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Abstract. Etruscan mirrors constitute a significant category within Etr-
uscan art and, therefore, undergo systematic examinations to obtain in-
sights into ancient times. A crucial aspect of their analysis involves the
labor-intensive task of manually tracing engravings from the backside.
Additionally, this task is inherently challenging due to the damage these
mirrors have sustained, introducing subjectivity into the process. We ad-
dress these challenges by automating the process through photometric-
stereo scanning in conjunction with deep segmentation networks which,
however, requires effective usage of the limited data at hand. We ac-
complish this by incorporating predictions on a per-patch level, and
various data augmentations, as well as exploring self-supervised learn-
ing. Compared to our baseline, we improve predictive performance w.r.t.
the pseudo-F-Measure by around 16%. When assessing performance on
complete mirrors against a human baseline, our approach yields quantita-
tive similar performance to a human annotator and significantly outper-
forms existing binarization methods. With our proposed methodology,
we streamline the annotation process, enhance its objectivity, and reduce
overall workload, offering a valuable contribution to the examination of
these historical artifacts and other non-traditional documents.
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1 Introduction

Comprising more than 3,000 identified specimens, Etruscan hand mirrors repre-
sent one of the most extensive categories in Etruscan art. These ancient artworks,
which date from the second half of the sixth century to the first century B.C.E.,
are predominantly made from bronze. On the front, they feature a highly pol-
ished surface acting as a mirror, whereas the back side typically depicts engraved
and/or chased linear figurative illustrations of Greek mythology which may be
supplemented by inscriptions in Etruscan [9]. An exemplary mirror showcasing

such drawings is depicted in
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Fig. 1: A typical Etruscan mirror: fine drawings adorn its backside[l

These mirrors have been systematically examined since the 1980s to better
understand the Etruscan culture, with findings published in the scholarly series
Corpus Speculorum Etruscorum (e.g., [2530]). One main component of their ex-
amination is the labor- and cost-intensive task of tracing the linear figurative art-
works typically featured on their backside. Although performed by experts, i.e.,
archaeologists specialized in Etruscan culture, this task is prone to subjectiv-
ity: over time, these mirrors experienced erosion/corrosion, which increases the
difficulty of distinguishing between artwork, damage, and background.

Based on these challenges, this work presents the first approach for auto-
mated segmentation of Etruscan hand mirrors to enhance annotation quality
and objectivity while reducing the workload of manual tracing. For this, we
collect high-resolution 3D surface models via photometric stereo and train a
deep segmentation network to recognize intentional lines over scratches. Our
approach is grounded in a thorough ablation study where we evaluate various
surface modalities and explore different techniques to address the scarcity of
data and annotations within this domain, including performing predictions on
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a per-patch level, incorporating various data augmentations, and self-supervised
learning, as well as examine different architectural components, such as encoders,
decoders, and loss functions. Compared to an initial baseline, our modifications
improve performance w.r.t. the pseudo-F-Measure by around 16%. Moreover,
we juxtapose our method with a human baseline to underscore its efficacy as it
achieves results on par with a human annotator.

Summarizing our contributions: our methodology streamlines the overall an-
notation process of Etruscan hand mirrors; It not only expedites the process
of manual tracing but also offers a supplementary perspective, contributing to
increased quality and objectivity. Finally, we provide public access to both the
code and data utilized in this work (see |github.com/RafaelSterzinger/etmira-
segmentation) to promote transparency and reproducibility.

2 Related Work

Photometric Stereo (PS) is a powerful tool to capture unique insights into an ob-
ject’s surface geometry. McGunnigle et al. [I5] demonstrate its usefulness in seg-
mentation by extracting handwriting on paper based on depth profiles. Similarly,
Landstrom et al. [I0] have applied this technique to detect cracks in steel sur-
faces, showing its versatile application. Moreover, the work by Zhang et al. [35],
where they compute shape index and curvedness from PS for leaf venation ex-
traction, or by Tao et al. [27], in which they detect air voids in concrete surfaces,
further exemplify its broad applicability. Its ability to distinguish subtle surface
variations makes it particularly suitable for analyzing complex patterns such
as those found on Etruscan hand mirrors. However, traditional segmentation
methods might fall short due to damage these mirrors experienced, increasing
the difficulty of distinguishing between fore- and background.

In the field of image segmentation, the state of the art is dominated by
deep learning architectures such as the UNet [19], DeepLabV3++ [3], Pyramid
Scene Parsing Network [36], Pyramid Attention Network [11], or the Feature
Pyramid Network [I3]. A driving force for such innovations is, for instance, the
medical sector, which demands high-detailed segmentations as well. One example
is the segmentation of vascular structures found in the retina (e.g., see [12]),
which is key in determining retinal diseases. In this context, Kamran et al. [6]
proposed a multiscale, GAN-based segmentation system, designed to reduce loss
in fidelity. More recent works propose transformer-based [28] as well as diffusion-
based architectures [32] for brain tumor, gland, or nuclei segmentation.

Saiz et al. [20021] showcased the effectiveness of combining PS scanning with
deep segmentation networks. With this paradigm, they perform defect detection
in steel component manufacturing, paving the way for future applications where
intricate and detailed segmentation is vital. Lastly, to give an example in the
context of cultural heritage, Redon et al. [I8] present a deep learning-based
reconstruction pipeline that transforms RGB images into high-resolution normal
maps to digitize Bayeux tapestry. Additionally, they couple the reconstruction
with segmentation, enabling cost-effective and quick production of 3D-printed
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(a) Albedo Map (b) High-Pass Filtered Depth Map

(c¢) Normal Map (d) Ground Truth Mask

Fig. 2: Exemplary albedo, depth, normal map, and corresponding ground truth.

bas-reliefs to enhance tactile exploration for visually impaired individuals. Such
examples showcase the potential efficacy of PS when combined with deep learning
to segment figurative drawings such as the ones found on Etruscan mirrors.

3 Methodology

In the following, we describe the setup for data acquisition, the captured dataset,
and outline our pipeline in detail, focusing on preprocessing and the subsequent
segmentation. For the latter, we summarize our explored augmentation/self-
supervised learning techniques as well as point out training and inference specifics.
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3.1 Data Acquisition

We employ PS, a 3D reconstruction technique introduced by Woodham [31]
in 1980. Compared to other 3D acquisition methods, e.g., structured-light scan-
ning or photogrammetry, it is especially adept at capturing local surface de-
tails [B]. PS accomplishes this by capturing a series of images with consistent
camera settings but variable lighting conditions to then, for each pixel, determine
surface orientation, distance, and illumination-independent brightness. These
properties can be encoded across the entire image to normal, depth (computed
from the normal map via integration [23]), and albedo maps, illustrated in [Fig. 2]

For recording the images, we employ a PhaseOne 1Q260 Achromatic camera
with an 8;964 6; 716 pixel medium-format sensor and a Schneider-Kreuznach
120 mm LS Macro lens. Using this setup, we obtained a surface resolution
of 38.5 ppm ( 978 dpi) for most of our mirrors. However, as imaging distance
changed between locations, this value is not consistent throughout the images,
ranging from 29.8 ppm to 58.3 ppm. For more information, we refer the reader
to Brenner et al. [I] from where we derived our setup.

3.2 Dataset

Our dataset includes a wide variety of Etruscan mirrors preserved in public
collections in Austria. Its core comprises 53 specimens located at the Kunsthis-
torischen Museum (KHM) Vienna and 6 additional ones scattered throughout
Austria. We acquired annotations for 19 out of these 59 mirrors, whereby 19
backsides and 10 fronts were annotated, leading to 29 examples in total. Note
that engravings mainly decorate the backside where they do not interfere with
reflectance. Sometimes, however, they can also be found on the front near the
handle or around the border, though with less dense drawings.

We split these labels into training, validation, and test sets, however, given
their limited amount, their varying density of engravings per mirror, and their
condition, this step is not straightforward: first, mirrors with dense engravings
offer a stronger learning signal and are hence more preferable for the training,
second, using mirrors of different condition for validation and testing, will cause
discrepancies in performance, rendering model selection difficult. Therefore, we
select the backsides of three mirrors of different conditions and densities in en-
gravings for evaluation, one mirror from Wels and two from the KHM Vienna.
We create non-overlapping patches of size 512 512 pixels, shuffle them, and
split them in half to yield our validation and test set, to create splits with simi-
lar underlying distributions. Out of the remaining 26 examples, we remove one,
representing an outlier, due to its different art style (points instead of lines),
leaving us with 25 annotated examples for training.

3.3 Preprocessing

With three modalities at hand, albedo, depth, and normal, it is unclear which
ones obtain the best predictive performance. In order to allow for a fair perfor-
mance evaluation, preprocessing is crucial as it directly influences the result of
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