






88

0 1 m1 m

1 2 3 4 5 6 7 8 9 10

A B C D E F G H I J K L M N O

A B C D E F G H I J K L M N O

1 2 3 4 5 6 7 8 9 10

1 2 3 4 5 6 7 8 9 10

A B C D E F G H I J K L M N O

A B C D E F G H I J K L M N O

Fig. 6. Milovice IV. A – the depth level 25–30 cm (megafauna remains of AH I lying on the soils and finds of AH IIa); B – the depth level 60–65 cm (the dense faunal remains 
accumulation of AH IIb). Author F. Hájek.
Obr. 6. Milovice IV. A – úroveň 25–30 cm (pozůstatky megafauny z úrovně AH I ležící na vrstvě a nálezech úrovně AH IIa); B – úroveň 60–65 cm (hustá kumulace zvířecích 
pozůstatků úrovně AH IIb). Autor F. Hájek.
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were not processed and generated daily but during the post-pro-
cessing period after the fieldwork was finished. Moreover, the 
3D data were acquired predominantly from isolated squares and 
depth levels, apart from squares excavated to the same elevation 
at the same time with finds situated on both squares, and thus 
were acquired as isolated models, recording the stage as they 
were excavated in situ. Finally, due to the time pressure of rescue 
excavation, depth levels yielding no finds were documented only 
by a set of 4–6 images from the top for regular documentation, 
not for 3D processing, and thus were not georeferenced.

A  total of 167 individual find situations were documented 
on the entire excavation area for further 3D processing. These 
recorded situations are usually represented by 1 × 1 m squares. 
Only occasionally squares were documented together, e.g. B3 
and B4 at depth level 70–75 cm and D3 and C3 at depth level 
35–40 cm, because they were unearthed at the same time and 
contained finds of the same archaeological context (Fig. 4).

The 3D models were generated and merged in Agisoft Me-
tashape, version 1.8.4. This software enables not only the pro-
cessing and generation of 3D models, but also their alignment, 
merging and visualisation. Since spatial, 3D or other analyses 
were not part of this work, no other software (such as GIS) was 
used. At first, photos from an isolated square were aligned, co-
ordinates were assigned to GCPs, and a mesh was generated. To 
create horizontal and/or vertical mosaics, the edges and sections 
of the 3D models of isolated squares were cut in order to connect 
them to neighbouring square models at the same depth levels. 
The texture was generated after the model’s undesired elements 
were removed. In order to accelerate the processing, more mo-
dels were generated in a batch process. Single squares were pro-
cessed as single chunks. Mosaics were created by aligning more 
chunks when the majority of the georeferenced models were pla-
ced at their location. Small offsets and non-georeferenced mo-
dels were allocated manually, by moving and scaling the models. 

4. 	 4D visualisation processing

4.1. Site-scale horizontal mosaics
 The generated 3D models were merged in order to create mo-

saics both on the horizontal and vertical axes. When merging 
models on horizontal axes, the emphasis was put on following 
the stratigraphic sequences to provide an overview of the en-
tire excavated area. These visualisations may provide a complex 

perspective on the entire depth level, which is, in most cases, 
not possible in situ during the fieldwork due to the excavation 
methods (Fig. 5). On the vertical axis, the priority was given to 
demonstrating the diachronic evolution of the site as well as the 
work’s progress.

3D mosaics were created from models located slightly above 
the edges of the horizons, because when the edges were reached, 
most of the finds had already been removed. Furthermore, it 
is necessary to keep in mind that 3D models do not represent 
stratigraphic layers per se but rather the excavation progress. As 
the stratigraphy and spatial distribution of finds naturally do 
not follow the exact horizontal level, finds can be unearthed at 
the edge of the excavated layers and subsequently kept in situ by 
researchers for further recording in the following layers. This 
results in topographic anomalies on the models when recorded 
finds can be located above the excavated level. At the same time, 
selected depth levels for 3D mosaics were chosen based on the 
‘strength of evidence’, i.e. the vertical distance from the edges 
of stratigraphic layers and the number of corresponding finds in 
situ and of the available 3D models.

3D mosaics were created for the depth levels 25–30 cm and 
60–65 cm (Fig. 6). The combination of the thinness of AH I and 
the spatial extent of megafauna remains impeded the  visuali-
sation of AH I separately. Moreover, the considerable weight of 
some megafauna remains belonging to AH I dropped on the pre-
ceding layer AH IIa. As such, the mosaic of the level 25–30 cm 
depicts the megafauna remains of AH I  lying on the soils and 
finds of AH IIa. The 3D mosaic of the depth level 60–65 cm ena-
bled visualisation of the horizontal extent of the dense faunal 
remains accumulation, notably in squares B1–4 and C1–2, corre-
sponding to the AH IIb. Additionally, the 3D mosaic of this level 
was supplemented with two models from adjacent levels, with 
square D3 at the level of 50–55 cm, as it refers to this specific 
horizon, and also, this square was not excavated deeper, and the 
squares B3 and B4 at 70–75 cm, where the concentration of bo-
nes was more exposed.

The last find horizon (AH III) was not visualised due to 
insufficient data. It was recognised only in the western part of 
the excavated area, in squares B–D/5–6, represented by the limi-
ted number of lithic artefacts. They were vertically distributed 
within the squares very sparsely with no apparent concentra-
tion, and the squares at these levels seemed sterile, so no 3D data 
were acquired from these bottom levels.

0 1 m1 m

Fig. 7. Milovice IV. Merged 3D mosaics of depth levels 25–30 cm and 60–65 cm. Author F. Hájek.
Obr. 7. Milovice IV. Sloučené 3D mozaiky úrovní 25–30 cm a 60–65 cm. Autor F. Hájek.
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As already outlined above, topographic anomalies may 
affect the connection between the models. It is less evident at 
the depth level of 25–30 cm but more apparent at 60–65 cm, as 
deeper trenches may suffer more from imperfect sections. Addi-
tionally, the 3D data were acquired during the entire excavation 
period, i.e. the 3D models were recorded at different times of day 
with different light conditions. This resulted in different colou-
ring of the 3D models, which may mislead the interpretation of 
different stratigraphic layers. As 3D models had to be generated 
separately, the colour calibration could not be executed in a sa-
tisfying way. Moreover, due to the large area, the combination 
of both depth levels is not, in terms of visualisation and lucidity, 
effective and is rather confusing (Fig. 7). Thus, presumably, the 
best way to visualise them is next to one another (Fig. 6).

4.2. Square-scale vertical mosaics
In an attempt to visualise the diachronic evolution of the site 

as well as work’s progress, the small-scale, or rather square-scale, 
vertical mosaics turned out to be significantly more illustrative. 
Vertical mosaics of squares D3 and B3 allow for changes to be 
seen through the eyes of an archaeologist working in situ. The 
square D3 depicts the changes in finds distribution at depth le-
vels from 15–20 cm to 50–55 cm (Fig. 8). The first two depth 
levels correspond to AH I, depth level 35–40 cm shows the upper 

limit of AH IIa, while depth level 50–55 cm depicts the beginning 
of AH IIb.

B3 is represented by three squares: 25–30 cm, 70–75 cm, and 
90–95 cm (Fig. 9). The depth level 25–30 cm depicts AH I, re-
presented by a mammoth rib and molars. The concentration of 
horse osteological remains from AH IIb is recorded at the depth 
level 70–75 cm. Lastly, the depth level 90–95 cm represents the 
bottom of AH IIb, characterised by the ashy layer. For the purpo-
ses of the visualisation, the vertical distance between the squa-
res was increased and thus the locations of the squares do not 
correspond to their true elevations.

A denser mosaic with true elevations further demonstrates 
the excavation progress within the single square, showing which 
finds were revealed within the square, which were kept in situ 
through more depth levels, and for how long. The 4D mosaic of 
square B4 depicts small-scale diachronic evolution and progress 
of excavation: the mammoth tusk, of AH I unearthed at level 
25–30 cm was still kept in situ to the level 45–50 cm of AH IIa, as 
well as the mammoth rib kept in the eastern section. Further, the 
mosaic shows lower levels (60–65 cm and 70–75 cm) of AH IIb, 
containing depositions of other faunal remains (Fig. 10–12). At 
the same time, the models captured the recent interruptions of 
the site in the form of small pits of presumably Industrial age 
and their extent.

0 1 m1 m
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25–30 cm

35–40 cm

50–55 cm

Fig. 8. Milovice IV. The sequence of depth levels in square D3 (1 × 1 m).  
Author F. Hájek.
Obr. 8. Milovice IV. Sled úrovní ve čtverci D3 (1 × 1 m). Autor F. Hájek.
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Fig. 9. Milovice IV. The sequence of depth levels in square B3 (1 × 1 m).  
Author F. Hájek.
Obr. 9. Milovice IV. Sled úrovní ve čtverci B3 (1 × 1 m). Autor F. Hájek.
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5. 	 Discussion
Through the processing of 4D mosaics, an important ques-

tion has been raised: What is the most effective way of visualising 
4D models? It turned out that 4D site-scale mosaics, delivered 
from merging separated 3D models, go hand in hand with seve-
ral obstacles listed above, while small/square-scale mosaics may 
more illustratively demonstrate the diachronic evolution of the 
site as well as working progress. Small-scale visualisation was 
also applied by Dell’Unto et al. (2017) at the Neolithic site of 
Kämpinge. Pacheco-Ruiz et al. (2018) visualised a 4D model of 
a 2 × 2 m trench as the sequence of maps. On the contrary, a site
scale 4D model was created by Martínez-Fernández et al. (2020), 
who acquired 3D data by terrestrial laser scanner and from the 
entire area without the necessity of creating any mosaics.

It is apparent that site-scale 4D visualisations presented 
in 2D are not sufficiently illustrative, which may not stimulate 
the observer’s understanding as originally intended. Therefore, 
other forms of data representation, such as those incorporating 
virtual space, could be more promising. 4D reconstructions crea-
ted by several researchers (Elgewely, Wendrich 2016; Rodríguez
Gonzálvez et al. 2017; Rodríguez-Gonzálvez et al. 2019) within 
virtual space bore the ability to visualise the entire sites and buil-
dings, though reconstructed sites are predominantly of historical 
age. So, what could be the most effective form of visualisation, 
or even reconstruction of the prehistoric site? As most of the 
prehistoric sites, especially those, as in this case, of Paleolithic 
age, do not consist of real structures but rather finds, distributed 
within a certain horizon of sediments, the workflow would su-
ggest not incorporating 3D models of squares, or at least not to 
such an extent as in the current study, but rather georeferenced 
models of finds, visuali sed in GIS and distributed within vectori-
zed 3D stratigraphic layers. Such a reconstruction could provide 
a sufficient perspective on the spatial distribution of finds within 
the site and their relations with stratigraphic layers and other fe-
atures. Besides, such a reconstruction would better incorporate 
the stratigraphy of the site and facilitate further stratigraphic 
studies. Similar models were already created, for instance, by 
Ortega-Alvarado et al. (2022), who presented the 4D small-scale 
model, obtained by Tof technology, and even incorporated the 
finds in their original arrangement. Secci et al. (2021), paired 
3D models of the shipwreck site with 3D models of lifted ampho-
rae bearing sediment and biogenic horizon marks on their walls 
in order to reconstruct the environment and sedimentation pro-
cesses at the site. However, it is necessary to keep in mind that 
suggested workflow incorporating 3D models of finds would be 
time consuming, especially given the large number of recovered 
finds that might be uncovered at an archaeological site.

6. 	 Conclusion
The present study demonstrates that 4D visualisation can be 

delivered from mosaics of 3D models of squares with 3D data 
acquired during the entire time span of the excavation. Site-scale 
mosaics provide an overview of the whole excavated area at a cer-
tain depth level. However, their combination is less illustrative, 
and the best option is to visualise each layer separately. Further-
more, these mosaics at deeper elevations suffer from topographic 

0 1 m1 m

Fig. 11. Milovice IV. Merged selected depth levels of square B4 (1 × 1 m). Author 
F. Hájek.
Obr. 11. Milovice IV. Sloučené úrovně ve čtverci B4 (1 × 1 m). Autor F. Hájek.

Fig. 10. Milovice IV. Isolated depth 
levels of square B4 (1 × 1 m). Author 
F. Hájek.
Obr. 10. Milovice IV. Izolované úrovně 
ve čtverci B4 (1 × 1 m). Autor F. Hájek.
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anomalies and imperfect sections. Square-scale 4D mosaics tur-
ned out to be significantly more effective, owing to their abi-
lity to sufficiently illustrate the diachronic evolution of the site, 
spatio-temporal relations among finds within the site, as well 
as the work’s  progress. Moreover, a  small-scale visualisation 
enables researchers to pinpoint the squares of significant value, 
or with sufficient amounts of 3D data, and thus illustratively 
demonstrate their findings. Lastly, it is apparent that 2D pre-
sentation of 4D models has limitations, and thus other forms of 
presentation, kept within the virtual space, could better utilise 
all the benefits of spatio-temporal visualisations.
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Summary
3D modely, tedy trojrozměrné reprezentace objektu/oblasti, 

umožňují s vysokou přesností zaznamenávat jakoukoli entitu, 
od malých objektů a jednotlivých artefaktů až po velké objekty, 
budovy, místa nebo dokonce celé krajiny. Navzdory nevratné 
a destruktivní povaze archeologických vykopávek umožňuje za-
členění 3D dokumentace do metodiky výzkumu získat digitální 
záznamy s vysokou přesností a i zpětně tak kdykoli „navštívit“, 
dále zkoumat, studovat a  analyzovat jakoukoliv lokalitu, a  to 
v  libovolném čase a  místě (Frischer 2008; Dell’Unto 2014). 
V kombinaci s GIS mohou 3D modely umožnit prostorové a ob-
jemové analýzy a odhalit procesy stojící za formováním lokality. 
Začleněním času jakožto dalšího rozměru je možné udělat ča-
soprostorovou analýzu, která poskytuje pohled na diachronní 
vývoj lokality, i postup výkopových prací (Landeschi 2019).

Případová studie se zaměřuje na mladopaleolitické nalezi-
ště Milovice IV (obr. 1), nacházející se v gravettském sídelním 
areálu Dolní Věstonice – Pavlov – Milovice (Svoboda 2016). Po-
slední záchranný výzkum na lokalitě v roce 2021 (Novák et al. 
2022) umožnil prozkoumat plochu o rozměrech 6 × 4 m (obr. 2), 
prostorově navazující přímo na původní výkop z  roku 2009 
(Svoboda et al. 2011). Nový výzkum zachytil mnohem složitější 
mikrostratigrafii, naznačující rozsáhlejší historii osídlení loka-
lity, od starší fáze mladého paleolitu (aurignacien) do počátku 
mladého gravettienu (Novák et al. 2022). Výzkum poskytl roz-
sáhlou kolekci archeologických nálezů, včetně artefaktů štípané 
kamenné industrie, kousků minerálních barviv, archeozoologic-
kých, malakozoologických a paleobotanických pozůstatků, které 
byly rozmístěny po celé odkryté ploše ve třech chronologicky 
odlišných archeologických horizontech (AH I–III).

Plocha výkopu o rozloze 6 × 4 m byla rozdělena na 24 čtverců 
o rozměru 1 × 1 m (obr. 3). Každý čtverec (A–D/1–6) byl samo-
statně vyhlouben ve čtyřech dílčích čtvercích (a–d) a vertikálně 
dokumentován každých pět centimetrů. Vertikální rozsah vý-
kopu dosahoval hloubky 40–145  cm. Každý čtverec v  každé 
vykopané hloubkové úrovni byl fotograficky zdokumentován 
a souřadnice čtverců a nálezů byly zaznamenány totální stanicí 
v trojrozměrném systému X-Y-Z. 3D data byla získána vícesním-
kovou fotogrammetrií. Čtverce v každé hloubkové úrovni byly 
georeferencovány a  fotograficky dokumentovány podle meto-
diky navržené Šindelářem et al. (2019). Vzhledem k časové tísni 
záchranného výzkumu byly čtverce bez nálezů dokumentovány 
pouze sadou 4–6 snímků shora pro běžnou dokumentaci, nikoli 
pro 3D zpracování, a nebyly tak georeferencovány.

3D dokumentace byla implementována do metodiky exka-
vace za účelem zaznamenat co nejvíce dat v době záchranného 
výzkumu. 3D modely proto nebyly generovány na denní bázi, ale 
během období následného zpracování po dokončení terénních 
prací. 3D modely byly vygenerovány a  sloučeny v Agisoft Me-
tashape, verze 1.8.4. Modelům postrádajícím souřadnice musely 
být přiděleny ručně. Vygenerované 3D modely byly sloučeny za 
účelem vytvoření mozaiky na horizontální i vertikální ose.

Pro získání přehledu o celé zkoumané oblasti byl při slučo-
vání modelů na horizontálních osách kladen důraz na sledování 
stratigrafických sekvencí. Tyto 3D mozaiky byly vytvořeny pro 
AH I na hloubkové úrovni 25–30 cm a pro AH II na hloubkové 
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úrovni 60–65 cm. Pro AH III nebylo možné vytvořit mozaiku, 
protože nálezy z  této vrstvy byly sporadické až izolované, 
a  proto zdánlivě sterilní čtverce na této úrovni nebyly foto-
grammetricky dokumentovány. Zároveň kvůli špatnému počasí 
a časovým okolnostem nebyly všechny čtverce prokopány až na 
požadovanou úroveň (>90 cm).

Z vytvořených mozaik (obr. 4–12) je patrné, že s přibývající 
hloubkou narůstají topografické odchylky a anomálie, pramenící 
z nerovností na profilech a nálezů překračujících vícero hloub-
kových úrovní. Kombinace mozaik celé plochy pro vytvoření 
4D mozaiky nicméně naráží na určité překážky a není zcela efek-
tivní pro detailní vizualizaci a interpretaci. Naopak, 4D mozaiky 
v malém měřítku (jednotlivé čtverce) mohou názorněji demon-
strovat diachronní vývoj lokality, časoprostorové vztahy mezi 
artefakty a pracovní postup v terénu. Je také zřejmé, že 2D pre-
zentace 4D modelů má svoje limity a lépší využítí všech výhod 
časoprostorových vizualizací by tak mohly nabídnout jiné formy 
prezentace, umístěné do virtuálního prostoru.
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