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a b s t r a c t 

The digital technologies employed in archaeology since the 1990s have progressively and experimentally 

been utilized over the last two decades to document and re-present the ancient polychromy of Greek 

and Roman marble artworks. Given that this remains a developing field of investigation and applica- 

tion, this study offers, for the first time, a systematic review of the endeavours undertaken thus far in 

implementing information technology for the documentation, analysis, reconstruction, visualization, and 

presentation of ancient polychromy. This overview is supported by a literature review and existing imple- 

mentations, organized into methods and techniques employed for 3D colour preservation, analysis, and 

reconstruction, as well as those used for the visualization and dissemination of findings. The goal is to 

identify gaps and provide intriguing insights for future research concerning the use of digital technologies 

as an essential tool in the stages of documenting and disseminating ancient polychromy in architecture 

and archaeological artefacts. This, in turn, aims to encourage data sharing, contribute to the dissemina- 

tion of science-based knowledge and resolve substantial barriers associated with the long-term retention 

of digital data. 

© 2024 The Authors. Published by Elsevier Masson SAS on behalf of Consiglio Nazionale delle Ricerche 

(CNR). 
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Research aim 

The paper introduces a critical investigation of digital tech- 
nologies and methods used from the early 1990s to the 
present day for documenting, reconstructing, visualizing, and 

presenting ancient polychromy. The aim is to provide a sys- 
tematic overview of the experiences accomplished to date, 
examine ongoing challenges, and offer recommendations 
to address them. The study and re-proposition of ancient 
colours and gilding on Greek and Roman marble surfaces, 
including architectural elements, sculptures, bas-reliefs, and 

sarcophagi, remain highly relevant and of significant general 
interest. However, it is crucial to recognize that complex- 
ity and certain factors of uncertainty have imposed substan- 
tial limitations on our knowledge and progress in this field 

despite the availability of advanced technologies. The paper, 
analysing a vast literature of examples, identifies and dis- 
cusses these persistent issues and aims to chart a course for 
science-based approaches and to address the challenges as- 
sociated with the long-term preservation of digital data. 
∗ Corresponding author. 
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. Introduction 

In the last fifty years, the increasing use of information tech- 

ologies has become one of the main features of archaeologi- 

al research. Since the 1990s, information technology has primar- 

ly focused on developing tools and solutions for archiving and 

anaging large amounts of excavation data, creating the first vir- 

ual models, and disseminating knowledge. All of this was sub- 

equently transformed into a proper theoretical approach to the 

hallenges posed by archaeological research [1-3] . “Digital Archae- 

logy” in the Anglophone world denotes an approach to modern 

ognitive archaeology through the application of information tech- 

ologies [4 , 5] . Today, digital archaeology – which now tends to ex- 

eriment more organically and progressively with the interaction 

etween different technological applications – is primarily con- 

erned with the documentation and dissemination of archaeologi- 

al evidence, particularly through “Virtual Archaeology”, which in- 

olves the management and representation of archaeological data 

sing 3D Computer Graphics techniques [6] . The 3D technologies 

eveloped for digital acquisition, digital modelling, and additive 

r subtractive manufacturing – generally referred to as “3D scan- 

ing” – allow for the creation of objectively accurate digital mod- 

ls in terms of shape and colour. Technologies for 3D scanning and 
Nazionale delle Ricerche (CNR). This is an open access article under the CC BY 
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igitization of physical objects have been available since the 1980s. 

owever, it was only in the early 20 0 0s that scanning devices 

ith sufficiently high levels of resolution, accuracy, and precision 

ecame more widely accessible and affordable. In addition to vi- 

ualization applications, 3D scanning can provide a comprehen- 

ive and informative method for museum documentation, offering 

everal benefits for conservation practices. As a result, they form 

he foundation for accurately documenting the current state of ar- 

haeological structures and artefacts, which is valuable for con- 

ucting digital diagnostics and restoration [7-9] , verifying authen- 

icity [10] , performing morphological comparisons [11 , 12] , mak- 

ng attributions [13] , and also for producing physical reproductions 

14-17] as well as for the basis of 3D modelling [18-20] . The cur-

ent state of research enables the integration of digital reconstruc- 

ions with archaeological data and the utilization of new commu- 

ication approaches through specific tools and interactive strate- 

ies [21] . The propagation of virtual archaeology is not solely due 

o the proliferation of three-dimensional modelling techniques in 

arious fields of knowledge but also due to the need to experi- 

ent with new systems for better information storage and to es- 

ablish effective means of communicating this knowledge using 

isual language. From this perspective, 3D reconstruction appli- 

ations have become an essential component of virtual archaeol- 

gy owing to the cognitive interaction possibilities offered by 3D 

odels. More recently, experimentation in the realm of virtual ar- 

haeology has led to the creation of virtual museums and interac- 

ive applications using virtual, augmented, and mixed-reality tech- 

ologies [22] . Among these, the segment of “serious games” – re- 

erring to the application of interactive technologies to the Cul- 

ural Heritage domain – has been expanding, encompassing im- 

ersive virtual reality technologies [23-25] , bolstered by story- 

elling and learning-by-doing approaches [26 , 27] . These technolo- 

ies allow users to experience history and archaeology both visu- 

lly and narratively, enabling them to observe and interact with 

rtefacts, architectural structures, and characters from specific his- 

orical periods. The historical content conveyed through these me- 

ia with a scientific approach serves as a means of promoting the 

issemination and comprehension of the past [28 , 29] , as well as 

xtending upon the previous overview [30] . 

The application of digital technologies to the documentation 

nd presentation of ancient polychromy is more recent in com- 

arison to their use in archaeology. Working closely with cul- 

ural heritage professionals, digital technologies within this sec- 

or have been a research subject since the 1990s, with a no- 

able surge in interest from 2010 onwards. Their utilisation in 

he study and re-proposition of ancient colours has been con- 

ucted experimentally and in isolated contexts. As a result, the 

omain of investigating and applying digital technologies to anal- 

se and showcase ancient polychromy is still in need of further 

onsolidation. Apart from some recent exceptions we will exam- 

ne, there is a lack of shared guidelines, or the community still 

eeds to adopt these procedures. Our contribution presents a well- 

onsidered compilation of various experiences brought up to date, 

hich, hand in hand with technological advancements, have ad- 

ressed, on one hand, the necessity for archiving, analysing, and 

econstructing ancient polychromy (see Section 2.2 ), and on the 

ther, the visualization and representation of the original appear- 

nces of artefacts and architectural structures (see Section 2.3 ). The 

xamined projects pertain to the polychromy of Greek and Ro- 

an marble architecture and artefacts. They are reviewed chrono- 

ogically, showcasing the utilization of increasingly sophisticated 

echnologies and yielding more efficient and effective outcomes. 

nly sporadically are projects from other time periods included, 

ither due to their pioneering nature (as seen in the polychrome 

econstructions of the “Xi’an Terracotta Army Warriors” [138] ) or 

ue to the development or application of pertinent or cutting- 
60
dge methodologies (as seen in the case of Medieval and Gothic 

olychromy [117-120 , 141 , 191 , 192 , 211] ). For comprehensiveness, the 

nalysis is prefaced by a brief historical overview highlighting the 

ost significant examples of methods employed to revive ancient 

olours before the rise of digital technologies (see Section 2.1 ). 

his overview is substantiated by a review of existing literature 

nd implementations. The critical analysis of the adopted meth- 

ds and techniques (see Section 3 ) is complemented by a ta- 

le ( Table 1 ) wherein we summarize, for each project, the pur- 

ose, objectives, resources utilized for physical or digital 3D poly- 

hrome reconstructions, and the technologies employed to re- 

resent ancient polychromy. The division between “primary ac- 

ions” and “secondary or consequent actions” is determined by 

he employed technologies. To facilitate a quick indicative group- 

ng, we used colours that correspond to the side border of the 

mages in the text. To enhance the table’s readability, we present 

harts illustrating the proportions among this data ( Fig. 12 ). Our 

esearch aims to identify current gaps, provide intriguing insights, 

nd propose ideas for future research concerning the use of dig- 

tal technologies as essential support in the phases of document- 

ng and disseminating ancient polychromy in architecture and ar- 

haeological artefacts, as well as in achieving FAIR – Findable, Ac- 

essible, Interoperable, and Reusable raw and processed data (see 

ection 3 ). 

. Materials, methods and results 

.1. Historical review: the revival of ancient colour before the advent 

f digital technologies 

Before the advent of digital technologies, the revival of poly- 

hromy relied on drawings and casts. Numerous graphic recon- 

tructions of ancient sculptures and temples rely on the remnants 

f colour found on the monuments. These vestiges were stud- 

ed in the 19th century by archaeologists who deviated from the 

white” interpretation established by German art historian and ar- 

haeologist Johann Joachim Winckelmann [31] . Starting with the 

olychrome theory and reconstruction of the Jupiter Olympien 

 Fig. 1a ) by Antoine-Chrysostome Quatremère De Quincy [32] , a 

rominent French art historian and classicist of his generation, sev- 

ral significant works related to the rediscovery of polychromy in 

culptures stand out. These works and the polyglot dispute con- 

erning ancient polychromy on marble, commonly known as the 

querelle”, have been extensively studied and are beyond the scope 

f this work. For more comprehensive information, one should re- 

er to the specialized bibliography [33-40] . Notably, we must men- 

ion instances such as the Agrigento, Segesta, and Selinunte tem- 

les meticulously examined by the French architect and archaeol- 

gist Jacques-Ignace Hittorff [41 , 42] . Similarly, the Athenian Acrop- 

lis garnered attention from English architects James Stuart and 

icholas Revett [43] . These architects were the first Europeans to 

ocument the abundant vestiges of original architectural coloura- 

ion. Their effort s were subsequently complemented by the repro- 

uctions featuring the restrained hues of marble buildings by the 

erman historian Franz Theodor Kugler [44] and the German ar- 

hitect Gottfried Semper, a proponent of integral polychromy. He 

lso reported clear traces of colour on Trajan’s column in Rome 

45] . Another noteworthy example pertains to the sculptures of the 

emple of Aphaia on Aegina Island. Discovered in 1811 by Charles 

obert Cockerell and Carl Haller [46 , 47] , these sculptures provided 

urther compelling evidence of ancient chromatic practices [4 8 , 4 9] . 

his evidence was so persuasive that Johann Martin von Wagner 

onsidered it imperative to address the painting of sculptures in 

is work [50] . Furthermore, Leo von Klenze, the architect behind 

he Munich Glyptothek, which exhibited these sculptures in 1828, 

ent beyond neglecting this aspect. He introduced a stucco re- 
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Fig. 1. Instances of polychrome reconstructions before the advent of digital technologies: (a) Zeus in Olympia, Phidias’ statue in gold and ivory in Olympia’s main temple. 

Frontispiece of the A.C. Quatremère de Quincy book [32] . Image via Wikipedia CC (b) Polychrome plaster cast of the so-called Bluebeard (or Three-Body Man), created by 

a Danish artist Anne Marie Carl-Nielsen (1863–1945) featured in the “Farben Sehen” exhibition alongside (c) current polychrome miniatures that flank nineteenth-century 

plaster cast from the Antikensammlung FAU Erlangen-Nürnberg. The images have been sourced from the booklet and website exhibition [67] . 
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ief in the designated “Room of the Aeginetans”. This relief fea- 

ured a polychrome rendition of the frontal facade of the temple of 

phaia. 

From the mid-1800s, graphic re-proposition was supplemented 

y reproductions on plaster casts [51] . A noteworthy example in 

his context is the comprehensive collection of scaled-down clas- 

ical architectural elements plaster casts sourced from prominent 

uropean museums showcased within the Crystal Palace of Syden- 

am, London, starting in 1854 [52] . Subsequently, there were en- 

eavours to create scaled reconstructions of architectural struc- 

ures like the Temple of Zeus in Olympia, undertaken by Georg 

reu (1886) and Adolf Furtwängler (1906). These effort s were later 

evisited by Vinzenz Brinkmann et al. in the early years of the 

resent century [53] . 

For the 1900s, it is significant to note the cast of a scene 

rom the bas-relief frieze of Trajan’s Column, created by Ranuc- 

io Bianchi Bandinelli and displayed in an RAI broadcast in 1972 

54] . Differing from other scholars, Bandinelli believed that the re- 

ief was entirely coloured and augmented with bronze applications 

such as weapons, sandal finishes, horses, etc.) to enhance visibil- 

ty, as these elements were less discernible from a distance [55] . 

he polychrome cast of the XXXII scene, attributed to the Master 

f Trajan’s Enterprises, was produced in 1971 [56 , 57] . Recently, this 

eproduction served as a reference for the virtual reconstruction of 

he column in the “History 3D” project [see Section 2.3.1] . 

Two instances stand out in the revival of colour in sculpture. 

he cast of the Peplos Kore (ca. 560 B.C.) was painted in the 1960s

t Oxford. The colours (red, blue, and white) were uniformly ap- 

lied, adapting Émile Gilliéron’s watercolour work. The painted 

ast of the Apollo of Kassel was crafted in the early 1990s. Painter 

.D. Tylle used oil paints and wax paint to depict the body and 

air in a free manner. Both attempts reflect sensitivity in their re- 

pective periods when colour in sculpture was deemed extraneous 

ompared to the beauty of white, still indicative of the purity of 

orm [58] . 
61
Another noteworthy, albeit lesser-known, experiment without 

igital technology occurred between 1987 and 1993 near Trier, 

ermany, in Igel. The endeavour involved the restoration of a con- 

rete copy made in 1908 and the reconstruction of the painted 

ecoration of the Roman funerary monument known as the 

gel Column. This 23-meter-high structure, shaped like a tower 

rowned with a pyramid, dates back to the mid-third century 

E and is crafted from dark reddish sandstone. The relief on 

ts surface portrays scenes of daily life, mythology, and the de- 

eased, once adorned with polychrome hues. A layer of white 

as first applied to the copy surface and then recoloured based 

n the few remaining fragments and evidence of contemporary 

onuments. White figures emerge against a light blue back- 

round, while hair, medallions, furnishings, and geometric deco- 

ations are recreated in yellow or light brown ochre. The painted 

olumn’s one-to-one copy was installed within the Rheinisches 

andesmuseum (RLM) in Trier starting in 1993. In 2012–2013, 

D technologies documented both the original and its replica 

59] . In September 2022, the polychrome copy was removed 

rom the museum’s internal courtyard to provide for its physical 

reservation [60] . 

Since 2001/03, a new era in polychrome physical reconstruc- 

ions has been ushered in by the team of Vincenz Brinkmann and 

lrike Koch-Brinkmann, who brought to life the “Bunte Götter” or 

Gods in Color” project [61] . This travelling exhibition has since 

xpanded, featuring numerous polychrome reconstructions. In the 

Gods in Color - Golden Edition” exhibition, showcasing over 100 

ainted sculptures at Frankfurt’s Liebieghaus Museum [62] , visi- 

ors can witness the transformation of ancient statues into poly- 

hromatic forms and experience the original, vivid hues that were 

ye-opening in their time. Among these exhibits, there are also 

everal reconstructions of polychrome bronze sculptures [62-66] . 

hese generally constitute polychrome physical replicas that em- 

race the diversity of materials at a 1:1 scale. They utilize copies 

reated through rapid prototyping or 3D printing from 3D models 
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ith extreme geometrical accuracy (see Section 2.2.2.1 ). We con- 

lude by considering that this activity represents a reference point 

or numerous temporary exhibitions currently animating museums 

nd utilizing the web as a means of communication to reach a 

ider audience. Among these, we can mention the “Farben Sehen”

xhibition at the Antikensammlung FAU Erlangen-Nürnberg, Ger- 

any (March 13–17, 2024) [67] . Here, for example, traditional plas- 

er casts recoloured in the 1800s and 1900s are displayed along- 

ide modern polychrome reproductions of copies from the antiq- 

ities collection ( Fig. 1b - c ). Additionally, “The Role of a Replica -

he Parthenon” is an interactive exhibition that explores how his- 

orical and artistic replicas are currently used to communicate the 

atest archaeological discoveries and interpretations. The exhibition 

ill be held from July 14, 2023, to December 31, 2025, in Nashville, 

ennessee [68] . 

.2. Digital approaches for archiving, analysing, and reconstructing 

ncient polychromy 

Hereafter is a systematic review of experiments involving dig- 

tal technologies for documenting and re-presenting ancient chro- 

atic traces on Greek and Roman marble architectures and arte- 

acts. Grounded in the analysis of existing literature, this investi- 

ation has been categorized into four distinct logical subgroups, 

ncompassing archiving (see Section 2.2.1 ), 2D and 3D reconstruc- 

ions (see Sections 2.2.2 - 2.2.3 ), and Artificial Intelligence tech- 

ologies (see Section 2.2.4 ). Within each subgroup, the experi- 

nces are presented chronologically and organized by the topics 

hey address, aiming to provide an exhaustive overview of current 

rogress. 

.2.1. From databases for ancient colour documentation to shared 

ata platforms 

The analysis of the existing literature shows that the initial ap- 

lication of digital technologies to ancient polychromy focused on 

reating tools to catalogue and document colour information ac- 

urately. In the early 1990s, Valentina Manzelli [69] developed the 

DAIDALOS” database at the Documentation Centre of the Institute 

or Cultural Heritage of Bologna as part of doctoral research on 

Polychromy in Archaic Greek Statuary”. This database addressed 

arious percentage-based inquiries related to the identification 

f colours in archaic Greek sculpture [69] . The system was im- 

lemented using an information retrieval product (SF-SuperFind), 

hich utilized query languages based on text commands. The stan- 

ardized form was designed to inventory polychrome sculptures, 

erving as a tool to streamline the storage and research of individ- 

al archaeological findings. Additionally, it enabled statistical anal- 

sis of the selected colours’ significance, based on their frequency 

f occurrence. This analysis helped reconstruct the positions and, 

onsequently, the intentions behind the colours displayed in sub- 

equent diagrams [69] . 

Starting from the 20 0 0s, in addition to this primary cataloguing 

equirement, the need arose to conduct cross-searches and inte- 

rate data of different natures. This was especially true for observ- 

ng the material structure and colour of the repertoire, extending 

o investigations encompassing archival and bibliographic sources 

elated to archaeological findings. All of this introduces the pos- 

ibility of accurately mapping information onto a faithful repre- 

entation of the archaeological discovery. Between 2009 and 2012, 

liana Siotto [70] undertook an experimental project to modify and 

dapt the Italian ministerial software S.I.Ca.R. web-based [71] for 

ocumenting polychrome artworks ( Fig. 2b ). This endeavour was 

art of a doctoral research program focused on “New Technologies 

or the Study of Polychromy on Roman Sarcophagi: Proposals for 

ethodological Standardization”. The project was made possible 

hrough collaboration between the University of Pisa, the BAP-PSAE 
62
oprintendenza for the provinces of Pisa and Livorno, the Vatican 

useums, and the CNR-ISTI. The modified system [72] , developed 

n a Unix/Windows environment using the PHP scripting language 

Hypertext Processor) and featuring an open-source license on the 

ySQL database, can be accessed using either a personal or generic 

assword [73] . However, the polychrome documentation of the so- 

alled “Lateran Sarcophagus no. 150” (Vatican Museums inv. no. 

1485), which serves as the cornerstone of this experimental ini- 

iative, is not openly accessible due to copyright restrictions. 

The “Tracking Colour” website curated by Jan Stubbe Østergaard 

nd collaborators was launched in April 2012 with the purpose 

f documenting and sharing data about polychromy. It presents 

olour information from Greek and Roman sculptures analysed at 

he Ny Carlsberg Glyptotek in Copenhagen through a dedicated 

atabase [74] ( Fig. 2a ), which emerged as a result of the Ny Carls-

erg Glyptotek project spanning 2008 to 2013 [75] . This database is 

reely accessible and available for consultation by both experts and 

he general public. Additionally, in Paola Andreuccetti’s and Sil- 

ia Pedone’s planning process, the “Mediterranean Polychromies in 

edieval Art” database aims to follow a similar path. This project 

ims to establish an online database on colour, its diverse applica- 

ions, and artistic functions. It will achieve this by comparing data 

oncerning polychrome sculptures from the Middle Ages in both 

astern and Western regions [76] . 

In Serena Raffiotta’s work in 2014 [77] , as part of the “Mor- 

antina color” project led by the Regional Archaeological Mu- 

eum of Aidone in Enna, the aspiration was expressed to create 

 database focused on pictorial drawings and the characteristics of 

igments. The aim was to comprehend the evolution of techniques, 

erving experts and being accessible to the wider public. A similar 

irection is taken by “The Colourant Mapping” project by Ariadne 

ostomitsopoulou Marketou and Alexandra Rodler [78] . This inter- 

ctive web application strives to establish an open-access database 

ontaining information about ancient pigments, dyes, and other 

ainting materials (referred to as “colourants”). This resource al- 

ows researchers and the general public to highlight patterns of ex- 

hange and regional variations. Notably, the project relies on con- 

ributions from its users, who can submit new entries through a 

esignated form. Each entry undergoes review by the project team 

o prevent duplicates and ensure the academic integrity of the 

atabase [78 , 79] . 

A 3D digital archive [80] represents one of the objectives of 

he three-year “MANN in colors” project (2018–2021), alongside 

 more traditional web database with diversified access and data 

esigned for experts or the general public. This project is dedi- 

ated to investigating the polychromy of approximately twenty se- 

ected artworks from the Farnese Collection, including well-known 

ieces from the Baths of Caracalla, housed at the National Archae- 

logical Museum of Naples [81 , 82] . Photorealistic 3D models were 

enerated by the Flyover Zone company for public access and are 

vailable on the Sketchfab platform ( Fig. 1c ) [113] . Notably, cer- 

ain prominent artifacts from the Farnese Collection, originating 

rom the excavations at the Baths of Caracalla, offer renditions fea- 

uring reconstructions of their original colours [80] . Subsequently, 

hese polychrome 3D models will find a new home in the Baths 

f Caracalla, as part of the “Rome Reborn® VR” project [83] (see 

ection 2.3.1 for more details). 

Flyover Zone, under the guidance of Bernard Frischer, collabo- 

ates with esteemed museums worldwide to assemble an expan- 

ive digital repository of photorealistic 3D models of Greek and Ro- 

an artworks. A substantial portion of these models incorporates 

olychrome digital reconstructions, targeted for the broader public 

udience. The “Virtual Museum: Explore Our Collections” initiative 

urrently boasts nearly 10 0 0 3D models crafted by Flyover Zone. 

hese models can be directly accessed on Sketchfab or through a 

treamlined interface on the website and mobile app, which repli- 
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Fig. 2. Instances of databases devised to document and present ancient polychromy: (a) Showcases the Tracking Colour database at Glyptoteket in Copenhagen. b) Highlights 

the S.I.Ca.R. Italian Ministerial web-based system by MIBAC and CNR-ISTI. (c) Presents a collection of 3D models accessible on Sketchfab, provided by Flyover Zone. (d) Depicts 

a 3D database web-based system developed by CNR-ISTI. The provided snapshots are captured from their respective online platforms [73 , 74 , 85 , 128] . 
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ates the floor plan of Karl Friedrich Schinkel’s Altes Museum in 

erlin [84] . Several polychrome reconstructions have been applied 

o digital replicas obtained from copies, such as the Eros of Cento- 

elle ( Fig. 2c ) [85] . The fact that these 3D polychrome models are

vailable for purchase underscores the growing interest that an- 

ient polychromy has generated in recent years. 

.2.2. 3D scanning 

The increased use of scanning systems, initially involving lasers 

nd later also structured light, to acquire and process three- 

imensional geometric models with a high degree of accuracy in 

oth shape and colour, has been underway since the early 20 0 0s, 

aining significant traction from 2010 onwards. In the beginning, 

D digital models were primarily employed for creating physical 

olychrome reproductions (see Section 2.2.2.1 ). After a few years, 

hese models started forming the foundation for experiments in 

igitally reconstructing ancient polychromy, eventually evolving 

nto a critical component for comprehending the original colours 

nd their subsequent visual representation (see Section 2.2.2.2 ). 3D 

odels, generated through scanning and/or photogrammetric tech- 

ologies (sometimes utilizing drones), serve as the cornerstone for 

irtual reconstructions of historical buildings and cities. These re- 

onstructions are enriched by incorporating their polychrome dec- 

rative elements, achieved through the use of 3D modelling soft- 

are. The visualization of these virtual reconstructions is often en- 

anced through the utilization of Virtual Reality and Augmented 

eality technologies and tools, enabling users to interact with and 

mmerse themselves in the historical and archaeological content 

resented by teams of experts (see Section 2.2.4 ). 

.2.2.1. Physical polychrome models. The initiative involving the 

reation of life-size 1:1 polychrome replicas of Greek and Roman 

riginals, first showcased in the “Bunte Götter. Die Farbigkeit an- 
63
iker Skulptur” exhibition held in Munich in 2003, can be regarded 

s a trailblazer in the application of high-definition 3D digital mod- 

ls [86] . This exhibition emerged through collaboration between 

he Glyptotek of Munich, the Ny Carlsberg Glyptotek of Copen- 

agen [87] , and the Vatican Museums [88] . For the first time in

ur century, it presented to the general public the polychrome 

econstructions of sculptures predominantly housed in the Glyp- 

otek in Munich, as well as the Caligula head from the Ny Carls- 

erg Glyptotek in Copenhagen [89-91] , and the Augustus of Prima 

orta from the Vatican Museums, which was realised with the tra- 

itional plaster-cast [92-94] . The exhibition, which travels to dif- 

erent locations, has evolved over various editions to incorporate 

he outcomes of the “Liebieghaus Polychromy Research Project”

95] . The “Gods in Color – Golden Edition” exhibition, concluded 

n September 2021, showcased more than 100 painted sculptures 

t the Liebieghaus Museum in Frankfurt [61] . These copies were 

redominantly reproduced through artificial marble, a combina- 

ion of marble dust bound in synthetic resins, or marble through 

apid prototyping techniques utilizing 3D geometric models (ac- 

uired via laser scanning or structured light systems). Additionally, 

tucco marble on polymethyl methacrylate was used ( Fig. 3 ). In the 

atter case, the physical replica is generated through 3D printing 

ased on the corresponding 3D model [96 , 62] . Regarding the ac- 

urate reconstruction of colours on the physical objects, the studio 

elies on meticulous analytical investigations. Aligned with scien- 

ific findings, their polychromy employs natural pictorial materials 

hat closely match the colours used in antiquity [96 , 62] . Different 

olour simulations are carried out digitally [48] or directly on plas- 

er reproductions [91] . For reconstructions of ancient bronze sculp- 

ures, a recasting process in bronze is followed. To achieve this, the 

riginal sculptures are scanned and then produced in sections us- 

ng 3D printing. These sections, coated with paraffin, subsequently 

erve as models for the bronze casting process. In the context of 
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Fig. 3. The process for creating physical polychrome replicas of Greek and Roman sculptures at a 1:1 scale begins with 3D scanning of digital models through, followed by 

digital fabrication and manual painting. The images have been sourced from the Liebieghaus Polychromy Research Project website [61] . 
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ronze recasting, elements such as liver of sulphur are utilized for 

rtificial patination, alongside bitumen lacquer (a mixture of as- 

halt, linseed oil, and turpentine oil), pigments, precious stones, 

nd metals [cited from [ 62 ]]. 

In addition to the reconstructions of the “Gods in Color” travel- 

ing exhibition project, reproductions of case studies selected from 

ndividual university projects or polychrome physical reconstruc- 

ions permanently exhibited in museums are becoming increas- 

ngly common. In both cases, the copies were created using 3D 

echnologies. As an example, we can consider the “Archaic Colors”

xhibition program, which began in 2012 and is still ongoing. This 

rogram focuses on identifying and reconstructing the colours pre- 

erved on the archaic sculptures of Greece displayed at the Acrop- 

lis Museum in Athens [97] . For a detailed list, refer to Østergaard 

019 [98] , which presents a museographic analysis of communicat- 

ng sculptural polychromy to the public through permanent gallery 

nstallations. Regarding the current instance of polychrome mar- 

le copies (produced by Greek artists in scientific studies) of the 

arthenon friezes, currently under construction on behalf of the In- 

titute of Digital Archaeology (London) with the support of TorArt, 

efer to Lidz 2022 [99] . 

In recent years, there have been instances of creating poly- 

hrome physical prints using high-resolution 3D models with gyp- 

um powder 3D printing technology. Examples include the physi- 

al reproductions of the Warriors of Mont’e Prama at a 1:10 scale 

100] , and the replication of a warrior’s small polychrome terra- 

otta head at a 1:1 scale, prominently displayed for didactic pur- 

oses at the Archaeological Museum in Albano Laziale, Rome [101] . 

owever, the use of polychrome 3D printing still presents several 

imitations in terms of printing techniques as well as the physi- 

al and mechanical properties of coloured gypsum powder. Conse- 

uently, despite the contributions from Computer Graphics and the 

dvancement of increasingly sophisticated machinery, the practice 

f 3D printing polychrome replicas remains limited and relatively 

ostly. 

.2.2.2. Digital polychrome models. 3D technologies are now serv- 

ng as the foundation for digital reconstructions that accurately 
64
apture the apparent colours of cultural heritage, a trend that orig- 

nated from the activities at the University of Southern Califor- 

ia [102] . These activities laid the groundwork for realistic light- 

ng in Virtual Archaeology. “The Parthenon” computer animation 

103] provides a comprehensive 3D model of the Parthenon, in- 

luding its ornamental elements, such as friezes, metopes, and 

edimental sculptures, dispersed across various museums world- 

ide [104] . This animation authentically reproduces the current 

olour of the building by applying a mathematical function to each 

oint on the surface of the 3D model, thus simulating surface re- 

ectance [105] . The objective is to develop algorithms capable of 

mulating essential reflectance effects that define the human per- 

eption of material, hinging on both lighting direction and observer 

osition [106] . The most effective techniques involve a combina- 

ion of 3D scanning and photography under varied lighting con- 

itions to capture models encompassing the object’s form and re- 

ectance characteristics [107] . Subsequently, a project at the British 

useum virtually re-proposed the missing parts and original poly- 

hromy of the frieze, metopes, and pedimental sculptures from 

he ancient temple using 3D Computer Graphics techniques. This 

irtual restoration was achieved by reassembling fragments ob- 

ained through laser scanning and reconstructing missing compo- 

ents and polychromy using 3D modelling software ( Fig. 4a ). The 

unding for this project was provided by L.A. Fleischman [108] . In 

his case, the aim is to offer the public an alternative means to 

ain a deeper understanding of the significance of the decorative 

lements in antiquity and how they would have appeared prior to 

heir disassembly. 

The experimentation continued between 2006 and 2007 with 

he virtual re-proposal of the polychromy (colour and gilding) of 

ve Hellenistic sculptures from Delos, undertaken by CNR-ISTI of 

isa as a part of the “ArcheoMed European” project [109] . The 3D 

igital models were created through laser scanning triangulation 

cquisitions (Minolta Vivid VI-910), while the colouring process 

tilized 3D modelling software (3ds Max and subsequently Cin- 

ma 4D by Maxon). The colours were determined by referencing 

he original pigments found in an excavation in Delos. The virtual 

ecolouring of the sculptures was conducted in two distinct meth- 
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Fig. 4. Illustrative instances of 3D digital models employed for the documentation, examination, and visualization of ancient polychromy. (a) The Parthenon polychrome 

restauration project, British Museum, London. Snapshots are derived from a YouTube video [108] . (b) The polychromy of Notre-Dame de Paris Cathedral: simulation achieved 

through Virtuelium employing the photon-mapping algorithm. Image sourced from [120] . (c) Polychromy in Roman sarcophagi: 3D reconstruction workflow validating via 

open-source software. Images referenced from [127 , 133] . 
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ds, based on the materials discovered on the sculptures through 

cientific analysis [110] . A rendering “material”, which represents 

he interaction between light and the surface through a mathe- 

atical model, was applied to simulate the gilding effect on the 

pollo. Simultaneously, a “texture”, an image mapped onto the 

hree-dimensional surface, was generated to replicate the paint- 

ng of Artemis, Aphrodite, and Artemisia. The details of the gar- 

ents on these three sculptures, identified with UV fluorescence, 

ere meticulously painted manually using a dedicated interface 

paint-to-texture) and the reference colours. This approach aimed 

o present the sculptures’ final appearance as per the project’s ob- 

ective rather than an exact representation of the various layers 

f preparation and painting. Ultimately, the polychromy was re- 

ned within Cinema 4D, and Artemis’s sculptural group was situ- 

ted within its original architectural context, which was modelled 

sing the same software. During the reconstruction of the build- 

ng, due to the multiple uncertainties, several documented choices 

ere made, and configurable lighting elements were positioned 

colour, intensity, lighting mode, etc.), significantly influencing the 

nal rendering. Thus, by simulating sunlight within this vestibule 

t different times of the day, the authors were able to observe 

hat the sculptural group was in the shadow cast of the side walls 

uring the morning and afternoon while it shone at the zenith of 

elian [ 109 ]. 

Between 2009 and 2011, the “Digital Sculpture” project [111] , 

pearheaded by Bernard Frischer from the University of Virginia, 

imed to create digital polychrome 3D models of selected sculp- 

ures while also developing a WebGL browser. This browser en- 

bled real-time manipulation and viewing of the 3D models. Be- 

ond basic visualization, the browser incorporated a painting tool 

hat empowered end users to swiftly replicate their reconstruc- 

ive hypotheses [112] . An inspection of the project’s website re- 

eals the what one might call an “early version” of Sketchfab, de- 

igned for low-resolution geometric model visualization [113] . In 

erms of original colouration, the “Tool” section of the website 

111] allowed free access to a simplified MeshLab paint tool, de- 

eloped by CNR-ISTI of Pisa, which enabled vertex-based painting 
65
kin to the paint tool available in MeshLab [114] . A video showcas- 

ng the polychrome reproduction of the Augustus of Prima Porta 

f the Vatican Museums and comprehensive interdisciplinary and 

echnical studies of the Richmond Caligula polychrome reconstruc- 

ions can be found [115] . The project’s overarching objective is to 

rovide informative insights focussed on scientific outputs. It aims 

o re-propose the ultimate appearance of Roman sculptures (e.g. 

he toga for Caligula exists in three variations). Consequently, no 

olour estimation techniques have been adopted for colour render- 

ng through 3D modelling software. 

An isolated experiment employing 3D technology as the pri- 

ary tool for documenting, reconstructing, and visualizing ana- 

ytical information pertaining to polychromy was conducted by 

helsea Alene Graham as part of a master’s thesis at Lund Uni- 

ersity in collaboration with the Glyptothek Copenhagen in 2012 

116] . The apparent colour 3D model of the Portrait of a Roman 

oy (NGC IN 821) was created using MeshLab [114] . It was em- 

loyed to map and present analyses with photographic techniques 

such as VIL, UVL, etc.) and precisely incorporate analytical infor- 

ation pertaining to the scientifically analysed polychromy. Pro- 

ecting this information onto a 3D model equips scholars with a 

ool more closely aligned with reality than two-dimensional pho- 

ography. Nonetheless, the specialized tool used, designed for pro- 

essing and visualizing 3D geometric data [114] , is unsuitable for 

he general public. The polychrome digital reconstruction was cre- 

ted in Blender, drawing from general advice provided by experts 

n ancient polychromy and taking inspiration from the analysis of 

ther sculptures [116] . 

A study rendering the visual appearance of polychrome and 

ilded medieval sculpture was presented by Dumazet, Callet, and 

heir collaborators [117 , 118] at Ecole Centrale Paris in 2008. The 

mployed methodology is denoted as Optical Constant for Ren- 

ering Evaluation (OCRE). This approach leveraged the open- 

ource multispectral physically-based ray-tracer software named 

irtuelium, developed at Ecole Centrale Paris, to accurately depict 

he visual qualities of the material. Furthermore, it enabled the ex- 

cution of multi-scaled simulations of light interactions ( Fig. 4b ). 
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he most recent update for Virtuelium was issued in 2013 [119] . 

otably, this software was also harnessed for simulating global il- 

umination in spectral rendering, employing the photon mapping 

lgorithm. Moreover, it facilitated the presentation of a novel in- 

erpretation of the polychrome effects evident in the Galerie des 

ois at Notre Dame de Paris, encompassing even the light-guide 

ffect stemming from the gilding [120] . 

Beale and Earl 2011 [121] affiliated with the University of 

outhampton, introduced an innovative methodology for the phys- 

cal acquisition and visualization of the polychromy preserved by 

 marble female head discovered in Herculaneum in 2006 [122] . 

he fundamental concept involves employing the translucent ma- 

erial modelling techniques, available within prominent 3D render- 

ng software, to replicate the existing head’s coloration by simulat- 

ng the interplay between the marble and distinct layers of paint. 

eyond achieving a physically accurate visualization, the proposed 

ethodology aspires to align with criteria encompassing flexi- 

ility, efficiency, and sustainability, making it adaptable to vary- 

ng archaeological contexts. This approach comprises two primary 

tages: (1) capturing the geometry via high-resolution laser scan- 

ing systems, ensuring a profound degree of precision in the ulti- 

ate visualization; (2) acquiring the apparent coloration through 

alibrated photographic images to ensure accurate identification 

nd measurement of polychrome evidence. The modelling of ma- 

erials in 3D rendering process (executed using software such as 

ds Max) unfolded in two phases. The initial phase encompassed 

he identification of the red pigment present in the hair, achieved 

hrough visual examination and a comparative analysis drawing 

rom preceding investigations of Roman sculptures. The subsequent 

hase entailed estimating and measuring the marble’s light ab- 

orption and reflection characteristics, along with colour rendering 

n a physical replica, accomplished through Reflectance Transfor- 

ation Imaging [123 , 124] . The photographic dataset derived from 

his process was then employed to apply colour to pertinent areas 

n the geometry’s surface, delineated through multi-layer distri- 

ution maps. Particularly notable, the stratification of paint layers 

top the marble’s surface was attained by manually specification of 

ight penetration attributes for each individual colour layer [121] . 

Mulliez et al. 2013 [125] present a 3D colour virtual reconstruc- 

ion of the “Massalian Treasury in Delphi”. The project’s workflow 

ommences with the acquisition of the architectural existent por- 

ions utilizing laser and photogrammetric techniques. Conversely, 

ragments or elements that are not extant are reconstructed and 

ssembled through 3D modelling. The process of applying colour 

s grounded in a comprehensive study of pigments that craftsmen 

ay have employed during the conclusion of the Archaic period. In 

heir endeavour to achieve the chromatic nuances and the gilded 

ffects of the marble in the digital reconstruction of the Treasury, 

he researchers devised an array of unmixed and mixed colours. 

his palette enabled them to explore the utilization of pigments 

hat could not be combined and to formulate an understanding of 

he range of colours attainable by artists of the era. Subsequently, 

hese determined colours and gold were applied to a sculptural 

ragment fabricated via rapid prototyping technologies. This frag- 

ent was then utilized for the virtual polychrome reconstruction 

hrough 3D modelling software, replicating the envisaged visual 

endition. 

An additional advancement was achieved through Siotto’s 2013 

xperiments [70] conducted at the CNR-ISTI in Pisa as part of a 

omprehensive investigation into the polychromy preserved by Ro- 

an sarcophagi crafted in Rome between the 2nd and 4th cen- 

uries A.D. [126] . Siotto et al. 2015 [127 , 128] effectively demon- 

trate the novel utilization of 3D Computer Graphics techniques 

s a connecting bridge between archaeological data and scien- 

ific analysis outcomes, a breakthrough achievement. This approach 

ot only reaffirms the indispensable requirement for a multidisci- 
66
linary framework in the examination and digital reconstruction 

f the original polychromy but also showcases the valuable con- 

ribution of 3D Computer Graphics techniques in the documenta- 

ion, study, visualization, and dissemination of findings [129] . In 

he subsequent endeavour, detailed by Siotto et al. 2018 [130] , 

he authors systematically attempted to forge a direct workflow to 

ddress the complexities inherent in polychrome reconstructions. 

his method, combining information technologies with the tradi- 

ional investigative process – grounded in archaeological compar- 

son and meticulous interpretation of precise cross-analytical data 

131 , 132] , culminates in the establishment of a joint working plat- 

orm, facilitating enhanced comprehension of the examined poly- 

hrome artefacts while concurrently enables the widespread dis- 

emination of results. 

igh-resolution 3D models of the case studies were acquired 

hrough laser scanner technology [127] and imaging techniques 

128] to assess the merits and drawbacks of these distinct method- 

logies. The software tools employed for the processing of 3D data 

MeshLab), colouring (MeshLab paint), and the creation of layered 

isualizations (Blender) are all open-source applications [133] . Ag- 

soft Photoscan was utilized to generate spatial 3D data by means 

f photogrammetric processing of digital images [128] . The RGB 

oordinates of the selected colour traces were ascertained using 

alibrated high-resolution images captured via an optical micro- 

cope and DSLR camera. Multiple measurements of each colour 

ere taken from various sources to ensure the most accurate rep- 

esentation of reality [[ 127 ], pp. 312–313 Table 1] . To achieve a 

ore intricate visual representation of both the current state and 

he reconstructed ancient colours ( Fig. 4c ), a combination of soft- 

are tools, including MeshLab and Blender, was employed. Particu- 

ar emphasis was placed on rendering distinct and overlapping lay- 

rs of paint [133] . The web-based system designed for the integra- 

ion and visualization of ancient polychromy ( Fig. 2d ) constitutes 

 dedicated adaptation of the Heritage Online Presenter (3DHOP) 

oftware [128 , 130] . This platform serves as a framework tailored 

or creating advanced web-based visual presentations, offering a 

eans to interact with high-resolution 3D content [134] . 

Presently, Siotto and collaborators at CNR-ISTI, Pisa, are work- 

ng towards formulating a comprehensive work pipeline to achieve 

 more faithful digital reconstruction of the original colour and 

ilding. This endeavour is founded upon highly defined geometric 

odels and colour data from scientific analyses, prioritising using 

pen-source 3D modelling software. A rigorous testing phase will 

recede the forthcoming proposal, scrutinising various modelling 

nd animation software options to spotlight their strengths and 

nherent limitations. As underscored in the recent work by Mc- 

arthy et al. 2020 [135] , establishing a defined workflow within 

igital polychrome reconstructions is imperative to standardise the 

cientific processing procedures. 

.2.3. Documentation and polychrome reconstructions using 2D 

ainting 

Alongside 3D reproductions, which demand advanced graphic 

kills, numerous scholars in the humanities have begun integrat- 

ng traditional drawings with two-dimensional (2D) graphic rep- 

esentations through the application of digital painting and im- 

ge retouching software. Digital painting, a relatively novel yet 

ell-established art form, generally involves the synergy of a com- 

uter, a tablet, and software options. Prominent choices include 

he widely-recognized Adobe Photoshop, often coupled with Adobe 

ightroom, which facilitates RAW format file import, modification, 

nd subsequent export in JPEG format. Alternatively, there are 

pen-source software like Krita [136] or GIMP – GNU Image Ma- 

ipulation Program [137] . 

Horn 2006 [138] elucidated the process of reconstructing origi- 

al colour on certain Terracotta in the Army (Xi’an, China) through 
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Fig. 5. A sample illustration of 2D painting employed artistically to transform authentic images of various individuals into representations that reconstruct the polychromatic 

aspect of Alexander the Great. The images are derived from a YouTube video [144] . 
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he utilization of 2D painting software. In this context, the colour 

alue is indicated by the averaged blending value derived from 

everal analogous colour fields [ 138 ]. Concurrently, through a sim- 

lar approach, he generated on rendering a warrior in three di- 

ensions using 3D modelling software (3ds Max and Mental Ray) 

fter data scanner acquisition. [ 138 ]. Additional instances of poly- 

hrome re-propositions through images can be attributed to works 

arried out over the past decade. Examples include the effort s of 

lume 2014 [139] , encompassing the polychrome reconstruction 

f the Small Herculaneum (Athens, National Archaeological Mu- 

eum, inv. 1827) and the border decoration of a deity statue named 

era (Berlin, Antikensammlung, AvP VII 23). Similarly, Skovmøller 

t al. [140] proposed two variations of the statue of Gaius Fundil- 

us Doctus (Ny Carlsberg Glyptotek, Inv. 707). Pereira-Pardo et al. 

141] managed to reproduce the original appearance of Medieval 

labaster sculptures. More recently, Aggelakopoulous and Bakolas 

142] marginally employed 2D techniques to depict their study on 

he polychromy of the Parthenon’s metopes and triglyphs. In each 

f these instances, the assessment of colour remnants is conducted 

n calibrated digital photographs (utilizing X-Rite ColorChecker 

assport) through the “pipette” function of image processing soft- 

are (such as Adobe Photoshop). The average RGB value is typ- 

cally generated by “blending” several comparable colour fields. 

n another way Verri, Opper, Lazzarini [143] , showcase a distinct 

pproach. Their 2D chromatic reconstruction of the Treu Head 

British Museum sculpture 1597: GR. 1884,0617.1) was elaborated 

tretching and deforming images of sculptures and portraits from 

he same period, which preserved pictorial layers akin to those ob- 

erved on the Treu Head. These manipulations were executed us- 

ng Adobe Photoshop again. The diverse sequences of pictorial ex- 

cution, ranging from the background depiction of the eyes to the 

ophisticated polychromy of the features of the face and skin, are 

ethodically structured as layers. When employed in animation, 

hese layers facilitate the stepwise visualization of the ultimate ap- 

earance the artwork could have attained [ 143 ]. 
67
Numerous artists and designers widely employ this technique 

n software like Photoshop to contemporize ancient portraits and 

tatues ( Fig. 5 ). A plethora of videos accessible on platforms such 

s YouTube exhibit the artistic recreation of the countenances of 

minent emperors and historical figures. Notable examples include 

he visage of Alexander the Great [144] , Julius Caesar [145] , Augus- 

us [146] , and even the evolution of appearance from youth to age 

n the case of Marcus Aurelius [147] . These polychrome reconstruc- 

ions assume an artistic essence, often accompanied by the intent 

f serving as Photoshop tutorials, or for educational objectives, and 

ven for-profit intentions [148] . 

.2.4. Artificial intelligence for automatic polychrome reconstructions 

Artificial intelligence (AI) methodologies, such as deep learning 

DL) – a subset of machine learning (ML) that constructs learn- 

ng models on multiple levels – have been employed in several 

rojects to identify and recreate the authentic appearances of an- 

ient Roman emperors. These projects have recently utilized ex- 

sting “pre-trained” Deep Convolutional Neural Networks (DCNNs) 

nd employed transfer learning techniques, using photographs of 

mperial portraits to adapt them for imperial portrait recogni- 

ion [149] . However, an essential challenge lies in colour attribu- 

ion (i.e., generating automatic colouring), a matter of significance 

150 , 151] , and there is currently no scientific literature that exam- 

nes its application to ancient polychrome reconstructions. 

The pursuit of automatically recognizing the busts of Roman 

mperors and applying automatic colouring within the “Romans in 

olor – 3D history” project by Danila Loginov and Sergey Bardyshev 

ikely aligns with this direction. Commencing in 2019, the project 

ims to produce polychrome portraits of significant figures from 

ntiquity based on modern scientific research and ancient sources 

 Fig. 6a ). Notably, qualified post-production work in software like 

hotoshop plays a substantial role [152] . 

A digital artistic interpretation of Roman emperors, not 

rounded in polychrome studies, was produced in 2020 ( Fig. 6b ). 
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Fig. 6. An illustration of AI, Photoshop, and historical references utilized for recreating the polychrome appearance of Roman Emperors. (a) Vibia Sabina and Emperor Hadrian 

from the Antonine’s in colors video, part of the Romans in color – 3D History project [152] . (b) Project involving artistic rendering of Roman Emperors by Voshart [153] . 
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he digital artist Daniel Voshart employed an ML tool called Art- 

reeder, in conjunction with Photoshop and historical references, 

o create a series of photorealistic portraits of fifty-four Roman em- 

erors ranging from Augustus to Carinus [153] . Although Voshart’s 

oman emperors do not constitute deepfakes, they share a compa- 

able technological framework – divergent applications of machine 

earning. Specifically, Artbreeder harnesses Nvidia’s StyleGAN, an 

pen-source generative adversarial network (GAN) developed by 

omputer scientists in 2018 [154] . GANs empower algorithms to 

rogress beyond data classification into the realm of image gen- 

ration. This transpires through the interaction of two GANs striv- 

ng to deceive each other by deeming an image as “authentic”. 

n the context of Artbreeder, the algorithms scrutinized 800 bust 

mages (many originated in Photoshop by the artist, drawing in- 

piration from coin portraits and historical sources). This scrutiny 

imed to model more lifelike facial contours, features, hair, skin, 

nd vivid colours. Nonetheless, the outcome occasionally incorpo- 

ates anomalies and tends to standardize features into an average 

ountenance, which counters the objective of preserving an engag- 

ng expression. Consequently, Voshart’s workflow encompassed it- 

rative Artbreeder downloads, result enhancement in Photoshop, 

ecurrent Artbreeder reiterations using the modified image, and 

eticulous effects refinement in Photoshop [155] . 

While browsing the web, one may encounter similar artis- 

ic creations, specifically those replicating lifelike portraits of 

enowned individuals using tools like Artbreeder and Photoshop. 

hese creations are predominantly showcased in the blogs of 

rtists and enthusiasts, including the works of Alessandro Tomasi 

156] , Becca Saladin [157] , and numerous others, whom we col- 

ectively cite here for completeness and consider a distinct group 

Project No. 64 in Table 1 ). 

.3. Digital technologies for interacting, visualizing and presenting 

ncient colour 

In contemporary archaeology and cultural heritage, achieving 

ccurate visualization and effective presentation of ancient archi- 
68
ecture and artefacts’ colours has become a necessity. This sec- 

ion scrutinizes the progressive trajectory of digital technologies 

n rendering lifelike ancient colours, catering to both expert and 

eneral audiences. The ensuing discourse underscores the contin- 

um of advancements, beginning with rudimentary 3D reconstruc- 

ions characterized by simplified models showcased through videos 

nd culminating in intricate, high-definition polychrome models 

see Section 2.3.1 ), facilitating interactive and immersive experi- 

nces via the seamless integration of Virtual and Augmented Re- 

lity (VR/AR) technologies (see Section 2.3.2 ). Moreover, the dis- 

ourse extends to encompass innovative paradigms, such as Spatial 

ugmented Reality (SAP), which finds its abode within the broader 

pectrum of Mixed Reality (MR) applications (see Section 2.3.3 ). 

.3.1. 3D reconstructions for visualization and interaction with 

ncient polychromy: web-based platforms versus stand-alone 

olutions (the “serious game”) 

Certain experiences have arisen in response to the imperative of 

mploying digital technologies to create virtual models of histori- 

al edifices, complete with their polychrome embellishments, us- 

ng 3D modelling software. The overarching objective is to dissem- 

nate knowledge based on rigorous scientific criteria to the gen- 

ral public, achieved through mediums such as videos, real-time 

avigation, and even video games. In some instances, the revived 

olours are deduced from available information and historical- 

rtistic interpretations; in others, they derive from scientific ev- 

dence gleaned through the perusal of reports and scholarly pa- 

ers. In both scenarios, the course of technological evolution has 

ielded significant influence over the quality of reconstructions 

nd the methodologies governing their application. We now find 

urselves immersed in increasingly detailed models and videos, a 

ar cry from the rudimentary 3D models of fifteen years ago that 

erely hinted at the potential architectural forms. An instance of 

his trajectory is embodied by the “History 3D” project, which took 

oot in 2011 under the stewardship of Danila Loginov and his col- 

aborative team. Nestled within this initiative are the “Roma 3D”

nd “Romans in colours” sub-projects [158] . The central aspiration 
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Fig. 7. Examples of 3D digital reconstructions used in educational games and video games that pay attention to the use of ancient polychromy. The first example (a) shows 

screenshots of the “Peplos Kore” statue being used as an interactive 3D canvas in an online digital game available on the Acropolis Museum website [166] . The second 

example (b) displays images from the “Assassin’s Creed: Odyssey” video game, taken from [169] . 
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evolves around reconstructing the monuments of the Eternal City 

or the general populace, meticulously adhering to scientific pub- 

ications on archaeological and polychrome data. This attention to 

etail is evident in undertakings like the reconstruction of Trajan’s 

olumn [159] or the Augustus of Prima Porta [160] . The project is 

osted on a web-based platform that is freely accessible to users 

158] . 

Stepping back in time, one of the earliest instances of virtual 

econstructions involves the modelling and attribution of colours 

nd materials to temples situated in the Temples Valley of Agri- 

ento and Selinunte during the first decade of the current century. 

he Park Authority of the Valley of the Temples in Agrigento, in 

ollaboration with the Department of History of Architecture at 

he University of Florence, undertook a virtual reconstruction ef- 

ort, which included video depictions showcasing the temples of 

ncient Akragas with their “original” polychromatic aspect. A life- 

ized scaffold, positioned on-site, served as a canvas for visualizing 

he temple’s likely appearance [161] . A subsequent 3D polychrome 

econstruction video of the Temples Valley was introduced in 2015, 

rimarily aimed at dissemination purposes [162] . Around same pe- 

iod, in 2002, the Soprintendenza Archaeologica della Municipal- 

tà di Roma introduced a multimedia interpretation of the Forum 

f Augustus. This initiative followed diagnostic investigations in- 

olving painted Lunense marble slabs and proposed an interpreta- 

ion involving the restoration of the original polychromatic scheme 

163] . Both projects relied on stand-alone solutions driven by tech- 

ological constraints at the time. The internet infrastructure was 

imited, and advanced tools for creating and visualizing a batched 

ultiresolution mesh had not yet been developed [164] . 

Over the past decade, the museum environment has witnessed 

he emergence of educational games that incorporate considera- 

ions of ancient polychromy. Notably, the “Archaic Colors” initia- 

ive, introduced in 2012 at the Acropolis Museum in Athens, is 

 representative example. This endeavour seamlessly integrates a 

edicated segment on the polychromy of archaic sculpture within 
69
he permanent display of archaic sculptures from the Acropolis. 

he exhibit incorporates pigments, 1:1 physical reconstructions, 

nd accompanying explanatory texts. One prominent reconstruc- 

ion within this initiative is the “Peplos Kore”, which also func- 

ions as an interactive 3D canvas in an online digital game hosted 

n the museum’s website ( Fig. 7a ). Visitors were allowed to uti- 

ize brushes and colours of their preference to paint the Peplos 

ore statue. Furthermore, they had the option to print and pre- 

erve their creations in multiple iterations and variations [165] . 

he project was hosted on a web-based platform. It is worth noting 

hat the digital game was developed using the Adobe Flash mul- 

imedia software platform, which has since become obsolete and 

o longer usable. Consequently, the reference web page associated 

ith the game has been removed from the museum site [166] . 

Continuing in a similar vein, ongoing research led by Delfina 

ol Pandiani as part of her Ph.D. program in Computer Science 

nd Engineering at the University of Bologna aims to develop an 

nteractive art museum play installation that incorporates colour 

nd features multiple ancient sculptures or replicas. The “ColorCo- 

ab” application prototype seeks to provide users with the ability 

o choose from various polychrome visualizations of these sculp- 

ures using either an online tool. Four types of palettes are envis- 

ged, and users will also have the capability to dynamically create 

heir own palettes, customizing colours to match their own skin 

one, attire, and surroundings. The 3D models employed in this 

roject are generated from image data acquisition, and users can 

odify different textures, such as hair, nails, clothing, skin, and 

yes, through a click-based interface within ColorColab. Notably, 

olorColab leverages existing technologies to serve an educational 

urpose within museum settings, aiming to stimulate curiosity, en- 

ourage inquiry, and foster critical thinking, as clarified by the au- 

hor [167] . The project is hosted on a web-based platform that will 

e freely accessible to users. 

In a related context, “Assassin’s Creed: Odyssey” endeavoured 

o faithfully re-create the visual ambience of ancient Greece during 
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ts golden epoch ( Fig. 7b ). Ubisoft’s development team engaged ar- 

haeologists and historians to meticulously reconstruct the ancient 

orld, encompassing polychrome statues, temples, and tombs, pay- 

ng very careful attention to the varied materials (marble, wood, 

vory, bronze, etc.) used in their construction or to replicate objects 

ortraying daily life and weaponry [168] . Ubisoft strived for fidelity 

henever feasible and pragmatic, especially in areas with well- 

ocumented site layouts, such as Delphi and the Acropolis. While 

rying to convey the polychromy of Ancient Greece, the team be- 

ind Assassin’s Creed had to exercise artistic license. The polychro- 

atic painting of certain structures could, at times, appear arbi- 

rary, featuring seemingly random colour choices. For instance, the 

enowned pediment of the Parthenon was depicted with brown- 

ainted marble [169] . 

In a broader sense, the inclusion of vividly painted elements 

n Assassin’s Creed: Odyssey is often seen by classical scholars as 

 commendable initiative in constructing a credible environment 

or players, as evidenced by the ongoing Twitter discourse under 

he #ACademicOdyssey hashtag. The game draws explicit atten- 

ion to the application of polychromy, informing players that «An- 

ient Greece was more colourful than the white marble we see to- 

ay. Temples and sculptures were painted with organic, mineral, 

nd metallic pigments». The game engine then introduces these 

olours, infusing urban spaces with a brilliance that encourages 

nd rewards exploration [170] . This approach aligns with the ex- 

lanation in [171] , clarifying that specific sculptures remain white 

o meet player expectations, even though ongoing effort s aim to 

onvey the accurate historical understanding that the Greco-Roman 

orld was actually coloured. The project is hosted on a web-based 

latform accessible to users by pay. 

In conclusion, the initial models for the virtual reconstruction 

f Greek or Roman buildings and cities, emphasizing ancient poly- 

hromy, were initially based on stand-alone solutions. However, as 

echnology advanced, their accessibility has significantly expanded, 

ow extending to a broader audience through web-based plat- 

orms. 

.3.2. Virtual and augmented reality for dynamic polychrome models 

Several educational projects have harnessed the potential of 

irtual and Augmented Reality to offer a richly interactive and im- 

ersive experience within the polychromatic landscapes of the an- 

ient world. 

The “Rome Reborn® VR” project, under development since 

997 [172] , encompasses a digital reconstruction of ancient Rome 

ithin the Aurelian walls as it appeared in 320 A.D. ( Fig. 8a ).

he present model iteration is optimized for real-time use in vir- 

ual reality, enabling viewing on laptops, PCs, smartphones, tablets, 

nd VR goggles such as HTC Vive and Oculus [173] . The project 

riginated from collaborative efforts led by the Institute for Ad- 

anced Technology in the Humanities at the University of Vir- 

inia, in partnership with diverse international scientific insti- 

utions, including the UCLA Cultural Virtual Reality Laboratory, 

he University of Caen, and the Politecnico di Milano. Accessi- 

le to the general public via Google Earth since 2008 [174] , the 

odel has gained broader accessibility. More recently, companies 

ike Flyover Zone, HTC Vive, and VictoryXR have joined forces, 

eralding a new approach to VR education within schools. Start- 

ng from the close of April 2021, schools have the option to 

rocure VR goggles (Vive Focus Plus) preloaded with thirty ti- 

les, encompassing three Flyover Zone Rome Reborn virtual tours 

175] . 

The projects known as “The Baths through the eyes of Diocle- 

ian” ( Fig. 8b ) and “Caracalla IV dimension” were respectively cre- 

ted by the Museo Nazionale Romano in collaboration with CNR- 

STC [176] , and by a consortium consisting of the Soprintendenza 

peciale di Roma per l’Archeologia, le Belle Arti e il Paesaggio, 
70
oopculture, and CNR-ISTC [177] . These initiatives offer visitors the 

pportunity to embark on a journey through time, utilizing cost- 

ffective Cardboard Virtual Reality technology. Through immersive 

eality applications featuring 360-degree 3D reconstructions, they 

acilitate an immediate comprehension of the architecture of the 

wo ancient thermal complexes. This is achieved through a seam- 

ess alignment of the physical monument and its virtual coun- 

erpart, supplemented by concise audio descriptions. The projects 

epresent a sophisticated endeavour involving meticulous histori- 

al research and elaborate 3D reconstruction, encompassing an au- 

hentic portrayal of ancient polychromatic elements. This presen- 

ation showcases how the Romans likely perceived floors, columns, 

osaics, and sculptures. Notably, the Museo Nazionale Romano has 

lso adopted specially tailored visors designed for younger audi- 

nces [175] . 

Analysing a large number of recent video reconstructions of an- 

ient monuments (e.g., Sibari, Locri, Populonia), a notable exem- 

lar with a "smart" approach is the video showcasing ancient Syra- 

use [178] . This virtual reconstruction stands at the convergence of 

cholarly findings derived from archaeological investigations con- 

erning the Temple of Apollo, the expansive complex in Piazza 

uomo, and the Greek Theatre of Syracuse. This synthesis unfolds 

ithin the “PON Energia Smart City” project (2007–2013). Employ- 

ng 3D image-based reconstruction technologies, this approach har- 

oniously reintegrates absent architectural and sculptural com- 

onents. These elements are virtually reinstated to their original 

ositions, thereby facilitating a dynamic interpretation that amal- 

amates both tangible and virtual dimensions. Additionally, the 

uthors’ contributions highlight the incorporation of Augmented 

eality techniques, enabling the exploration of these monuments 

rom unconventional vantage points. The recreation of colours ap- 

ears to have been informed by comparisons with analogous con- 

emporary structures or edifices, as detailed in scientific publica- 

ions [179] . 

Concurrently, a virtual reconstruction project for Temple C in 

elinunte was presented as part of the “Land-Lab” project, a collab- 

ration between the University of Lecce and CNR-IBAM [180] . The 

isualization was facilitated through an interactive totem equipped 

ith a periscope mechanism, enabling viewers to explore a 3D 

odel with a natural stereoscopic effect by utilizing bodily move- 

ents and an ergonomic navigation console ( Fig. 8c ). The edu- 

ational approach incorporated the integration of numerous au- 

io/video in-depth cards, activated simply by approaching the des- 

gnated hotspots within the 3D model [181] . 

More recently, Ferdiani et al. 2020 [30] presented and evalu- 

ted a comprehensive workflow designed for the creation of his- 

orically accurate 3D assets aimed at interactive and immersive vir- 

ual reality products. The workflow is substantiated by a case study 

entred on the Forum of Augustus, alongside diverse output appli- 

ations, which underscore distinctive aspects and challenges that 

rise from a multi- and interdisciplinary approach. The replication 

f patterns and hues in specific components, such as frescoes, stuc- 

os, marbles, and more, drew from historical-archaeological docu- 

entation and heritage [182 , 183] . 

In conclusion, museums have increasingly embraced the cre- 

tion of polychrome 3D models of Greek and Roman sculptures 

ounded on scientific assumptions. These models find application 

hrough videos that showcase the comprehensive study and elabo- 

ate reconstruction processes. A noteworthy illustration in this con- 

ext is the 3D digital polychrome reconstruction of the “Athena 

arthenos statue” [184] at the Museum of Fine Arts, Boston (MFA), 

eveloped by Black Math Company in 2021. Notably for the general 

ublic edutainment is also the development of an AR face filter for 

mfaboston’s Instagram account, enabling users to virtually wear 

he iconic Athena Parthenos helmet ( Fig. 11a ) using their mobile 

evices [185 , 186] . 
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Fig. 8. The illustration showcases various 3D polychrome reconstructions of ancient architectures, along with diverse technologies employed for their interactive or immersive 

dissemination. (a) Offers a snapshot of the Rome Reborn® VR project – focusing on the Forum [171] . (b) Showcases The Baths through the Eyes of Diocletian project, jointly 

undertaken by MNR and CNR-ISTC, with images attributed to [175] . (c) Presents a 3D polychrome reconstruction of the Temple C of Selinunte, Italy, utilizing snapshots 

sourced from the Land-Lab project website [181] . 
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.3.3. Augmented reality and mixed reality for real-time virtual 

isualization of colour 

Since the end of the last century, a specialised branch of Com- 

uter Graphics has been dedicated to developing algorithms and 

echniques for 3D editing and painting with haptic interfaces and 

patial Augmented Reality (SAR), more generally attributable to 

he Mixed Reality category. That consists of enriching human sen- 

ory perception by incorporating additional information beyond 

hat the observer naturally perceives, mediated by a video pro- 

ection system and a computer. The application of this technol- 

gy [187 , 188] to ancient polychromy is very recent, with instances 

ighlighted in the literature [189 , 190] . Concurrently, the utilisation 

f SAR as a basic Projection Mapping (PM) technique is relatively 

ecent [191-197] , just as the use of Augmented Reality (AR) support 

vailable through mobile devices for museum or exhibition visits 

as emerged [211] . 

.3.3.1. Haptic interfaces. Lange et al. [189] demonstrate how users 

an generate digital Projection Mapping (PM) content through 

hysical interaction with a proxy object. The proxy object, a scaled- 

own version of the target object (such as a 3D print of the statue 

f Augustus Prima Porta), is physically painted by users using ac- 

ual brushes and paint. This painting process is automatically cap- 

ured by a camera and translated into a texture, subsequently pro- 

ected onto the target object ( Fig. 9a ). The authors emphasize both 

he advantages and limitations of this digital workflow, as it in- 

olves non-permanent painting where the actual/real colour is not 

pplied to the proxy object. Consequently, the physical proxy ob- 

ect can be perceived as a complex-shaped graphics tablet. The 

uthors summarize the outcomes of their user study, underscor- 

ng how proxy painting offers an alternative to existing 3D paint- 

ng software. While the prototype currently falls short of detailed 

rawings, it effectively caters to domain-specific tasks like mate- 

ial painting. Particularly, users with limited expertise in digital 

ainting benefit from the accessible entry point provided by proxy 

ainting. 

Palma et al. [190] introduce a system designed to enhance en- 

agement within a Virtual Reality (VR) experience using low-cost, 
71
ensor-equipped replicas of authentic artefacts generated through 

conomical 3D fabrication techniques, which then lead to an Aug- 

ented Reality (AR) experience. By combining hardware and soft- 

are components, the proposed system empowers users to inter- 

ct with a physical replica (a 3D-printed artefact serving as a tan- 

ible interface) within the virtual environment. This interaction al- 

ows users to observe the original artefact’s appearance (including 

olour and form). The system leverages a consumer device for real- 

ime hand tracking and a custom electronic controller for capaci- 

ive touch sensing. This combination enables the creation of aug- 

ented experiences where users can manipulate the virtual ap- 

earance of the tangible replica object using a set of personal- 

zation actions accessible through a 3D-printed palette of colours 

 Fig. 9b ). Beyond polychromy, the system allows one to insert and 

ee in real-time elements and materials like necklaces, earrings, 

rowns, precious stones, and set eyes that were part of the orig- 

nal artefact [190] . 

.3.3.2. Projection mapping. The technique of video or projection 

apping (PM) encompasses a variety of methods, classified into 

asic and advanced categories. These methods enable the achieve- 

ent of correspondence between real objects (such as facades, 

as-reliefs, and sculptures) and virtual models based on factors like 

bject complexity and Level of Detail (LOD). The fundamental pro- 

edure entails the virtual reconstruction (within a 3D or 2D envi- 

onment) of the object’s surfaces onto which the video projection 

ill be applied. 

Peral et al. [191] employed PM techniques to virtually restore 

he appearance of the Virgin statue at Saint Mary’s Cathedral in 

pain. They projected a designed image onto the original sculp- 

ure, which possessed a complex 3D shape, thereby reproducing 

he polychrome painting from the past. Dynamic projectors were 

tilized to display the image of the pre-painted 3D model, acquired 

hrough scanning techniques, onto the physical item. This projec- 

ion occurred in real-time, encompassing moving images with dy- 

amic lighting effects and reflections. The authors elucidated the 

rocedural intricacies and challenges encountered in positioning 

he projector within the portico. These challenges encompassed as- 
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Fig. 9. Instances of haptic interfaces to recreate 3D digital polychromy without direct contact with archaeological artefact. (a) Test activity images adapted from [189] . (b) 

Test activity images adapted from [190] . 
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ects like the quality of projecting diverse colours and shapes onto 

he portico, power requirements, light reflections impacting other 

ight sources, pixel size, etc. 

Furthermore, Koroso Arriaga and Muñoz Lozano in 2009 

192] achieved a non-invasive, realistic visualization of the chro- 

atic evolution of the Victoria-Gasteiz Cathedral’s portico across 

ifferent time periods. The primary goal was to define the limita- 

ions and attributes of a chromatic reintegration system employing 

ight projection. This project commenced in 2003, with the system 

eing fully installed by 2009. Special emphasis was placed on en- 

bling visitors to perceive colour as pigment rather than projected 

ight. Chromatographic data for all analysed samples were derived 

rom laboratory results, including the acquisition of corresponding 

olour codes in the CMYK colour model. The reconstruction delin- 

ated the portico’s evolution throughout its existence, transcending 

he exclusive representation of a singular historical moment. 

Between 2006 and 2010, Borghini and Carlani [193] developed 

 multimedia museum application for touchscreen devices within 

ichard Meier’s Ara Pacis Augustae Museum, a project commis- 

ioned by the Soprintendenza per i Beni Culturali della Munic- 

palità di Roma [194] . This application presents a virtual recon- 

truction of the original colour of the Augustan monument, ac- 

essible in real-time on a 3D model ( Fig. 10a ). The presenta- 

ion of this ancient colour re-proposition to the public occurred 

n late 2008, utilizing beams of light filtered through printed 

lass (gobos) to project the colour directly onto the monument. 

his event marked the first instance in Italy (and abroad) of vir- 

ually colouring a classical archaeological monument using PM 

195] . 

The selection of projected colours was guided by comparisons 

ith Roman paintings, late-ancient mosaics, Greek architecture and 

culptures from the latter half of the 5th and 6th centuries B.C., 

hich served as inspiration for Augustan art. This choice stems 

rom the lack of definitive evidence to ascertain the precise orig- 
72
nal colours, even though chemical-physical analyses confirm the 

nitial presence of paint [194] . In commemoration of the bicente- 

ary of Augustus’ death in 2014, the “The Colours of the Ara Pacis”

nitiative integrated both hardware and software tools, facilitating 

n exploratory and educational journey through the Ara Pacis via 

R and VR. Special AR viewers (Samsung GearVR) and device cam- 

ras were employed to make the monument’s polychromy visible 

196] . 

Subsequent to this experience, several other applications in the 

ealm of SAR have emerged for the 3D or 2D video projection of 

ypothetical original polychrome reconstructions. One such exam- 

le is an interactive installation based on an off-the-shelf LeapMo- 

ion finger-tracking device from 2013 at the Allard Pierson Mu- 

eum in Amsterdam, where visitors interacted with an Egyptian- 

ra bas-relief to comprehend its original colouring [197 , 198] . An- 

ther instance involves the “Augmented Reality In the Museum”

ARIM) system applied to block NXLVI of the north frieze of the 

arthenon, reintroducing its original colours [199] . Similarly, the 

Color the Temple” project (2013–2016) at the Metropolitan Mu- 

eum of Art (MAA) employed PM to reveal the Egyptian Temple of 

endur’s original polychromy [200 , 201] . Another case is the “Map- 

ing Sculptures in Carthago”, a temporary exhibition in 2016 at 

he Carthage National Museum by Design Lab, which utilized video 

rojection to display colour on sculptures ( Fig. 10b ) [202] . Another 

nstance presumably from the same period or some years before is 

he reconstruction of the Mithra relief and projection of colour at 

he Carnuntum Museum near Vienna [204] . Additionally, the “Ro- 

an Britain in Colour” project, a collaboration between the Great 

orth Museum and Hadrian’s Wall Community Archaeology Project 

WallCAP) along with the Novak studio, employed colour projec- 

ion to bring seven altars recovered from Hadrian’s Wall to life. 

ocussing on scientific outcomes, the animation also offers some 

rtistic interpretations of the altars and the gods associated with 

hem ( Fig. 10c ) [205] . Furthermore, in the permanent exhibition at 
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Fig. 10. Instances of PM technology to repropose ancient polychromy for widespread audiences. (a) The Ara Pacis project (2006–2010), Ara Pacis Museum, Rome; snapshot 

extracted from the project video [195] . (b) Mapping Sculptures in Carthago project (2016) Carthage National Museum, Byrsa; snapshot sourced from the project video [203] . 

(c) Roman Britain in Colour project (2022), Hadrian’s Wall Museum, Newcastle; snapshot acquired from the project video [205] . 
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he “Pergamon Museum. Das Panorama” in Berlin, ancient poly- 

hromy is reproduced on the monuments depicted in the 360- 

egree “Panorama” by Yadegar Asisi, and the PM technique is ap- 

lied to one of the original sculptures found in Pergamum, based 

n studies of polychromy in Hellenistic sculptures [206] . In con- 
ig. 11. Instances of polychromy reconstruction AR accessible via mobile devices. (a) Wea

thena Parthenos project at the MFA, Boston. Snapshot captured from the project website

evice. Snapshot obtained from the project website [214] . (c) Chroma AR App experience

he project website [218] . 

73
lusion, all these application projects (and many others beyond 

he scope of this discussion, including those used to replicate mu- 

al paintings in churches and cathedrals) are founded on scientific 

nalyses of polychrome traces. They share the common objective 

f fostering awareness and educating the general public. 
rable Athena Parthenos Helmet on the @mfaboston Instagram account. Part of the 

 [185] . (b) Utilization of the DIGIPAST project through the Moptil App on a rentable 

 at The Metropolitan Museum of Art (MET), New York City. Snapshot sourced from 
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.3.3.3. Mobile devices. The integration of Mixed (Virtual and Aug- 

ented) Reality for exhibiting artworks or museum content consti- 

utes a firmly established concept in the realm of Information and 

ommunications Technology (ICT) and Human-Computer Interac- 

ion (HCI) research [207-210] . Recent developments have yielded 

pplications aimed at reproducing ancient polychromy. In a re- 

ent case study, Khosravi et al. 2022 [211] presented an instance 

ased on a 3D model scan of the Exeter Cathedral’s west front. 

hrough digital painting, the model appears with the colours that 

dorned the original structure centuries ago, serving as a case 

tudy for the “VistaAR” project. To optimize the viewing experi- 

nce, the authors adopted a game-oriented approach, utilizing a 

ow-poly model combined with high-quality textures and normal 

aps to ensure the resulting images maintained detail and engage- 

ent within the “VistaAR” App. The texturing and painting process 

nvolved tools like Maya, Substance Painter, Zbrush, Photoshop, and 

nity – a premier platform for real-time content creation [212] . 

he reconstruction of polychromy was guided by prior research 

nvolving remnant colour samples sourced from the building’s 

tonework [213] . 

The “DIGIPAST” project embodies a 3D virtual tour encompass- 

ng Greece’s most significant archaeological sites (Acropolis, Delos, 

elphi, Knossos, Asklepieion of Kos, Lindos, Olympia, Cartagena), 

eveloped by Moptil – Mobile Optical Illusions [214] . This app fa- 

ilitates a 360-degree panoramic view, enabling users to experi- 

nce a fully 3D reconstructed Acropolis as it existed in antiquity, 

omplete with colours, statues, and the presence of ancient Greeks. 

his immersive experience leverages Augmented and Virtual Real- 

ty to deliver on-site visualizations. Audio narration accompanies 

he visual components ( Fig. 11b ). DIGIPAST is available both as a 

ervice through Moptil device rentals (iPad or VR goggles) and as 

n app download from platforms like the App Store or Play Store 

or personal devices [214] . Polychromy and 3D modelling recon- 

tructions are aligned with archaeological and architectural schol- 

rly resources, although artistic interpretation is evident in cases 

here certainty is lacking. 

Illustrating the potential for app personal smartphones, the 

Chroma AR” experience, analogous to the AR colouring book app, 

nables users to seamlessly transition between the real world, 

ugmented reality, virtual reality, and networked virtual reality 

215-217] . The Chroma AR experience enables smartphone users to 

irtually recreate a coloured rendition of an ancient Greek sphinx 

culpture within their own environment. This facilitates a com- 

arison between the vivid reconstruction and its present-day ap- 

earance ( Fig. 11c ). The app comprises both interpretive and play- 

ul elements, encompassing multidisciplinary efforts. Chroma AR 

as conceived for the “Chroma: Ancient Sculpture in Color” exhi- 

ition, hosted at The Metropolitan Museum of New York from July 

, 2022, to March 26, 2023 [218] . 

. Discussion 

This work provides an encompassing overview of digital tech- 

ologies and methodologies aimed at documenting, reconstruct- 

ng, visualizing, and presenting ancient polychromy to both experts 

nd the general public. This review spans from the early 1990s to 

he present day and is exemplified through Table 1 and Fig. 12 . 

able 1 systematically catalogues the projects, arranged in chrono- 

ogical order, and grouped by thematic categories (e.g., database, 

D painting, physical copies), employing distinctive colours in the 

rst column for swift visual categorization. Within the table, cells 

re denoted by solid or empty black squares, indicating whether 

he column’s theme qualifies as a “primary action” ( �) or a “sec- 

ndary or consequent action” ( �) within each project. This classi- 

cation is based on the technologies and sources analysis utilized 

nd the projects’ intended objectives. Fig. 12 , which our discussion 
74
eferences, exclusively considers resources categorized as “primary 

ction”. Thus, we analyse proportions concerning the application of 

arious technologies in re-proposing ancient colour, the utilization 

f resources to reconstruct original polychrome hypotheses, the ap- 

lication of 3D data for both analysis and reconstruction of ancient 

olychromy, as well as its presentation to the public. Finally, the 

iscussion addresses the aims and destinations of these endeav- 

urs. 

Our analysis reveals an equilibrium between projects catering 

or experts and those tailored for the general public, with a dis- 

ernible recent trend favouring the latter. The latter type is pre- 

ominantly geared towards presenting polychrome data, and they 

re accessible to experts as well. On the whole, we can deduce 

hat these endeavours constitute isolated experiments executed by 

ighly qualified multidisciplinary teams. These experiments have 

ncorporated a variety of technologies and have evolved over time. 

eginning with the archival and scrutiny of data related to ancient 

olychromy, they have evolved into primarily scientific-based poly- 

hrome reconstructions. This evolution is grounded in outcomes 

rom focused analyses, insights from autopsy inspections, and ref- 

rences from archival records, culminating in a trajectory towards 

ore interactive and captivating modes of dissemination. The inte- 

ration of digital technologies for archiving, 2D and 3D polychrome 

econstruction, and visualization has been a gradual process, al- 

eit with a measured lag compared to the advances in informa- 

ion technology. Notably, we discern a trend where individual ex- 

eriments converge with larger projects to formulate shared guide- 

ines and methodologies. These endeavours all-roundly address the 

heme of ancient polychromy, encompassing the creation of stan- 

ardized language, shared alphanumeric and 3D data platforms, 

nd the production of reconstructions faithful to the originals. This 

ransversal approach extends to the exploration of workflows for 

hape and colour acquisition, digital processing, apt visualization, 

nd the fabrication of physical reproductions through rapid proto- 

yping and polychrome 3D printing. 

In accordance with the format of Sections 2.2 and 2.3 , we 

ave structured the discussion into two parts: one focusing on the 

tudy and reconstruction problems (see Section 3.1 ), and another 

ddressing the re-proposition and dissemination of ancient poly- 

hromy (see Section 3.2 ). The projects or experiments mentioned 

n this discussion are identified by the reference numbers assigned 

n the first column of Table 1 . As previously stated, the colours in

his column serve to distinguish and group the projects based on 

he primary digital technology used. 

.1. Digital approaches for archiving, analysing, and reconstructing 

ncient polychromy 

In the context of ancient polychromy, as well as in archaeol- 

gy and the broader field of cultural heritage, the foremost neces- 

ity, in tandem with technological advancements, was the estab- 

ishment of searchable databases. The primary objectives revolved 

round documenting and studying occurrences from the mid- 

ineties of the previous century (Projects No. 1, 4 in Table 1 ). These

atabases then evolved into shared platforms containing “georefer- 

nced” data and maps (Projects No. 2, 3, 5, 6 in Table 1 ), eventu- 

lly expanding to encompass platforms for 3D models tailored for 

oth the general public (Projects No. 8, 9 in Table 1 ) and experts

Project No. 7 in Table 1 ). A recurring theme emerges across sci- 

ntific projects from this essential requirement: the gradual inclu- 

ion of cultural heritage professionals within genuinely multidisci- 

linary teams, fostering interdisciplinary interactions. The technol- 

gy for integrating diverse datasets arising from scientific analyses, 

D models, intricate mappings, and the seamless exchange of even 

arge-scale or high-resolution data over networks is now read- 

ly available. The benefits are manifold: efficient documentation, 
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Table 1 

A summary of digital technologies and methods utilized for reconstructing and visualizing ancient polychromy targeted at experts or the general 

public, from the early nineties to the present day. 

( continued on next page ) 
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Table 1 ( continued ) 
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Fig. 12. The graphs depict (a) the distribution of techniques employed for the re-proposal of ancient polychromy, (b) the correlation between the sources utilized for the 

reconstruction of the original colour, (c) the utilization of 3D data as a foundation for both the study/reconstruction and the visualization/presentation of ancient polychromy, 

(d) the intended destination, and (e) the objectives of the projects. 
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treamlined data exchange, and the ability to concurrently collab- 

rate across various global locations. However, challenges persist. 

espite the proposal of standardized methodologies and tools for 

ocumenting and visualizing ancient polychromy, a universally ac- 

epted format or tool/device is yet to materialize, and concerns 

bout data privacy remain unresolved. 

The initial digital polychrome reconstructions utilized 2D Com- 

uter Graphics, commonly referred to as 2D painting (Projects No. 

0, 11, 12, 13, 14 in Table 1 ). An outstanding advantage of digi-

al painting compared to traditional drawing lies in its capacity to 

ork across multiple layers, control colour opacity, and manage in- 

ensity and brightness. Moreover, it permits revisiting any stage of 

he analytical or creative process. Reproducing an artwork (i.e., the 

otential for infinite copies) and adjusting its dimensions, even af- 

er completion, for printing on various scales obviates the need to 

tart anew. Additionally, the digital colour remains constant. Once 

he monitor is calibrated, colours retain consistency regardless of 

he time of day or ambient lighting. In contrast, traditional (man- 

al) painting requires meticulous consideration of colour as a crit- 

cal element for achieving success (Projects No. 17, 18 in Table 1 ). 

D technology affords the opportunity to convey to the general 

ublic an impression of an artwork’s possible original appearance, 

ven in animated renditions (Projects No. 15, 16 in Table 1 ). How- 

ver, this colouring is applied to an image of the artwork, which 

acks dynamism and geometry. Unlike a photorealistic geometric 

D model, it cannot equally facilitate in-depth studies of poly- 

hromy (Projects No. 26, 30, 31, 7 in Table 1 ). Moreover, the obser-

ations made by (Projects No. 32, 34 in Table 1 ) are pertinent to

he colour palette utilized in 2D and 3D painting software, which 

urrently does not encompass ancient pigments and colours. 

3D technologies designed for digital acquisition, digital mod- 

lling, and additive or subtractive production – commonly referred 

o as “3D scanning” – are proving invaluable within the specific 

ontext of this study, facilitating the visualization of the original 

pparent colour of archaeological artefacts. The utilization of 3D 

echnologies enables the creation of precise digital models of poly- 

hrome artefacts in terms of both shape and colour. These 3D ge- 

metric models, harnessed through specialized digital tools, effec- 

ively aid in the documentation and examination of ancient poly- 

hromy (Projects No. 22, 24, 25, 26, 27, 28, 29, 30, 31, 32, 34 in

able 1 ) and contribute to its subsequent reconstruction and visu- 

lization (Projects No. 24, 25, 26, 27, 28, 29, 2, 31, 32, 33, 34, 42, 43,

7, 48 in Table 1 ). Furthermore, 3D technologies offer the potential 

o bridge the gap between archaeological knowledge and scientific 

nalysis results, thereby assisting in the assessment of the original 

olour (Projects No. 30, 31, 7 in Table 1 ). Simultaneously, they form 

he foundational basis for projects aimed at the visualization and 

resentation of ancient polychromy (Projects No. 35, 36, 37, 38, 39, 

0, 41, 42, 43, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61 in

able 1 ). 

n the contemporary landscape, 3D scanning and photogramme- 

ry stand as established techniques that offer a practical and rel- 

tively cost-effective means to attain highly accurate 3D digital re- 

resentations. It should be noted that utilizing 3D technology for 

he documentation and study of ancient colour necessitates spe- 

ific skills and strategies for the application of paint. Presently, the 

hallenge of working with heavy models (such as high-resolution 

odels) essential for accurately re-proposing ancient polychromy 

hrough UV mapping in modelling software is being gradually re- 

olved (Project No. 34 in Table 1 ). Conversely, the issue of incorpo- 

ating a palette of ancient colours and/or reference pigments into 

D painting software, often referred to as “materials” in 3D appli- 

ations, remains unresolved. Lastly, when undertaking a 3D poly- 

hrome reconstruction, it is imperative to comprehensively eluci- 

ate the methodology employed and the decisions taken for digital 

e-presentation. This is vital both to grasp the scientific nature of 
78
he data and to ensure its reproducibility under consistent condi- 

ions. 

The availability of a high-resolution 3D digital model of an 

rchaeological artefact facilitates the creation of physical repli- 

as at various scales and from a variety of materials, thanks to 

urrent 3D printing technologies. Initially, Rapid Prototyping (RP) 

as employed for ancient polychromy; this subtractive manufac- 

uring technique swiftly produces physical models from a three- 

imensional mathematical representation of the object, which is 

ubsequently manually painted (Projects No. 17, 18, 19 in Table 1 ). 

n recent years, 3D printing techniques have become more afford- 

ble while also enhancing print quality. 3D printing often employs 

owdered materials such as gypsum and, more recently, marble 

tucco on polymethyl methacrylate. The results yield objects with 

 sandy appearance and diffuse, opaque colour on one side and a 

mooth, glossy, and reflective surface on the other. These physical 

odels are later hand-painted, as observed in numerous museum 

ollections (Projects No. 17, 18 in Table 1 ). Among the advantages, 

e note that the manufacturing process is now well-established, 

ccompanied by clearly defined guidelines for the manual painting 

rocedure. Unlike digital recolouring, manual colouring enables the 

se of pigments and binders similar to those found in ancient arte- 

acts (Projects No. 17, 18 in Table 1 ). However, challenges remain 

egarding the application of these pigments to the physical repli- 

as. Moreover, the process is time-consuming, lacks the ability to 

djust the outcome during application, and remains costly. 

Certain experiments involving the physical printing of poly- 

hrome replicas have also been conducted using digital high- 

esolution 3D models and gypsum powder-based 3D printing tech- 

ology (Projects No. 20, 21 in Table 1 ). However, reproducing 

olour texture on 3D prints still relies on 2D printing strategies, 

esulting in noticeable detail blurring and colour smudging [219] . 

o address these challenges, several algorithms have been tested 

or resolution [220-226] . These issues are less pronounced with the 

pplication of Polyjet technology, an advanced 3D printing method 

hat involves depositing small particles of photopolymers in liq- 

id form onto a tray. These polymers are directly polymerized 

ithin the machine using a UV lamp, resulting in a physical model 

oasting distinct aesthetic qualities and more. Nonetheless, precise 

olour control remains elusive and inconsistent, unlike in 2D print- 

ng. While commercially available full-colour 3D printing enables 

eticulous control over material deposition in volume, achieving 

n exact replication of a desired surface appearance is hindered 

y the pronounced subsurface scattering of 3D printing materi- 

ls, leading to nontrivial colour variations [227] . In conclusion, de- 

pite the contributions of Computer Graphics and the evolution of 

ncreasingly sophisticated machines, the utilization of polychrome 

D printing is not yet widespread for re-presenting ancient poly- 

hromy. Its usage remains largely confined to museum projects 

quipped with a substantial economic budget earmarked for this 

urpose. 

Recent advances in artificial intelligence (AI) methodologies, 

ncluding machine learning (ML) and its subset deep learning 

DL), have been applied to generate digital polychrome reconstruc- 

ions of ancient sculptures automatically. The initial instance of 

his approach involved the automatic identification and colouring 

f Roman emperors’ busts based on ancient textual descriptions 

Projects No. 62, 63 in Table 1 ) or artistic inspiration (Project No. 

3 in Table 1 ). However, following initial enthusiasm, many schol- 

rs and researchers adopted a more cautious stance, acknowledg- 

ng the potential utility of these methodologies but emphasizing 

heir effectiveness when employed within a multidisciplinary sci- 

ntific framework. 

hese AI networks develop learning models across various tiers; 

hey can learn from data input provided directly by humans (as in 

L) or through statistical calculation algorithms (as in DL). Conse- 
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uently, the quality of the initial image datasets holds paramount 

ignificance. Unfortunately, in the realm of ancient polychromy, 

uch datasets are non-existent. Moreover, arbitrary utilization of 

D photo editing or painting software can inadvertently produce 

istorical inaccuracies, as exemplified by the Vosharts’ artistic re- 

onstructions of Roman emperors, which were misused for propa- 

ating racial bias [228-230] . 

s a sidenote can be interested to discuss the troubling phe- 

omenon of idealizing the sculptures’ whiteness as a form of 

upremacy that has been brought to light in recent years by several 

istorians. This cause has been embraced by artists and cultural 

nstitutions, leading to the creation of intriguing artistic installa- 

ions. One notable installation is the work of sculptor Lily Cox- 

ichard, who in 2019 presented a series responding to the history 

nd materiality of Blanton’s William J. Battle collection of plaster 

asts – a set of 19th-century replicas of ancient Greek and Ro- 

an sculptures. Cox-Richard’s sculptural installation prompts re- 

ection on the legacy of these objects, raising questions about their 

ole in perpetuating ideals of physical “perfection” and “whiteness”

231-233] . The Battle Casts Museum themselves became part of 

n installation by the artist inside “Polychromy” project [234 , 235] . 

imilarly, the artistic and conceptual installation “Hydra” by Jeff

oons in 2022 explores related themes [236] . Intriguing project 

s Fabio Viale’s “Classic marble sculptures recreated with a set 

f contemporary tattoos”, displayed in 2021 across the Piazza del 

uomo in Pietrasanta, Italy. Viale’s ancient marble sculptures, each 

and-painted with unique tattoos using a special ink, challenge 

raditional perceptions of classical art [237] . Francesco Vezzoli’s 

xhibition at MoMA between 2014 and 2015 also explores these 

hemes. Vezzoli’s Roman imperial busts restore decorated surfaces 

o the contemporary imagination, which have faded over almost 

wo thousand years [238] . 

Given the potential impact of these studies on a broader audi- 

nce beyond the scientific and humanistic communities, it is im- 

erative to reiterate certain key practices while conducting scien- 

ific research, reconstruction, and the re-proposal of ancient poly- 

hromy (colour and gilding). This is particularly important consid- 

ring that the preserved colour traces and the basis for entire re- 

onstructions often derive from small fragments, which may also 

xhibit traces of modern varnishes applied for conservation pur- 

oses. Whether these fragmentary remains of polychromy allow for 

n accurate recreation of the ancient aesthetic is a crucial aspect 

hat merits discussion and in-depth analysis in a separate work. 

herefore, it is essential to clearly delineate the methodology em- 

loyed, and the specifications of the data used and acquired to 

chieve three fundamental objectives: 1. Ensure experiment repro- 

ucibility, 2. Convey a scientifically robust message, and 3. Prevent 

anipulation of the obtained results. 

.2. Digital technologies for interacting, visualizing and presenting 

ncient colour 

The overview provided in Table 1 and Fig. 12 demonstrates that 

he initial virtual models of historic buildings were developed to 

onvey the original polychrome appearance to the general public 

hrough video films (Projects No. 40, 41 in Table 1 ), commencing in 

he mid-20 0 0s. As technological advancements continue, 3D mod- 

ls evolve into more detailed and realistic representations, benefit- 

ng from the continuous progress of immersive 3D rendering soft- 

are. This advancement enables real-time interaction with all el- 

ments within the virtual environment through consoles (Projects 

o. 35, 36, 37, 38, 39, 42, 44, 51, 60 in Table 1 ). 

In this manner, virtual reality (Virtual-, Augmented-, Mixed- 

eality) converters into an exceedingly effective communication 

edium for conveying knowledge about ancient colour (Projects 

o. 37, 38, 42, 44, 51, 58 in Table 1 ). The transmission process is
79
receded by the documentation and study of ancient polychromy, 

upported by 3D technologies. This proficiency is also essential 

or Projection Mapping (PM), a display technique that employs a 

ideo projector to project a digital image onto a physical surface. 

ivergent from Augmented Reality (AR), which blends computer- 

enerated visual content with the real scene on a display, PM, also 

nown as Augmented Spatial Reality (ASR), directly projects digital 

nformation onto the physical surface. 

The utilization of PM technology has amplified visitor engage- 

ent and interest, especially within museum settings (Projects No. 

1, 52, 53, 54, 55, 56, 57, 58 in Table 1 ). Generally, within the con-

ext of ancient polychromy, a specially designed image is projected 

ver the original bas-relief or sculpture, even those with complex 

D shapes, to re-create the historical polychrome painting (Projects 

o. 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59 in Table 1 ). Noteworthy

dvantages of PM include its non-invasiveness, absence of physical 

ontact with cultural artefacts, and ability to accommodate multi- 

le viewers simultaneously. As a result, it fosters a greater array 

f hypotheses about the original colour of ancient monuments or 

culptures, allowing both experts and the general public to view 

nd appreciate the content in parallel (Projects No. 49, 50, 51, 52, 

3, 54, 55, 56, 57, 58, 59 in Table 1 ). The visualization of ancient

olychromy can be achieved without additional equipment, or it 

an serve as the foundation for virtual reality experiences using 

pecialized 3D visors or haptic devices (Projects No. 37, 38, 51, 60, 

7, 48 in Table 1 ). Nonetheless, certain technical disadvantages per- 

ist, primarily related to lens quality and cost, as well as considera- 

ions concerning space, projector placement, and ambient lighting. 

The overview presented in Table 1 and Fig. 10 reveals that 

espite the evolution of algorithms and techniques for 3D edit- 

ng and painting using haptic interfaces and/or augmented reality 

ince the close of the previous century, the application of this tech- 

ology [187 , 188] to ancient polychromy remains a recent develop- 

ent (Projects No. 47, 48 in Table 1 ). The potential impact of this 

echnology is substantial, as it significantly enhances human sen- 

ory perception through the utilization of video projection systems 

nd computing devices. Additionally, it fosters heightened engage- 

ent and empathy during the experiential process. Currently, its 

mplementation in the realm of polychromy is tied to two labora- 

ory experimentation cases (Projects No. 47, 48 in Table 1 ), both of 

hich demonstrated effectiveness in both the study-reproduction 

hase and the visualization and presentation of ancient colour to 

he public. Nevertheless, current limitations revolve around tech- 

ology consolidation, such as ensuring the robustness of spatial 

racking systems, as well as facilitating its utilization in environ- 

ents where individuals without expertise in computer graphics 

an also operate it. Furthermore, factors like the cost of glasses, 

ontrol systems, and other accessories still pose challenges. 

As for the accessibility of AR on mobile or fixed devices, there 

emain limited experiences in the context of polychromy-related 

ervices, despite the well-established development platforms for 

reating multiplatform 2D and 3D games and interactive experi- 

nces (Projects No. 59, 60, 61, 43 in Table 1 ). These constrained 

xperiences could potentially be attributed to prioritization deci- 

ions often influenced by museum budgets (Projects No. 43, 61 

n Table 1 ) or the organizations tasked with promoting cultural 

ourism (Projects No. 59, 60 in Table 1 ). 

In addition to the ultimate outcome of all these 3D re- 

ropositions intended for informative purposes, particular atten- 

ion must be directed toward the “philological” and “data prove- 

ance” aspects concerning the relationship between virtual recon- 

tructions and the original data. It is crucial to ensure that users 

re consistently apprised of the “level of reliability” inherent in 

he entire research process leading to the creation of a multimedia 

roduct. This transparency is pivotal in preventing the dissemina- 

ion of inaccurate or misrepresented information. Moreover, it is 
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f paramount importance that data (including any digital object), 

etadata, paradata (pertaining to the digital object and its digi- 

al history), and infrastructures adhere to the “FAIR Guiding Prin- 

iples” as delineated in the scientific data publication [239 , 240] . 

ence, whether dealing with 2D and 3D polychrome reconstruc- 

ions, 2D images, 3D models, videos, or information relating to 

igital data (including scientific analysis outcomes) and infrastruc- 

ure, it is imperative that they all adhere to the principles of being 

indable, Accessible, Interoperable, and Reusable (FAIR) for com- 

utational systems [241] . Given the current stage of technological 

nd cultural advancement, the integration of data, metadata, and 

nfrastructure within the projects scrutinized in this analytical re- 

iew, as well as those of prospective projects centred on ancient 

olychromy, is anticipated to align and conform to the FAIR Guid- 

ng Principles. These principles accommodate the increasing ne- 

essity for a more comprehensive comprehension of ancient poly- 

hromy. Thus, if the overarching goal is to achieve the long-term 

eutilization of data and metadata ( r eusability), the initial stride 

nvolves facilitating their effortless discovery ( f indability). Subse- 

uently, accessibility, potentially involving authentication and au- 

horization mechanisms that trace their utilization ( a ccessibility), 

ecomes pivotal. At this stage, data should be structured to en- 

ble integration with other datasets and interaction with appli- 

ations or workflows for analysis, storage, and processing. Perti- 

ent to ancient polychromy, it is imperative to ensure metadata 

emains accessible even if the underlying data is no longer avail- 

ble. Both metadata and data should be thoroughly described, 

acilitating their replication and incorporation into various con- 

exts ( i nteroperability). Achieving this objective would foster an 

nhanced sharing of knowledge concerning ancient polychromy, 

arkedly streamlining the process compared to the existing digital 

andscape, where the sharing of data, metadata, and infrastructures 

emains a persistent challenge. 

. Conclusions 

This comprehensive examination of digital technologies and 

ethodologies employed for documenting, reconstructing, visu- 

lising, and presenting ancient polychromy to both experts and 

he general public has provided us with a thorough understand- 

ng spanning from the initial experiments of the early 1990s to 

he present day. The survey has revealed a favourable trend to- 

ards the utilisation of digital technologies, accompanied by an 

ncreasing emphasis on multidisciplinarity and transdisciplinarity. 

he progression has transitioned from isolated experimental en- 

eavours towards the establishment of systematic workflows in 

ocumenting, analysing, reconstructing, visualising, and presenting 

ncient polychromy. An equilibrium has emerged between projects 

atering to experts and those tailored to the general public. The 

atter are designed primarily for the presentation of polychrome 

ata and are, naturally, accessible to experts as well. Generally, the 

nterest has mirrored the widespread adoption of these technolo- 

ies within intricate applications. Prominently, the utilisation of 3D 

echnologies is notable not only in the study and reconstruction 

hases but also in the visualisation and presentation of ancient 

olychromy. However, despite their promising potential, technolo- 

ies related to AR and MR (especially concerning applications on 

obile devices or within educational and video game contexts) 

ave exhibited relatively limited impact on the aforementioned 

opics we have deliberated upon. The investigation has also un- 

erscored significant reservations regarding the application of AI 

o the realm of ancient polychromy. 

ersisting issues related to colour reproducibility in 3D painting 

nd printing are gradually being addressed, alongside the imper- 

tive for the availability of data (or any digital artefact), metadata, 

nd paradata (which encompass information regarding the digital 
80
bject and its historical digital context) within infrastructures that 

dhere to the “FAIR Guiding Principles”. Such adherence would si- 

ultaneously alleviate the considerable challenges associated with 

heir long-term preservation. An attentive approach towards the 

philological” and “data provenance” predicaments concerning the 

elationship between virtual reconstructions and the original data 

as been assimilated. Similarly, a focus on determining the “level 

f reliability” of the entire research process has emerged, thereby 

uiding the development of a 3D digital product ultimately pre- 

enting the dissemination of inaccurate or misrepresentative infor- 

ation. In sum, these multifaceted considerations have been thor- 

ughly examined, exposing gaps within technologies and method- 

logies and illuminating potential avenues for future research en- 

eavours directed towards the application of digital technologies 

ithin the context of ancient polychromy. 
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