared to move. This relationship between hearth,
light, and portable engraved art encourages deeper considerations of
how plaquettes may have been entwined with other social and cultural
behaviours that may have been centred around the fireside, such as
performance or storytelling.

Another visual effect drawn out by the simulated firelight pertains to
artistic choices surrounding the integration of natural features of the
limestone into engraved animal depictions. Plaquette 675 - a horse and
bovid in right profile - features a horse with cervico-dorsal line fitted to
the edge of the limestone support and with the body projecting forwards
to allow for the incorporation of a prominent fissure to form part of the
front legs. While this artistic choice can be observed with the naked eye
(Needham, 2017), the VR simulation shows how in the presence of
darkness and flickering light, natural features and anthropogenic en-
gravings blur, creating a powerful visual effect (Fig. 6). Under such
conditions, visceral pareidolic experiences can be triggered, which may
have contributed to how choices were made in the placement of animals
on supports and how they were subsequently experienced and
understood.

Finally, a number of plaquettes feature animal depictions that are
blended together by recycling body parts and shifting orientations and
body postures to fit around existing animals. Plaquette 675 is again a

Fig. 6. High resolution image with digital tracing of engraved horse (white)
and bovid (grey) (top) and VR simulation (bottom) of plaquette 675.
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good example, with features of the previously described horse being
recycled to create a larger depiction of a bovid. The head of the horse
was used to form the ear of the bovid and the abdomen of the horse made
up a part of the cervico-dorsal line of the bovid. In what is perhaps a
conceptual parallel to the incorporation of natural features of the rock
into depictions, the potential existing animal forms created were used as
inspiration when adding further engravings. This ambiguity and
blending is magnified when viewed under moving firelight in the VR
simulation, perhaps enhancing the desired effect of blurring depictions
together, but also highlighting the role of firelight in making.

5. Discussion and conclusion: VR as a method for modelling
dynamic lighting in art contexts

Through the novel application of VR, firelight can be understood to
have been an active agent in the making and perception of Upper
Palaeolithic portable and parietal art that was deliberately harnessed to
enrich experience and sensation during engagement. Beyond merely
illuminating depictions in the absence of daylight, firelight transforms
them, imbuing a sense of narrative as animals appear to become animate
or move in and out of the shadows. Firelight may have thus been un-
derstood as a relational agent intrinsic to the making of art and how it
was intended to be engaged with and perceived. The ability to manip-
ulate and harness firelight would have affected the interaction or
“conversation” between artist, stone support (cave wall, plaquette), and
animal subject, with firelight enabling suitable surfaces to be identified,
revealing evocative forms embedded within certain surfaces, and
imbuing the depictions produced with narrative. In this sense, fire
allowed Palaeolithic artists to “see” twice. Firelight practically func-
tioned to allow people to see at night or within the dark recesses of
deeper caves, facilitating the extension of the day or the navigation of
complex cave systems. However, firelight also actively enabled a way of
seeing that permeated through facets of art making and reception.
Firelight allowed artists to engage in new dialogues with stone, by
enhancing the evocative topographic forms of the surface to be finished
with pigment or engraved lines and by casting dynamic light and
shadow that enriched animal forms with movement.

The application of VR modelling to the cave art of Las Monedas and
the plaquettes of Montastruc demonstrates its potential for revealing
sensorial aspects of dynamic firelight, and enriching interpretations of
the active role of fire within the making of Palaeolithic art. The VR
simulations allowed for these aspects of firelight to be appreciated and
interpreted in a qualitative but systematic way, facilitating insights into
the experiential and relational processes involved in art making and
perception. As illuminated by Part 1, firelight in contemporary societies
is often embedded with practices of storytelling and social interactions
by the fireside, and the results for the Montastruc VR simulations suggest
this may have been one way the plaquettes were used at this site. The
simulations revealed that under dynamic firelight, the superimposed
animal engravings appear to be subtly animated. The deliberate asso-
ciation of the plaquettes with firelight indicates that the engravings were
made to be seen under firelight, with the dynamic effects of the light
manipulating the perception of animal forms through the shadows cast
by the limestone’s undulating topography and the shifting illumination
of vibrant white engraved lines, creating a sense of narrative. It is
plausible that this intentional engagement with firelight was part of
storytelling in a social space around the fireside. The focus on depicting
animals, the use of limestone derived from the rockshelter itself, and the
diverse authorship of the engravings suggests such storytelling sat
within practices that emphasised place, community participation, and
engagements with other-than-human beings (Needham, 2017). By
contrast, the constrained spatial context of the Las Monedas art suggests
a more intimate interaction between a very limited number of artists,
firelight, the cave wall and the depicted animals. The VR simulations
revealed the deliberate placement of depictions in relation to areas of
shadow at Las Monedas, and the blurring of natural and anthropogenic
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elements under firelight, with the charcoal black lines and shading
becoming difficult to distinguish from natural features of the cave wall
(e.g., cracks, fissures). The high proportion of depictions at Las Monedas
that integrate natural topographic features that, when viewed under
firelight, induced pareidolic responses (Wisher, 2022; Wisher et al.,
forthcoming) further reflects this intimate interaction. As illuminated by
VR, therefore, the artists appear to have had a dialogical relationship
with the cave wall, coaxing out or blurring in animal forms that become
embedded in its surface, through a nuanced interplay between light and
shadow. This contrasts with the socially-charged context of the Mon-
tastruc art; interactions at Las Monedas were more discreet.

This research demonstrates that VR is an important tool that can be
constructively used alongside more established techniques in Palae-
olithic art research. Where tracings or relevés allow for the particular
depiction on a surface to be clearly visualised or the sequence of lines to
be determined (Fritz and Tosello, 2007) and 3D models allow for an
appreciation of the dimensionality of the art (Garcia Moreno and Garate,
2015; Gonzalez-Aguilera et al., 2009; Giith, 2012; Lerma et al., 2010),
VR can facilitate the appreciation of the role of firelight in transforming
and enriching Palaeolithic art. The Las Monedas and Montastruc VR
models were built directly from high-resolution 3D models and experi-
mental data, which facilitated the creation of a sub-mm accurate and
data-led simulation of the interaction of firelight on different art types
and in different contexts. This capacity to integrate multiple strands of
data into VR enables rigorous investigation of research questions
regarding intangible aspects of Palaeolithic art making and reception,
such as sensorial and visual experience. There is vast potential for
integrating VR simulations into future research both in Palaeolithic art,
and to other contexts where moving light has been raised as a variable in
art production and use (Abrams, 2021; Ahola and Lassila, 2022; Nyland
and Steberglgkken, 2020). Importantly, VR can consider these intimate
and contextual considerations without posing any risk to the archae-
ology itself, solving a critical issue in the appropriate lighting of
archaeological objects.

This application is the first of its kind in Palaeolithic art contexts and
inevitably as VR develops, more refined models can be produced that
capitalise on advances in hardware and software. For example, Unity
offers a High Definition Rendering Pipeline (HDRP) that allows for
additional real-world lighting values (e.g., lux) to be modelled. Whilst
this currently requires high computing power, particularly to render
real-time lighting effects on high resolution 3D models, it demonstrates
that new developments will facilitate increasingly refined models in
future. The integration of further archaeological and experimental data
is another pathway to improving the VR models produced. For example,
the light generated by a flame can vary depending on variables such as
the fuel used (Chalmers, 2002). As research into Palaeolithic fire ex-
pands, including variations in hearth configurations (Murphree and
Aldeias, 2022) and fuels used (Aldeias, 2017; Beresford-Jones et al.,
2010; Marquer et al., 2010; Théry-Parisot et al., 2005), further experi-
mental results used to understand the properties of particular combi-
nations (Hoare, 2020) can help to create more detailed VR models in
future, in turn providing greater specificity and nuance in the light
simulation produced. While this paper has focussed on the analytical
applications of VR, there is a clear scope for significant application of the
technique in the realm of engagement with wider audiences. This offers
the exciting potential to show how cave art and some portable art may
have been seen from the perspective of those people who made and used
it.
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