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Abstract
Objectives: This article assesses best practices for producing 3D digital cranial models through structure-frommotion (SfM) photogrammetry, and whether the metric accuracy and overall presentation of photogrammetric
models are comparable to physical crania. It is intended to present a user-friendly standard method of creating
accurate digital skeletal models using Agisoft PhotoScan.
Materials and methods: Approximately 200 photographs were taken of three different crania, and were
separated into series consisting of 50, 75, 100, 150, and approximately 200 photos. Forty-five cranial models were
created using different photo series and a variety of PhotoScan settings. These models were assessed based on
defined qualitative criteria, and model measurement estimates were compared with physical skeletal
measurements using Bland–Altman plots.
Results: The majority of all models (37/45) produced measurement estimates with mean differ- ences of 2 mm or
less regardless of PhotoScan settings, and therefore demonstrated high levels of agreement with the physical
measurements. Models created with 150 photographs and on “high” PhotoScan settings scored the highest in
terms of qualitative appearance in the shortest amount of time.
Discussion: In PhotoScan, it is recommended to create cranial models using 150 photographs and “high” settings;
this produces digital cranial models that are comparable to physical crania in both appearance and proportion. SfM
photogrammetry is a convenient, noninvasive, and rapid 3D modeling tool that can be used in almost any setting to
produce digital models, and following the guidelines established here will ensure that these models are metrically
accurate.

1 | INTRODUCTION
In recent years, the idea of digital computer-based recording and anal- ysis of human remains has attracted
increasing attention as relevant technologies have been developed and refined. This point has particu- lar currency
in relation to the three-dimensional reconstruction of skeletal material. Digital skeletons have been proposed as a
potential solution to the loss of data associated with repatriation and reburial, and offer a nondestructive, less
intrusive, and more efficient method of capturing aspects of human skeletal variation (Kuzminsky & Gardiner,
2012). Some analyses are in fact only possible through the use of virtual skeletons, such as contour-based
approaches for determining ancestry affiliation, or volume-based approaches for assessing sex, and many
researchers argue that such methods provide a basis for analyzing skel- etal material in a more quantitative manner
(Decker, Davy-Jow, Ford, & Hilbelink, 2011; Shearer, Sholts, Garvin, & Wärmländer, 2012; Sholts, Walker,
Kuzminsky, Miller, & Wärmländer, 2011).
One popular method of creating digital skeletal models is structure-from-motion (SfM) photogrammetry, a
technique wherein 3D structures are processed from overlapping 2D images (i.e., digital photographs) of the same
object taken from a multi-angle, convergent perspectives using commercial off-the-shelf consumer-grade digital
cameras (Morgan, Brogan, & Nelson, 2017). Since digital cameras can capture the appropriate level of detail
required to generate models through SfM photogrammetry, it is more cost-effective than either laser scanning or
CT imaging and its semi-automated methodology means that it is highly user-friendly (Micheletti, Chandler, & Lane,
2015). Its success in documenting and creating 3D models of multiple skeletons buried in mass grave environments
suggests that SfM photogrammetry may also be ideal for capturing and digitizing individual skeletal elements as
well (Baier & Rando, 2016).

A complete overview of the SfM photogrammetry workflow isbeyond the scope of this article, but in general, the
process is broken down into four distinct stages. In the first stage, sparse matching is used to identify a relatively
small number of features across multiple images, and assemble a relative sparse point cloud. This represents an
initial model in 3D space, but more importantly the process also estab- lishes the initial exterior orientation (the 3D
location and rotation of each photo center) Next, control/tie points (features with known 3D coordinates) may also
be identified in one, some or all photographs, thereby giving the 3D model scale and allowing the absolute rather
than relative exterior orientation. Dense-matching is then used to cre- ate a dense point cloud, usually on a pixelwise basis, after which a mesh representing the surface topology will be reconstructed through 3D triangulation of
these data points. The final step in generating a photogrammetric model is to add texture using the 2D
photographs, which is accomplished by orthorectifying images to the corresponding polygons from the mesh (Fabio,
2001; Westoby, Brasington, Glasser, Hambrey, & Reynolds, 2012).
Validation studies have established the utility of photogrammetry in comparison to other methods of model
creation, and shown that photogrammetric models produce comparable metric results (Evin et al., 2016; Katz &
Friess, 2014). However, standard methods of model creation should be set out and validated, in order to assess the
quality and texture of the models in comparison to the physical skele- tal elements, and to determine the level of
osteological detail that photogrammetric models can provide. The objective of this study is to investigate best
practices of photogrammetric model creation using Agisoft Photoscan, a popular SfM photogrammetry program,
and to assess which settings and photography methods produce the best cranial models in terms of metric accuracy
and appearance. Additionally, this study is intended to provide guidelines for photography setup and
photogrammetric parameters that are both accessible (require minimal starting expertise) and workable (produces
accurate skeletal models).
2 | MATERIALS AND METHODS
| Physical measurements

Three intact, adult crania were selected from Bournemouth University’s Athenaeum Place collection (Figure 1a–
c). Random points corresponding to small foramina or porosities were chosen and labeled on each crania; 20 on
cranium 927 (labeled A–S, Z), 19 on cranium 674 (labeled A–S), and 18 on cranium 520 (labeled A–S,
excluding K) were identified. As the goal of this project was to determine the accuracy of photogrammetric
models (including textural resolution), small foramina or porosities were used as measurement points as
opposed to standard anatomical land- marks. Using these points, 50 randomly selected measurements were
taken with digital calipers to the nearest 100th of a millimeter on both crania 674 and 520, while 52
measurements were taken on cranium 927. Each measurement was taken three times, with 24 hr between
repetitions, to account for intraobserver error. The mean and standard devia- tion were calculated for each set of
repeated measurements.
The same photography set up and camera (a Canon E0S 500D with a resolution of 15.1 megapixels and a
Canon EF-S 18–55 mm lens) was used for each cranium. The camera was placed on a Velbon DF 40 tripod, and the tripod was adjusted between three different heights (Figure 2a). For each of the tripod
heights, the cranium was oriented in three different positions. Four white scales were taped to a white
rotating platform, and each cranium was placed on this platform dur- ing photography (Figure 2b). The
physical scale bars were chosen based on ease of visibility, though it was found that using different types
of physical scale bars did not affect measurement accuracy as long as different points on the ruler were
still identifiable in photo- graphs. A white cloth was placed underneath the rotating platform, and a white
backsplash was placed around it, to ensure uniformity of the background. The camera was used on
automatic mode, and the flash was turned on for all photos, because the fluorescent overhead lighting
did not illuminate all features of the crania. A distance of approximately 50 cm was maintained between
the tripod and the platform at all times, and the platform was rotated 15o between each photograph, to
a total of 360o for each of the nine combinations of tripod position and cranium orientation.
Approximately 200 photos were taken for each cranium. These photos were used to form photo series

that aimed to provide full coverage of the cranium, consisting of 50, 75, 100, 150, and approximately 200
photos. All images were taken in JPEG format.
2.3 | Model creation
Agisoft PhotoScan Professional Edition version 1.2.4 was used to assem- ble the digital models, beginning
with cranium 927. PhotoScan uses a four-step workflow (alignment, build dense point cloud, build mesh,
and build texture), and each step has a number of adjustable settings that control the final model
appearance, and the time it takes to generate each model. A computer with 32.0 GB of RAM and a 3.50
GHz processor was used for all analyses. Initially, models were assembled of cranium 927 using the
highest alignment accuracy and ultra-high dense point cloud quality settings, while all other advanced
settings for each step were left as the Agisoft defaults. Models for each photo set were generated on
both high alignment and high point cloud quality, and then medium align- ment accuracy and medium
dense point cloud quality. Based on initial tri- als, it was found that models produced on low settings
performed poorly, so no further models were generated on low settings. Models are named based on
the crania they represent, the number of photographs used to create them, and the settings they were
created with (e.g., model 927-199-high was created from cranium 927 using 199 pictures on high
alignment and high dense point cloud settings).
In PhotoScan, each of the 20 points picked from the physical cra- nium 927 were labeled directly on each
of the 15 models using the “Create Marker” function. Scale bars (a tool in PhotoScan used to measure
distances) between the markers that corresponded to the 52 physical measurements were created.
These steps were repeated to generate 15 models each for cranium 674 and cranium 520.
2.4 | Model presentation evaluation
To determine their utility as a digital representation of a physical cranium, the models were evaluated on
the criteria of (1) completeness; (2) texture; (3) edge definition; and (4) ease of marker placement. Each
criterion was scored on a scale of 1–3, with 1 being the optimal grade, and 3 the least optimal. Figure 3
illustrates the scoring rubric for the first three criteria. For marker placement, a score of 1 was received if
less than 20% of all markers were difficult to place, a score of 2 was assigned if 20–50% of markers were
difficult to identify, and a score of 3 was assigned if more than 50% of the markers were difficult to place.
Initially, every modelwas scored twice, and was rescored a third time in cases of disagreement between
the first and second score. The final score was determined based on agreement between two of the
three scores.
2.5 | Model measurement estimates
After model generation, PhotoScan Professional Edition allows users to scale the model using scale bars
placed directly on the constituent photographs. In this case, scale bars were added to photos that contained rulers, and measurements were input to reflect the physical dimensions of the ruler. Three
calibration scale bars measuring 1, 5, and 10 mm were added to each digital model on 5% of the photos
used to produce each model. The accuracy settings were set to 0.001 m for all model measurements.
Measurement estimates were then generated. In order to assess the degree of randomness within the
differences between the model esti- mates and the physical measurements, and to therefore confirm
that they followed a normal distribution, frequency histograms were constructed for each model. Once it
was confirmed that the differences in measure- ments were not systematic, the mean difference and the
percent error between the measurement sets for each model were calculated. Bland– Altman plots were
also constructed for each set of model measurement estimates. For each pair of model estimate and
physical measurement, these plots compare the physical measurement (considered to be the “true”

measurement) to the difference between the physical and model estimate (Bland & Altman, 1986). They
visually represent the spread of the data by including the mean difference for all measurements pairs,
and the upper and lower bounds of the 95% confidence interval of mean differ- ence (or, limits of
agreement) (Bland & Altman, 1986). A Bland–Altman plot that displays narrow limits of agreement, a
mean difference for all pairs of approximately 0, and data points that tend to cluster around the mean
dif- ference represents two sets of data that agree (Bland & Altman, 1986).
3 | RESULTS
3.1 | Model presentation
The overall presentation of the models was highly variable, and depended both on the resolution settings
and the number of photographs used to generate the model (Table 1). For all three crania, the model
created with 150 pictures on high settings performed consistently well (Figure 4, Sup- porting
Information Figures S1–S3). Certain features were more difficult to take photos of, which was reflected in
the completeness of the models. For cranium 927, the left pterygoid process was incomplete on any of
the models constructed with less than 150 photos, and for cranium 520, the internal lateral orbital
surface was incomplete on all models. Many of the models, particularly those done on ultra-high quality
settings, also displayed incompleteness of the internal nasal aperture.
Any differences in texture between models were found to be a result of the resolution settings, and using
higher settings resulted in fewer blurry areas and better texture overall. Having a clear and well- defined
texture also made it easier to place markers, since most of the markers chosen were small foramina or
points of porosity. With many of the models generated using medium settings, the edges of the nasal
aperture were overly smooth, and obscured many of the features that were present on the physical
crania. On the other hand, many of the models generated on ultra-high settings displayed a jagged, noncontinuous edge, which suggests that high settings are best for achieving smooth but realistic edges. The
edges that scored the bestwere also associated with more photos.
3.2 | Measurement accuracy
The frequency histograms produced for all models were unimodal and normally distributed, which
means that the errors in measurements were random, and not related to systemic error in methodology.
There- fore, mean difference and percent error were considered to be appro- priate representations of
the accuracy of the data set. The majority of models produced measurement estimates with a mean
difference of less than 2 mm, and a mean percent error of less than 2% (Table 2). Only 8 out of 45 models
were outside these bounds, and most of these eight models were produced on medium or low settings
with fewer than 100 photos. The models that scored the best during the model presentation assessment
(927-150-high, 674-150-high, 520-150-high, 520-150-ultra high, and 520-195-high) all produced
estimates that were well within the set accuracy parameters.
3.3 | Bland–Altman plots
Figure 5a–c represents the Bland–Altman plots of the highest scoring models in terms of appearance for
each cranium. The Bland–Altman plot for model 927-75-low is also included, as an example of a model
that does not display agreement between the physical measurements and the model estimates (Figure
5d). The Bland–Altman plots demonstrate that models created with more photographs and on higher
settings tend to display better agreement between the digital measurement estimates and the physical
measurements, with narrower limits of agreement and fewer or no data points outside of the 95%
confidence interval limit.
| DISCUSSION

| Model presentation
The overall appearance of the virtual crania is initially the most impres- sive aspect of the
photogrammetric models in this study. Many of the models represent complete crania that are welltextured and appear to accurately represent their physical counterparts, though models created with
more photographs and on high settings performed the best overall. Other research analyzing the quality
of cranial models created with SfM photogrammetry has found that noise tends to exist around
particular areas, especially the foramen magnum, the orbitals, the zygomatic bones, and the parietals,
which is consistent with the issues in resolution encountered in this study (Katz & Friess, 2014).
| Measurement accuracy
With the exception of eight models (most of which were made using medium or low settings), all models
created in this study produced measurement estimates with high level of agreement to the physical
measurements. The mean absolute difference for the best performing models ranged from 0.02 to 0.48
mm, and the majority of the mea- surement differences for all models are smaller than 2 mm, which is
within the acceptable 2 mm error range allowed in osteometry. These values are consistent with
accuracy results that have been obtained from measurements of CT and laser-generated 3D models,
which suggests that they are just as appropriate for conducting osteometric analysis (Citardi et al., 2001;
Dedouit et al., 2007; Fourie, Damstra, Gerrits, & Ren, 2011; Hildebolt, Vannier, & Knapp, 1990; Katz &
Friess, 2014; Robinson et al., 2008; Stull, Tise, Ali, & Fowler, 2014; Verhoff et al., 2008).

4.3 | Recommendations for photography
The initial photography setup and execution is the probably the most important factor when assembling
models using photogrammetry. If the photographs are of poor quality, the PhotoScan program will not
be able to assemble a complete or accurate model. Any camera used for SfM photogrammetry should
have a minimum resolution of 8 megapixels, and should be able to take photographs in either RAW or
high quality JPG format (Costa Moraes, Dias, & Melani, 2014; Mallison & Wings, 2014). While this study
and several others have had success in using JPEG images to create accurate photogrammetric models, it
is still recommended to have nonlossy images available in SfM photogrammetry (Costa Moraes et al.,
2014).
When photographing objects for the purpose of photogrammetry, it is also important to have as few
shadows as possible in the images, as this can affect the alignment phase of model generation
(Micheletti et al., 2015). For this reason, it is often recommended to only use ambient lighting sources,
and to keep the camera flash turned off during the photography stage (Micheletti et al., 2015). In the
current study, flash photography was used, as the ambient lighting sources were not bright enough to
fully illuminate the texture of the cranium.
Positioning the tripod 50 cm away from the cranium and utilizing an all-white background to enclose the
turntable area helped to ensure the use of flash would not create shadows and lighting errors, and none
of the models appeared to be negatively affected by the use of flash. All of the crania used in this project
were also highly textured and were not reflective, which also helped to reduce any camera flash-related
issues, as many problems that arise from poor lighting are associated with shiny surfaces (Micheletti et
al., 2015). Depending on the cranium being modeled, in future applications it is recommended to have a
better source of ambient lighting so that the flash can be turned off, which will eliminate the potential
for lighting errors.

During the photography phase of this study, photos were taken using the camera’s automatic mode,
which should have allowed it to remain on optimal settings for the duration of the session. This approach
worked well for most camera angles, although it sometimes created problems with the depth of field,
and it was often challenging to consistently keep all cranial features in focus. Ideally, a good photography
and camera setup will use f-stop settings in the mid-to-high range and the “aperture-priority” mode to
maximize the depth of field.
Aside from ensuring that camera and settings are appropriate for capturing images for SfM
photogrammetry, it is also important to ensure that the setup and method of photography is conducive
to high quality photos. In this study, a rotating platform method was used, and is recommended for
creating photogrammetric models of small objects (Mallison & Wings, 2014). When using the turntable
method, it is important to ensure that the background (the section of the photographs that is not
rotating) is blank, so that the photogrammetry program does not attempt to align the still features in the
background at the expense of the moving features in the foreground (Mallison & Wings, 2014). The white
background used in this setup also likely contributed to the efficacy of the photographs; the background
should be similar in color to the object being photographed, as high contrasts can create shadows and
distortions.
Based on the results obtained in this study, it is obvious that the number of photos used to generate the
model will have a significant impact on the quality of the final product. Previous studies that have used
SfM photogrammetry to reconstruct skulls have used anywhere from 65 to 120 photos, so there is clearly
a wide range of pictures that can result in a valid digital representation (Costa Moraes et al., 2014; Katz &
Friess, 2014). While using as few as 50 pictures was sufficient to generate a complete cranium, the
models created with this number of pictures were generally of poorer quality. Optimizing redundancy by
including more pictures not only ensures that every feature of the skull can be captured, but it also
allows for more leniency in the quality of photos that are used (Westoby et al., 2012). However, the
relationship between time and number of photographs means that it is practical to limit the number of
photographs in order to allow a reasonable timeframe for model generation. The balance between
model quality and generation time was met at around 150 photographs in this study; beyond this
number, there was no visible improvement in quality or measurement agreement, but the time it took to
create a model increased significantly. It is, therefore, recommended that 150 pictures be used to create
the optimal cranial models using Agisoft PhotoScan (Table 3).
4.4 | Recommendations for model creation settings
None of the PhotoScan resolution settings that were manipulated in this study had a discernible impact
on model measurement accuracy, and models that achieved high levels of agreement between physical
measurements and model estimates were created on all resolution settings. However, the best looking
models in the shortest time frame were consistently produced on high settings. Therefore, for producing
basic, but good quality models in Agisoft PhotoScan, high alignment accuracy and high dense point cloud
quality settings are recommended (Table 3). While only manipulating some of the many settings and
tools PhotoScan has to offer can limit the final model output, the program was still able to produce
metrically accurate cranial models using mostly default settings and with minimal effort and user
expertise, therefore fulfilling the objectives of the study.
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