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1 Introduction

2 Data Acquisition

The design and applicability of computational approacbesaifialysis of anthropological
artifacts is dependent on the quality of the data regardiegpecimen. The technology is
available to retrieve high quality three-dimensional nledé excavated objects, however,
widespread use is often limited by cost or portability of $ppecimen and data acquisition
tools. In this section the common data acquisition techesgare presented. A basic
explanation of the methodology is provided along with itsaattages and limitations.

2.1 Plain Film Radiograph

Radiography was first applied to archeological studiesiwithyear of its discovery over
two centuries ago (11). To create a plain film radiograplo(edled a Roentgenograph)
the fossil is placed between an x-ray source and x-ray $endilm. Radiation passes
through less dense areas while it is absorbed and scatterba more dense material.
As a result, all structures in the path of the x-ray beam apesmposed in the image.

Given the low contrast resolution and the superimpositiamyndetails are difficult
to distinguish, however, the high spatial resolution of ittnage was advantageous for
analysis. The ease of use, portability and affordabilitylenthis technique common for
specimen documentation and analysis, in particular in @ative anatomy of primate
cranial form (30) as shown in Figural

Widespread use of conventional radiography is also foupdieoradiological studies
of mummies (11). Simple x-ray techniques allow for a virtuatressing of the mummy
without cubersome transportation of the specimen, thesggfaain film radiography is
encouraged for preliminary analysis (11). An applicatidrptain film radiograph to
mummified human remains is illustrated in Figure 2.

Plain film radiography has two significant disadvantagegstfthere is a lack of
detail due to the superimposition. Second, variable distois exhibited in the images
since x-rays emerge from collimators as a diverging corfieam. Although this can
be corrected to some degree with the appropriate set-uphanase of-transmitgs with
parallel beams, it is more common to use an alternative ingatgchnique -computed
tomography in particular. When applied to palaeontologypventional radiographs have
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Figure 1: Imaging oHomo ergastecranium from Spoor et al. (30 Lateral plain film
radiograph. i§) Parasagittal CT scan. The superposition of structurdseigdadiograph
restricts the ability to distinguish details such as the m@mals of the molars (indicated
with the arrowhead) and the structures of the bony labyimitiicated with the arrow).
Unlike radiography, CT scans can distinguish betweenlfossiphology and higher den-
sity sedimentary matter. Although not particularily cléathe non-specialist reader, this
is apparently noticeable in the maxillary sinus (indicatgith the asterix). Bar, 10 mm.

a further limitation: archeological specim e ofteated with sedimentary material
which is of higher density than the fo%s locking mpbological information.

Inherent to the superimposition effiéct plain film radiodgrapllows many structures
to be compared in a single image. Spoor et al. (30) reasohshiisgplanar projectior%]
of specimens has resulted in the portrayal of evolutionaenges as a two-dimension
rather than a three-dimensional process. Despite theagni#ly and use of three-dimensional
data acquision tools, two-dimensional analysis remaiasitrm.

2.2 Computed Tomography

Developed in the early 1970s, computed tomography was yugckbraced by acheol-
ogists. In computed tomography (CT), an x-ray source anday af detectors rotate
around the specimen obtaining 2-dimen%}1l densitiyymédion for a slice shaped vol-
ume. For each slice, a fan beam of x-rays are transmittedglrthe object and the level
of attentuation observed by the detectors provides alisariptformation which indicates
material density. Multiple slices are captured as the xs@yrce and detector are shifted
along the length of the object, and combined these slicedage@-dimensional density
information about the scanned object. A simplified diagrdrthe process is shown in
Figure 3. Example CT images are shown in Figures 1 and 2.

CT scanning avoids the problems associated with superiitiggoand measuring the
attenuation in multiple directions removes parallax disto artifacts. Although the spa-
tial resolution is lower in cross-sectional CT images thamplain film radiographs, the
contrast resolution is superior. In palaeontological mapilons the increase in contrast is
especially useful for capturing the small density differeswhich distinguish sediment
from bone. However, highly-mineralized or sediment filleddils imaged with regu@
medical CT scanners often produce results with large ansmfmoise or streaking arf-
facts. These artifacts are due to the overall density or masseding the normal range
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Figure 2: The lateral plain film radiograph of the Sulman Muynskull shown on the

left. The ovals highlight density differences which prostthe first indication of foreign
objects on the mummy. This image illustrates the advantagbah spatial frequency
of conventional radiographic images. In the axial CT slitéhe Sulman Mummy skull,

shown on the right, the confirmation of beads is indicatedeyatrrow. Both images from
Garner et al. (11).

found in patients.

The spatial resolution of a CT image depends on the geométityeox-ray beam,
although it is more often limited by a combination of the fiefdview and the number of
pixels in the image. Medical CT scanners acheive a spasalugon of approximately
0.3-0.5mm along the planar surface of the image and 0.5+h.perpendicularly due to
the thickness of the cross-sectional volumes. Micro-Chsess provide a much higher
resolution, typically obtaining square voxels betweerDDtan depending on the size of
the specimen.(30)

Micro-CT scanners often operate differentlyfhat standaaedical CT devices. Typi
cally micro-CT scanners operate in the order of minutes lpgs,sather than seconds.
many devices the specimen is rotated instead of rotatingdbece and array of dectors.
Alse;nej all micro-CT scanners use a line of detectors tosuesathe x-ray attenuation.
Some scanners use an image intensifier which interceptsréaephotons, converts them
into visible light photons, and amplifies the light signab)3 The radiographic images
from multiple directions are recorded using a framegraldebtain a 3D volume. Due
to a limited dynamic range, image intensifiers cannot camuarall differences in contrast
therefore they are no longer useful for paleoanthropokdgipplications which require
the contrast difference to isolate sediment from mineealizone (30).

Micro-CT scanners are not necessarily required for an aisabf bone density (22).
Localized patterns of high apparent density are not alteigatificantly when using reg-
ular CT scanner instead of micro-CT scanner, despite tharddge of increased spatial

resolution (2). For this reason, and due to %@aaﬂdiigher cost, micro-CT tech-

nology is not widely used in the recent literatu=
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Figure 3: Diagram from Spoor et al. (30) illustrating thengfpalg of CT scanning. The
source (x) emits a fan beam of x-rays (b) and the array of tte¢d) rotate about the
specimen and measure its attenuation within the a crosmsakvolume (s).

2.3 Magnetic Resonance Imaging

To obtain-ap Magnetic Resonance Image (MRI), the objectasqul in a strong static
magnetic field which aligns protons. A sequence of radiafesqy pulses are sent to
flip the protons into a higher energy state and when the pualsase, the protons return
from the higher energy state to their original unexcitedestamitting the difference in

energy. This energy, or magnetic resonance signal, is readdwoil and mapped onto
a 2D plane (or occasionally a 3D block). The intensity of tlgmal reflects the local

proton concentrations and their chemical environmenthécbntext of human imaging,
different tissues exhibit different concentration of fatlavater, which emit MR signals
of different intensities. Relative to soft tissues, mitigead bone emits a signal of very
low intensity therefore appearing as a void in the image.

MRI technology and its applications are complementary tws¢hof palaeoanthro-
pological research veral ways. Research into the catipaand functional rela-
tionship between st-Tissues and bone morphology withiment populations provides
data which can be mapped onto ancient specimens and useddtl paiential biome-
chanical properties (19). Also, patterns in ontogeneti@tpment, largely studied with
high-resolution MR}, could potentially provide valuable insight into the meaisans of
phylogenetic change (10).

2.4 Laser Scanning

Laser scanning has been used for decades to extract timesslonal surface models[;%
objects. The devices are often portable and more acceskdniemedical-CT scannely-
Unfortunately the surfaces extracted are generally exdhemoisy. The results rarely

IHigh-resolution MRI (hMRI) scans provide spatial resautiof approximately 156-3Q0m in-plane and
300-60Qum in slice thickness. Clinical MRI units provide in-planeasipl resolution of 0.7-1mm with a slice
thickness of 1-3mm. The higher-resolution requires theafiséronger magnetic fields and significantly longer
imaging times -as much as 24 hours for a specimen.
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reveal a closed manifold and often exhibit holes or surfagessect. Also, typically only
one side of the object is captured. Despite these shortgeiaser scanning remains

prevalentin the literature, used-as+eeently as (38).

2.5 Contact devices

Three-dimensional coordinates can be measured usimigat digitizers, such as a
pointing stylus which electromagneticlly provides tefalocation and orientation with
0.5mm accuracy (20). Coordinates are measured either fieroriginal specimen or a
stereolithographic replica of the virtual reconstruction

Although common in the literature (12; 16; 20), contact desihave several lim-
itations. Obtaining landmarks in this way is extremely tedi (38). Many-speetngn
recovered over the last century, which are still under aislyhave undergone multiple
reconstructions resulting in s e damage which addsendiloreover, some of these
speetme remain in inaccura&?zmlysical reconstructionshwgrohibit access for certain
measurements (an example is shown Figure 5). Furthermmalyss of interior regions
such ast {nuses and the molar cavities, cannot be adeeiissurface-based devices
(33; 41).

3 Post-processing

3.1 Merging Computed Tomography Data

Computed tomography scans consist of multiple two-dinmmradislices of a matrix of
density values. For paleontological applications, imafjeriing is used to isolate the
fossil from the surrounding sediment in the matrix in eacb-timensional slice. Simple
thresholding is often used to isolate the-bene-hewevertmsartifacts around edges of
the specimen-due-to because spongious bone around theeshiaiaea lower density (36).
Interactive data segmentation tools are generally usetdtating the fossil fragments
from the background (41). Techniques for isolating art§doom CT scanned data is an
area of research unto itself and is not described thorougtthis review.

3.2 Thin Plate Splines

When contact digitizers are used to extract landmark poston fossils, thin plate splines
are commonly used to create surface models with the landn@rkcontrol points. The
accuracy of the resulting three-dimensionat-medek-degendhe number of landmarks
used in the approximation.

Thin plate splines are also commonly used to handle missitayid virtual models(5;
23, 41). For statisticat-aralygis of multiple-speeie(==ngues such as principal com-

ponent analysis require an equal number of land . Henyveome fossils are in-
complete. Estimating location of landmark dropouts 819 the mean of all other
specimen is unbiased, but underestimates standar ing thin plate splines and

fitting the missing position to minimize the-eiffergnt in luéng energy between the spec-
imen and the reference image is statistical more robust.ekample, Ponce De loa”
et al. (23) estimate the endocranial volume by applying eefttimensional thin-plate
spline morphing to approximate missing fragments. Two sEpaappreximatign were
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obtained by morphing a modern human skull and a well-preseNeanderthal speci-
men. By fitting available corresponding landmarks on thecispen skull, the missing
landmarks were assumed to correspond to those of the mosghés.

4 Reconstruction from fragments

Excavated historical artifacts are rarely found in theigioral state. Archeological finds
are commons below the surface of the ground and therefojectub pressure from the
overlying strata. Context largely influences the effectafimentary deposits on the post-
burial modification of skeletal remains and cultural adig& Alterations of the original
chemical and structural properties of a specimen are gedeby -diageresis—the-ele-
mentg| and mineralogical composition of bone, the envelgpbil, and the groundwater,
climate and geological conditions in the local burial eadiment (39). Depending on the
context, a specimen might undergo plastic deformatiortdire into scattered fragments,
or both.

Reconstruction of excavated artifacts involves not ongstablishing the spatial re-
lationship of scattered fragments based on anatomicatamatis, but also correcting the
sequence of post-burial alterations and deformationsvierse temporal order (24). The
reeontruetio process aims to determine the in vivo statgigmal form of the specimen.

There are-numberpf fragment features-which have been uggdde the reconstruc-
tions process (25; 13; 21; 23; 15; 14; 41). The shape of thiedoredge and the resulting
fracture surface is likely to match and unlikely to inteitsir neighbouring segments.
When reconstructing hollow artifacts, the thickness offtagments can be considered.
The object surface can provide spatial information thraihgttexture, superficial patterns
or markings, and expected smoothness. The robustnesssefféstures depends on the
geometry and surface properties of the artifact, the nurobmissing fragments, and
quality of the preservation. Some reassembly algorithragdly automated (21; 25)
while others rely on regular input from experts in the fielther for verification (15; 14)
or to guide reconstruction (23; 41). Informatien-which-gasebxperfs such as surface
properties of the fossiHragmentspreviging informatiegarding the mechanical proper-
ties of fossilizing bone under loading conditions. Fraetufiorm in the presence of resis-
tance against plastic deformation, where the peak foreetoaalized within the cracks
and parts are dislocated rather than distorted. Convelsslyfragmentation and dislo-
cation is generally indicative of plastic deformation. §imformation is used to guide
expert users in computer-assisted manual reconstru@g)n (

4.1 Fractured surfaces

The state of the art procedure for reassembling broken tstigea collection of algorithrs
which match fractured surfaces to successfully reconsthecoriginal form (13). The
procedure assumes minimat-eretjon, such that fracturddes still contain sufficient
similarity in terms of surface roughness and shape. It s@tsumed that the original and
fracture-faces-g(e sufficiently differentiable to allow fecognition using-the-eentrgst in
roughness.

To classify surface types of the fragments, the user mansalects-peit from each
set of surfaces. A supervised learning procedure buildatesstal model of the bend-
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ing energy over the local neighbourhood which is used cheariae classes of surface
roughness.

Pairs of fractured surfaces-are matched using clusterstctfi@awith similar surface
roughness-with-multireselatipn correspondeneesused nobust verification. Pair-wis
correspondences are pruned based on the comparision ddsiter @rincipal component
and the geometric consistency of the matches. For all réntgpairs, the transformation
required to fit the matching surfaces is computed. Using ptgbesed approach, cycles
with compatible transformations are found to ensure glaoalsistency of multi-piece
matches. During this procedure, collision detection is leygd to prevent penetration.

Given a confirmed match, constrainee-simuitatagous registr is performed to set
fractured pieces into their final alignment. This registnais formulated as a-guadragtic
optimization problem with linear non-penetratien-cosimits, Finally, registered frag-
ments are merged into a single virtual fragmenyj are the piweeis repeated to find
further global matches.

Huang et al. (13) solve the solve the reassembly problertigpriesented. However
it is questionable whethersgch a procedure would be dyragiplicable to excavated ar-
tifacts or fossil-speeimen. Due to erosion and deformatiomfragmented surfaces alone
might not provide sufficient information to reassemble thgot. Also, often fragments
of the fossil are not directly connected. Although the ailpon allows for missing data, it
would not be able to position and orient single fragmentbet a model of the surface
shape or an estimate of the profile curves as usetheySHAPE Lalin their reconstruc-
tion algorithm specialized for fragmented p@&3( In conjunction with manual guidance
from an expert or by incorporating a more detailed model ofage shape, deforma-
tion and marking, the approach used in Huang et al. (13) reapalkentially to greatly
faseilitatg reconstruction procedures.

4.2 Archeological applications

An ambitious archeological projeetwhjch has been ongoargénturi the recon-
struction of the Severan Marble Pan of Rome (Forma Urbis Rymdf€h depicts the
ground plan of every architectural feature of the anciegtadwn to the detail of internal
staircases. Only ten percent of the map still survives aathtthich remains is fractured
into over a thousand pieces.

Three-dimensional models of the marble map fragments weraated using a high
resolutionHazgr scanner and photographs. The inscribgdamahe surface of the frag-
ments-has-begn the primary source of informatiep for mageHinagment thickness and
marble veining directions are also useful indicators, abéssmoothness of the under-
lying surface. Moreover, clamp holes, straight slab edges, wedge holes on select
fragemenis provide position and orientation informatieg the constraints on the orig-
inal map wall.

A natural approach would be to attempt reassembly by autorfeatture extraction.
Instead, the fragments were manually annotated: the boymdaeach fragment was
traced and the topographic features, including the waliufes, were labelled. Using
these labels, pairs of fragments are compared and scored bashe number of matching
aligned features. Those with the highest scores are retumthe user for verification,
after which they can be considered as a single piece andgbstaim is reiterated. Similar
topographic features and wall features are searched-foitmimdependently queries.
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Multivariate clustering is also used to identify potentightches by grouping fragment@
based on thickness, marble veining direction, and undeglgurface roughness.

Treating each type of feature independently and consigeritly pairs of matches
seems limited, as does relying on expert verification atyeieration. Recent automated
matching has been shown to be successful on seemingly ttiffeses (13). Due to the
erosion of the fragments, fractured surface-based magetes not considered. However,
given the fragments shown the most recent algorithm fortdirecd surfaces (13) might
be prove to be helpful. As mentioned-egrly, incorporatingensurface data into the
reconstruction algorithm of Huang et al. (13) could siguaifity contribute to the Forma
Urbis Project @ 15). Since both research projeetsfrom-Stang{ford, one waxpect such
work in the near future.

Archeological applications have inspired reassemblyrilyms specialized for cer-
tain types of artifacts, such as label dependent algoritfirtes 14) or shaped specific
algorithms @ ). Other approaches have been developed for arbitrary tsiff2t), culmi-
nating with the work of Huang et al. (13), as discussed abeW&h incorporates ma%]
of the earlier techniques while using more robust verifaaproducing the best results.

4.3 Paleoanthropology applications

In the reconstruction of skeletal fossils, anatomicaldesd and bilateral symmetry are
used to recontruct the specimen. Current reconstructedmtques in paleoanthropoloty
ar@isted by computational tools, such as symmetriogqiions to facilitate align-
meng nowever they are predominantly manual relying hgawil the expertise of the
user. Computational reconstructions aim to minimize syat& bias such as classifica-
tion assumptions and establish an essentially self-nefi@ateeconstruction, maximixing
to use of intrinsic information while only including essehextrinsic data (23).

Zollikofer et al. (41) used two re ruction protocolsg¢oonstruct a virtual model
of the skull fossil, TM266. The fragments obtained with a €C&rs, were repositioned and

ient to restore morphological continuity along fraets, suture and other anatomical
features within and between bones. Both reconstructidmiga e predominantly
manual and both assume a linear model for the correctiorpbbiaic distortion.

In the first approach, symmetrical and parallel anatomeatifres shared by all m
mal crania were used to position and orient each fragmekipganto consideratio
the constraints imposed by visible well preserved templarek. When reconstructing
with visualization software, isolated parts are mirroaged and directly compared with
opposite well-preserved parts. Superficial charactesigtn particular, wear of the den-
tition or sutures along the surface) are used for alignmVvell-preserved regions are
used-gs primary anatomical compass to adjust other positiGonstraints are provided
from nearby fragments and known anatomical features. \fimatan of complex spatial
relationships between fossil fragment can be facilitatéd the use of stereo glasses and
a stereo screen (23). To compensate for a lack of tactilerirdtion, physical verification
can be done at different stages of the reconstruction psabesugh stereolithographic
models.

Inthe second approach, fragments were positioned andedeslative to one another
using stepwise reduction of degrees of freedom. Translatidegrees of freedom were
first reduced, establishing morphological continuity begw fragments along matching
fracture lines. Rotational degrees of freedom betweercadjdragments were reduced
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Figure 4: Average reconstruction of TM 266 cranium from &aoifer et al. (41).

by step-wise inclusion of fragments into the reconstrurctmlowed by iterative adjust-
ments until a symmetrical integrated morphology was a@tkeihis approach was used
to orient left and right sides relative to each other and tlillae relative to midface.
Almost complete preservation of TM266 largely facilitates geometric reconstruction:
contact between neighbouring fragments largely consrdia position and orientation
of individual parts and bilateral symmetry-censtrajingsdkerall morphology.

To verify the reliability of partial reconstructions, ardség the-prepegatign of local
errors into the global reconstruction, anatomical sulmegiican be arranged indepen-
dently instead of performing virtual reconstruction on tassil as a whole (23)—A4s an
evaluation of the results, Zollikofer et al. (41) resonsted the face and braincase in-
dependently and then assembiegl by using anatomical cdg;muCommon anatomical
eentruets can also be used to verify the validity of a recoiesion. Zollikofer et al. (41)
fing the posterior maximallary plane to be approximatelyppedicular to the neutral
horizontal axis of the orbits, as is the case in all mammals.

Despite a predominantly manual procedure, the varianaedeet the reconstructions
can be comparatively small. Zollikofer et al. (41) found thegest differences within
0.9mm, 1.1mm, and 2.3.mm -the average reconstruction isrsioFigure 4.

The virtual reconstruction of Zollikofer et al. (41) encaered several features which
differ from earlier reconstructions: wider cranium, odtapcontour is rounder sagitally,
face is superiorly taller and relatively vertical, and a devard lipping of nuchal crest.
In earlier work by Brunet et al. (8), estimated measuremarggyiven from a prelimi-
nary three-dimensional reconstruction, however, theilded&the reconstruction are not
provided. The original sediment filled remains are shownigufe 5.

4.3.1 Correcting Deformation

Fheg reconstruction should enable the identification ofgsatt of in-vivo, postmortem,
and postrecovery modifications, and analyze their impadbssil skeletal structures. In
vivo, or epigenetic, alterations include natural modificatsuch as asymmetry-inedrrng
through development or behavioural modification, pathialogodification from congen-
ital malformations or traumatic injury, and artificial méidation such as culturally moti-
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Figure 5: Original state of TM 266 cranium from Brunet et 8)). (

vated deformation. Postmortem alteratiens-rg|ude bickignodification resulting from
predation, sc girgsor culturally motivated actiorehsas multiple burials, cremation,
or cannibalisr; diagenetic modification resulting from -génysical processes, such
weathering, embedding, remineralization, taphonomiomeétion, tectonic events, an
proces modifications resulting from removing the fidssim it original surrounding
materiak preservation by means of chemical treatmentkseariier reconstructions. Dis-
tinguishing between the biological and the geological eadsr fossil distortion is often
a source of debate-within-{he paleon ical research (Bifluences which cause de-
formation are-eemplex;-diffieyt to isol nd the procassamplicated by the fact that
the deformation order is reversed.

The full diagenesis process is extremely complex therefarely incorporated into
fossil analysis. Observed compression of a fossil indugethe pressure of overlaying
strata, either from gravitational force or lateral tetostiift, will depend on the orientation
of the fossil relative to the strata . Even considering ondynaple underlying diagenetic
model, the same ultimate fossil geometry can be broughttaipouarious transforma-
tions starting from various original forms (23). In palet@opology, a simple linear
deformation model is a commonly interpreted as the sourdapifonic alterations and
the remaining nonlinear deformation is attributed to inovalterations(23; 41).

A@ical knowledge facilitates the verification of pdtahin vivo alterations. Ponce
de Leoh et al. (23) concluded that asymmetry found.ia Moustierwas due to in vivo
tramg from hints of bone resorption on the surface, a lackadien within the area in
guestion, and anatomical asymmetries exhibited in neaipns which frequently ac-
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company impact from injury in adolescent modern humans.

Supporting evidence for in vivo trauma could be identifiethgsa more detailed
model of the fossil and a simulation of impact. The shape agusitly of a bone is
correlated to i@tential for load bearing during thetiifee of the organism (22) and
weight from stata post-mortem. Expert diagnostics arelimlde and far surpass what
can currently be acheived with computers. Nonethelessilations using accurate bone
models would contribute supporting physical evidence fi@irthypotheses regarding in
vivo trauma and taphonimic distortion.

5 Statistical Analysis

Traditional morphometric analysis applied multivariatatistics to linear distances, ra-
tios, counts, and angles. Unfortunately, these standaabsunements provide only a
limited description of shape. Size correction is requir@dmpto comparision and the
paleoanthropological community lackee-eeneefisus on aatdrtechnique (1). More-
over, the accur%%f shape comparisons based on lineandes is somewhat question-
able. HomologoUs correspondences could not be expectedkxkmple, the maximum
distance-is cannot be defined by homologous landmarks dmtacation-is-ehanggs be-
tween objects. Relative location of distance measures vlasmeasured:-therefose, iden-
tical measures could result from different shapes. Thaligkstance shape statistics do
not preserve geometric relationships.

The fundamental shift in the methodology for comparativalgsis of biological
shape and deformation has been called the geometric momrghiomevolution (1). The
change was motivated by ideas introduced by D’Arcy Thompsdr®17(32). However,
these concepts were not formulated mathematically untlkiBtein et al. ? ) and the use
of these morphometric tools did not prevail urtitepde was#atg to the anthropological
community by @ ).

5= : igjn, rather than measuring sets dadies between homol-
ogous features, configurations of featureg are considereédialyzed statistically as an
ensemble (40). Analyzing the geometric information abbatrelative feature positions
provides a more comprehensive and comparable analysispésh

5.1 Features
5.1.1 Landmarks

Landmarks are selected to provide correspondences anebthé&ciliate comparison.
Based on knowledge of-comparifive anatomy and developrhbisiagy, the locations
chosen are considered developmentally homogeneous. ibosatre typically selected
such that they are homologous acress-spegjmen, based amacgitstructures that per-
form the same function for different biological species ethe d from a common
aneestqr species (7). Moreover, for an informative shapdy ndmarks should be
optimal descriptors. This introduces issues with respettaindling missing data when
performing statistical shape analysis, since optimal stdgscriptors are not necessarily
homologous.

Landmark placement and correspondence assignment camé&dnsuming, even
with the assistance of specialized software. As a resulhtimeber of landmarks is often
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Figure 6: A full set of 853 landmarks placed on the scannesigraf an Old Worl
Monkey. These were landmarks, created in-the-speeijjazidda@, used 45 are sin
points, 32 curves and 9 surface patches. (38)

te-few to capture an accurate shape description (38).

Sliding landmarks were introduced by Bookstein et &. )( to better capture the
shape changes between the landmark locations. Followasy Eguares alignment of
the homologous landmarks, a collection of semi-landmarkgtaced along the object
outline or surface to capture the shape between pre-exiimimarks. These semi-
landmarks are fixed in position on the reference object aiftedhalong the outline or
surface of each specimen, in an order preserving manndértheyt are optimally fit to the
corresponding reference points with respect to the tamgdeast squares error. The use
of semi-landmarks provides a much richer description opsh(aee (38) relative to (23)).
Given sufficiently similar shapes, such as the skulls fronoues species of monkeys, the
sliding step is notreguired—using evenly spaced semiraniis suffices (38).

5.1.2 Salient Lines

Using continuous lines directly captures the shape of thfase, instead of using discrete
landmark-based methods which require splines to subséyguwproximate the shape.
Salient lines along the object surface have been explorsdagse descriptors for skeletal
fossils (3P ), similar to wires deformers (29). These lines, known astciees (31),
creases or ridge line® (), are defined by the extrema of principal curvature with the
largest absolute magnitude. Salient lines have been tescmanually allowing the user
to choose features which incorporate anatomical knowledgscribe the morphology,
and correspond to homologous regions(4). Automatic etitnaof crest lines captured
many of the anatomical ridges incorporated in the manualagmh. Unfortunately, the
results also included a significant amount of spurious datdlustrated in Figure 7. Also,
independent extraction of features on each skull no longerantees correspondence
aresulting in a complicated matching process. Nonethdiessesults of matching crest
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Figure 7: Crest lines automatically extracted from two stalspecimen: Modern Man
(536 lines and 5756 points) shown above and Man of Tauta8@ll{Bes and 5417 points)
shown below. Crest line do extract salient features, hownay also attract a signifcant
number of other suprious features. Correspondences betivese crest lines are difficult
to determine, for example, the pairings (P1, Q1) or (P2, Q2).

lines and morphing the shape between the skull is visualpréssive (17).

5.2 Alignment

The use of landmarks prevails throughout the paleoanttogpal literature and as a
result, statistical methods are predominantly landmaeld. Landmark homology is
assumed to be known.

5.2.1 Procrustes Superimposition

In physical anthropology, pairs of specimen are commolidyald using procrustes super-
imposition. Using this aligment procedure, one shape isehas the reference shape.
The other shape is translated to the common origin, theredcahd rotated to mini-
mize summed squared interlandmark distances (called i@ ystes distances). Unfor-
tunately, minimizing pairwise procrustes distances daggproduce an optimal multiple
alignment. To obtain a multiple alignment, a concensusfareace shape is determined
onto which all specimen superimposed -a procedure calle@@eProcrustes Alignment
(GPA). Shape variation is commonly analyzed through themgies coordinates, the
landmark coordinates transformed into the common geoosgtace.

5.2.2 Repeated mean fitting

When two shapes are superimposed within an appropriatexiomihe similarities and
differences become apparent. When change has taken platarifyr in a localized re-
gion, by perfectly superimposing the unchanged region tiaaged region can be easily



Figure 8: The results of two shape transformation techrsggieen homologous point
correspondences. Least squares fit of the shapes is shdwand the repeated mean fit
of Siegel and Benson (27) is shownBn

identified by its lack of fit and large residuals. The leastsqga solution finds the transfor-
mation which minimizes the sum of squared differences oNé&rmdmark points; regions
with large deformations will have a large impact on the figrdfore the true shape dif-
ferences are obscured. A resistant technique, such aspghateel mean technique (27)
limits the influence of large deformations in such a way thatresulting fit remains close
in similar regions and not close in relatively deformed o&gi.

In the repeated mean fitting of Siegel and Benson (27), scaleaation parameters
are estimated separately. The correspondence betweerdgwous points is assumed to
be known and any necessary reflection has been performednizdwo points, consider
the ray which connects them. The scale and rotation factjustthe ray in one shape to
correspond to the homologous ray in the second: the scdtw taansforms the length of
the ray, and the rotation factor transforms the directioarayle of the ray. The doubly-
repeated median is used to determine the correct factmenghomologous points, take
the median of th@ medians of the — 1 scale factors associated with segments from each
point and similarily with the rotation factor.

Assuming deformation has taken place predominantly in alibed region, we can
interpret the deformed points as outliers. The breakdovimtjodan estimator is smallest
fraction of outliers that can cause the estimator to deaalérarily from the estimate
performed on the uncontaminated sample. For least squamgsoutlier will alter the
correct solution whereas for the repeated mean approacthalfehe samples must be
outliers before the solution is corrupted. The example guFeé 8 illustrates the benefit
of using the repeated mean criteria to emphasize localieéatmhation. When applied to
archeological applications such as the skulls in Figure@cbrrect fit is less obvious to a
non-specialist (especially when the scaling factors ar@bke). The vector representation
in Figure 9 shows the focus of variation on fewer positiontharepeated mean approach
rather than averaged over all points as in least squarest dWegly illustrated through
these examples is the significantimpact of the fitting ddten the resulting interpretation
of variation observed. Prior to selecting an approach, gseiaptions inherent in the
fitting criteria should be made understood and clearly dtate

These underlying ideas for aligning and comparing homalsgsets of landmark-
coordinates were introduced by Thompson (32) and a matlheahdescription was for-
malized by Booksteinq ). Despite this early introduction of the concepts withiolee-
ological literature, the techniques were not widely appliatil Siegel and Benson (27)
published the algorithm which scientists could implemerntapply to their existing land-



Figure 9: The fitting of a human skull of Australopithecés@), Homo erectusg, E)

and Homo sapiensC(F) to a chimpanzee skull (shown shaded). Least squéresQd)

and the repeated mean fid ¢ F) of Siegel and Benson (27). The upper image shows
the superimposition of the two skulls and the bottom showesctiimpanzee skull with
vectors indicating the change in position of homologousoi

mark data.

Although the algorithm itself is not widely used, the pripais behind the approach
are found within the literature, applied in a supervised n&airio the analysis of cranial
profiles (5). Traditional anatomical landmarks were prigdmnto the midsagittal plane
and semi-landmarks were placed along each external anchahteurve of the frontal
skull. The inner profile of the skulls were virtually indisgjuishable after the procrustes
superimposition, however the outer profile still exhibgrsficant variation. Instead of
optimizing the overall fit, the shape of the outer profile waalgzed, given inner profile
fit.

5.3 Comparative Morphometric Analysis

Allometry, a linear approximation of the dependence of shap size, is often used in
physical anthropology for the statistical analysis of taktionship between skeletal re-
mains. Allometry for interlandmark distance data is oftetireated with multivariate
regression of the principal components of the procrustesdioates on the log of the
specimen size, determined by the scaling factor. Ovetaliradtry can be considered con-
sistent between species only if all bivariate allometriesthe same for the two species.
Multivariate methods should be used to test global alloimetraling (18).

Relative warp analysis is the most widely used approacteistindy of shape variation
(12; 9; 23; 41). Relative warp analysis is the analysis oftiecipal components of the
Procrustes shape coordinates. The principal componentiedermined using the eigen-
decomposition of the covariance of the data. Analysis i$opered on the subset of the
principal directions which account for the highest-vaadatn the data.

Singular warp analysis, known as partial least squareysisah the statistical liter-
ature, is an alternative approach to shape analysis useddisEein et al. (6) to capture
independent sources of variation in the craniofacial cexplf skeletal remains reveal-



ing independent shape variation between the phylogenedioatogenetic processes. In
comparison, relative warp analysis refers to predictiothefshape variation as a whole,
whereas singular warp analysis refers to predictions giskariation in seperate regions
where the relationship between directions of variatiommregions is as strong as possi-
ble.

Within this context it is important to reiterate the pringigomponents are statistical
constructions forced to be mutually uncorrelated. Whenyairay data spanning several
anatomical regions over several specimens, these comgsaienot correspond to actual
biological factors, which are rarely be completely indegemt.

Despite the availability of three-dimensional data, asialys generally performed in
the two-dimensional plane (5; 9; 12; 36). This issue has lageibuted to a variety of
causes (1). Although two-dimensional morphological \éais easier to visualize, it is
inherently limited.

5.4 Specific Applications
5.4.1 Endocranium

Falk et al. (9) use three-dimensional CT reconstructiorite@internal braincase of spec-
imen LB1, for comparative analysis with a broad selection of samplelsiding chim-
panzees, Homo erectus, contemporary humans, gorillas)gotbers. A table presented
standard linear distance measures (length, height, brefadihtal breadth) and ratios be-
tween these, obtained from the endocasts. Measuremerggaken from the basal view
of the endocasts and projected onto the horizontal planéefirst three principal com-
ponents of these are compared for each sample. Throughdhésether visualization
methods the authors discuss the relative shape propeftiee specimen and potential
phylogenetic relationships between LB1 and other speciAhough there conclusions
are very extensive, the mathematical morphometric evigl@nlimited.

5.4.2 Wrist bone analysis

Following the excavation procedures and fossil reconstm@aleoanthropolgists move
to the statistical analysis of the data obtained. This aislinvolves describing the
anatomy and comparing it to other fossils of similar antigjudetermining shared species
characteristics, the chronological age of the specimenséx, and any unique features
of the individual. Using the information inferred from thecavated remains, paleoan-
thropologists aim to place the organism into broader phstagic and, when appropriate,
ontogenetic context.

The bones of the wrist have played a significant in estalvlgshin some sense in-
directly, the phylogenetic context for discovered homispecimen. Biomechanical and
funtional capabilities have been explored looking at thiemal properties, notably the
surface morphology (34), and the internal properties,lsigtaone density (22).

In (34), an analysis of the morphology of the trapezium inhbextant and extinct
species lead to hypotheses on the functional capabilifiisedatter. The articular sur-
faces of the trapezium were describe by two-dimensionalgdaoptimally fit in the least
squares sense. The relative angles between these plamediftint categories, shown in
Figure 10. For the extant species, they present a mappingtfiese categories to func-
tional abilities, that seperates species with the supehgct manipulation capabilities,



Figure 10: Articular surfaces on the trapezium showing étetionship between the trape-
zoid (horizontal arrows) and scaphoid (vertical arrow$)o8n from left to right: gorilla,
chimpanzee, human, A.L.333-80, and O.H.7-NNQ.(34)

such as grasping, from those who use their hands for more trasiipulation and loco-
motion. By classifying the fossil morphology of extinct sfes, functional capabilities
are inferred.

In (22), the apparent bone density patterns of the distalisaslere compared across
several primate groups which are known to have diverse hastliges for quadrupedal
location: apes which are knuckle-walking, monkeys whicltkweith pressure on their
digits, and monkeys which walk with pressure flat on the palBane density measures
in the subchondral cortical plate of bone of the distal radian be used to evaluate the
mechanical load experienced by the wrist joint in differbahd postures, as shown in
Figure 11. Classifying these bones by loading pattern t®gula grouping of primates
that similar habitual hand postures adopted during quaatfalplocomotion, as shown
in Figure 12 This information can be extrapolated to infexr tfand postion adopted by
extinct species.

6 Modeling

In the context of paleoanthropology, modeling attemptsaatare in vivo characteristics
of the extinct species from information inferred using extad fossils and extrapolated
using relationships with extant species for which more datevailable.

6.1 Biomechanical Modeling

The lack of a physical record of the musculature of a givesif@pecimen means biome-
chanical studies are limited. Nonetheless, morphologiaailarities between a fossil and
the human skeleton provide a basis for extrapolating availauman data. The skeleton
of Australopithecus afarensignown as "Lucy™, is the most complete source of loco-
motor morphology currently available for early hominidshefe is conflicting evidence
in the literature regarding the form of Lucy’s bipedal location. Some hypothesize her
manner was similar to chimpanzee locomotion with the higklarees bent, while others
claim her manner ressembled upright humans motion wherkegjseare kept relatively
straight.
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Figure 11: (a) Drawing of the wrist joint depicting the handstures of different
quadrupedal locomotive styles shown at mid-support ofcagrhase, shown from left
to right: knuckle-walking, palmigrade, digitigrade. Thgdothesized orientation of com-
pressive forces are shown by gray arrows. (b) Schematgtiétion of the distal radial
articular surface, with the gray ovals predicting areasigh fapparent density.(22)

Nagano and Umberger (19) map human musculature data ontosLskeleton and
perform similations to evaluate whether or not Lucy couldenaalked in an upright,
straight-legged manner with an energetic cost similar &b ¢fimodern humans.

The simulations by Nagano05 and Umberger (19), musclersjgisertions and via-
points were located by combining Lucy’s geometry with huraaatomy. A Hill muscle
model was used with the parameters, physiological cros#esal area (PCSA) and max-
imum isometric contractile element force values, derivedgdaling human muscle data.
The relative body segment inertial parameters were alsedoas relations reported for
humans.

Skeletal movement is motivated by muscle activation, whlspecified in their
model by the onset and offset time and the activation valsindthe approach developed
by Anderson and Pandy (3), the activation parameters aegrdigted over a single step
and the results were relfected for the second. The activgi@mameters are learned by
minimizing the difference between the simulated postutha@tend of the first step and
a typical upright human-like target posture, the diffeeitt angular velocity between
beginning and end of the step, and the whole body energy dipeaper meter. Energy
expenditure is measured as mechanical work (muscle povegrated over time) and heat
(sum of activation heat, maintenance heat, and shortdeimgghening heat). Ground/foot
interaction was done as Anderson and Pandy (3)

Despite the reliance on human data, Nagano and Umbergecléif) the model of
Lucy presents more than a scaled down human. Morphologiatlfes of Lucy’s skeleton
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Figure 12: Apparent bone density maps of the distal radialdar surface superimposed
on three-dimensional reconstructions of the bone. Thasasfare separated into dorsal
and volar regions by a dashed line. The density patternegpond to hand posture, with
high density regions in black: gorilla uses knuckle handyes for locomotion (a); the
hominid, Pongo pygmaeus, varies between hand postures wdi&mg quadrupedally
(b); Papio ursinus locomotes with a digitigrade hand pe&sta); and Nasalis larvatus
locomotes using palmigrade hand postures (d).(22)

differ from those of modern humans, which effects the mustcme. In particular, the
wider pelvis provides the lower limb muscles with a largemnemt generating capacity
in the caronal/transverse plane. Early biomechanicaiesuaf locomotion have shown
that rotation of pelvis in transverse plane is an importatdninant in gait (26).

There were subtle differences, however gross joint kinenpatterns were found to
be similar to data from human. The flexion/extention of thg, tkinee and ankle was
found to be similar to humans. However, the external/irgkeratation of the hip was
50deg rather than the expected 20deg, due to the wider pelvis

The simulation produced relatively smooth kinematics. Rwean squared difference
in angle between the initial and final posture was greater thaximal intra-subject de-
viation found in gait studies for humans. The source of tliledince was concentrated
in ankle inversion and metatarsal joint angle. Since footghology was not available
for Lucy, scaled data from another hominid specimen was asezh approximation. It
is claimed that the error could be reduced with more itenatiof the optimization pro-
cedure, however this was not illustrated and would need t lseipport the claim that
compuational power is the sole obstacle.

Nagano and Umberger (19) found the muscle activation psofdebe qualitatively
similar to EMG recording during modern human locomotion.stimuscles had compa-
rable muscle activation parameters, however for some rasifioé activation was greated.
2 The wider pelvis requires a larger hip abduction moment &pkieunk upright during

2Without prior experience in analysis of EMG plots it is ditficto assess the extent of similarity.



stance phase.

The average walking speed was slower than expected giveyidluady height.

Although energy expenditure in the simulation was highantmodern human adults,
it was similar that of children with the same body mass as Llibgg mechanics of chim-
panzee walking with bent hips and knees, although a sourgeeater postural stability,
it requires more energy to maintain the posture. It wouldeHasen possible to adjust the
initial and final postures to a stance similar to that of thiengdanzee and explore energy
expenditure, however this was not included.

This simulation confirms that if Lucy had a musculature samib a human, it could
have been possible that she walked in an upright straigigelé manner. This work does
not provide strong evidence supporting human-like bip&stadmotion, rather it doesn’t
contradict that hypothesis.

Further analysis with respect to the difference betweemphinzee and human loco-
motive musculature, and the impact of this difference orrggnexpenditure would be
helpful to assess the results presented. As would morenaftion regarding the effect of
a wider pelvis on the gait perhaps in other species, if it &lable. An animation of the
results is not provided.

6.2 Facial Modeling

Automatic facial reconstruction has been applied to ptetiie appearance of members
of extinct civilizations. Described as an application foest line morphometry (31), the

deformation between a human skull and the fossilized skudbiculated. This deforma-

tion is then applied to the face of the human skull to inferdhknown face. The results

are difficult to assess from the given images, shown in Fig8reOne would suspect that
the results could be improved using techniques developedrtputer graphics on facial

animation. Perhaps by using a more detailed anatomical hsodk as a finite element

model incorporating muscle data (28) and extrapolatingifruman musculature as in

biomechanical models (19).

7 Visualization

Early work in three-dimensional statistical shape analgsid modeling, using 31 land-
marks for a wire frame model (20), provided minimal inforioatfor reconstruction.
The graphical illustrations are simple, demonstratingiiermation used in the statisti-
cal analysis, however they are drastically inadequateifaralization. With the influence
of computer scientists, graphical representations of malggy quickly progressed.

Bookstein et al. (6) also used extreme simplified graphieptesentations to rea-
son about patterns in ontogeny and phylogeny, shown in Eigjgr Given the graphical
techniques available analysis using side-by-side corspanf the rough grids can be sig-
nificantly improved. The visualization of morphometricssignificantly superior in the
earlier work of (31), as shown in Figu®® and illustrated in the video (17).

Although most analysis is now done using three-dimensimmalels, the shape com-
parisons are often described in words rather than imagekk effal. (9) use a three-
dimensional CT reconstructions to analyze the internahbese of specimebhB1. Us-
ing virtual models of the endocasts scaled to a common sizguthors dicussed general
shape differences through a basic visual comparison. Usiagomical knowledge the
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Figure 13: Automatic facial reconstructions are comparih iWustrated interpretations.
The reference human is shown on the left, the inferred Maraatavel is shown in the
centre. (31)

expected contours, vessels, veins, notches and depressi®iocated shown as seper-
ate sketched as a medical illustration. Through these rdsttemnd statistical approaches
discussed earlier, the authors discuss the relative shapenies of the specimen and
potential phylogenetic relationships between LB1 andmdpecimen.

7.1 Phylogenetic Trees

A recent interdisciplinary publication by Wiley et al. (38as evidently influenced by the
computer science community and is the most elegant of relseaper included in this re-
view. The morphometric principals are described in a shtfégward manner and the as-
sumptions and limitations stated clearly. In their worle gihylogenetic/evolutionary tree
of monkey species is illustrated visually, as shown in FeglB. Given an evolutionary
tree based on genomic data, the three-dimensional virtadkla of the existing species
are weighted and linearly interpolated to create hypathétirania of extinct ancestors.
The statistical morphometric techniques used, such agthte spine interpolation and
general procusts alignment, are common throughout theaateropological and geo-
metric morphometry literature. The merging of the noisy imeata is handled using an
extremal surface contruction, drawn from computer scidite@ture. Evolutionary trees
have been developed using morphological distance meadfgdhowever, in this work
the trees are based on molecular data and the morphometeidgbted based on these
genomic distance measures.

8 Conclusion
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Figure 14: Deformation of the Man of Tautavel skull, showrole and the reference
human skull shown above. (31)
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Figure 15: First singular warp for the subset adult Homo gpens:(a) shown as a com-
posite spline and for each of the three components separéiglvault (c) cranial base
and(d) face. Left and right pairs illustrate the directions of defation for the block
involved, of arbitrary magnitude. The deformations is eaglumn are positively corre-
lated. Using these graphical representations, Booksteih €6) descsribe the deforma-
tion in the left column as moving toward the modern specingxsbiting comparatively
smaller face, relatively larger neurocranium, and thinrearlt, and the deformation to-
ward the right column as archaic at the robust extreme ofdhag with relatively larger
faces and thicker vault bones.
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Figure 16: The input surface meshes, shown on the leaves o, were obtained from
laser range scans of the crania of existing monkey specibs. slirface meshes at the
internal nodes represent the skull shapes of the hypo#taticestors, as computed using
our system. The length of the branches of the tree corresfuotick estimated dates at
which the species are hypothesized to have diverged. (38)
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