




Using Structure from Motion Mapping to Record and Analyze Details of the Colossal Hats

FIGURE 7. Photograph of the base of pukao 57 at Hekii (left). The APSS colorize curvature filter at scale 1.8 in MeshLab has been
applied to the top half of the mesh (center). Note the two concave-down etchings that are faintly visible in the top half of the
model in MeshLab (colored at right). These etchings and others like them are practically invisible to the naked eye.

FIGURE 8. Various scoria bodies from Akahanga (F) and Puna Pau (M, see Figure 5) with closed curved form petroglyphs that
have been marked in MeshLab using the z-painting tool. Van Tilburg and Lee (1987:143) refer to the forms from Akahanga as
“birdman symbols,” but Lee (1992:20) refers to the outline in pukao 36 as a two-headed frigate bird.
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FIGURE 9. A watercolor from Linton Palmer’s 1868 visit to the island (left, courtesy of the Royal Geographical Society, London)
showing petroglyphs on a Puna Pau scoria body. The petroglyphs on this scoria body match those that we outlined on pukao 77
at Puna Pau. Note that the notch in this scoria body was carved sometime between 1868 and the present recording. Of the Puna
Pau scoria bodies recorded through SfM mapping, 92% include petroglyphs. Jaussen interprets the abundant petroglyphs in
Puna Pau as the “proprietary marks (rona) of the owners,” but their age is unclear (Métraux 1971:303).

During this step, the computer identifies points shared between
photos and computes camera parameters from each photo,
which includes relative position, focal length, and skew. The
output is a sparse point cloud that displays the points shared by
multiple photos. This step typically took between 3 and 13 hours
on a standard laptop computer, and was dependent on the num-
ber of images being processed. Once aligned, the photographs
were then assessed for alignment quality. Low-quality values are
a consequence of low coverage or poor focus. We removed from
further processing all images that had camera positions with
focus-quality values lower than 0.5. In situations with significant
photographic overlap, we disabled cameras that had quality
values lower than 0.7.

The third step of processing involved increasing the density of
point clouds (Figures 3–4). During this step, the computer calcu-
lates additional depth information from each aligned photo and
displays this information as points. We used aggressive filtering
to remove outlying points while generating dense point clouds.
The point cloud processing typically took between three and
seven hours for each pukao.

The fourth processing step involves generating a surface rep-
resentation of the object in the images. This surface represen-
tation takes the point cloud that was created in the previous
step and connects the closest points into a network of polygons.
We meshed the pukao as arbitrary surfaces using 1/15 of the
points in the dense point cloud. Using more of the dense point
cloud (1/5) produces more detailed meshes, but this approach
frequently makes models difficult to view in external software.
Using less of the dense point cloud (1/45) is less computationally
expensive, but it limits the detail in the model. This step typically
took about one hour. We then created a texture for the meshed

surface by wrapping portions of the original images over the
model using the mosaic texture-blending mode. This algorithm
determines coarse spatial resolution textures by using weighted
averages of textures from multiple photos. Meanwhile, the algo-
rithm uses information from a single photo that is nearly normal
to a given model surface to map texture in a higher spatial reso-
lution. Finally, we manually isolated the pukao from surrounding
features in the modeled environment by eliminating unwanted
mesh surfaces (e.g., cloud and ground surfaces) through masking
and clipping. Figure 5 includes images of all completed pukao
models.

The final model has an internally consistent scale that may be
georeferenced through ground control points (GCPs) collected
in the field. This internal scale simply means that the model is
proportional but lacks absolute size information. Often, however,
one is interested in extracting direct metric measurements from
models. This step can be achieved by applying a scale to the
model using a known reference distance that is embedded in the
model. Given that pukaomorphology and not the relative posi-
tions of pukao is of interest, we used the scale bars visible in our
photographs to scale the measurements that we derived from
the digital models.

Analysis
The product of SfM includes a texture layer that represents an
approximation of the surface color and detail. This texture can
be useful for documenting the surface condition, but it can also
obscure topographic detail. In our analysis of pukao, we also
simplified our models to isolate surface details. Using the open-
source mesh processing tool MeshLab (Cignoni et al. 2008),
we achieved this simplification by eliminating the texture and
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FIGURE 10. Various scoria bodies from Vinapu (A), Tarakiu (C), and Vaihu (D, see Figure 5) with isolated curved line petroglyphs
that have been marked in MeshLab using the z-painting tool. Lee (1992:122,126) writes that “The majority of designs are simple
canoe shapes” and speculates that their widespread distribution may be because they “marked a victory or conquest over
another section of the island.” However, note the extensive variability in the form of curved line petroglyphs among those shown
above.

color of the model and colorizing the model using the APSS col-
orize curvature filter (Figure 6). The APSS colorize curvature filter
assigns colors to the vertices of the mesh based on the degree
of curvature of the underlying surface. The effect enhances sub-
tle and narrow etchings in rock art (Vilas-Estevez et al. 2016) and
highlights many details in the pukao surface. Modifying the scale
of this filter acts to highlight petroglyphs with different etched
line thicknesses. We also marked etchings and indentations in
the pukao by using the “z-painting tool,” which colors the surface
of a mesh. Finally, we used the “PickPoints tools” in MeshLab to
add numbered labels to each distinct cluster of markings.

We used the approach described here to study 50 pukaomod-
els and 13 red scoria bodies from Puna Pau (Supplemental Fig-
ures 1–6; Supplemental Videos 1–2). These models (1) record
surface details that are not visible to the naked eye, (2) record

details over complex surfaces, and (3) compare favorably with
past sketches and paintings of pukao surface details.

While the coarse texture of the uniformly red scoria aids in the
creation of pukaomodels through SfM mapping, the texture
also complicates the detection of shallow surface details with the
naked eye. Natural lighting, particularly at dawn and dusk, aids
visual identification of surface details in the field. However, even
under optimal natural lighting, the subtle nature of the features
mixed with varied surface color and texture makes it exception-
ally challenging to identify pukao details. Two advantages of SfM
models are that they preserve surface details and that we can
manipulate models to eliminate features that obscure details and
to thus highlight subtle surficial variability (Figure 7). In this way,
SfM greatly contributes to the recognition and recording of many
previously unrecorded petroglyphs on Rapa Nui. From our stud-
ies, we now know that 27 of the 50 (54%) coastal pukao and 12
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of the 13 (92%) large scoria bodies at Puna Pau are adorned with
petroglyphs.

Just as Fritz and colleagues (2016) use SfM to map complex cave
surfaces, SfM reveals some of the details on complex surfaces
of pukao. Some of the pukao petroglyphs, for example, consist
of closed curved forms (Figure 8). These forms (see Figure 8)
wrap around the sides and even top of the pukao, which makes
documentation by sketching a difficult process that is prone to
distortion. Additionally, pukao fragment 35F in Figure 8 would
be difficult to sketch due to limited physical access. SfM
mapping of this surface, however, provides a noninvasive
approach that captures detailed information of this curved
surface detail.

Previous researchers have noted surface details on pukao, and
the results of SfM mapping compare well with these past record-
ings. Linton Palmer (1870:176) was the first visitor to Rapa Nui to
report that fallen pukao were “all more or less marked by rude
carvings of ships, birds, etc.” Van Tilburg and Lee (1987:142) have
since sketched a variety of the petroglyphs on pukao and other
scoria bodies from Puna Pau and five coastal ahu. Figure 9 com-
pares a watercolor by Palmer with the SfM model for this scoria
body and demonstrates the similarities and subtle differences in
these final products. Our SfM models provide more surface detail
and morphological information than do line drawings, and we
have achieved greater coverage than previous sketching work.

Given that we were able to systematically document the surface
variability on every accessible pukao on Rapa Nui, our study
documents the variability that exists for pukao petroglyphs. We
can see, in particular, quite a few isolated curved lines that have
never been fully documented. Heyerdahl and Ferdon (1961:237)
mention the presence of these kinds of markings on fallen pukao
and describe them as “incised crescent-shaped boats.” Such
a qualitative label masks their diversity, which includes a range
of different inflection points and curvature tightnesses. Simi-
larly, Van Tilburg and Lee (1987:143) document pukao located
at Puna Pau and five coastal ahu, and they emphasize the “high
degree of conformity between and among the designs at all
six sites.” From this pattern, Lee (1992:126) speculates that the
widespread “canoe symbol marked a victory or conquest over
another section of the island,” seeming to fit narratives for a
violent precontact past on Rapa Nui (e.g., Diamond 2005; Flen-
ley and Bahn 2003). Because our study allows us to create more
detailed and comprehensive documentation of pukao, we can
see that, while every scoria body SfM model with petroglyphs
includes evidence of isolated curved lines, the curvature, number
of inflection points, and associations of these isolated curved
lines are diverse (Figure 10). This diversity of forms cannot repre-
sent a standard territory marker and removes pukao petroglyphs
from a narrative that involves widespread territorial violence dur-
ing Rapa Nui’s precontact past. Thus, details from SfM models,
in contrast to those produced by hand recording, greatly expand
the dataset from which we generate our knowledge about the
past of the island.

CONCLUSION
SfM mapping of artifacts fulfills the goals of both conserva-
tion and analysis with its detailed coverage and ease of reduc-

ing detail in meaningful ways. This technique is efficient, cost-
effective, and minimally invasive. As illustrated in the discussion
regarding pukao, SfM mapping also produces reliable results
that record detail over complex surfaces and reveal subtle sur-
face details that may be practically invisible to the naked eye.
The great diversity of petroglyphs suggests that it is unlikely
that these etchings represent territorial markers associated with
warfare. The details in the pukao SfM models also provide the
empirical basis for an understanding of past pukao transport.
Further research can enhance the existing SfM models by map-
ping pukao surfaces that are currently concealed. Additionally,
by remapping pukao in the future and comparing future models
to those produced in 2014, it will be possible to track changes
in lichen growth and pukao form and thus identify conservation
priorities. Given its various merits, SfM mapping should become
a standard recording technique.
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Supplemental Figure 1. Renderings of pukao from Vinapu and
Hanga Poukura. Each row shows the sides of individual pukao
that bear figures and carvings.
Supplemental Figure 2. Renderings of pukao from Hanga
Poukura, Tarakiu, Vaihu, and Ura Uranga te Mahina. Each row
shows the sides of individual pukao that bear figures and carv-
ings.
Supplemental Figure 3. Renderings of pukao from Akahanga,
Tu’u Tahi, One Makihi, and Tongariki. Each row shows the sides of
individual pukao that bear figures and carvings.
Supplemental Figure 4. Renderings of pukao from Tongariki and
Hekii. Each row shows the sides of individual pukao that bear
figures and carvings.
Supplemental Figure 5. Renderings of pukao from Hekii,
Anakena, Te Pito Kura, and Puna Pau. Each row shows the sides
of individual pukao that bear figures and carvings.
Supplemental Figure 6. Renderings of pukao from Puna Pau.
Each row shows the sides of individual pukao that bear figures
and carvings.
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Supplemental Video 1. Three-dimensional rendering of pukao
18D from Vaihu.
Supplemental Video 2. Three-dimensional rendering of pukao 49I
from Tongariki.
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