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ABSTRACT
The study of the fossil record is fundamental to understand the evolution

of traits. Because fossil remains are often fragmented and/or deformed by
taphonomic processes, a preliminary realignment of their constituent parts is
often necessary to properly interpret their shapes. In virtual anthropology,
these procedures are carried out using digital models of the remains. We pre-
sent a new semi-automatic alignment R software, Digital Tool for Alignment
(DTA), which uses the shape information contained in a reference sample to
find the best alignment solution for the disarticulated regions. We tested
DTA on three different case-studies: (1) a sample of 14 primate species includ-
ing both male and female individuals, (2) a simulated, disarticulated skull of
Homo sapiens, and (3) a real disarticulated human fossil specimen, Amud
1 (Homo neanderthalensis). In the first case study, we simulated disarticula-
tion directly on digital models of the primate skulls and tested alignment
quality as a function of phylogenetic proximity, sex, and body size. In the sec-
ond, we compared DTA to manual alignments conducted for the same digital
models. Finally, we performed DTA on a real-world case study. We found that
phylogenetic proximity provides is the most important factor for alignment
efficiency. However, sex and allometric effects might also be important and
should therefore be taken into account at selecting reference models for align-
ments. DTA performs at least as well as manual alignments. Yet, as com-
pared to manual procedures, it is faster, requires no prior anatomical
knowledge and expertise and allows indefinite manipulation of the fossil
items. Anat Rec, 302:1104–1115, 2019. © 2019Wiley Periodicals, Inc.
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Fossil remains often appear badly deformed by biostrati-
nomic and taphonomic processes (Hughes and Jell, 1992;
Arbour and Currie, 2012; Schlager et al., 2018) which usually

result in major cracks, missing portions, or alteration of the
biological symmetry (Ogihara et al., 2006; Arbour and Brown,
2013; Di Vincenzo et al., 2017). This lack of information can
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now be recovered by applying virtual reconstruction pro-
cedures, which take advantage of software implementa-
tions to perform the restoration of the digital versions of
fossil remains. Three-dimensional imaging techniques
further allow substituting manual intervention with
virtual protocols (Shipman, 1981; Lyman, 1994; Profico
et al., 2018a), which guarantee the physical preservation
of the fossil specimen and avoids potential alterations of
its original shape as introduced by the manual operator.
Missing morphological information can be digitally recov-
ered either by using the preserved shape information on
the deficient specimen (e.g., by exploiting biological sym-
metry) or through the use of a 3D comparative sample of
phylogenetically close species, conspecifics, or individuals
of the same sex (Gunz et al., 2009). Several case-studies
are reported in the literature (Zollikofer et al., 2005;
Benazzi et al., 2014; Amano et al., 2015; Di Vincenzo et al.,

2017), and the use of virtual reconstructions is now becom-
ing commonplace. Unfortunately, the efficiency of the vir-
tual reconstruction is rarely quantified (e.g., Ogihara et al.,
2006; Tallman et al., 2014; Schlager et al., 2018).

Herein, we present the Digital Tool for Alignment (DTA),
a new landmark-based procedure to align portions of the
same (broken) skull. The procedure simulates the manual
and/or landmark-based alignment commonly used in vir-
tual anthropology studies and allows the digital restoration
of fragmented remains for which anatomical/geometrical
points are still recognizable, even for regions which are not
in anatomical continuity.

This work is articulated in three parts. First, we
assessed the influence of (1) phylogenetic distance, (2) sex,
and (3) body size on DTA performance. To this aim, we ana-
lyzed a large sample of 14 different primate species, of both
sexes, for a total of 131 individuals.

Fig. 1. DTA methodology explained step by step. (A) Definition of the disarticulated model (DM) from a starting model (SM). (B) Definition of a
landmark configuration on both face complex and cranial base of DM. (C) Shifting landmarks of DM model (in red) on the nearest vertex of the
mesh (in green). (D) Compute a General Procrustes Analysis (GPA) of the facial complex and the cranial base on each reference model (RM). (E)
Alignment of the two halves of the DM after the GPA. (F) Quantification of the morphological distance between the aligned configuration and the
reference model dataset. Abbreviations: DTA = Digital Alignment Tool; DM = disarticulated model; L set = landmark set; RM = reference model;
GPA = generalized Procrustes analysis.
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Second, we compared digital alignments to manual
alignments by using a digital model of a single Homo sapi-
ens skull as a target, taking advantage of help from expert
operators in the field of virtual anthropology and digital
restoration.

Lastly, we performed DTA on the Amud 1 cranial mate-
rial. Amud 1 is a Neanderthal specimen composed by two
anatomical regions not in continuity: the maxillary region
and the neurocranium including some elements of the facial
complex.

Both the R code and a selected material are fully avail-
able as parts of the R-package Arothron (Profico et al.,
2018b).

MATERIALS AND METHODS
The Digital Alignment Tool

DTA is a landmark-based methodology, written in R,
which allows the user to align two portions of a 3D mesh
(here to fore the disarticulated model, DM) by using a ref-
erence sample or model (RM) for comparison (Fig. 1A). To
run DTA, a set of anatomical landmarks is defined first on
two separated portions of the DM (Fig. 1B). Each point of
each landmark set is then moved to the nearest vertex of
the mesh triangles (Fig. 1C). This way, each landmark is
identified by a number corresponding to a row of the ver-
tex matrix of the mesh, and its position is tracked on the
3D models moved in the Cartesian coordinate system. The
second step is the alignment via Generalized Procrustes
Analysis (GPA) of each part of the DM (Fig. 1D) on each
RM of the comparative sample, where the same landmark
configuration used for the DM has been previously defined.
Steps c and d make it possible to define the landmark set
on both the DM and the aligned model (AM) (Fig. 1E).

The items of the reference sample are previously scaled
to the mean of the single scale factors calculated for each
half of the DM, separately, and symmetrized via reflection
and relabeling, thereby producing a perfectly symmetrical,
bilateral, and scaled landmark configuration (to avoid align-
ment errors introduced by asymmetry).

The third step consists of quantifying the morphologi-
cal distances between each part of the DM and the corre-
sponding landmark configurations on each item in the
RM sample (Fig. 1F). DTA allows calculation of the mor-
phological distance using either one of two different met-
rics: the total displacement (Euclidean distance) and/or
the Procrustes distance.

Then, the single specimen in the reference set with the
lowest morphological distance to DM is selected as the
best RM for the digital alignment to reconstruct the inte-
gral shape of the target (Fig. 1F). A complete list of abbre-
viation used here is reported in Table 1.

Datasets
Case study 1. Primate sample. We collected a

sample of 131 sexed, adult skulls of 14 different primate
species. The specimens belong to the virtual collections
of the Smithsonian Institution (www.vertebrates.si.edu,
Washington), the Kyoto University Primate Museum (www.
dmm.pri.kyoto-u.ac.jo, KUPRI, Kyoto, Japan), the anthropo-
logical museum, “G. Sergi” of the Sapienza University of
Rome (Italy) and Morphosource (www.morphosource.
org) (Supplementary Information Table S1). On each speci-
men, we recorded 61 three-dimensional landmarks (Fig. 2,

Supplementary Information Table S2). The 3D coordinates
were acquired using the software Amira® (version 5.4.5,
Visualization Sciences Group, ©2013; https://www.fei.com/
software/amira-for-life-sciences/).

For each of the 14 species in the sample, we built two
separate DMs choosing both a female and a male specimen
at random. The process starts by dividing the 3D model in
two inequal halves, along a plane passing through three
points, which were chosen to simulate a fracture separat-
ing the face from the neurocranium: (1) the middle point,
along the midsagittal plane, between the spheno-occipital
suture and the two sphenoidal spines lines; the middle
point along the (2) right and (3) left frontozygomatic suture.
The two halves were then randomly translated in the xyz
Cartesian system to change their original spatial position.

We applied DTA to each of the 28 DMs (one male and one
female per species) using the remaining 130 specimens as
the reference sample. This leads to a total amount of 3,640
alignments (28 disarticulated individuals times 130 individ-
uals in each reference sample set).

Case study 2. Homo sapiens skull. The specimen
used as a target for all the alignments is a disarticulated,
female modern human skull (BOL_2548) belonging to the
“Bolognesi” collection preserved at the “G. Sergi” Anthro-
pology Museum Rome (Italy) (Supplementary Information
Fig. S1). BOL_2548 was restored using a comparative sam-
ple of Homo sapiens skulls including 32 three-dimensional
landmarks acquired on 50 different modern human spec-
imens (Fig. 3, Supplementary Information Table S3),
belonging to the “G. Sergi” Anthropology Museum Rome
(Italy), Oloriz collections, and NESPOS database (Sup-
plementary Information Table S4). The 3D coordinates
were acquired using the software Amira® (version 5.4.5,
Visualization Sciences Group, ©2013; https://www.fei.com/
software/amira-for-life-sciences/).

TABLE 1. Models nomenclature. Labels of the models
with abbreviation and definition used in the text

Label model Abbreviation Definition

Starting
model

SM The SM is the mesh of the
specimen used as case
study.

Disarticulate
model

DM The SM cut in two
different parts. Each
part is translated in the
Cartesian coordinate
system losing the
starting spatial
orientation.

Reference
model

RM The RM is the model used
as reference to align the
two portions of the DM
through two different
Procrustes Fittings: each
one performed on one of
the two halves of the
DM.

Aligned model AM Merge of the two halves of
the DM after the
aligning via Procrustes
fitting on the selected
RM.
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The DM consists of two portions belonging to the speci-
men BOL_2548, not in topological continuity, which are
parts of the neurocranium and the facial complex, respec-
tively (Supplementary Information Fig. S2). We defined a
landmark configuration on each of the two halves (after-
ward “cranial base” and “face complex”) and applied DTA
using a modern human sample of 50 specimens as the ref-
erence set. We calculated the Procrustes distance between
the landmark sets from the reference sample and the land-
mark sets of the two halves of the disarticulated model.

Eventually, the specimen of the reference sample which
best fit the aligned model was selected.

Case study 3. Real-world fossil items: Amud
1 (Homo neanderthalensis). Amud 1 is a Neander-
thal skull excavated at Amud cave in Israel in 1961
(Suzuki and Takai, 1970). This specimen has undergone
several different virtual reconstructions (Suzuki and
Takai, 1970; Amano et al., 2015). Although the skull is
severely damaged, two non-contiguous macro anatomical

Fig. 2. Landmark configuration used in the primate case-study.
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regions are well-preserved: (1) the neurocranium with par-
tial cranial base and facial complex (hereafter Amud 1a)
and (2) the maxillary region (hereafter Amud 1b). We
isolated the two regions of the DM (Amud 1a + Amud 1b)
using the software Geomagic Studio 2014. Then, we
acquired two landmark sets of 16 (Amud 1a) and 17 (Amud
1b) landmarks, respectively (Fig. 4). In addition, we
defined two semi-landmark sets of 104 and 42 points on
Amud 1a and Amud 1b (Fig. 4). DTA provides the option of
performing the alignment by using a comparative sample
and/or by using a single specimen chosen as a reference
model. In the present case, we opted for the latter using
Shanidar 1 and La Ferrassie I Neanderthal skulls as refer-
ence models and the restoration of Amud 1 by Suzuki
(Suzuki and Takai, 1970) as the starting model (SM) used
to derive the DM.

Evaluation of DTA Performance

To evaluate DTA performance, we applied ANOVA on
the 3,640 alignments performed on the modern primate
sample, to compare differences in Procrustes distance
among groups, pooled by taxonomic status and sex,
between the SM and the AM. In addition, we calculated the
correlation between the Procrustes distance and two vec-
tors representing, respectively, the phylogenetic and the
centroid size distances pooled per species, using the Spear-
man coefficient. The phylogenetic distance was calculated
as the number of nodes between the starting and the refer-
ence species. The phylogenetic tree was obtained from
molecular data (available on the 10KTrees website, Arnold
et al., 2010) and pruned down to the 14 OTUs analyzed
here. The centroid size distance was calculated by trans-
forming the differences in size between the starting and the
reference species.

The Homo sapiens case study includes 51 DTAs (the
DM and 50 RMs) and 11 manual alignments performed
by anonymous operators who are experts in the field. We

compared the results, in terms of Procrustes distance, of
the two sets of alignments.

In the case of Amud 1, four DTAs were performed, using
either landmark or landmark + semi-landmark configura-
tions, and selecting either Shanidar 1 or La Ferrassie 1 as
the RM. We reported the result of our alignments (AMs) and
compared them to the SM (i.e., the original reconstruction of
Amud 1) by calculating the average distance between DM
and AMs, in terms of the mean Euclidean distance between
the vertices belonging to the DM and AM.

We supply the R code (Supplementary Information R
code 1) for comparison of the performance of DTA and
manual alignment. This way, the reader can manually
align the disarticulated model presented here as well as
repeat the Homo sapiens case study.

RESULTS
Primate Sample

Applying the digital alignment tool (DTA) to each of the
28 primate DMs (one male and one female individual per
species) and using the remaining 130 specimens as the ref-
erence sample we obtained 28 × 130 = 3,640 alignments
(Table 2). The results of the ANOVA test always returned
statistically significant P-values associated to the same-
species group (Table 3). The P-values for the variable “sex”
are statistically significant in 21 of 28 cases (Table 3).

The phylogenetic distance and the CS values are signif-
icantly correlated (Spearmen coefficients) with the Pro-
crustes distance between SMs and the RMs in 6 of 28 and
12 of 28 case studies, respectively (Table 4).

In 15 of the 28 cases, the smallest Procrustes distance is
observed between the DM and an RM belonging to an indi-
vidual of the same species as the DM. Among these,
11 times the RM individual was also the same sex as the
DM individual (Table 2). This result unsurprisingly shows
that individuals of the same sex and species as the DM are
the best reference for alignment. However, allometric
effects play a large role. Thirteen times (out of 28) the

Fig. 3. The two landmark configurations shown on the “cranial base” (in red) and “face complex” (in blue) 3D models (Homo sapiens case-study).

PROFICO ET AL.1108



selected RM was the same species and the closest in CS to
the DM individual, which means body size is as important
as sex in determining the reference model selection.

Homo sapiens. DTA applied to the female modern
human disarticulated skull “BOL_2548” identifies the ref-
erence specimen “BOL_2546” (another female individual)
as the morphologically closest RM (Table 5).

The Procrustes distance between the AM (built on
“BOL_2546”) and the SM (unbroken “2548”) is equal to
0.0046. The average Procrustes distance of the manual align-
ments group from the starting model is twice that much,

reaching 0.0110 on average (95% CI = 0.0079–0.0142). In
only 2 of the 11 manual alignments, the distance between
the SM and the AM is lower than the distance from the best
fit found by DTA. The range of the distances between the
manual alignments and the SM is bracketed from 0.0032 to
0.0175 (Figs. 5 and 6). The mean Procrustes distances
between the SM and the AMs performed on the comparative
sample is 0.006.

Amud 1. We applied DTA on the DM of Amud 1
using the Neanderthal specimens Shanidar 1 and La Fer-
rassie 1 as references. For each RM, we performed two

Fig. 4. Landmark (in yellow) and semi-landmark (in blue) configurations shown on the DM of Amud 1 (Homo neanderthalensis). Abbreviations:
DM = disarticulated model.
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DTAs: the first using a landmark configuration, the latter
using landmarks and semi-landmarks (Fig. 4).

The average distances between the surfaces of the SM of
Amud 1 and the AM Shanidar 1 amounts to 3.44 or 5.20 mm
using landmarks or landmark + semi-landmarks, respec-
tively. Using La Ferrassie 1 as the reference model, the
average distances are equal to 5.87 (landmarks) and
7.06 (landmark + semi-landmarks), respectively (Fig. 7).

The main morphological differences between Amud 1
and the AM built on La Ferrassie 1 regard the occipital
and zygomatic bones. As compared to Amud 1 in La Fer-
rassie 1, the lambda and inion landmarks appear shifted
inferiorly and the zygomatic shifts backward.

The neurocranium of Amud 1 is higher and broader
than in Shanidar 1, which is not surprising because Amud
1 has the largest endocranial capacity among Neander-
thals. The zygomatic processes are shifted backward and
the molar teeth larger than the AMs, as often reported
in literature (Suzuki and Takai, 1970; Heim, 1982;
Trinkaus, 2014).

DISCUSSION

Museum collections include a wealth of fossil material
belonging to living and fossil primates. This material is a
goldmine for understanding the evolution of this group.
Unfortunately, most of it comes with the burdens (in terms
of preservation quality) of diagenetic and handling acci-
dents. This is especially true of cranial remains, which are
at the same time, the most informative and (usually) the
most badly deformed fossil remains. Most fossil crania are
in fact broken, partially incomplete, and/or distorted. This
means that crucial information is frequently lost and the
general anatomy of such skulls, rather than being clearly
discernible on the specimens themselves, stands largely in

TABLE 3. ANOVA performed on the Primate case
study. ANOVA summary (P-values) performed between
the Procrustes distances (Table 2) and the categorical
variables OTU (species) and Sex. The values that are

statistically significant are indicated in bold

Species SEX OTU SEX

Alouatta caraya F 0.00 0.00
Alouatta caraya M 0.00 0.00
Alouatta palliata F 0.00 0.00
Alouatta palliata M 0.00 0.00
Ateles geoffroyi F 0.00 0.00
Ateles geoffroyi M 0.00 0.00
Cebus albifrons F 0.00 0.00
Cebus albifrons M 0.00 0.00
Gorilla gorilla F 0.00 0.00
Gorilla gorilla M 0.00 0.00
Homo sapiens F 0.00 0.40
Homo sapiens M 0.00 0.44
Hylobates lar F 0.00 0.00
Hylobates lar M 0.00 0.00
Macaca cyclopis F 0.00 0.00
Macaca cyclopis M 0.00 0.00
Pan troglodytes F 0.00 0.19
Pan troglodytes M 0.00 0.16
Papio hamadryas F 0.00 0.00
Papio hamadryas M 0.00 0.28
Pongo abelii F 0.00 0.89
Pongo abelii M 0.00 0.00
Pongo pygmaeus F 0.00 0.02
Pongo pygmaeus M 0.00 0.00
Symphalangus syndactylus F 0.00 0.00
Symphalangus syndactylus M 0.00 0.00
Therapithecus gelada F 0.00 0.00
Therapithecus gelada M 0.00 0.39

Abbreviations: OTU = operational taxonomic unit; F = female;
M = male.

TABLE 4. Correlation matrix on the Primate case study. Spearman coefficients and P-values per-formed
between the phylogenetic distance expressed as number of nodes and the Procrustes distances (Table 2) and

centroid size pooled by species. The values that are statistically significant are indicated in bold

Species Sex Phylo P-value CS P-value

Alouatta caraya F 0.58 0.03 0.52 0.06
Alouatta caraya M 0.67 0.01 0.32 0.26
Alouatta palliata F 0.45 0.11 0.53 0.05
Alouatta palliata M 0.45 0.1 0.55 0.04
Ateles geoffroyi F 0.18 0.54 0.53 0.05
Ateles geoffroyi M 0.3 0.3 0.46 0.1
Cebus albifrons F −0.21 0.48 0.55 0.04
Cebus albifrons M −0.16 0.59 0.53 0.05
Gorilla gorilla F 0.14 0.63 0.59 0.03
Gorilla gorilla M 0.03 0.93 0.66 0.01
Homo sapiens F 0.6 0.02 0.44 0.11
Homo sapiens M 0.55 0.04 0.49 0.08
Hylobates lar F 0.41 0.15 −0.34 0.24
Hylobates lar M 0.49 0.08 −0.34 0.24
Macaca cyclopis F 0.01 0.98 −0.2 0.5
Macaca cyclopis M 0.08 0.78 −0.18 0.54
Pan troglodytes F −0.25 0.39 0.44 0.11
Pan troglodytes M 0.07 0.8 0.45 0.11
Papio hamadryas F 0.26 0.38 0.2 0.48
Papio hamadryas M 0.2 0.49 0.05 0.86
Pongo abelii F 0.28 0.33 0.62 0.02
Pongo abelii M −0.15 0.62 0.57 0.03
Pongo pygmaeus F 0.07 0.81 0.59 0.03
Pongo pygmaeus M −0.05 0.88 0.55 0.04
Symphalangus syndactylus F 0.27 0.35 −0.42 0.14
Symphalangus syndactylus M 0.35 0.22 −0.43 0.13
Therapithecus gelada F 0.21 0.46 0.22 0.46
Therapithecus gelada M 0.34 0.23 0.14 0.63

Abbreviations: Phylo = phylogenetic distance; CS = centroid size; F = female; M = male.

A TOOL TO ALIGN DISARTICULATED MODELS 1111



the minds of observers. Manual reconstructions have always
provided invaluable assistance in the case of deformed or
broken specimens. Yet, they rest on the ability and subjec-
tive judgment of a few highly trained operators, which is
time consuming, prone to errors (MacLeod et al., 2010; Boyer
et al., 2015) and comes in limited availability. Fortunately, a
growing number of virtual procedures, based on digital recon-
structions of the remains, now allow the restoration of origi-
nal shapes of the fossil specimens.

Here, we propose a new landmark-based method, DTA,
to align disarticulated parts belonging to the same speci-
men, and applied DTA on three different case studies.
The first involves a large sample of extant primates and

TABLE 5. Procrustes distance calculated between:
(1) starting model (SM) and manual alignments (MA);

(2) disarticulated model (DM) and comparative
sample; (3) SM and digital alignments (DTA). The

distances referred to the specimen identified as the
best aligned model are reported in bold

Procrustes distance Specimen Type

0.00000 Bol_2548 SM vs. SM
0.00229 VA_011 DTA vs. SM
0.00270 Bol_2529 DTA vs. SM
0.00315 VA_030 DTA vs. SM
0.00320 Bol_2548 (DM) MA vs. SM
0.00331 OL_1192 DTA vs. SM
0.00375 Bol_2543 DTA vs. SM
0.00379 OL_1197 DTA vs. SM
0.00382 OL_1214 DTA vs. SM
0.00393 OL_1112 DTA vs. SM
0.00413 Bol_2553 DTA vs. SM
0.00428 Bol_2552 DTA vs. SM
0.00432 VA_014 DTA vs. SM
0.00437 Bol_2548 (DM) MA vs. SM
0.00441 Bol_2545 DTA vs. SM
0.00452 Bol_2538 DTA vs. SM
0.00452 Bol_2536 DTA vs. SM
0.00466 Bol_2546 (Tool) DTA vs. SM
0.00471 Bol_2532 DTA vs. SM
0.00501 Bol_2530 DTA vs. SM
0.00519 OL_1068 DTA vs. SM
0.00520 VA_022 DTA vs. SM
0.00529 Bol_2541 DTA vs. SM
0.00549 Bol_2535 DTA vs. SM
0.00564 Bol_2537 DTA vs. SM
0.00566 Bol_2531 DTA vs. SM
0.00574 Bol_2550 DTA vs. SM
0.00578 OL_0794 DTA vs. SM
0.00586 VA_020 DTA vs. SM
0.00587 Bol_2542 DTA vs. SM
0.00597 Bol_2540 DTA vs. SM
0.00611 OL_1428 DTA vs. SM
0.00613 OL_1193 DTA vs. SM
0.00640 OL_0886 DTA vs. SM
0.00651 Bol_2525 DTA vs. SM
0.00658 Bol_2524 DTA vs. SM
0.00660 Bol_2527 DTA vs. SM
0.00684 VA_029 DTA vs. SM
0.00708 Bol_2533 DTA vs. SM
0.00711 Bol_2551 DTA vs. SM
0.00720 Bol_2546 (Tool) DTA
0.00724 Bol_2548 (DM) MA vs. SM
0.00748 OL_1282 DTA vs. SM
0.00749 OL_0866 DTA vs. SM
0.00755 Bol_2540 DTA
0.00758 Bol_2542 DTA
0.00766 Bol_2531 DTA
0.00767 Bol_2527 DTA
0.00776 OL_0869 DTA vs. SM
0.00786 Bol_2529 DTA
0.00806 Bol_2530 DTA
0.00826 OL_1199 DTA vs. SM
0.00836 Bol_2547 DTA vs. SM
0.00859 Bol_2552 DTA
0.00865 Bol_2543 DTA
0.00867 Bol_2548 (DM) MA vs. SM
0.00879 Bol_2553 DTA
0.00879 OL_1187 DTA vs. SM
0.00880 Bol_2532 DTA
0.00898 Bol_2528 DTA
0.00901 Bol_2541 DTA

(Continues)

TABLE 5. Continued

Procrustes distance Specimen Type

0.00902 Bol_2538 DTA
0.00916 Bol_2550 DTA
0.00925 Bol_2525 DTA
0.00940 Bol_2537 DTA
0.00949 Bol_2545 DTA
0.00957 Bol_2544 DTA vs. SM
0.00958 VA_013 DTA vs. SM
0.00964 Bol_2524 DTA
0.00966 Bol_2536 DTA
0.00998 VA_033 DTA vs. SM
0.01016 Bol_2544 DTA
0.01042 Bol_2551 DTA
0.01070 Bol_2539 DTA vs. SM
0.01099 Bol_2547 DTA
0.01099 VA_031 DTA vs. SM
0.01108 Bol_2548 (DM) MA vs. SM
0.01109 Bol_2535 DTA
0.01111 Bol_2533 DTA
0.01138 Bol_2539 DTA
0.01158 Bol_2526 DTA vs. SM
0.01212 Bol_2526 DTA
0.01212 Bol_2548 (DM) MA vs. SM
0.01370 Bol_2548 (DM) MA vs. SM
0.01396 Bol_2528 DTA vs. SM
0.01404 Bol_2548 (DM) MA vs. SM
0.01465 Bol_2548 (DM) MA vs. SM
0.01544 Bol_2548 (DM) MA vs. SM
0.01752 Bol_2548 (DM) MA vs. SM
0.04986 VA_011 DTA
0.05373 OL_1282 DTA
0.05476 OL_1197 DTA
0.05664 OL_1199 DTA
0.05993 VA_029 DTA
0.05997 OL_0866 DTA
0.06039 VA_031 DTA
0.06064 VA_033 DTA
0.06078 OL_1428 DTA
0.06157 OL_1112 DTA
0.06208 VA_022 DTA
0.06257 OL_1068 DTA
0.06425 OL_1193 DTA
0.06434 OL_1192 DTA
0.06516 OL_0869 DTA
0.06729 OL_1187 DTA
0.07142 VA_013 DTA
0.07168 OL_1214 DTA
0.07233 OL_0886 DTA
0.07274 VA_014 DTA
0.07314 VA_020 DTA
0.07337 VA_030 DTA
0.07933 OL_0794 DTA
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provides an exhaustive application with more than 3,600
DTAs being carried out. This made it possible to quantify
DTA performance, and assess the importance of sex, size,

and taxonomic identity in providing the best reference
model in guiding the alignments. We found DTA perfor-
mance is influenced by taxonomic affiliation, sex, and CS. In
particular, the individual within the RM set often coincide
with the species identity, sex, and size of the target. Hence,
phylogenetic and allometric effects, together with sex differ-
ences, play a crucial role into identifying the appropriate ref-
erence model for DTA. However, a large RM set always
grants DTA will find an ideal reference model to properly
reconstruct the target shape.

We directly compared DTA to manual alignments in
our second case study, a Homo sapiens skull broken in
two halves. DTA performs better than manual alignments
on average. However, there are a minority of manual
alignments that work better. These results suggest that
DTA works almost as well as expert-based reconstruction,
which is fundamental in situations where the handling of
fossil items is difficult, dangerous (because the specimen
is delicate), or simply unavailable. This is especially true
of rare, exceptionally important fossils such as BOU-VP-
12/130 (Australopithecus garhi) (Asfaw et al., 1999), AL-
442 (Australopithecus afarensis) (Kimbel et al., 2004),
OH5 (Paranthropus boisei) (Leakey, 1959; Benazzi et al.,
2011), ATD6-15 and ATD6-69 (Homo antecessor)
(De Castro et al., 1997), Amud 1 (Homo neanderthalensis)
(Suzuki and Takai, 1970; Amano et al., 2015), Le Mous-
tier 1 (Homo neanderthalensis) (Klaatsch and Hauser,
1909; Thompson and Illerhaus, 1998; Ponce De León and
Zollikofer, 1999; Ponce De León, 2002), and the Neander-
thal infant from Mezmaiskaya (Gunz et al., 2012).

Our third case study used DTA on the Amud 1 Neander-
tal skull. This alignment is complicated by the fact that the
two cranial portions of the skull are not contiguous, leaving
a large gap of missing bone below the orbits and around the
nasal cavity. The independent, expert-based restoration

Fig. 5. Boxplot of the Procrustes distances calculated between the
landmark configuration sampled on the original 3D model used as case
study (continue line), the manual alignments (MAs), the landmark con-
figurations obtained aligning the two halves on a comparison sample
(RMs), and the digital alignment performed by the tool (dashed line).
The differences between the means of the groups MAs and RMs are
statistically different (P-value <0.001). Abbreviations: MAs = manual
alignments; RMs = aligned reference models.

Fig. 6. DTA applied on Homo sapiens case study. On the left, the AM after DTA (yellow) and the starting model (white). On the right, the vertex
displacement showed on the AM. Abbreviations: DTA = Digital Alignment Tool; AM = aligned model.
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(Suzuki and Takai, 1970) we used to verify our digital align-
ment is a mere 3 mm different from the DTA product.
These results confirm the usefulness of DTA as a technique
for aligning broken fossil specimens and accessing the three-
dimensional shape of otherwise troublesome, hard to access
material, while also providing the fine details which digital
models make available. As compared to other tools enabling
the morphological analysis of 3D articulated structures
(e.g., Vidal-Garcia et al., 2017), DTA is more flexible and not
constrained to rigid rotations.

In virtual anthropology, most reconstructions use a col-
lection of living primate skulls as a reference. Building a
sound reference sample can be difficult when conspecifics
of the same age and sex are not available or otherwise
easily identifiable. For example, in 2009, Gunz and col-
leagues reconstructed the Taung child (Australopithecus
africanus) by TPS warping using a juvenile chimpanzee
cranium as the RM (Gunz et al., 2009). Although conceiv-
able, this was not necessarily the best option for the fossil

reconstruction. The DTA procedure proposed here allows
the user to select the closest specimen to the target mini-
mizing bias in the virtual restoration procedure, thus
bypassing the need for using a subjectively chosen RM
which could be severely misleading.

The results of the primate case study highlight how crit-
ical, and tricky, the choice of the RM could be. Contrary to
expectation, specimens of close phylogenetic affinity are
not always the best choice. Allometric factors or conver-
gence, such as in the case of the highly specialized vocal
tracts in Pongo and Alouatta (Biegert, 1963; Shea, 1985;
Profico et al., 2017; Fiorenza and Bruner, 2018) may in
fact influence cranial morphology and show how challeng-
ing the choice of an appropriate RM can be. Even when a
large comparative sample of the same species as the DM
is available (as in our Homo sapiens case study), the per-
formance of the DTA varies greatly across RMs, suggest-
ing that allometric and sex effects are always highly
influential.

Fig. 7. DTA applied on Amud 1 using respectively La Ferrassie 1 (A, C) and Shanidar 1 (B, D) as reference. DTA was applied using landmark (A, B)
and landmark + semi-landmarks (C, D). Abbreviations: DTA = Digital Alignment Tool.
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A few generalizations emerge from this study, which
introduces a new and powerful tool for the alignment of
disarticulated cranial material. First, when available, it
is appropriate to use a specimen belonging to the same
species and sex of the disarticulated model as the
RM. Although DTA could be used to select the RM, this
must be taken into consideration when confronting a lim-
ited number of reference items. Second, although manual
restorations of the original shapes of fossil skulls are often
highly accurate, this study demonstrates that DTA is at
least as precise and accurate as manual alignments but
gives the advantages of being cheaper, faster, and provid-
ing unrestrained access to the aligned digital model. The
alignment of Amud 1, which differs by only 3 mm from the
original restoration, demonstrates the utility and accuracy
of DTA on a real case study from the human fossil record
and the potential importance of DTA for use in future
studies of fragmented fossil crania.
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