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ABSTRACT

Virtual production with LED volumes represents a transformative development in contemporary filmmaking,
fundamentally reshaping cinematic aesthetics, production techniques, and industry workflows. This study
examines the emergence and evolution of LED volume technology, emphasizing its integration of real-time
rendering, camera tracking, and in-camera visual effects. By replacing traditional greenscreen methods with
immersive, dynamic environments, LED volumes enable seamless interaction between physical and digital
elements, enhancing lighting realism, spatial coherence, and on-set collaboration. The paper explores the technical
foundations underpinning these systems, including hardware configurations, rendering engines, and
synchronization processes, alongside their implications for cinematography and narrative construction.
Furthermore, it analyzes the impact of LED volumes on production workflows, highlighting increased efficiency,
concurrent collaboration, and expanded creative control. Economic considerations, accessibility, and scalability are
also addressed, as well as key challenges such as latency, colour calibration, and high initial costs. In addition, the
study considers emerging ethical and legal concerns related to data ownership, intellectual property, and
performer safety within immersive environments. Ultimately, the paper argues that LED-volume virtual
production constitutes not merely an incremental innovation but a paradigm shift that redefines the boundaries
between physical and digital filmmaking, with far-reaching implications for the future of cinematic storytelling.
Keywords: LED volumes; virtual production; real-time rendering; cinematic aesthetics; and in-camera visual
effects.

INTRODUCTION

The increasing prevalence of LED volumes in virtual production highlights the fundamental, even radical,
transformation in filmmaking [17. Shaw [17] defines LED volume technology as a system of modular, high-
brightness panels that wrap around three sides of a set to provide real-time, background-image illumination and
aliasing-free parallax via in-camera VFX, eliminating the green screen [17. With this technology, previsualization
with virtual cameras is integrated into the shoot, allowing studio volumes that reproduce 3D assets at film-scale to
be shared across departments and to generate concept art for lighting, set dress, and narrative-driven camera
motion. Contiguous volumetric content enables spatially consistent multiple-perspective previews that facilitate
asset interactivity before lip-sync dialogue is captured [27]. Lighting recommendations at the shot-design stage
advise physical complementary key sources. The seminal relationship between LED volumes and camera metadata
pits the establishment of a layer of real-world attributes, physical lights and geometry, against the all-digital
studio envisioned by earlier approaches to virtual production. The gathering milieu of real-time 3D solutions has
produced a burgeoning infrastructure of studios, vendors, and asset libraries on the scale of the visual effects
industry a decade ago[ 37]. Projects such as The Midnight Sky and The Mandalorian inaugurated the high-budget
use of volume technology, subsequently echoed at lower price points in Ted Lasso and other productions.
Comparisons with prior virtual-production methodologies characterize the full-physical/digital divide as a shift
rather than an addition and elucidate its impact on design, storyboarding, and collaboration [37].
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The Rise of LED Volume Technology
The advent of LED Volume technology has revolutionized cinematic virtual production by providing innovative
techniques in real-time compositing, independent of geographical location and time of day [2]. The seamless
integration of digital elements into live-action scenes harmonizes a traditional medium with modern storytelling.
Flexibility and responsiveness to adjustments foster efficient workflows and encourage creativity. Pioneering
studios such as ILM, companies like Epic Games, and influential projects like The Mandalorian have propelled the
rise of LED Volume technology, creating self-sufficient ecosystems that engage in extensive testing and artistic
exploration [37]. These pioneering efforts not only transformed workflows and tailored existing technology but
also set new benchmarks for cinematic practices beyond the virtual space. Compared to earlier methods, LED
Volume systems have amplified transformative effects on workflows and aesthetics. Prior workflows extended
traditional paradigms using greenscreens, digital matte paintings, and external virtual environments rather than
altering the processes themselves [47]. Conversely, LED Volumes instituted an entirely new and distinct approach,
incorporating real-time rendering into production design, affecting long-standing cinematic techniques, and
enabling studio-independent production at global scales. Establishing continuity and duration within a single shot,
an intrinsic aspect of the cinematic medium, expanded the creative possibilities of the moving image [57. Process
and conceptual history reveal that visual-effects pipeline concepts coined in the 1970s alongside the emergence of
computer-generated imagery initiated the discussion [67]. Rapid progress and ferocious integration efforts in
computer-generated imagery influenced an increasing number of contemporary productions, digitally recorded or
projected the camera motion in full 8D and subsequently geometrically concatenated and rendered traditional
techniques countless times for effects operating in 8D [87. After major early propositions, exploration ceased for
over a decade. Efforts resumed with the emergence of volumetric projection as a critical technique. Multiple
patents were filed, yet the confines of immersive formats insisted upon 8D depth at the expense of 2D exposure.
While certain interactive cases persisted, the substitution of a virtual lens for physical movements remained
unattainable [87. Early 2015 witnessed a renaissance of intense interest motivated by technological advancements,
significant cinematographic projects, and industry-wide experiments at the confluence of virtual and augmented
reality for prescribed scenes and interactions across diverse chambers [97]. Broader acknowledgments among
leading cinematographers and motion-picture professionals instituted a dedicated network for standardization,
cataloguing, and intensified encouragement of the cinematographic art as facilitators of established lenses in an
authentic cinematic manner [97. 2016 saw the considerable anatomy of a surge in strongly-attracted projects
culminating in incursions into augmented threaded through the 360 domain across extensive outputs and limited
eras [10]. Production-plant layouts extra-ing incorporation were discussed, yet widespread intricacies advocated
independence both for conceptual purity and to dispense associated visual effects, typically utterly decoupled from
shoots in the 2-38D historical and live-recorded vectorial domains [117.
Technical Foundations of LED Volumes
Volume lighting technology to provide an external source of light to match the lighting in a scene has been used
in the film industry already for several years [107]. With the application of LED volumes, the light can now be
matched and an environment practically created in several moments. A LED volume is a collection of LED panels
that can create an environment around a scene by using real-time 8D rendering software to composite CGI
content. The virtual camera position from a 8D application is connected to a camera tracking system, so when the
camera moves in the physical 8D space, the virtual camera moves in the digital world, and automatically the
perspective of the content in the LED screen changes accordingly [87. The process of an LED volume starts with
the content creation process, where humans need to define the world, environment, and script to work for the
production. The relevant details and assets are imported into the 3D software for design and set decoration [27].
With camera de-noising, high-quality raw images are obtained throughout the LED volume workflow. Sensors are
installed on the camera tripod to track the horizontal and vertical moving directions of the camera, and a colour
calibration procedure is developed to maintain a consistent colour value between the camera and the LED volume.
The demands of LED volume turn out to refine the assets in a 3D production environment, which are not
considered in the previous rendering or content creation. Luminance, colour, and shadow are especially required to
be paid attention to in LED volume production [117. Similar to traditional production settings, it is frequently
assumed that shadow, reflection, and the rest are simulated in a 3D scene. The speaker demonstrates that in the
LED volume environment, extra consideration should be taken upon those classic setups [127].
Hardware Components
Modern LED-volume systems comprise complementary hardware and software components that facilitate real-
time rendering, compositing, and virtual production at larger camera scale [87]. The following section outlines
these hardware components within a simplified decompositional taxonomy. LED panels constitute the primary
physical medium in an LED-volume system. The chosen panel type drives all processes within a volume,
determining the total number of cabinets required and, ultimately, the performance of the entire system [27]. Each
cabinet houses a connected control system that distributes real-time content to the panels according to an internal
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scheduling protocol [47]. Although a single cabinet suffices for smaller setups, larger systems need multiple
cabinets and additional hardware, typically solderless connectors and network switchers, to manage inter-cabinet
visibility and synchronization. The control system and remaining components reside on a separate workstation,
while panels connect via an Ethernet protocol [57]. Synchronization devices link the control system to multiple
cameras, sending a frame time code that marks the beginning and end of each exposed frame. This code enables
perfectly synchronized recording of the rendered virtual environment, which combines camera movements,
tracking data, and LED-panel shot data. The system can also integrate additional signals for non-standard frame
rates, such as slow-motion playback [67]. The camera interface represents either a commercial or independent
option integrated on set with the camera. These interfaces capture the on-set camera image as video or images
instead of numerical movement tracking and are often combined with a modified version of video-tracking
software that incorporates additional coordinates like the chosen field of view and lens distortion [7]. Tracking
devices consist of DIY solutions employing open-source motion-tracking software, commercially available options
closely associated with virtual-production firms, and studio-developed bespoke solutions intended for highly
specialized equipment and setups. Several software packages accommodate the recorded camera move alongside
Unreal Engine itself [87].
Real-Time Rendering and Camera Tracking

LED-volume systems employ a modular array of high-brightness LED panels or cabinets, supplying both a
backdrop and supplementary illuminance for the foreground subject. Compositing occurs in real time on-set,
incorporating camera-tracking metrics, and enabling immediate adjustment of virtual elements [97. The
integration of synchronized camera tracking and real-time rendering delivers a bespoke digital environment that
matches the forthcoming lens exposure, facilitating a seamless illusion [107]. This design paradigm represents a
shift from primarily staged, theatrical sets toward immersive environments that create spatial depth within the
frame. Conventional virtual-production methods operate in pre- or post-production, relying on compositing, this
separation hinders control over light, shadow, and interaction with on-set elements or practical props[117]. In
contrast, LED volumes enable concurrent control of the virtual and physical realm without departing from the
stage, persistently extending control over integrated graphics, supplementary lighting, and ongoing artistic intent

[47].
Lighting, Luminance, and Color Management

Technological advancements in LED panel design and engineering, particularly within the gaming and online
streaming industries, have catalyzed the emergence of LED volumes as a novel tool for film and video-content
production [127. Initially prototyped for research animation at Lucasfilm Animation Singapore, LED volumes
have since gained widespread uptake, becoming the de-facto standard for virtual production in popular live-action
content [187. Driven by the open-source engine Unreal Engine, LED volumes rapidly moved from
experimentation to large-scale, high-risk production within a few years [137. Driven by the swift adoption of
these volumes, virtual production has burgeoned into a billion-dollar industry. Substantial demand for immersive
environments that inspire creativity, confine the visual problem space, and resemble the rendered final product is
placing mounting pressure on the design of pre-visualization tools across multiple industries, from animation and
visual effects (VFX) to feature films and games. Immersive virtual crew-over-protocol and virtual-reality (VR)
systems for 3D content have emerged to alleviate this pressure, allowing users to explore and interact with
complex virtual scenes [14]. Of these, LED-volume virtual production offers a creative middle-ground solution,
creating the impression of being immersed in a complex digital world while maintaining a familiar pencil-and-
paper interaction model [147]. LED-volume virtual production enables real-time compositing of computer-
generated imagery (CGI) and live-action footage. Where 8D virtual environments could previously be forwarded
for the rendering of 2D images that were then composited via greenscreens, LED volumes allow 8D scene data to
be directly tracked to a 3D LED stage to create the impression of being immersed in a virtual world. Real-time
tracking of the camera’s position, rotation, and focal length automatically synchronizes the rendered perspective
with the camera’s viewpoint [15]. Because the physical properties of the scene are identical for both CGI and live-
action content, lighting is automatically matched, eliminating the need for manual adjustments typically required
in greenscreen workflows [157. Industry-wide momentum is building towards the adoption of LED-volume
virtual production due to its preservation of time-honoured principles and aesthetics. Elements from traditional
pre-visualization and storyboarding tools remain integral, ensuring that the approach fits within a familiar creative
process. Importantly, existing skills can be repurposed to a novel medium, allowing more time to be allocated to
the development of the associated principles and aesthetics of the volumetric form [167. Insights regarding the
proper use of LED volumes for live-action virtual production have emerged through the development of several
Unreal Engine projects. The analysis of these projects reveals techniques that enhance the seamless, natural look,
immersive, and believable feel, and detail-rich, layered nature considered desirable in live-action virtual production
[167]. The considerations and techniques are specific to LED volumes and distinct from those applicable to
traditional greenscreen, virtual-reality (VR), or gaming environments [5]
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Cinematic Aesthetics in Virtual Production
Volume LED, or light-emitting diodes forming a large surface area, are a part of an emerging virtual-production
method that enhances postproduction and allows greater on-set collaboration. Volume LED, sometimes referred
to as walls, comprise multiple large cabinets fitted with curved flat panels that generate screen images reflecting
the position and movement of a physical camera [17]. Volume—or wall-LED and augmented- or extended-reality
virtual-production technology combine real-time, 8D-computer-graphic content creation, heightened by a
powerful graphic-processing-unit-based computer, with camera-tracking devices and point-of-view rendering.
Content displayed on LED screens instantly matches the perspective of the camera used on set. Such augmented,
reality compositions find regular applications in television series, commercials, and live global brand or sports,
event launches [27]. Examples of use include the Mandalorian Disney+ episodes, 2021 Apple product launches, the
2020 and 2021 Super Bowl Halftime Shows, C 3PO spots for Star Wars catalogue releases, and Louis Vuitton
wristwatches. LED volumes offer essential advantages over traditional green-screen techniques. Instead of
requiring later postproduction work to composite foils, sets, or landscapes onto greenscreen footage, augmented-
reality virtual-production or extended-reality images introduce live composite material directly on the set.
Examples include horizons, fagades, or entire spaces that either supplement the physical set or substitute for it
entirely [37. For example, it may be possible for a director of photography (DOP) to shoot in a creative studio but
depict the light using an exterior open-side restaurant; conditions would thus reflect a day setting within an
indoor area at night. Likewise, Louis Vuitton brand-watches advertisements featured shooting either on water or
cliff-facings, although the physical space was, at least partly, interior [47]. Three principal aesthetic properties arise
from LED volumes: lighting realism, instant on-set camera integration, and immersive experiences that keep the
entire team involved in directing and photography [57]. The output of the virtual-production camera unit is
intrinsically locked to corresponding LED renderings thereof: the camera-frame count, functioning depth of field,
optical-barrel distortion, shutter time, and camera-rotation dynamics govern simultaneously the outputs of both
LED screens and the computer-display monitors of the real-time-pipeline-executing system [67]. Such relatively
accurate integration behoves the lighting attached to immersive content in the LED volume itself to satisfy the
texture exhibited in the direct photography, a live-hybrid outcome unlikely under greenscreen scenarios [7].
Frame Rate, Resolution, and Depth
LED screens can display visualizations of the set and backdrop effectively. The volume would consist of a 360-
degree, LED-illuminated giant screen to create a ubiquitous backdrop of nature when required [67. From the
practical aspect, the large volume would allow unlimited camera position, while simulated background projection
would enable infinite coverage [87. Camera-oriented tracking, including camera inverse geometry, allows strict
integration of practical light from background illustration and generated virtual 3D scenery in both Pioneer and
STAR WARS. Providing a high-quality, luminous background projection to blur the margin of time and space,
combine large projection indoors, and align location shooting with background projection outdoors is crucial in
the contemporary set [17]. The volume solves the camera and location limitations, allowing simulating both the
backdrop and the atmosphere of the complex outdoor shots indoors [97]. Furthermore, the two concurrent movies
need tighter integration between large background projection illumination, 8D scene generation, and camera-
focused tracking to avoid a high level of artistic discontinuity for creative cross-industry exploration [107].
Spatial Coherence and Perspective
The emergence of LED volumes has revolutionized virtual production practices, eliminating reliance on
greenscreens[ 17]. Unlike traditional chroma-keying, which requires separable foreground and background, LED
environments allow real-time scene assembly without explicit backgrounds [67]. Recorded backgrounds remain
plausible across different field-of-view shots, as the virtual environment contrasts with physical set elements,
enabling diverse creative blends [17. LED volumes afford three major aesthetic advantages: heightened lighting
realism, camera motion integration, and immersive on-set experiences. Backlighting from LED walls can create
realistic soft shadows consistent with other light sources, while synchronous light exposure enhances the illusion
of integration [7]. Camera motion tracking enables simultaneous rendering and on-screen reproduction,
maintaining parallax and framing across varying lenses [27]. Casts on set as non-replaceable highlights can trigger
CRT effects for the digital environment, further augmenting immersion. The physical presence of volume walls
introduces an extra scene dimension, allowing actors to respond naturally [27].
Integration of Practical and Digital Environments
The enlightening study of virtual production methods via volume LED systems shows alternative approaches to
the union of physical and virtual, enigma and illumination in cinema [87]. This novel digital technology enhances
the union of the practical and digital by facilitating the bracketing of the illusion of framed image and the visibility
of production process [97]. Correct calibration and proper use of game engines, rendering engines, and post-
production work ensure integration between the locations where practical sets or actors should appear and where
they virtually appear in the computer graphics scene [107]. The possibility to distort physically correct graphics in
non-traditional camera settings at the physical set transcends realism and 8D, other dimensions, while enabling
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imperceptible spatial shortcuts [7]. Digital mock-ups are integrated in processes like techno-crane shots of
dramatic environments.
Production Workflows and Collaboration
The seamless interplay of technical components and collaborative dynamics shapes LED-volume production
pipelines [87]. A virtual-scouting process maps scenes using pre-existing assets from familiar platforms,
determining camera angles and shot types while accommodating the needs of virtual production. Uploading data
to a shared server enables teams to prepare shooting data in advance, streamlining on-set decision-making. Tight
schedules necessitate simultaneous workflows: while lighting artists configure assets on a second volume, the
director, director of photography, visual effects supervisor, and technical leads consult on composition, angle, and
movement within the virtual environment [47]. Such discussions center on maintaining the narrative flow
established in previsualization, aligning with narrative advancements made during planning. Conducting these
conversations on-set, rather than relying on photographs or video, enhances the immediacy and effectiveness of
collaboration [57]. Communication continues throughout shooting, with positional, movement, and composition
data streamed into colour-correction software. Optional colour-correction hardware further facilitates
collaboration among technical teams, ensuring the film’s visual cohesiveness [67]. Additional shooting angles can
be integrated into a historical archive, preserving the development of colour and lighting effects in tandem with
evolving narrative shape. During postproduction, the data pipeline undergoes further calibration to maintain
colour and light fidelity across the pipeline for each shot. Colour-rendered anchors assist in matching data to the
look established during original shooting. These assets remain accessible for cyclical refinement to uphold cross-
departmental visual continuity throughout a project’s lifespan [77].
Previsualization and Virtual Scouting
The development of LED volumes enables virtual scouting of three-dimensional CGI environments at any stage of
a project, allowing crews to evaluate options, such as locales, layouts, times of day, and weather conditions that
used to require finalizing a scene [37]. Virtual scouting allows production teams to visualize and frame shots that
will take advantage of opportunities distinctive to each location, and to spot potential challenges in those
environments. The practice resembles on-location scouting in an important way: the director and director of
photography (DP) can consider pacing and composition early on, presenting an opportunity to define the film’s
approach [57. Virtual scouting generally requires a data pipeline that carries an incoming asset from concept
through virtual environment and is coordinated by a dedicated team. Previs, storyboard, and reference materials
provide the initial framing, while various design data, from technical drawings to character designs, fills in the
next layers over time [27].
On-Set Communication and Roles
Unlike traditional visual effects shoots where these departments are more often siloed and many creative decisions
must wait until post, LED volume productions require that everyone communicate throughout the shoot in order
to adapt the final look before it is locked in['3, 47]. When the camera moves through a virtual set, vast amounts of
data are generated about that movement. High-level creative decisions have to be made early, but many others can
be refined[ 5, 6. The director and director of photography define the atmosphere, the type of light, and the
direction of the light [7, 87. Together, they collaborate with the VIX supervisor and the previsualization artist to
determine the type of virtual world conveyed through the camera and the degree of on-set realism, such as lens,
depth of field, and focus[97. Once the creative parameters addressing the overall mood of the scene are established,
the skilled technical teams examine the specifics of the virtual space or the practical set, designing the additional
virtual elements or digital effects that best enhance the visual storytelling without distracting from it[107].
Postproduction Implications
The construction and staging of a set represent a decidedly linear process that falls into a clearly defined
preproduction phase [67]. It affords the director a singular opportunity to shape the visual design of the film and
restricts communication with the cinematographer, which limits collaborative engagement with the shot
compositions being built for the edit [7]. Modeling each environment in 3D helps test the composition of shots
and previsualize virtual cameras and lens choices, but the lack of immediate on-set feedback, and the disconnect
from physical volumes, inhibits effective visual storytelling [87]. Reproducibility, an insistence for the sake of the
final image, still restricts expressive decisions and experimentation with the composition of layered environments
that combine both practical and digital elements [9, 107].
Creative and Economic Impacts
LED volumes significantly impact the creative and economic landscapes of contemporary visual production.
Directorial styles evolve within LED-volume environments, as established approaches become reimagined to
leverage the new creative potential [17]. Storytelling possibilities expand, in part through the enhanced emotional
capture afforded by performance-capture systems requiring fewer takes [27]. In conventional settings, directors
accommodate visible constraints the extent of staged architecture, the colours of additive light, yet engaging with
LED volumes encourages greater artistic freedom [3, 87]. Economically, LED volumes influence timing and
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budget. Total costs depend on numerous variables, including the extent of pre-prepared assets, the core
competency of the house, whether additional personnel are hired, and the quantity of takes necessary for
acceptable results [47]. Typically, LED-volume-based production engages greater artistry than conventional
methods [57. Traditional sets require significant surface material, and set design and construction can occupy as
much as six weeks, whereas LED hardware rarely necess lead time. Because LED-volume locations often remove
need to scout distant venues or manage the hazards elaborate transportation entails, multi-facility shoots within
days of one another and accessible within the same country or broadly similar time zone become practicable [17.
LED capacities therefore broaden options for smaller entities or independent producers operating on constrained
budgets considerably [67].
Artistic Impacts on Directorial Style
Technological advancements and pipeline innovations enabled by LED volumes create new creative possibilities
for filmmakers [57. Directors cite changes to their storytelling approach for example, one notes the possibility of
achieving complex narrative objectives within a single take when using volumes 9. Moreover, the immersive
quality of the volumes allegedly enhances actor and viewer engagement, attracting filmmakers for whom
performances and emotional resonance are paramount [67]. The volume’s ability to replicate practical sets in
virtual space, enabling precise previsualization, also supports explorations of new shot types and angles. Overall,
LED volumes inspire unique narrative structures and aesthetic exploration while reinforcing the continuity of
established practices [7].The extended planning time required for virtual production may enable more profound
shifts. Flexible and persuasive 8D-storyboarding techniques such as Viewpoints, the animated, virtual-reality
storyboards pioneered by Jeffrey Katzenberg, Phil Johnston, and David D. Planells for Disney, invite sweeping
rethinking of the audiovisual work prior to finalization [87. Filmmakers can deepen their consideration of project
ambitions, shot choices, and design aspects, potentially leading to novel artistic paths [97. Parallel developments
invite augmentation of original footage in creative and unexpected ways, reshaping the temporal structure of the
final piece [107]. Virtual lights embedded in the scene for naturalistic framing, on-camera shadowing, or further
time-of-day modifications immediately augment the original material, as the artist continues refining other
components[ 127]. Furthermore, the dramatically increased number of volumes compared to motion-picture
cameras and evolution of massively parallel, precomputed flow simulators, such as those incorporated into
production systems like Houdini, permit fluid augmentation of volumetric materials [137]. When the original
elements remain compelling but incomplete, or when the producer seeks a distinctive artistic approach, an entirely
new project can emerge from the last-exposed frame [147]. By abolishing pixel integrity during the creative
process, LED volumes embolden artists to broaden their imaginative scope [15].
Budgetary Considerations and Scheduling
The cost of a production utilizing an LED volume tends to be more than that of a traditional set but can still make
financial sense depending on the script and other extenuating factors [17]. The upfront investment in the hardware
is significant. It can range from $400,000 to $3 million for large LED volumes capable of producing high-quality
images. Upkeep costs during production are also high, especially with parks, car commercials, or any set that runs
24 hours a day because of the power needed [27]. Wearables also add expense, as must the skilled engineers needed
to run everything seamlessly. Nevertheless, there is still a significant market for rentals, especially for smaller
sizes. The market is down to about six or seven major volume users for original content plus a host of smaller
suppliers for the rental market [87]. Companies like Lux Machina have emerged to fill this gap. With so many
volumes available, the question becomes about how the assets or workload get allocated or booked up. Early
adopters have also learned their lessons, and their successes demonstrate that in the right context, volumes can
work [47]. LED volumes also compress production timelines. When approval comes to shoot, there is little time
needed to prep the final shot. Car commercials need new content every two weeks, and by the time those repros
come around, the stage can be fully ready [57]. For themed volumes, as seen in Star Wars, period or horrific
elements can be incorporated to make the space feel both alive and entertaining. The most dictatorial shoot in this
space was in a musty cave, where the director coped with fears of Halloween-style scares through constant fun and
jokes [67. These productions have made it clear that for a given project, if shooting time is highlighted and
markets are willing to pay, an LED volume is a godsend [77].
Accessibility and Scalability for Studios
The affordability and scalability of LED volumes suit various studio sizes and production contexts. Smaller studios
and independents engage with reduced configurations, including portable front-projection systems and non-LED
options, for cost-effective high-quality results [57]. These setups accommodate physical 3D sets, miniatures,
blurred backgrounds, and accent lighting, enabling expressive narratives [6]. Offices and initiatives in three new
international centers expand access beyond Hollywood and major markets [1, 107].
Challenges, Limitations, and Mitigations
Whether for the intonation and veracity of VFX injections, outfitting of robust stages capable of cyclorama-style
real-time shooting in play-back mode, or for specific cinematic-technical presets, arrangements, or mapping of
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devices, calibrate individual machines to the renderer’s final line nearing distribution, cataloging patches and the
points of their imminent interconversion or diction; on-site supervision of the luminance, chroma, and contrast[4-],
both internal to projects and for the overall pipeline that must feed pre-viz works; lot mapping of devices for
alignment on extra drawings at the transition into post-production; process for crossing the medium of, say,
Unreal and Maya yet preserving texture continuity across the machine and after-burn remodeling of facets, such
as checkered-grid contracts suiting programme occasions entirely or slotting shapes with nods alongside pre-
glow[87] or AppMapping requirements; verified hood to facility maintenance measures for drafting-screen outlines
suited to the ambient visual technique (Installer Servicecheck)[ 17, accordingly the evolution of the GRIP Global
Applications governing global alignments and bubbles is a feature attained by GIF program x SIZE IN LAY, a
similar advance as PreVis_check1x, subsequently named GripGlobal or GripExtensions [87.
Technical Constraints and Latency
LED volumes constitute a new virtual production technology comprising large-format, high-brightness, high-
contrast, calibrated, colour-consistent, and seamless LED walls and ceilings arranged in a three-dimensional
environment [87. Such volumes allow real-time rendering engines to produce directly visible images instead of
camera feeds of low-quality greenscreen keying [87]. The technology relies on real-time tracking systems that
enable accurate registration of synthetic content to the camera motion, supporting free camera movement and
view-dependent images for virtual sets or environments [97. Its creative opportunities and technical foundations
are now well established. The technique also introduces some technical constraints and requires responses to the
associated challenges to achieve maximum efficiency and quality in production [107]. LED volumes currently limit
extensible colour gamuts; colour-unmanaged feeds of arbitrary lighting cannot be directly combined; perfectly
flicker-free frame rates are unattainable; motion blur must ultimately match acquisition techniques; the need to
avoid close-ups, excessively high brightness, or highly flickering imagery is strongly reinforced. Acceptable
session latencies in integrated configurations remain elusive; the risk of double-focus or motion-judder artifacts
unavoidably increases; and the eventual adjustment of induced delays at more economical stages still demands
careful analysis and exploration during integrated compositing sessions [117]. Close monitoring and constant
maintenance of equipment and surfaces across multiple facilities pose additional challenges that must be addressed
within multiple planned shoots and on substantial budgets exceeding the conventional cost barrier for such
products [157].
Hardware Costs and Wearables
Prohibitive expenses and the maintenance demands of large LED panels represent a significant barrier to
adoption, and actors and supporting talent may incur additional costs when using virtual-reality head-mounted
displays (HMDs) or battery-operated wireless suits [27. Nevertheless, the exponential growth of the global
industry for virtual-reality (VR) devices suggests that VR integration into production remains a distinct industry
trend expected to develop in synergy with LED volume technology [37. The average stand-alone headset costs
about US$300, with many titles available for under US$15, well within the budget of most television pilots.
Dedicated wearables facilitating interaction with photoreal virtual sets, such as the Aquire software used with the
Unreal Engine, now help users wear motion-capture suits without the labor costs traditionally associated with
such equipment. Integration of these devices into production could mitigate the necessity for head-mounted
displays used for in-capture immersion [4, 5.
Calibration, Color Fidelity, and Consistency
When rendering a virtual environment viewed through camera lenses, aligning the captured output with physical
light sources defines a fundamental requirement associated with colour fidelity for shot consistency [17]. Various
hardware, software, and processes, therefore, enable the copying of calibration data from a real set-screen camera
to a digital camera, the replacement of one colour appearance model with another in cross-device rendering, or
even a secondary colour management layer specifically treating the light-emitting sources of the image [27].
Additional measures worth pursuing include sketching pre-visualisation elements in the pipeline from user
interface onwards [(127. These calibration, colour-fidelity, and consistency aspects prove vital for supporting an
interleaved cross-device pipeline uniting the pre-viz stage, in which the digital camera view appears in shot, with
electronic projection or the display of video-feeds for, say, a fully painted scene viewed through translucent masks
on-set[37]. Multiple calibration and colour-consistency parameters will vary for different cameras, devices,
projectors, project-image content, virtual-scene database entries, or colour render-settings schemes [47]. By
analysing their effects and constraining duplicates when introducing new shots, clarity may be obtained on their
cross-device characteristics or balances. Taking a two-screenning, camera-software, or 3D-tool cross-device
example, there may involve isolating constraints to replicate jointly visible scene elements while copying wider
data for independently visible content [57.
Case Studies and Comparative Analyses
The unique techniques associated with LED-volume virtual production emerge from a blend of historical events
and technological progression [47]. The introduction of high-dynamic-range (HDR) imaging enabled new forms of
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realism for computer-generation imagery, whereas non-linear colour-grading support for the inverse-cube
transform introduced direct mapping for luminance workflows in real-time engines. Helmholtz domain reflectance
approximations linked captured light-field cameras and real-time rendering, allowing for computation of realistic
interactions in scene-graph nodes [57]. The advent of pan-and-tilt heads for both cameras and projectors allowed
for parallax-based performances. A milestone in the sector occurred when The Mandalorian attempted to shoot on
large LED screens to imitate the sunversuslong-twilight scenario of a real desert, leading an extensive end-to-end
workflow procedure [27]. Various projects and organisations subsequently accelerated the further exploration of
such workflows. Recent years have also seen an evolution of LED-volume virtual production from two-
dimensional (2D) still-image displays to three-dimensional (3D) full-light-interaction environments [67]. For
example, shows such as The Mandalorian started to incorporate multi-camera, multi-projection, and light-
replication methods. Similar explorations were also conducted on light-field digital back production in volume
projection and in the unfailing-lit framework, and even the “light-as-a-cube” concept for full modelling of heads
[77]. However, one major obstacle was that switching to light-field or light-transport-based approaches meant
giving up real-time processing for all three-dimensional light-fields, accurate light-transport solving and colour
science-based reproductions/PBR evaluations. Though the light-cube idea minimises the loss of rig freedom at the
fluid supply system level, such approaches were still founded on raster-dominant and real-time lightweight-surface
techniques [87. The exploration of whether LED-screen-based presentations still got the same screen-feel
impression as movie- or classical-movie-set productions was prompted by the question “why LED volume instead
of a classical set?”. More importantly, the move from classical studio setups to other studios to compose LED
content as if a classical projector-right downloadable content happened before the first exposure still remained an
untouched matter [97. Available behind-the-curtain information on the entire process from artist visits intended
for normal studio setups and consultations with respective teams for initial canvas, rig workflow to piece formats
provided crucial references for the ongoing endeavor [107.
Notable Productions Using LED Volumes
During the busy pandemic years of 2020—2022, numerous productions utilizing LED-volume technology received
widespread recognition, showcasing both early successes and innovative explorations [7]. The Mandalorian was
not the first production to incorporate LED walls, but its notable prominence and effective promotion allowed it to
pave the way for wider industry adoption [87. Its creative applications did not merely enable the story’s dismissal
of physical reality; they directly informed the world-building, character, and overarching themes [97]. Adaptations
of scenes were made based on further analysis of locations and shots, testing the limits of the technology and
investigating novel possibilities [107]. Uncharted marked another milestone in live-action integration of real-time
engines with LED-volume systems. A science-fiction project focused on color and light, it later pivoted to an
adventure film, yet these initial explorations continued to shape thinking on the production [117. These examples
illustrate that the following conclusions validate prior conceptions of the technology’s potential at a far larger
scale. They further highlight the need for the industry to embrace extensive research and proactive investigation,
rather than simply following trends [127]. When expectations are taken to the extreme, even additional
refinements fail to yield the expected benefits. Ultimately, yet another balance remains to be struck before the
forms reach widespread application wherein success is assured [137]. These precedents emphasize the importance
of acquiring hands-on LED-volume experience. The prospect of merely observing externally operated systems had
prompted initial inquiries regarding alternative access to all-LDA feature films. Such exploration underscores the
need for real-time engines to truly unlock the medium’s potentials, while discretionary decisions about
approaching serious storytelling remain paramount [14, 157.
Comparative Evaluation with Traditional Sets

Historical evolution, though gradual, has made clear the benefits of LED volumes in virtual production. Prior
techniques, such as multi-projector installations and screens, enabled kinetic projections and artistic effects, yet
lacked the robustness and immediacy of subsequent incarnations [17. Physical props, set-design constraints, and
limited previsualization, combined with a proliferation of content, explain slow uptake of early volumetric systems
across various media and entertainment sectors [27]. Technological milestones include the 2006 release of the JVC
DLA-HDI1, one of the first consumer-grade projectors capable of interleaved 1080p, which opened the door to
large-format installations. The 2008 debut of the 10MP HD3D System allowed full-dome projection and engaged
venues beyond conventional film theatres [3]. Earlier pandemic momentum towards hybrid shooting cleared
access for advancements in virtual production pipelines and equipment solutions, restructuring industry practices
[47]. Noteworthy projects influencing LED-volume proliferation span features, shorts, series, game trailers, and
ads. ILM, founded in 1975, harnessed the Star Wars franchise to push technical and production boundaries while
partnering with major studios for equipment and tools anticipated elevating volumes to mainstream adoption.
Significant vendor ecosystems catalysing growth for tailored solutions in volume infrastructure and production-
wrapped pipelines emerged across Europe, North America, and Asia as early as 2003[5]. One ecosystem
complemented LED panels with modular full-dome video projection on top, a bespoke playback engine for
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multiprojector installations, and MRM guidance; the other combined massive projection systems, 3D and 360
previsualisation software, and a palette of rendering and playback engines. Game engines and rendering solutions
capable of near-zero-latency tracking-fed camera view-following and sound reactive installations established an
enduring legacy [67]. Full-dome projection systems supporting early photogrammetry and mid-range game
engines later entered the fray [77]. Virtual production emerged alongside established practices for non-linear
storytelling and transmedia, tracing roots to pre-1930s parallax-creation techniques, early 1990s motion-capture
cinematics, and “dynamic dialogues” across video-game-based machinima and large-scale virtual-puppet
productions [137]. The incorporation of three-dimensional constraints and environmental-scale consideration into
film-hero archetypes augmented analytical and conceptual pre-visualisation. By 2013, immersive capture for
widescreen film transitioned from peripheral into full-dome output systems [147]. Throughout, artists initially
provided capture directly from real-time engines as material for pre-visualisation, ultimately shifting to rendering
for presentational-preference optimization [157]. Virtual-reality devices and immersive-video content emerged as a
concurrently parallel development pathway, approached from divergent angles [147]. Mission and platform-
specific pre-visualisation remained core considerations.
Ethical and Legal Considerations
The development of LED volumes for virtual production raises new ethical and legal dimensions that filmmakers
must navigate through policies and guidelines [27]. LED-driven environments enhance the immersion and realism
of on-set capture and contribute to the development of new, more lifelike digital production techniques. However,
such settings also amplify concerns over the safety and well-being of performers or other individuals on set in
immersive experiences [87]. Using cameras and tracking technology to facilitate parallax in an LED-rendered
digital environment creates opportunities to circumvent location-based access controls, elevate concerns of
unauthorized access, and potentially raise questions regarding the ownership of digital assets [47]. Interactive
environments that enable the free exploration of narrative spaces with enough flexibility to develop relatively
open-ended stories, promote lateral storytelling that dissociates the narrative phenomenon from fixed forms like
page or screen, and expand opportunities for ongoing post-capturing re-editing of the story compel questions of
authorship[57]. These considerations are particularly pressing with volumes that utilize extensive third-party
assets and when exploitable material can be captured as part of the production. The non-linear nature of these
offerings raises new dimensions of disruption to traditional, determinative chains [67]. Production companies
incorporating LED volumes must therefore consider various measures to ensure the safety of individuals on set
and establish clear policies regarding the usage and ownership of rendered digital assets [7]. On the technical
side, such measures can include limiting the activation of head-mounted devices to non-capturing situations,
granting performers the option to decline the use of head-mounted devices, and prioritizing the display of detail
and complexity in captured material over “wrist view” content that does not involve a secured main-intention
perspective [87]. Well-defined procedures and agreements can also clarify the rights associated with the use of
captured material or third-party assets and delineate the ongoing authorship attached to otherwise exploitable
footage [1, 157.
Talent Safety and On-Set Practices
Virtual production engages the audience in simulated environments enriched by physical properties and real-time
changes, rendering pretensions of reality more solid than straightforward simulation [7]. Consequently,
augmented-cognitive environments can prompt genuine interaction from performers, irrespective of whether
actors are present even, they can engage remote off-screen participants. Stagecraft enables camera and object
proximity impossible to achieve with remote technology [87. Many finds immersion in a distant simulated event,
captured as a real-time stream, reinforced by faithful physical spatial audio more authentic than standard stream
protocols [87]. Advertising, commercial promotion, visual design, animation, gaming, and architectural
presentation students’ value stages with digital objects and audio generated or synchronized to complement
physical properties [97. Publishing real-time, augmented-cognitive tag-based data exchange stretches beyond
performance, indicating destinations, events, interactions, and available objects augmenting producers’ availability.
Grassroots events uncover performative affordances to engage situated audiences creatively beyond linear
composition [97]. Publishing assemblages articulates presence, whether performers occupy the same or multiple
distant spaces, would articulate situation similarly. Audience availability depends on local schedules coordinated
with distant projects and channels capable of engaging activity [107].
Intellectual Property and Digital Environments
The rise of LED volumes has generated considerable excitement across the visual effects (VIFX) industry and
adjacent sectors [107]. Yet, despite leading projects, acclaimed studios, and high-profile talent demonstrating
potent applications, the broader discourse surrounding LED volumes often overlooks the concrete technical
methods and wide-ranging implications[117]. Beyond flashy showcases, a clearer understanding of still-nascent
workflows remains vital to understanding what is possible, and what remains elusive. Each emergent technology
operates along a continuum, ranging from exciting yet preliminary solutions to established, predictable practices.
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With this in mind, LED-volume workflows warrant in-depth exploration, establishing enlightening distinctions
from previous solutions. Furthermore, lingering questions remain about expanding unity between physical and
virtual production environments [107]. Consideration of the above issues cultivates a comprehensive
understanding of LED-volume capabilities, opportunities, and ongoing challenges, while illuminating progressive
reinforcement of intricate interplay between virtual and physical dimensions [117. The emergence of LED-volume
technology has been documented primarily through events, key projects, and featured studios. Most existing
references tend to explore artistic, economic, or career-related issues surrounding the medium, resulting in an
incomplete evaluation of wider implications [127]. Analyzing the history of LED-volume workflow development,
its differentiated capacity for blending physical and virtual environments into the production chain emerges as a
particularly noteworthy trend [117. Moreover, notwithstanding extensive current dialogue regarding hybridity in
production environments, LED-volume trajectories still offer potential for further deepening interconnectedness
across conceptual, aesthetic, and technical layers. Given the widespread adoption of LED panels in other contexts
and ongoing exploration of related hardware and software solutions, LED-volume approaches warrant
examination, particularly alongside other contemporary initiatives striving to integrate physical and virtual
domains within an entirely on-set production framework [107]. Strong parallels also exist with earlier virtual-
production methodologies, further reinforcing the distinct nature of the change set in motion by LED volumes.
Approach to virtual-production technology and the extent of hybridization sought constitute critical factors
differentiating LED-panel workflows from proceeding. Albeit similarly pioneering, practices [4]
Future Trajectories
Virtual production with LED volumes is gaining traction, attracting interest across disciplines. Such installations
facilitate the rapid creation of high-quality content without the need to physically build sets [57]. With their rapid
emergence, ever-evolving capabilities, and adoption by industry leaders signify potential for expanding creativity.
Technological trajectories inform the examination of virtual production techniques and their implications for
aesthetics, workflows, finance, and distribution [107. Future developments may enable interactive or navigable
content with associated shifts in audience engagement and narrative structure [27].
Emerging Technologies and Convergent Workflows
Two parallel converging pathways, emerging software technologies and the physical format of cinematic image
production are rapidly reshaping film, television, and a host of derivative formats across pre-visualization, filming,
and post-production[127. The pivot toward real-time compositing has been propelled by rapid adoption of game-
engine technologies and the pursuit of ever-more-realistic virtual environments for entertainment and educational
use (to name just two). Within narrative filmed content, virtual production has become mainstream through use of
game engines to generate fully virtual worlds filmed with conventional camera systems. These virtual worlds,
continuously synthesizing for every frame of filmed content, are transmitted to the video-monitoring portion of
the camera, providing real-time feedback on an assortment of key compositing variables [127. LED video-wall
volume systems now round out the technological capabilities available for pre- and post-visualization, filming, and
finishing [27]. Capturing the filmed content with game or film engines either in-camera or via an extensive set of
pre-compiled shots, entire scenes or elements of scenes are either pre-visualized or filmed in the LED-volume
format. With these new technologies come equally complex implications across artistic/filmic approaches,
workflow structure, and wider societal issues [67]. The role and artistic impact of these systems have been widely
studied across feature films, series production, even feature-length documentary cinema 9. Game-engine operating
environments have also been documented extensively as both companies and mind share shift toward this rapidly
growing pivotal new stage of production, completion, and conception. Direct experimental practice with the
ongoing algorithms and system performance itself continues to document and hone the art-form [127. Systems
come with multiple capabilities dimensions, tile-size, time sequences, and transitions, orientations, impacting both
technology strategy and artistic complexity. Framing the study of LED volume within this overall landscape
ensures a comprehensive understanding of the new technology and its coupling with its wider historical trajectory
f127.
Implications for Narrative Form
Recent technological advances allow artists to immerse players and viewers within 8D worlds during entire
narrative experiences [17]. The story remains linear, yet audience participation exceeds mere observation.
Groundbreaking hardware and software promote widespread adoption of virtual reality (VR) for games,
entertainment, business, and training. 860-degree video serves as an essential entry point into VR. Viewing
without an expensive headset offers access to the digital era’s most radical narrative shift [137. Paradoxically, the
burst of 860-film production, accompanying enthusiasm, and resulting artistic stagnation replicate the pattern of
early commercial feature sound films. Before the glare and innocence of the possibility diamond, conventional
processes, language, and expectations maintain authority [47]. Conventional narrative films employing 360-degree
video operate within the established representational conventions of dominance cinema. Immersion within a
content directive environment induces a shift in story structure [1387. The space-time unfolding of film narratives
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works according to conventional plot construction, progressing through a succession of events until proffered
knowledge shadows narrative intrigue [87]. VR Computer-Generated Imagery (CGI) head-mounted display tape
enables semi-active viewer engagement within constructivist aesthetics falsely parallel to cinema, where
spontaneity emerges from architectural elements, not script. The exercise investigates formal, content, and
performance developments actualizing semi-activity. The logistic structure underpinning the fabricated world
implements duration, enabling synthesis through modulation of the original activity, temperature, and processing
pipeline [147. Perceptually, film convenes channels wherein the viewing apparatus and bobbing departure remain
uncoupled; absence of simultaneity within perception prevents freedom of traversal afore [27]. Bodies and
spectacles occupy disjoint locales yet still possess shared narrative. In virtual 360-degree sequences composed as
commercially placeholders preceding active production, 3D pervades the temporal distribution of the audiovisual
economy; space and time constitute successive coordinates of a co-ordinate system [157]. During dispersal, visual
attentiveness commences pivotal inscription through screen layout while timing assumes secondary prioritization.
360 degree imaging expunges temporal index preceding perception, unhinging arrival from articulation,
amplifying independence from variable [17]. Literature endorses channelling movement simultaneously across
multiple dimensions, constraining subsidiary traversals post-presentation; alternative formulations of narrative
operate in unaware parallelism by virtue of concatenating percept (horizontal) al semi-activity [15].
CONCLUSION
Virtual production with LED volumes represents a decisive shift in contemporary filmmaking, not merely as a
technological upgrade but as a reconfiguration of cinematic practice itself. By merging real-time rendering, in-
camera visual effects, and synchronized camera tracking, LED volumes dissolve the traditional boundaries
between preproduction, production, and postproduction. This convergence enables filmmakers to visualize, refine,
and capture final-quality images simultaneously, fostering a more integrated and iterative creative process.
Aesthetically, LED volumes enhance realism through accurate lighting, reflections, and spatial coherence,
allowing digital environments to interact organically with physical elements. The resulting images exhibit a level
of immediacy and authenticity that traditional greenscreen workflows struggle to replicate. At the same time, the
technology expands expressive possibilities supporting complex camera movements, extended takes, and
immersive environments that influence both performance and storytelling. Technically, LED volumes rely on a
sophisticated ecosystem of hardware and software, including high-resolution panels, real-time engines, and precise
tracking systems. While these components enable unprecedented control and flexibility, they also introduce
challenges such as latency, colour calibration, and significant upfront costs. Addressing these constraints requires
careful planning, skilled personnel, and ongoing innovation. From a production standpoint, LED volumes
transform workflows and collaboration. Departments that were once sequentially organized now operate
concurrently, encouraging continuous communication and decision-making on set. This shift not only improves
efficiency but also enhances creative cohesion across teams. Economically, although initial investments are high,
the potential savings in location costs, travel, and postproduction can make LED volumes a viable option for a
wide range of productions. However, the adoption of this technology also raises important ethical and legal
considerations, particularly regarding data ownership, intellectual property, and performer well-being in
immersive environments. As virtual production becomes more widespread, clear standards and policies will be
essential to ensure responsible use. Looking ahead, LED volumes are poised to play a central role in the evolution
of cinematic storytelling. Their integration with emerging technologies such as virtual reality, augmented reality,
and advanced simulation tools suggests a future where narrative forms become increasingly interactive and
spatially dynamic. As filmmakers continue to explore this medium, the balance between technological capability
and artistic intent will remain crucial. In sum, LED-volume virtual production is not simply a new tool but a
transformative paradigm, one that redefines how films are conceived, produced, and experienced.
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