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Abstract

This paper investigates exhibit design strategies for communicating siege scenarios through
integrated digital resources, including polyfunctional models, reality-based 3D assets, and
Al generated pre-visualizations. The study reorganizes heterogeneous materials into a
coherent methodological workflow grounded in high resolution documentation acquired
for archaeological research. Results derive from the case of the northern walls of Pompeii,
where ballistic imprints attributed to the Sullan siege present challenges of accessibility
and intelligibility. The evaluation demonstrates how digital models, physical replicas, and
media code frameworks support inclusive dissemination for diverse audiences, including
visitors with visual or mobility impairments.

Keywords: 3D digitization; accessibility; Al visualization; cultural heritage communication;
exhibit design; media codes; polyfunctional models; Pompeii; siege archaeology; tactile
replicas

1. Introduction

The rapid expansion of digital technologies in cultural heritage research, accelerated
during the COVID-19 pandemic, altered how museums record, communicate, and dis-
seminate collections. In the span of just a few years, an extensive body of literature has
emerged, and numerous projects have been funded in this direction. This body of literature
spans multiple domains, including large scale digitization, model optimization for real
time rendering applications, the creation of specialized equipment, interactive visualization
systems designed for dedicated kiosks or touchscreen interfaces, and the development
of ad hoc narratives based on museological and edutainment criteria [1-10]. Digitization
workflows supported remote visualization during restricted access periods and strength-
ened online museum networks. In the post-pandemic context, new opportunities arise
from Al-based tools capable of producing preliminary visualizations, multimedia outputs,
and exhibit design concepts that once required extensive production resources [11-14].
Their apparent immediacy, however, must align with established museological frameworks
responsible for narrative accuracy, proxemic coherence, and the relationship between col-
lections and their spatial settings, and with the professional practices of architects and
exhibition designers who develop display cases, support systems, corporate identity, and
coordinated communication materials. These professionals, who traditionally acted as
intermediaries between curators, conservators, and technical teams, remain largely distant

Eng. Proc. 2026, 149, 3

https://doi.org/10.3390/engproc2026149003


https://crossmark.crossref.org/dialog?doi=10.3390/engproc2026149003&domain=pdf&date_stamp=2026-07-25
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/engproc
https://www.mdpi.com
https://orcid.org/0000-0002-9966-9171
https://orcid.org/0000-0003-4520-5045
https://doi.org/10.3390/engproc2026149003

Eng. Proc. 2026, 149, 3

20f13

from research groups working on digitization pipelines and interactive 3D applications,
revealing a significant gap between digital specialists and those responsible for the spatial
and material articulation of museum displays [15,16].

Concerns over non-specialist uses of digital tools have emerged in the broader digital
humanities community. Although these technologies reduce production time and costs,
they raise questions of scientific legitimacy and narrative correctness. To address these
issues, the present contribution reorganizes diverse materials concerning polyfunctional
3D assets, tactile replicas, and exhibition prototypes, with a focus on the dissemination of
historical siege scenarios.

The case of the Sullan siege of Pompeii (1st century BC) illustrates the communi-
cation challenges inherent in disseminating events with limited visible archaeological
traces [17-20]. Ballistic imprints documented through high resolution 3D models remain
difficult to detect on site due to morphological variability, material heterogeneity, vegeta-
tion, and limited public accessibility. The northern fortification system is currently closed
to visitors, creating both physical and cognitive barriers. These constraints motivate the
development of multimodal exhibit solutions capable of conveying complex archaeological
interpretations to general audiences and individuals with visual or mobility impairments.

The paper integrates materials from one comprehensive reference study on reality-
based modeling, tactile assets, and dissemination strategies, combined with general contex-
tual notes on museum practices and accessibility. The aim is to reorganize these contribu-
tions into a unified workflow for exhibit design pre-visualization.

2. Materials and Methods

Over the past decade, our research area has focused on the use of digital models for
scientific analysis [21-23], dissemination [24,25], and as operational support for complex
restoration activities [26-28]. The relationship with exhibit design has been consistently
present in our research team, as many of the survey campaigns were conducted through
workshops and training initiatives on new technologies, as well as during excavation and
documentation activities [29]. However, the challenge of developing digital tools and
methodologies capable of establishing a substantive and genuinely integrated dialogue
among archaeologists, engineers, art historians, and exhibition designers should not be
underestimated. This difficulty arises because the disciplinary backgrounds of these pro-
fessionals often diverge significantly or even operate in opposite directions [30]. Only in
very recent years have the first critiques emerged regarding workflow models provided by
widely adopted software solutions which, despite their diffusion, have long exhibited clear
cultural limitations [31].

The experiences carried out on the World Heritage sites of Ravenna (Italy) and on the
archaeological area of Hadrian’s Villa in Tivoli (Rome, Italy) served as practical testing
grounds for developing concrete solutions that, starting from digital survey data, resulted
in specific outputs: multipurpose models, suitable for a wide range of applications.

Multipurpose models are produced through a workflow that integrates multiple
forms of expertise—photogrammetry, laser scanning, and CGI techniques for the cre-
ation of lightweight models—and they exhibit several characteristics that make them
suitable for analytical outputs (Figure 1), for documentation and reconstructive hypothe-
ses (Figure 2), and, with appropriate adjustments, for 3D printing (Figure 3). Last but not
least, these assets are suitable for interactive visualization and exploration through game
engine environments.

https://doi.org/10.3390/engproc2026149003


https://doi.org/10.3390/engproc2026149003

Eng. Proc. 2026, 149, 3 30f13

Figure 1. Maritime Theater, Hadrian’s Villa (Tivoli). (a) Primary semantic segmentation of the
polygonal model derived from photogrammetry and laser scanning data (random colors assigned by
the software). (b) Secondary segmentation distinguishing original components from restored elements
(chromatic maps used to differentiate original elements and restored areas) In both images, the
repositioning of a figurative frieze originating from the Villa’s Antiquarium is shown. Image by F.F.
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(b)

Figure 2. Central portico of the Maritime Theater at Hadrian’s Villa (Tivoli). (a) Current state.
(b) Reconstructive hypothesis with the addition of the figurative frieze originating from the Anti-
quarium. Image by Gianna Bertacchi and FF.
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Figure 3. Mausoleum of Theoderic (Ravenna, Italy). (a) Orthophoto derived from the digital model

(image by Marco Neri). (b) 3D-printed model produced from the same dataset. Final model setup by

Silvia Bertacchi.

Setting aside the technical procedures required for generating multipurpose models,

we provide here a summary of their characteristics:

They are produced through the combined use of photogrammetry and laser-scanning
techniques. In particular, marble elements are generated through photogramme-
try in order to avoid the evident morphological distortions that affect time-of-flight
instruments and, even more significantly, phase-shift systems [32].

The segmentation process must be carried out in collaboration with archaeologists and
conservators so that the semantic subdivision can be used effectively and according to
a dual objective: the optimization of the models [33,34] and the consistency with the
stratigraphic reading of the masonry. This ensures that the segmentation follows both
the constructive logic of the structure and the identification of additional components
such as restorations and integrations.

The models are processed in order to get medium (mid-poly) or even low (low-
poly) resolution representations and are typically produced through square-dominant
remeshing, which facilitates segmentation, the time-consuming parametrization pro-
cess (UV mapping), and, compared to triangle-based meshes, provides greater adher-
ence to curvature lines and sharp edges [35].

In polyfunctional models, visual outputs require the use of multiple textures—applied
across different channels such as normal, roughness, albedo, and others—which col-
lectively provide the basis for fully exploiting the material optical-simulation features
offered by the “principled” shader model [36,37], now established as the standard
in Visual Effects (VEX) production. For physical models intended for prototyping,
we developed a workflow based on displaced subdivision surfaces, which allows
low-detail meshes to be mapped with OpenEXR [38] images so that displacement
can restore the geometric detail present in the original sensor-based model (whether
acquired through active or passive systems) (Figure 4).
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Figure 4. South nymphaeum of Golden Court, Hadrian’s Villa (Tivoli, Italy). (a) Displaced subdivision
surface model with variable detail. (b) Interactive Boolean operations performed on the model.
(c) 3D-printed model derived from the same dataset. 3D modelling by Giacomo Mussoni.

3. Results

Taken together, the methods developed in recent years through research on UNESCO-
protected heritage sites and museum collections have enabled us to refine a range of
techniques and to establish a workflow (from documentation to visualization and inter-
action) whose primary limitation lies in the breadth of its operational chain—integrated
survey techniques, color processing, point-cloud and mesh processing, and model op-
timization. In this section we present three outputs related to the relationship between
digital models, creative processing, and interaction with artifacts and archaeological areas.
A key aspect of this comparison is the differing temporal relationship between creative
production through Al solutions and scientific documentation, which shapes how each
process is validated, interpreted, and integrated within research teams.

3.1. SMA Experience: Semantics and Interaction Design

Within the framework of our internship activities and thesis-based experiments, it
was shown that acquiring the necessary know-how to generate polyfunctional models
enables students to deepen and better understand many of the underlying mechanisms of
documentation and visualization in the heritage domain. The experiments conducted in
collaboration with the University Museum System of the University of Bologna (Sistema
Museale di Ateneo—SMA), and, in particular, with the Geology Collection Museo Giovanni
Capellini (the oldest geo-paleontological museum in Italy) [39], led on the one hand to
the complete digitization of the Orcinus citoniensis (a rare paleontological find of great
significance), and on the other to the development of a multi device application primarily
designed for children within the exhibition “Mente et Malleo. Da Ulisse Aldrovandi a
Giovanni Capellini: storie dal primo museo geologico” (15 October 2022-31 August 2023).

The concept of semantic organization within the models can be understood as a general
framework for deepening the knowledge of material reality—not only archaeological
artifacts or architectural structures—as demonstrated by the collaboration with the curators
of the Geology Collection. In this case as well, the initial planning phase conducted with
museum conservators resulted in effective and well-structured survey operations (Figure 5),
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while the logic of part-based representation facilitated both the modeling workflow and
the subsequent implementation within a game engine environment (via Unreal Engine 5).

FILE NAME
01_ALLINNEATO.FBX

Figure 5. Orcinus citoniensis (Museo Capellini, SMA, Bologna). (a) Final model optimized for Unreal
Engine 5. (b) Semantic subdivision of the digital model, including annotations and planning codes
for modeling and texturing operations. 3D modeling and rendering by Giorgio Lecci.

The game mechanics, developed in collaboration with the museum’s conservators
and the indie developer LKA (www.lka.it), leveraged the segmented 3D model to create
a puzzle-based interactive application. Through the touchscreen interface, users could
reassemble the skeleton and ultimately visualize Orcinus citoniensis in its original anatomical
form. The entire process lasted eight months and involved numerous specialists. The
interactive application, designed primarily for large-format touch screens, required several
rounds of debugging to ensure adequate flexibility while remaining suitable for interaction
by a very young audience.

3.2. Al Generated Pre-Visualization

The team developed a didactic experiment grounded in a series of archaeologi-
cal survey activities: in particular, the survey campaign conducted on the Egyptian-
izing area of Hadrian’s Villa (Aegyptica/Aigyptiaka) [40—42] provided a metrically re-
liable basis for design-oriented explorations that explicitly connected the physical re-
mains of the monument with the curatorial concept and collection of the exhibition
“ Antinoo, il fascino della bellezza” [43].

Al tools were used to produce pre-visualizations of exhibit components (kiosks, show-
cases, and outdoor structures) based on textual descriptions and reference images derived
from the digitized materials. These operations were supported by continuous scientific
collaboration during the survey phases, which provided the interpretative framework
necessary to understand the site—specifically the position, orientation, dimensions, and
communicative intent of the Aegyptica/Aigyptiaka—together with a substantial body of
information drawn from the mentioned exhibition.

Furthermore, the availability of preliminary design ideas in the form of sketches and
volumetric 3D models for a temporary pavilion enabled a broader experimental workflow
in which Al tools were employed not only to generate pre-visualizations but also to support
the museological articulation of topics related to the figure of Antinous.

In the renderings produced during the experiment (Figure 6), Al tools demonstrated
strong performance in reproducing atmospheric conditions and material appearance, while
consistently failing to preserve fine-scale metric accuracy. A structured evaluation sheet
and the prompts employed in the tests were used to assess these limitations.
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ID SCHEDA: 014 DATE: 12/01/26 PLATFORM:Gemini

PROMPT:

Lam uploading the Pancramic Geometry image. Please transiorm this nfo a NIGHT
IDER with specific statue placemen
Foie: Extibiion Besigror & 36 Avir
Task: Nght render of the pavion wih specic statue placement and lghing
1. SCENE POPULATION (The 3 Stat
Sistos 1 (Contrsl Kicha). Thars s aoeay a miche in the center back wall. Ensure a
White Marble Statue is standing there, iluminated by a warm downlight
Statue 2 (Left Column): Place a new Roman Statue standing in fron of the black
column on the left side (under the roof overhang). Light t with a sharp spotlight
OBJECTIVE Transform a panoramic image into a photorealistic night render (Blue Hour) focusing State. 5 (Outer Edge): Plice anolher;Homan Stalue;standing‘op the'eage: ol the
wooden platiorm on the right side, overlooking the water. It should act as a guardian
on the precise positioning of three statues (central niche, left column, right platform | fgue
2°LIGHTING STRATEGY (Night)
edge) selectively illuminated, maintaining corten/wood materials and water reflections. Focus. The light should hit ONLY these 3 statues and the warm rusty walls. The rest
is shadow.
Water Reflection: The water reflects the statues and the deep biue sky.
Atmosphere: Deep Blue Night Sky (Blue H
RESULT The output provides an evocative nighttime atmosphere with correct materials (corten, | 5 Tosngrs; SeeP Blue Niaht Sky (Blue Hou)
decking) and convincing reflections. However, the positioning of the statues does not | Walls: Weathered Corten Steel (Rusty Orange).

strictly follow the instructions. Floor: Dark Wooden Decking.

Volumetric Fidelity 4/5
Geometric Precision 2/5
Camera Consistency 5/5

Realism 5/5

Material Rendering 5/5

Context Integration 4/5

Museographic Consistency 3/5
Prompt Controllability 3/5
Hallucination Risk 3/5

(a)

ID SCHEDA: 016 DATE: 12/01/26 PLATFORM:Gemini

PROMPT:
| am uploading two images: \mage 1 (Geometry Reference): Use lh\s strict Iayou\
The L-shaped display case and the floating glass panels above it are the k
elemems Image 2 (Lighting Reference): Use this for the general mooa
PROMP
Role: Museum Lighting Specialist.
Task: Render the “Numismatic Gallery" (Coin Room) of the Villa Adriana pavilion.
1. THE DISPLAY CASE (The Core
Glass: Highly transparent but with subtle reflections of 1he room to show it is glass.
Interior: The bottom surface inside the case is Blacl
The Coins: The gold and silver coins must camh lhe ugm Use tiny sparkles/specular
oBJECTlVE To genera(e a high- reso\utlon vlsua\lzatlon of an interior detail of the highlights to make them look metallic and preci
Lighting: The case itself should glow from the msuje (hidden LED strip), iluminating
Room, P g the internal lighting system of the coin mecoms wunomspunng too much light into the room.
display cases and the arrangement of suspended transparent information Ut
panels within a low-light environment The g\ass pane\s al(ached to me black central block must be transparent with crisp
~ white/red text
They should ook ke highvtach floating displays above the o display on the
The d output is i due to a major positioning error. black surface.
- - N : \T'
RESULT The transparent |n19rmahon panels, which were intended to be placed a,a'ﬂ: v%?;’};;ﬁ,'&%@f;t;if‘(im and Matte Black (ceme,,
above the central display case, are instead incorrectly attached to and Floor: Satin Silver Larch (Larice Satinato). Longitudinal plant
. od: Dark, scientific, precise. The focus is entirely on the small details.
merged with the black central structure. Quality: 8k, Macro-photography style sharpness.
Volumetric Fidelity 4/5
Geometric Precision 3/5
Camera Consistency 5/5
Realism 5/5
Material Rendering 5/5
Context Integration 4/5
Museographic Consistency 4/5
Prompt Controllability 3/5
Hallucination Risk 3/5

(b)

Figure 6. Examples of evaluation sheets used to assess the Al generated pre-visualization outputs.
The forms specify the prompt employed, the intended objectives, and the results evaluated by
category. (a) Example of an exterior pre-visualization. (b) Interior view of the exhibition (numismatic
section). Draft modeling and prompts by Nina Serra.

From a methodological standpoint, the approach adopted can be described as “human-
led, Al-assisted”: Al does not replace the designer but accelerates the pre-visualization
phase, enabling rapid exploration of atmospheric, chromatic, and material variants that
would require substantially longer times through conventional methods. Once the work-
flow protocol had been established on the basis of the most effective AI model, the time
required to set up the scenes could be considered drastically reduced compared with
traditional modeling systems, including for achieving adequate levels of photorealism.
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As a final consideration, this reduction highlights the operational efficiency attainable
in a workshop or brainstorming context, rather than in the production of a finalized
professional digital representation. From this perspective, Al tools appear to facilitate
participatory design processes by removing the barrier related to the ability of some actors to
imagine and visualize forms and materials during the development of an exhibition project.
However, this applies only insofar as the limits—and therefore the appropriate value—of
such outputs are clearly understood (e.g., concept design, masterplan, or preliminary-
stage material).

3.3. Strategies for the Storytelling of Siege Techniques

The opportunity to work on such a compelling concept as the northern walls of
Pompeii—rich in evidence related to siege techniques—allowed us to apply, albeit at a
conceptual level, a set of ideas articulated across three domains: collection, exhibition
design, and museum (in this case, the archaeological site as container).

Within the exhibition device we propose to develop, the collection would rely on
scale models and replicas of artifacts: models of siege engines, sections of the walls, and
projectiles (both bolts and stone balls). Physical models from active and passive sensor
pipelines, or direct modelling are essential due to their inclusive nature, as they facilitate
comprehension for visitors with visual impairments. The replicas of the siege engines
should allow users to intuitively and engagingly activate—even only partially—the elastic-
torsion mechanisms underlying projectile propulsion.

Relevant experiments in this direction have been carried out at the Museo Galileo—Istituto
e Museo di Storia della Scienza in Florence (Italy) (https://www.museogalileo.it/it/ accessed
on 21 July 2026), using simple yet effective analogic solutions that nonetheless clarify the
concepts of range and parabolic trajectory in Renaissance artillery.

From an exhibition-design perspective, we hypothesize that one strategy could in-
volve the creation of an integrated system of display cases, organized by thematic sec-
tions, to be installed either in indoor spaces or in semi-open areas—such as porticoes or
covered passages—near the northern walls, ideally by obtaining space within the tow-
ers. The museographic component—conceived as the construction of an independent
environment—would consist of one or more small, box-shaped, self-standing rooms to be
positioned outside the walls. The latter should function as a mirador, that is, a telescope-
like display case equipped with information useful for interpreting the siege, particularly
its logistics.

In this respect, the possibilities offered by interactive museology are numerous and
rely on the creation of “projective devices” capable of superimposing onto the view of
a building or archaeological ensemble a graphic representation printed on a glass panel.
Examples of this type are present at the Ename archaeological site [44] and, more recently,
at the Museo Leonardiano in Vinci (Italy) [45].

From an applied perspective, generating the concept images for the solutions described
above relied on a workflow based on the integrated use of several available Al tools—both
for prompt generation and for their practical application to produce concept images. We
used freehand sketch-based studies and the preliminary rendering phases.

A consistent workflow was used:

Microsoft 365 Copilot (Microsoft Corp., Redmond, WA, USA; cloud-based version,
GPT-5 chat model; accessed on 16 March 2026) was used to draft and refine the textual
prompts to be uploaded with specific images. These prompts were subsequently processed
within Google Al Gemini 3.1 Flash Image, using the Nano Banana 2 model [46] to generate
the visual proposals for the exhibition layouts. A limited final stage of post-processing was
conducted in Adobe Firefly, where selected areas were adjusted to enhance local detail and
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achieve a more coherent level of realism in portions of the images that initially appeared
less convincing.

Paradoxically, hand-drawn sketches—precisely because they do not impose strict
metric or projective constraints—produce more coherent Al-generated outputs than geo-
metrically rigid reference models. This observation suggests that, at the present stage of
technological development, Al tools are most effective when used as flexible amplifiers of
curatorial and design intent rather than as systems operating under strict morphological
fidelity (Figures 7 and 8).

(b) (c)

Figure 7. Example of pre-visualization obtained through the integration of: (a) freehand sketches by
EF; (b,c) Microsoft Copilot for prompt development, and two sample images generated with Google
AI Gemini 3.1 Flash Image/Nano Banana 2. Images by EF.

Figure 8. Pre-visualization of a “mirador” represented in an axonometric section, focusing visitors” view
on the northern walls of Pompeii affected by Sulla’s siege. (a) Image rendered through a conventional

https://doi.org/10.3390/engproc2026149003
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pipeline. (b) Output generated using the proposed Al workflow and local refinements produced in
Adobe Firefly. (c¢) Additional material and environmental tests produced through AI Image by FF.

4. Discussion and Conclusions

These considerations provide a framework for exploring how Al-assisted method-
ologies may be mobilized in future work to develop exhibition concept design. In this
regard, the combination of reality-based models and controlled Al visualizations offers
a promising direction for interpreting archaeological evidence through accessible and
multi-scalar exhibition strategies. The software solutions employed in this study are
based on text-to-image diffusion models which, starting from random noise, iteratively
reconstruct an image through successive denoising steps guided by the prompt vocab-
ulary [47,48]. However, these tools still present significant constraints, particularly in
relation to fine metric control, sensitivity to lexical variations, and the frequent occur-
rence of “hallucinations”—unintended spatial distortions, volumetric errors, or incorrect
interpretations of specialized jargon (lack of contextual understanding).

Given that the research group responsible for the digital documentation of the North
walls of Pompeii [49,50] has extensively examined the causes and effects of siege techniques,
numerous topics remain available for visualization through diverse and more specific ex-
hibition solutions. The possibility of producing maquettes—derived from reality-based
surveys—of siege engines and projectiles (e.g., spherical, darts, bolts) enables the develop-
ment of display cases and outdoor installations capable of supporting coherent storytelling
for weaker or more vulnerable user groups while maintaining scientific accuracy.

Within the museographic and exhibition-design context, the results of this research
underline a complementary yet asymmetric relationship between polyfunctional models
and Al-assisted visualization tools. Polyfunctional models remain essential for generat-
ing scientifically reliable assets that reinforce the communicative framework defined by
curators and conservators. Their main limitation, however, lies in the substantial time
and computational effort required for their production, which makes them less suitable
for the early conceptual phases of exhibition design—phases that typically rely on rapid,
multi-author contributions.

From the initial exhibition concept to its material implementation, the fragmentation
of tasks among separate working groups represents a constant risk, particularly today.
This tendency reflects a broader contemporary approach that favors a positivist, task-
oriented division of labor, structured around vertically specialized competencies, similar
to the operational logic of nationally or European-funded projects. Several authors have
critically examined this model, noting that the rhetoric of interdisciplinarity often exceeds
its practical realization and that such organizational patterns may reproduce disciplinary
hierarchies rather than dissolve them [51,52].

Taken together, these reflections underscore the need for workflow models capable of
integrating reality-based assets and Al-assisted visualizations without reproducing rigid
disciplinary partitions, thereby supporting exhibition-design processes that remain both
scientifically grounded and operationally coherent.
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