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Abstract

There are mainly two families of photographic 3D reconstruction techniques.
Photogrammetry techniques work according to the principle of triangulation,
from the matching of di�erent views, while photometric techniques link the
appearance of a 3D point to the orientation of its normal, relative to that of
the incident light. While photogrammetry allows to �nd the global shape of
a 3D scene, if it is su�ciently textured, photometric techniques highlight the
details of the relief, as long as the model linking the lighting to the shape
and re�ectance of the scene is su�ciently realistic. In this work, we compare
these di�erent approaches with some others in the context of reconstructing
archaeological features. After discussing their advantages and disadvantages,
we describe a promising new method combining both families in a multi-view,
multi-lighting context.

Keywords: Photometric Stereo, Photogrammetry, 3D reconstruction,
Cultural Heritage.

1. Introduction and Research Aim

The creation of 3D digital doubles of cultural heritage meets three needs in
the heritage chain: conservation, research and mediation. The development
of 3D reconstruction techniques and their deployment within research teams
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has accelerated sharply since the turn of the millennium, with the increase in
computer computing capacity. Most of these methods were already known,
but their use has since become much more widespread.

Numerous technical solutions exist for 3D reconstruction, which can be
adapted to the variety of heritage. Without going into an exhaustive list, we
propose in this article to explore the non-contact solutions commonly used
in archaeology, and in particular those that bring out the �ne relief.

1.1. Related Work

The 3D scanning solutions can be divided into two categories: dedicated
scanners and photographic techniques � which can themselves be separated
between geometric and photometric techniques.

Scanners. Lasergrammetry is used to acquire the geometry of the environ-
ment with a precision of around 1 to 3 mm, for a scene located ten meters
away, depending on the choice of TLS model (terrestrial laser scanning).
These solutions are costly and generally produce poor quality textures, de-
spite the advent of HDR (high dynamic range) cameras. However, laser-
grammetry is still widely used in caves [14, 25]. Due to their low relative
resolution and precision (above one centimeter at the time of writing), dy-
namic scanners such as SLAM (simultaneous localization and mapping) or
ALS (airborne laser scanner) will not be discussed here.

Handheld scanner technologies are e�ective for small surfaces and objects.
They allow one to obtain 3D models directly with the metric. The announced
spatial resolution is around 100 µm, with an accuracy of a few tens of microns
depending on the model [39], according to the data supplied by the manu-
facturer. They operate either by triangulation or structured light (white,
blue LED, with infrared). RGB sensors record RGB information to colorize
the 3D mesh [13]. Furthermore, this technology is adaptable to complicated
heritage materials [23].

Photographic techniques. Let us turn now to photographic 3D scanning tech-
niques, of which we will present just a few examples in the next paragraphs.

Re�ectance transformation imaging (RTI) reproduces the surface appear-
ance of the object of interest. It involves interpolating images taken from the
same viewpoint and under di�erent lighting conditions [37, 38]. The result is
real-time dynamic rendering, e�ective for all types of objects. RTI cannot be
considered a photogrammetric technique, but it does enable �ne relief details
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to be highlighted, and therefore remains very popular among archaeologists,
particularly with regard to the study of cave art [18].

Among all the photographic techniques, geometric ones are the best
known [35], referred to as photogrammetry. The classic pipeline proposed
by many software packages [1, 4, 24] comprises two stages. From a collec-
tion of images of the 3D scene to be reconstructed, obtained from di�erent
viewpoints, the structure-from-motion (SfM) technique estimates the camera
poses and a sparse cloud of 3D points [27]. Themulti-view stereo (MVS) tech-
nique uses the estimated poses to perform a dense reconstruction of the scene
by triangulation, maximizing photometric consistency between the views [22].

Due to its low cost and ease of implementation, this approach has achieved
great popularity within the archaeological community. Combined with neu-
ral approaches to volume rendering [47], MVS can e�ectively handle complex
geometries and self-occlusions. However, the results remain imprecise in cer-
tain con�gurations, particularly when the 3D scene is lightly textured [49].
In addition, the rendering of relief details remains limited. Finally, the esti-
mation of scene re�ectance is a bottleneck for all geometric techniques.

Photometric stereo. On the other hand, photometric techniques, which are
less widely used, excel in recovering the high frequencies, which means that
they reproduce relief details well. They are based on the analysis of light
quantities registered by the camera's photosensitive receiver. Under certain
conditions, the grey level of a digital image is proportional to the luminance
emitted by the scene, which is characteristic, at least in part, of its relief [19].

Among them, photometric stereo (PS) estimates the geometry and re-
�ectance of a surface using data similar to those of RTI: photographs taken
from the same point of view, but under di�erent lighting conditions [48].
This 3D reconstruction technique is the only one that can estimate scene
re�ectance. It involves inverting the image formation model, which links the
3D scene's relief, re�ectance (reduced to the albedo, in the Lambertian case)
and lighting. Calibrated PS assumes known lighting conditions. Under this
assumption, with n ≥ 3 non-coplanar lighting vectors, the albedo and normal
of each pixel can be deduced from the photographs [48].

Several works have extended calibrated PS to non-Lambertian materi-
als [45]. The assumption of directional illumination has also been relaxed [34].
However, all of these approaches require images to be acquired in a perfectly
controlled lighting environment. More recently, many solutions have involved
the use of neural networks [29].
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A situation that often arises in the digitization of archaeological heritage
is that of uncalibrated PS, where the lighting is unknown. For example, in the
context of prehistoric caves, access to the walls may be restricted for reasons
of soil conservation, in which case the lighting source is directed �on the �y�
towards the area of interest. Uncalibrated PS is known to be an ill-posed
problem [8], for which the usual solution is to add a priori knowledge [26].
Neural approaches to uncalibrated PS generally assume that the lighting
is directional. A �rst network determines the lighting [15], which makes
the problem calibrated, but this approach fails if the directional lighting
assumption is defeated. Universal PS, which has been proposed very recently
to limit this risk [30], accommodates a wide variety of lighting conditions,
learned by deep learning. Today, this is undoubtedly the most e�ective
approach for solving uncalibrated PS. However, if the 3D scene is too di�erent
from the scenes used for learning, geometry inference may be erroneous.

For the time being, PS remains con�dential in archaeology, although the
community is showing increasing interest in it [17, 40, 42].

None of the methods described above fully addresses the problem of 3D
reconstruction. It is therefore customary to combine several methods. For ex-
ample, some approaches combine multi-view reconstruction and RTI [41, 43],
or [31] and [36], which introduce a multi-view and multi-lighting approach.
Multi-view PS is currently the subject of a great deal of work, thanks to
spectacular advances in neural approaches [12, 50].

1.2. Research Aim

To validate the relevance of PS as a 3D heritage digitization technique, we
need to compare this method with those currently used in �eld activities. To
do this, a non-negligible obstacle lies in the di�culty of obtaining the ground
truth of archaeological remains, then merging the data or projecting them
into a common spatial reference frame, so that they can be compared [32].

Several modalities are tested in our study: lasergrammetry (TLS scan-
ner), hand-held scanner (fringe projection), photogrammetry, calibrated PS,
and PS calibrated using a photogrammetric result. To achieve quantitative
comparisons, we ensure that the same equipment is used for all the acquisi-
tions, and that the di�erent 3D scanning modalities are used in the same ses-
sion. We compare the methods either under �eld or controlled conditions, the
�nal objective of this study being to propose a functional, practice-oriented
and e�cient processing pipeline.
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2. Material

2.1. Prehistoric Cave Wall

The �rst case study is horse number 4 from the �Panneau des Chevaux�
in the Chauvet cave (Ardèche, France), a UNESCO world heritage site. This
piece of cave art could be examined qualitatively, based on an archaeolog-
ical survey [20, 21]. On the other hand, as the variety of digital coverage
spans almost twenty years, this makes quantitative analysis di�cult: pho-
tographs and surveys taken between 1999 and 2011, lasergrammetry by TLS
(we used the 2016 survey by surveyors Perazio Engineering for conservation),
photogrammetry photographs (2024), photometric stereo photographs with
calibration sphere (2022) or with RTI dome (2023).

Figure 1: Panneau des Chevaux in the Chauvet cave (Ardèche, France). Left: Photomon-
tage based on low-angle lighting to visualize the engravings. Center: Graphic record of
the lines on horse number 4. Right: Enlarged view of the engravings and the shaping of
the horse's head. Photomontage and measurements: Carole Fritz and Gilles Tosello.

This major work of cave art, dating back almost 38,000 years, presents
a number of speci�c digitization challenges. It has been preserved because
it is located in a cave, but this requires the use of battery-powered lighting
and space-saving, non-invasive equipment that can withstand high humid-
ity. Another speci�city is constitutive of the work itself, which was created
on a limestone wall covered with an ochre-colored clay �lm. The work is
composed of a charcoal-based paint layer and a contrasting accentuation of
contours, using �ne infra-millimeter engravings. This fast and precise work is
particularly evident around the nose and mouth of horse number 4. Finally,
the whole is covered with a veil of calcite that acts as a varnish on the wall.
The surface area of our study window measures less than one square meter.
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2.2. Ceramic Figurine

The second case study is a small ceramic piece (5.7 cm by 4.2 cm and
1.4 cm thick) in the Musée Saint-Raymond (Toulouse, France). Dating from
the 4th century BC and originating from Cyprus, it depicts a woman's head
with calathos, broken at the neck. �Above the forehead, the hair is pulled
symmetrically in wavy bands towards the temples, over the mitra (headband)
marked in the center with a recumbent cross. They are surmounted by a high
calathos (basket) made of rows of stylized plant elements� [6]. This terracotta
object o�ers a double advantage in terms of quantitative comparison. Its
material is close to the Lambertian model [19], which limits the di�culties
of digitization. The other is the �neness of the surface detail, which provides
information on the shaping and condition of the surface.

Figure 2: Cypriot ceramic head (Musée Saint-Raymond, Toulouse, France).

3. Methods

3.1. Data Acquisition

For the Panneau des Chevaux, the acquisitions were made for di�erent
purposes and by di�erent operators. The di�culty lies in repositioning all
the data in the same spatial reference frame, corresponding to the cave's
topographical canvas.
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The main cavity-scale acquisition was carried out using lasergrammetry.
The two major acquisition phases took place in 2010 and 2016, at the request
of the conservation department. The aim was to obtain an overall digital
footprint of the site, with denser stations on the main panels. The 2010
3D point cloud was used, in particular, for the production of the Chauvet 2
replica [46]. The 2016 scan was carried out to meet �ne mapping needs for
conservation and research. The latter was chosen for our study.

The equipment used is a Zoller+Fröhlich 5010C scanner, which operates
on the phase-di�erence principle. For the purposes of this study, only the
station closest to the panel was used, at a distance of around three meters,
with 43.3 million 3D points, in order to avoid any errors between stations
[10]. The acquisition, which was performed with no light input, contains no
RGB color information. In addition, signal intensity information is unusable
on this panel, as the laser wavelength (around 1550 nm) is absorbed by the
calcite deposit covering the work [11].

Figure 3: 3D point cloud of the Panneau des Chevaux obtained with a TLS scanner. The
grey levels of the signal intensity are weakly representative of the RGB color of the wall.
Credit: Perazio Engineering, French Ministry of Culture.

The second acquisition was for photogrammetry, using dense image cor-
relation. Several photo sessions had already been carried out, notably by
the Chauvet cave research team. However, in 2024 we took a new series of
photographs with a Nikon Z7 II full-frame camera, equipped with a 50 mm
focal-length lens, under lighting obtained by a set of LED panels di�using a
homogeneous light on the wall. The camera's main parameters were: open at
F/14, ISO blocked at 100, and image size 8256 × 5504 (45.4 million pixels).
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With these parameters �xed, the GSD (ground sample distance) depends
only on the distance from the camera to the scene. This distance must be
minimal to optimize the resolution of the photographs, but the scene must
be fully visible in the camera's �eld of view, which de�nes a lower limit for
the GSD. In our case, since the photographs are acquired at a distance of
1.8 m, the GSD is estimated at 150 µm/pixel.

The third acquisition, in 2023, was carried out using an RTI dome with
105 LEDs, 50 cm in diameter, with the same camera as described above, but
with a 35 mm focal-length lens (see left-hand photograph in Figure 4). With
a shooting distance of around 40 cm, the GSD is 50 µm/pixel.

The fourth and �nal acquisition corresponds to a series of photographs
taken in the same pose, but under di�erent lighting conditions (see right-
hand photograph in Figure 4). A calibration sphere was positioned close to
the wall, in the visible �eld. The light source was a continuously illuminating
LED. Taken with a Canon R5 camera equipped with a 35 mm focal-length
lens at around 1.6 m from the wall, the GSD is 200 µm/pixel. This acquisition
comprises 21 photographs.

Figure 4: Implementing the digitization of the Panneau des Chevaux using calibrated
photometric stereo. Left: Use of an RTI dome, for which the lighting has been pre-
calibrated. Right: Use of a white sphere to calibrate lighting a posteriori.
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For the Cypriot head, the acquisitions were all made in 2024, in a single
day, in the reserves of the Musée Saint-Raymond in Toulouse. The �rst acqui-
sition was made using an Artec Spider hand-held scanner. According to the
manufacturer, this instrument guarantees 3D point accuracy and 3D mesh
resolution down to 50 µm and 100 µm, respectively. All other acquisitions
were carried out using photographic techniques, with the aim of obtaining
the best possible results for each modality.

As in the �rst case study, we applied photographic 3D reconstruction
methods of both geometric and photometric types. All photographs were
taken with a Nikon Z7 II camera equipped with a 50 mm focal-length lens.
The �rst acquisition, for photogrammetry, consisted of 48 photographs of the
front face taken from an average distance of 22 cm. This gives an estimated
GSD of 20 µm/pixel. The second acquisition, for photometric stereo, com-
prises six sequences of 35 shots from the RTI dome, for a GSD of around 25
µm/pixel. For the �rst sequence, the scene consisted of �ve white spheres, in
order to pre-calibrate the RTI dome. Five other sequences of the front face
of the Cypriot head were then taken, from �ve di�erent viewpoints.

3.2. Data Processing

This section describes the di�erent treatments applied to the data. We
will focus in particular on the photometric stereo processing.

Lasergrammetry. Lasergrammetry acquisition was georeferenced by the afore-
mentioned �rm of surveyors. The 3D point clouds were processed with Trim-
ble Realworks software [5] and exported in e57 format. The complete point
cloud was converted into a 3D mesh using Metashape 1.8 software [1].

Hand-held Scanning. Hand-held scanner data were processed using Artec
Studio software version 18 [2]. All depth frames with an error greater than
100 µm were removed. The 3D mesh, generated with the best possible reso-
lution, was then exported.

Photogrammetry. The photogrammetry software used is Agisoft Metashape.
Georeferencing is based on ten or so registration points obtained from the
scanner acquisition. In the batch of photogrammetry photographs, it is inter-
esting to insert the photometric stereo photographs taken with all n lighting
(cf. the s0 lighting in Figure 9), since the SfM step provides the di�erent
camera poses, which will be useful for expressing the 3D reconstructions of
the di�erent photographic techniques in a common reference frame.
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Single-view Photometric Stereo. In this study, we use several variants of the
single-view photometric stereo (PS) technique. The physical model we adopt
is the Lambertian one, which is well suited to archaeology, given that many
objects are both opaque and di�usive. This model expresses the grey level
I(p) of an image point p in the following particularly simple form:

I(p) = ρ(P)n(P)⊤s(P) (1)

In (1), ρ(P) ∈ R+ denotes the albedo (the colour) of the P point in the scene
which is projected at p into the image, n(P) ∈ R3 denotes the unit outgoing
normal to the surface at this point, and the vector s(P) ∈ R3, called the
lighting vector, characterises the direction and intensity of the luminous �ux
incident at point P.

The calibrated approach of PS [48] assumes that the lighting vector s(P)
is known, without necessarily assuming that it is uniform, i.e. independent of
P. Introducing the new unknown m(P) = ρ(P)n(P), Equation (1) becomes
linear in m(P). Moreover, the use of n lighting si(P), i ∈ {1, . . . , n}, can
make the estimation of m(P) well-posed. Indeed, the n grey levels I i(p),
i ∈ {1, . . . , n}, can be grouped together in matrix form:I

1(p)
...

In(p)

 =

s
1(P)⊤m(P)

...
sn(P)⊤m(P)

 (2)

which can be rewritten as:I
1(p)
...

In(p)

 =

s
1(P)⊤

...
sn(P)⊤

m(P) (3)

As soon as n ≥ 3 lighting vectors si(P) are used, and these vectors are not all
coplanar, the matrix of the second member of (3) is of rank 3. The estimation
of m(P) then becomes a well-posed problem, whose least squares solution is
written:

m(P) =

s
1(P)⊤

...
sn(P)⊤


† I

1(p)
...

In(p)

 (4)

where the exponent † denotes the pseudo-inverse.
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Knowing that n(P) is of norm 1, it is easy to deduce from (4):

n(P) =
m(P)

∥m(P)∥
; ρ(P) = ∥m(P)∥ (5)

Lighting Calibration for Photometric Stereo. In Model (1), both vectors n(P)
and s(P) can be interchanged, since they only intervene via their scalar
product. Knowing that ρ(P) and n(P) can be estimated from the knowledge
of n ≥ 3 lighting vectors si(P), supposedly not all coplanar, is it possible,
by analogous reasoning, to estimate ρ(P) and s(P) from knowledge of q ≥ 3
normals n(Pj), j ∈ {1, . . . , q}, supposedly not all coplanar?

If we de�ne a vector equivalent to m(P) = ρ(P)n(P), in this case
m(Pj) = ρ(Pj) s(Pj), the q grey levels of q points Pj of known normal
can be grouped together in a matrix form similar to (2):I(p1)

...
I(pq)

 =

n(P1)
⊤m(P1)
...

n(Pq)
⊤m(Pq)

 (6)

but it is impossible to factor m in (6) as was done for m in (3), because this
vector depends on the point Pj. In other words, whereas n equations (1) at
the same point P, subjected to n di�erent illuminations, constitute a system
of n linear equations with 3 unknowns, it turns out that q equations (1) at q
points of known normal, under the same illumination, constitute a system of
q linear equations with 3 q unknowns, which correspond to the coordinates
of the q vectors m(Pj). The problem is therefore ill-posed.

An admittedly very strong assumption, but su�cient to make this prob-
lem well-posed, consists in supposing not only that the normal is known at q
points Pj, but that these q points have the same albedo ρ and are subjected
to the same illumination s. In this case, vector m is independent of P and
can be estimated, in least squares, in a form strictly analogous to (4):

m =

n(P1)
⊤

...
n(Pq)

⊤


† I(p1)

...
I(pq)

 (7)

To deduce s from m, the fact that s is not a unit vector, unlike n, is not a
problem, because we can arbitrarily set ρ = 1, which implies s = m, as far
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as this is done for all the lighting, in order to guarantee the consistency of
all the estimates.

The hypotheses that make the previous estimation problem well-posed
are more or less easy to justify [28]. It is possible to know the normal at a
certain number of points from multi-view data, thanks to SfM and MVS. It
is more di�cult to ensure that the lighting s is independent of the point P
on the surface, unless these points are close to each other. Finally, it is only
possible to know q points Pj of the same albedo thanks to a prior knowledge
on the object, which is the case for lighting calibration patterns, for which
relief and colour are perfectly known.

If, in order to estimate the illumination s, it is necessary to know the
normal at q ≥ 3 points Pj with the same albedo ρ, it should be remembered
that these normals do not all have to be coplanar, so that the pseudo-inverse
matrix which appears in (7) is de�ned. Consequently, this disquali�es planar
patterns. The simplest solution is to use a sphere of uniform colour. The
silhouette of the image of a sphere in perspective projection is an ellipse
whose eccentricity increases with the distance from the center of the sphere
to the optical axis of the camera. Not only does this object have the widest
possible variety of normal orientations, but the normal is perfectly known
at any visible point on the silhouette. We can also dispense with the need
for a calibration pattern, by using an RTI dome whose lighting can be pre-
calibrated. Subsequently, the same PS algorithm can be applied to both
types of acquisition.

It is also possible to use the 3D scene itself as a light calibration object,
provided that the normals at a certain number of points of the scene are
known. For example, if the user carries out a multi-view acquisition, fol-
lowed by a multi-lighting acquisition, it is possible to calibrate the lighting
using neither a white sphere nor an RTI dome, since the mesh obtained by
photogrammetry is su�ciently reliable to be used as a calibration object [16].

3.3. Comparison between Di�erent Methods

In order to compare these di�erent 3D reconstruction methods, it is nec-
essary to perform some alignments. On the one hand, to compare results
by hand-held scanning and by photogrammetry, the meshes obtained are
aligned by ICP (iterative closest point) [9]. On the other hand, to compare a
triangular mesh by photogrammetry and a PS normal �eld, we calculate the
normal �eld derived from the mesh, in the same frame as the PS acquisition.
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4. Results and Discussion

This section compares the di�erent approaches to 3D reconstruction pre-
sented in this article.

4.1. Panneau des Chevaux

Figure 5 shows three 3D reconstructions of the head of horse number 4,
shown as normal �elds in RGB representation obtained, respectively, by laser
scanning, by photogrammetry using Metashape software, and by calibrated
PS using an RTI dome.

Figure 5: Three 3D reconstructions of the head of horse number 4, shown as normal �elds
in RGB representation: Laser scanning (left); Photogrammetry using Metashape software
(center); Calibrated PS using an RTI dome (right). From a qualitative point of view, the
latter technique is clearly the one that best reproduces high frequencies.

The �rst two methods enable the shape of the wall to be appreciated
on a large scale (in the �low frequencies�), but where only the most visible
cracks are rendered. It should be noted, however, that photogrammetry
shows better resolution than laser scanning. This explains why it is the most
popular method for archaeologists, who, when studying cave art, supplement
the photogrammetric mesh with low-angle shots to visualize micro-reliefs.

On the other hand, PS seems to provide a very high level of detail, since
micro-engravings are observable on the obtained normal �eld, enabling us to
recover, for example, information on the relative chronology of nasal tracings.
However, we note a bias in the low frequencies, probably due to insu�ciently
accurate calibration of the dome lighting. Indeed, the lighting which comes
from LEDs located at a short distance from the wall is wrongly assumed to
be parallel and uniform. Another signi�cant disadvantage of using an RTI
dome for a cave wall is that the visible �eld is extremely limited.
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By way of quantitative comparison, Table 1 gives the mean angular er-
rors between the three normal �elds in Figure 5. These values, expressed in
degrees, may seem to contradict the previous observation that PS would be
more accurate than the other two methods. Firstly, it has already been said
that the RTI dome lighting calibration is insu�ciently accurate, resulting in
a low-frequency bias visible in Figure 5. Secondly, since PS is supposed to
render relief details better (the �high frequencies�), the pixel-by-pixel com-
parison between normals is not meaningful. Indeed, if the scanner result is
considered as ground truth, because of its reputation for accuracy, it is di�-
cult to challenge this presupposition, even with a method such as PS, which
o�ers better resolution and, possibly, higher accuracy.

Laser scanning Photogrammetry Calibrated PS MAE
⋆ ⋆ 6.5◦

⋆ ⋆ 19.7◦

⋆ ⋆ 20.6◦

Table 1: Mean angular errors (MAE) between pairs of normal maps of the Panneau des
Chevaux (see Figure 5). The methods chosen for comparison are identi�ed by stars.

The result obtained by PS using a calibration sphere is shown in Figure 6.
This acquisition procedure without RTI dome is lighter to implement, and
also enables larger wall surfaces to be scanned. However, it is not without
its shortcomings. Illumination is estimated at a single point in the 3D scene,
where the calibration sphere is located. In the absence of anything better,
this estimate is then extrapolated to the entire scene, which again results in
a low-frequency reconstruction bias. In addition, it is necessary to position
the sphere in the visible �eld of the camera, as close as possible to the wall.
This delicate operation causes shadows on the wall, resulting in artifacts in
the estimated normal �eld, as clearly visible in Figure 6.

In addition to interesting results, PS seems to be an ideal method for use
in caves, where it is generally dark and light can be controlled. However,
certain di�culties may arise: the con�ned space of a cave can be restrictive,
and if the dome cannot be positioned, lighting directed manually at the object
to be digitized may be su�cient as long as a method of estimating lighting
on the �y (by a calibration pattern or by the scene) is applicable. On the
other hand, caves often have wet or calcite-covered walls, which therefore
exhibit specular re�ections. The use of robust PS methods is then necessary,
in order to treat bright re�ections as outliers [45].
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Figure 6: 3D reconstruction of the head of horse number 4 using calibrated photometric
stereo, when a calibration sphere is positioned in the scene (see right-hand photograph
in Figure 4). Compared with the result obtained with the RTI dome (see Figure 5), the
shadow of the sphere projected onto the wall causes artifacts requiring speci�c treatment.

The Panneau des Chevaux example nevertheless demonstrates the qual-
itative contribution of PS, with either of these two variants. However, this
technique is not intended to produce a real 3D reconstruction, at most a
normal �eld that can be transformed into a depth map by integrating the
normals [44]. We would like to propose a real 3D reconstruction method, on
a par with other 3D digitizing techniques commonly used by archaeologists,
but potentially more accurate.

4.2. Chypriot Head

Figure 7 shows three 3D reconstructions of the Cypriot head, shown as
normal �elds in RGB representation obtained, respectively, by photogram-
metry using Metashape software, by calibrated PS using an RTI dome, and
by the already mentioned variant of PS, where lighting is calibrated by the
scene itself, based on the photogrammetric result (PG+PS). As before, PS
results are more detailed than the photogrammetric one. The comparisons
between these normal �elds are given in Table 2.

Photogrammetry Calibrated PS PG+PS MAE
⋆ ⋆ 11.4◦

⋆ ⋆ 7.3◦

⋆ ⋆ 8.7◦

Table 2: Mean angular errors (MAE) between pairs of normal maps of the Chypriot head
(see Figure 7). The methods chosen for comparison are identi�ed by stars.

15



Figure 7: Three 3D reconstructions of the Cypriot head, shown as normal �elds in RGB
representation: Photogrammetry using Metashape software (left); Calibrated PS using an
RTI dome (center); PG+PS (right). The bottom line shows zooms of the mouth area.

The di�erences between these methods are smaller than before. In partic-
ular, using the photogrammetric result to calibrate the lighting used by PS
considerably reduces the low-frequencies bias. Indeed, by applying a Gaus-
sian �lter (of size 10 × 10 pixels) to the normal maps to isolate the low
frequencies, the mean angular error between the results obtained by pho-
togrammetry and by PS is only 2.0 degrees.

4.3. Towards Multi-view Photometric Stereo

Our approach uses the result of photogrammetry to calibrate the lighting
of PS images obtained from a single viewpoint. We can go even further if we
have multi-lighting data for each camera pose. This direct extension of our
study is called multi-view photometric stereo (MV-PS). A �rst approach is to
consider each view independently: the normal �elds are integrated into depth
maps, which are then merged to produce a 3D mesh. However, integrating
the normal �elds independently raises a number of problems since, in addition
to the scale ambiguity inherent in each integration, which can possibly be
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overcome by using the SfM 3D points as control points [39], inaccuracies at
depth discontinuities are unavoidable.

A global integration approach seems more promising, as MV-PS methods
are currently the subject of a great deal of work, thanks to spectacular ad-
vances in neural approaches. The 3D reconstruction by MV-PS presented on
the right of Figure 8 was obtained using the RNb-NeuS method [12], which
merges the normal �elds obtained by PS into a 3D mesh.

Three 3D meshes of the Cypriot head obtained, respectively, by hand-
held scanning, by photogrammetry, and by MV-PS, are shown in Figure 8.
In order to measure the distances between these meshes [7], we used the
CloudCompare software [3]. After registration by ICP of the mesh obtained
by MV-PS with that obtained by hand-held scanning, we measured an aver-
age distance of 75 µm. Since the mesh by MV-PS is far more detailed than
the other two, the question of a reference relief (�ground truth�) arises again.

Figure 8: Three 3D reconstructions of the Cypriot head, represented as triangular meshes:
Hand-held scanning (left); Photogrammetry using Metashape software (center); Multi-
view PS (right), which is the method described on the diagram in Figure 9.

5. Conclusion and Perspectives

In this study, we compared di�erent methods of 3D digitization of archae-
ological heritage objects. We set out to show that PS renders relief detail
better than competing methods, provided that the lighting can be accurately
estimated. Otherwise, the results are biased in the low frequencies.

17



The most promising solution seems to be MV-PS. The main steps of this
3D reconstruction method are shown in Figure 9. This geometric/photometric
method does indeed seem to bene�t from the advantages of both categories.
In the practice of archaeological surveying, it can therefore represent a sig-
ni�cant qualitative gain, bearing in mind that acquisitions can be made with
equipment that archaeologists are familiar with.

From a colorimetric point of view, while the scanner o�ers a colorization
of the mesh, photogrammetry enables the 3D mesh to be textured in a pho-
torealistic way, i.e. under the lighting conditions prevailing at the time of
shooting. On the other hand, MV-PS estimates the intrinsic color of the
3D scene, rather than its apparent color, which guarantees far more realistic
renderings.

Figure 9: Description of the 3D reconstruction method we recommend, which is multi-
lighting and multi-view: it requires n lightings s1, . . . , sn, and p poses V1, . . . , Vp. For each
pose, another non-directional lighting, denoted s0, produced when the n light sources are
on, is used to apply SfM and thus obtain a sparse 3D point cloud, as well as the p camera
poses expressed in a common reference frame. This �rst 3D reconstruction, non-dense but
reliable in the low frequencies, is used to estimate the lighting matrix S = [s1, s2, . . . , sn].
It then becomes possible to apply calibrated PS for each of the p poses, and derive a
complete 3D model using MV-PS.
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Nevertheless, a metric study of the contribution of our method remains to
be carried out. A �rst perspective is therefore to extend the test dataset and
carry out a quantitative evaluation. However,the numerical comparison of
the di�erent approaches raised the question of �ground truth�. Indeed, while
the scanner (TLS or hand-held) acts as a reference, our approach seems to
present more detail. It is important to clarify this question.

The method we recommend involves a number of steps, as shown in the
diagram in Figure 9: shooting, lighting calibration, use of various algorithms,
etc. A study of the impact of these di�erent steps on the quality of the results
of this operating chain seems essential.

Finally, numerical comparison between meshes is not necessarily the only
criterion for adopting a particular 3D digitizing method. Other parameters
need to be taken into account: material and human costs, transportability,
light control, acquisition time, software licensing, etc. With this in mind,
one short-term prospect is to integrate all the methods in the proposed op-
erating chain, like the photometric stereo pipeline [33], into the AliceVision
Meshroom software [24].
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