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ABSTRACT The regional variability of the modern
human craniofacial form is of importance to debates about
human origins. The study of craniofacial form has gener-
ally been carried out either by interlandmark distance
measurement and analysis or by observation and charac-
ter scoring. In this study of four modern human groups
(Eskimo/Inuit, African, Australian, and Romano-British),
nine craniofacial landmark coordinates were recorded by
extraction from laser scans. The coordinates were studied
by geometric morphometrics, and a regression analysis

was used to investigate the dominant variability in shape
within and between groups. Statistical tests of shape dif-
ference between groups were carried out. By these meth-
ods, the statistical patterns of shape variability and their
geometric interpretations were studied on a common ba-
sis. The results were found to be in agreement with the
classic studies of Howells ([1989:189] Pap Peabody Mus
79), and show the potential of this approach for future
research. Am J Phys Anthropol 117:37–48, 2002.
© 2002 Wiley-Liss, Inc.

This paper seeks to address an old problem, the
characterization of the regional variability of mod-
ern human craniofacial shape, with a new praxis,
geometric morphometrics. In this paper we both de-
scribe and quantify the patterns of facial shape vari-
ation, using a methodology in which the numerical
and visualization aspects share a common basis.
This is possible because geometric morphometrics
allows the results of the statistical analysis of shape
to be visualized as deformations of shapes (typically
the mean shape). Since this procedure provides an
unambiguous geometrical interpretation of the sta-
tistical analysis, it counters a recent criticism of
traditional anthropometric analyses, in that they
supposedly do not correspond to what an experi-
enced morphologist sees (e.g., Wolpoff and Caspari,
1997).

Since geometric morphometrics (Bookstein, 1997;
Rohlf and Marcus, 1993; Rohlf, 1998; Richtsmeier et
al., 1992; O’Higgins, 2000) is relatively new, at least
in its applications to anthropological questions, we
briefly summarize its features and contrast them
with traditional morphometrics. Geometric morpho-
metrics distinguishes the form of an object (shape
plus size) from the shape (form with scale removed)
by scaling to unit size. In traditional multivariate
morphometrics, the form of a biological object is
typically recorded as a set of measurements of dis-
tance and, possibly, angle. In an ordination study,
the investigator might use principal components
analysis (PCA) and attempt to relate the first few
principal components to the principal form and
shape variation across the sample. Geometric mor-

phometrics, by contrast, links the set of measure-
ments with the shape of the object. The form of the
object is recorded as the coordinates of defining fea-
tures, i.e., landmarks. Henceforth, the set of scaled
landmark coordinates, though a severe abstraction
from the complex shape of the real object, is re-
garded as approximating its shape. All analyses are
performed on the suitably transformed landmark
coordinates, with the geometric relations preserved.

The landmark coordinates for a set of objects are
typically transformed into points in the shape space
of Kendall (1984), via scaling and alignment proce-
dures known as generalized Procrustes analysis
(Goodall, 1991; Rohlf, 1999a). For each object, the
transformed coordinates represent a single point in
shape space. The dimensionality, for three-dimen-
sional (3D) data, is 3k 2 7, where k is the number of
landmarks. This shape space has well-understood
properties (Dryden and Mardia, 1998; Le and Ken-
dall, 1993; Rohlf 1999a). It is possible to define a
mean shape, the Procrustes mean, and the set of
points cluster around the mean in shape space. In
this study, each point is the set of transformed land-
marks of a single cranium. For tight distributions
about the Procrustes mean, as are likely in biological
studies, the points can be projected onto the linear
tangent space at the Procrustes mean, with minimal
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distortion of their configuration. These projected
points, the Procrustes tangent coordinates, are ade-
quately approximated by the Procrustes residuals in
most biological studies (O’Higgins and Jones, 1998).

Geometric morphometrics also provides an impor-
tant measurement of shape difference called the
Procrustes distance. If two sets of landmarks are
scaled and aligned by least-squares optimization,
the sum of squared distances between equivalent
landmarks is a good approximation to the squared
Procrustes distance.

Multivariate analysis, such as PCA, of the Pro-
crustes tangent coordinates, which are described
above, can be carried out to investigate the main
shape variations. Two groups of shapes can be com-
pared by finding the combination of PCs which best
distinguish them. This combination can be com-
puted by multiple regression of PC scores on group
membership (Penin and Baylac, 1999). Sufficient
PCs can be included in the regression model to ac-
count for the majority, say 90%, of the total vari-
ance.

The geometric meaning of the shape variation de-
scribed by principal components can be visualized,
since the landmark configuration of a hypothetical
specimen can be displayed by computer graphics.
The shape of a hypothetical specimen positioned
along a PC axis can be calculated by adding the
weighted eigenvector to the Procrustes mean coor-
dinates (O’Higgins and Jones, 1998). The weighting
factor is determined by the position that the hypo-
thetical specimen occupies along the PC axis. As
specimens further along the PC axis are visualized,
the coordinates of the mean configuration are pro-
gressively displaced from their initial configuration.
These displacements can be represented in various
ways. In two dimensions (2D) they are conveniently
depicted by thin plate splines (O’Higgins and Dry-
den, 1993), and in 3D by vectors (Slice, 1996), warp-
ing a wireframe or rendered representation (Penin
and Baylac, 1999) or transformation grids
(O’Higgins and Jones, 1998). The set of PCs from a
regression model can be similarly visualized by
weighting the contribution of each eigenvector to the
displacement by the appropriate regression coeffi-
cient (Penin and Baylac, 1999).

An alternative approach to the statistical analysis
of landmark coordinates, Euclidean distance matrix
analysis (EDMA), has been developed. This method
avoids registration and analyzes the interlandmark
distances derived from the coordinates (Lele and
Richtsmeier, 1991). EDMA, however, does not allow
the direct visualization of results of the statistical
analysis, and recent work has criticized it for its lack
of statistical power (Rohlf, 2000) and its potential to
produce misleading ordinations (Rohlf, 1999b). Its
principal advantage over generalized Procrustes
analysis, i.e., avoidance of the arbitrariness of choice
of registration method, is expected to be relatively
unimportant for the current study, since reasonable
registration methods should give similar biological

results (O’Higgins, 2000). For these reasons, we em-
ploy a registration-based technique in this work.

In summary, the principal advantages of the geo-
metric morphometric praxis over the traditional ap-
proach are that it provides a shape space in which
geometry is preserved and which can be interpreted
statistically. In applying this approach to primate
craniometry, researchers have used a variety of
methods to generate shape coordinates, perform sta-
tistical analyses, and represent the results graphi-
cally. Examples of such studies are, in 2D, sexual
dimorphism of African and Romano-British groups
(Lynch et al., 1996); comparison of African, Austra-
lian, Chinese, and Australian human groups (Lynch
et al., 1996); characterization of a Neanderthal cra-
nium (Yaroch, 1996); and sexual dimorphism in
Pan, Gorilla, and Pongo (O’Higgins and Dryden,
1993). 3D studies include comparisons of Pan and
Pongo (Penin and Baylac, 1999); shape difference
between two American human groups (Ross et al.,
1999); growth of Cercocebus torquatus (O’Higgins
and Jones, 1998); and human craniofacial growth
(Hennessy et al., 1997).

In this paper, we seek to demonstrate that the
principal features of craniofacial variability among
four modern human regional groups can be both
identified, and visualized objectively, supported by
statistical analysis. We also test for sexual dimor-
phism within one group. To allow comparison with
the results of traditional studies, we located and
used standard craniofacial osteometric landmarks
in this study. We also note the potential for pitfalls,
and document the applicability of the approach to
the study of variation in human craniofacial form.

MATERIALS AND METHODS

Only crania determined as adult from records or
dental examination were analyzed, all from the skel-
etal collections of the Natural History Museum, Lon-
don (NHM). Four regional groups were studied: 68
European crania (from the NHM Poundbury Ro-
mano-British series), 35 Australian crania (from
various parts of Australia, and NHM and Oxford
collections), 35 African crania (from West Africa,
NHM collection) and 29 Inuit or Eskimo crania, here
termed Inuit (predominantly from Canada and
Greenland, NHM and Oxford collections). Some of
the specimens had been sexed by a variety of meth-
ods, using cranial or postcranial features. These sex
determinations for Poundbury (36 male, 23 female,
and 9 unclassified) were utilized to test the possible
effect of sexual dimorphism on the analyses.

Digitization

A variety of 3D digitization technologies are now
practiced in physical anthropology. Handheld digi-
tizers are generally used to record landmarks
(O’Higgins and Jones, 1998; Ferrario et al., 1997),
but photogrammetry (Shaner et al., 1998), computed
tomography (Valeri et al., 1998), and optical surface

38 R.J. HENNESSY AND C.B. STRINGER



(laser) scanning (Wood et al., 1998) are also em-
ployed. The skull surfaces in this study were digi-
tized using the laser scanner developed by the Med-
ical Graphics and Imaging Group at University
College London (UCL) (Moss et al., 1989). This al-
lows the digitization of the surface of each skull into
;40,000 3D coordinates in ;10 sec. The skulls are
rotated while illuminated by a vertical stripe of light
from a low-power diode laser. The profiles are cap-
tured by a CCD camera and converted into surface
coordinates by calibration based on triangulation.
This type of laser scanner has the advantages of
speed and ease of use, and provides adequate accu-
racy (;1 mm) and resolution (;0.5 mm). It does not,
however, capture the upper and lower extremities of
objects. Fortunately, these shortcomings do not im-
pact severely on this study. The start and end posi-
tions of each scan were ;1 cm lateral to the zygo-
maticotemporal suture. The angular spacing of the
profiles was 0.8°. Two photographs were also taken
of each skull, in one of which the landmarks were
located by small (;1 mm diameter) spherical mark-
ers.

Landmark extraction

The 3D coordinates of nine landmarks which char-
acterize facial shape were extracted from the laser
scans. These were chosen to correspond to those
used by Howells (1973). Three were midsagittal at
the nasion, nasospinale, and prosthion. Three pairs
were bilateral at the zygomaxillare, orbitale (defined
as the most superior point of the zygomaticomaxil-
lary suture), and frontomalare anterior (defined as
the most anterior point of the zygomaticofrontal su-
ture).

The laser scans were visualized and the land-
marks were located using software written at UCL.
The 3D coordinates of the landmarks extracted from
the laser scans are illustrated in Figure 1. Three
features of the software were used to aid in the
location of landmarks. Firstly, the software allows a
point of interest to be selected and moved over the
surface while horizontal and vertical profiles
through the point are drawn. Landmarks can be
recorded at the extremes of these profiles. This was
helpful in locating all landmarks, but it was partic-
ularly helpful in locating accurately midsagittal
landmarks. Secondly, the object can be tilted to any
viewing direction, and this facility was used to locate
the frontomalare anterior landmarks while viewing
the skull from the side. Thirdly, the direction of
illumination can be varied. Low lighting was used to
locate the nasion in cases where it was uncertain,
and side lighting was used to help locate the orbit-
ale. The latter was generally the hardest landmark
to locate accurately, but careful illumination and
close comparison with the photographs enabled it to
be located with reasonable certainty. After the land-
marks were placed, the skull was viewed from var-
ied viewpoints to doublecheck their positioning.

ANALYSIS
Details of subgroups

The entire dataset was divided into three sub-
groups, namely, the sexed crania of the Romano-
British group; the six possible combinations of two
regional groups; and all the crania together.

Specific methods for comparing two groups

Four methods, all based on geometric morphomet-
rics, were employed to analyze the six regional
group pairings and the male/female Romano-British
pairing. These methods provide three tests of statis-
tical significance of intergroup shape difference, two
classifications of group membership, and a visual-
ization of the shape difference between group pairs.
The robustness of results to the choice of method can
be assessed by comparing their various results. The
methods are Goodall’s F test, Hotelling’s T2 test,
linear discrimination function analysis, and multi-
ple regression.

Goodall’s F test (Goodall, 1991; Bookstein, 1997)
was used to test for intergroup shape difference.
This tests for overall shape difference between
groups, and takes into account all the sample vari-
ance. The statistic is based on the ratio of the
squared Procrustes distance between the means of
each group, to the sum of the squared Procrustes
distance of each specimen to its group mean. The
test assumes that the landmarks are symmetrically
distributed around the Procrustes mean. Observa-
tions of 3D scatterplots of these datasets indicate
that this is a reasonable assumption (Bookstein,
1997). The test generates F and P(F) values. The
calculations were carried out using SPlus macros
written by Prof. Ian Dryden (School of Mathematical
Sciences, University of Nottingham, UK).

Hotelling’s T2 two-sample test of the projected
Procrustes residuals was carried out as an alterna-
tive test of group difference. The raw landmark co-
ordinates were converted to coordinates in Kendall’s
shape space using the GRF-ND (generalized rota-
tional fitting of n-dimensional data) program
(Slice,1996). The generalized least-squares option
was used to align the forms. The Procrustes residu-
als were projected onto the tangent plane at the
Procrustes mean, using the orthogonal projection
operation of the Numerical Taxonomy and Multivar-
iate Analysis Program (NTSYS) (Rohlf, 1993; Rohlf
and Bookstein, 1987). NTSYS was used to calculate
the covariance matrix and eigenvectors of the pro-
jected points and to project the shape coordinates
onto the principal components axes. Hotelling’s T2

two-sample test of the projected Procrustes residu-
als was carried out using the LINDA (Linear Dis-
crimination Analysis) program (Cavalcanti, 1999),
which calculates the Mahalanobis distance, Hotell-
ing’s T2, the F ratio, and P(F). The procedure in-
volves inverting the sample covariance matrix, and
this requires the rank of the covariance matrix to be
no greater than the dimensionality of the tangent
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space. Since the dimension of the tangent space is
20, only the first 20 elements of the Procustes resid-
uals were included in the analysis (Dryden and Mar-
dia, 1998). The procedure was also carried out on the
Procrustes residuals to investigate whether the or-
thogonal projection affected the results significantly.

Linear discrimination function analysis was car-
ried out on the projected Procrustes residual coordi-
nates to assess the utility of the method in classify-
ing unknown specimens between each pair of
groups.

Multiple regression analysis of PC scores of the
Procrustes residuals was carried out. This provides

a geometric representation of the shape difference
between groups, as well as an F statistic and classi-
fication statistics. The regression model is repre-
sented by the equation

Y 5 a 1 b1PC1 1 · · · 1 bnPCn (1)

where Y, the dependent variable, codes for group
membership as 0 or 1, PC1. . .n are the n PC scores of
the Procrustes residuals, and b 1. . .n are the n re-
gression coefficients. Sufficient PCs were included in
the model to account for 90% of the total variance.
The numerical analysis was carried out by the APS
(Applied Procrustes Software) program (Penin and

Fig. 1. Australian specimen with landmarks (A, nasion; B, nasospinale; C, prosthion; D, E, zygomaxillare; F, G, orbitale; H, I,
frontomalare anterior).
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Baylac, 1999; Penin, personal communication,
2000). The numerical output from the regression
model was recorded, i.e., R2, F, and P(F) values and
classification statistics.

The visual display of the regression model, i.e., the
regression coefficients, was also provided by APS. If
the mean coordinates are represented as a 27 length
vector xmean, the coordinates of a hypothetical spec-
imen, xh, lying along the discrimination vector are
computed as

xh 5 xmean 1 cb1g1 1 · · · 1 cbngn (2)

where b1. . .n are the regression coefficients, g 1. . .n
are the eigenvectors, and c is a weighting factor
which determines how far along the discrimination
vector the hypothetical specimen lies.

APS visualizes Equation (2) by displaying the
mean shape of the combined groups, xmean, as a 3D
graphic. The hypothetical specimen, xh, is superim-
posed. As the weighting factor is adjusted, the land-
marks of the hypothetical configuration are progres-
sively displaced from the mean. This displacement
represents the shape difference that distinguishes
the two groups. These displacements were carefully
observed using the 3D graphics facility, and views of
the graphic display were recorded.

Method for comparing all four groups

The four regional datasets were pooled, and a
discriminant analysis was carried out to find the
shape variability, within the pooled dataset, that
differentiated the four groups. The Procrustes resid-
uals and Procrustes mean were calculated, using
APS, and stored. The Procrustes residuals were then
subjected to PCA, using NTSYS. The eigenvectors
and percentages explained by the PCs were stored to
disc. The Procrustes residuals were then projected
onto the eigenvectors using NTSYS, and the first 10
PC scores, which explained 91.4% of the total vari-
ance, were analyzed via discriminant analysis. This
procedure generates three canonical discriminant
functions. These are linear combinations of the PC
scores, as in Equation (1), that best discriminate
between the groups. All 10 PC scores were entered
into the model. The discriminant function coeffi-
cients, eigenvalues and scores were recorded. Clas-
sification statistics were also recorded.

The three discriminant functions, i.e., the three
sets of b coefficients, were then visualized using a
program written by the authors. This program takes
as input the Procrustes mean coordinates, the eig-
envectors, and the discriminant function b coeffi-
cients, and visualizes the discriminant coefficients
using Equation (2). The procedure for visualizing
the discriminant functions was the same as for vi-
sualization of the discrimination analysis of paired
groups.

RESULTS
Comparisons of two groups

Table 1 records the F, P(F), and degrees of free-
dom for Goodall’s test, Hotelling’s T2 test, and the
regression analysis. Table 2 records the classifica-
tion statistics from the discriminant function anal-
ysis and the regression analysis. Table 3 records the
D2 and T2 values. Table 4 records the number of PCs
included in the regression model, the proportion of
total variance input to the model, and the proportion
of input variance explained by the model.

We visualize the intergroup shape difference by
displacing the Procrustes mean coordinates along
the disciminating vector in the direction of the sec-
ond group of the pair. The displacements of land-
marks depict how the second group differs from the

TABLE 2. Classification statistics for discriminant and
regression analyses of paired groups

Paired groups

Percentage misclassified1

Discriminant
analysis

Regression
analysis

Group
1

Group
2

Group
1

Group
2

Males $ females 11.1 8.7 22.2 8.7
African $ Inuit 0.0 0.0 0.0 0.0
Inuit $ Australian 3.4 2.9 3.4 2.9
Inuit $ Romano-

British
3.4 1.5 3.4 1.5

Australian $ African 14.3 14.3 8.6 17.1
Australian $ Romano-

British
8.6 5.9 5.7 19.1

Romano-British $
African

0.0 5.7 13.2 2.9

1 Percentage of samples misclassified by discriminant analysis
and the regression analysis. Groups 1 and 2 refer to first and
second groups in pairings.

TABLE 1. Details of F tests for paired group difference: Goodall’s F test, Hotelling’s T2, and multiple regression

Paired groups

F value, degrees of freedom, P value1

Goodall’s F Hotelling’s T2 Multiple regression

Males $ females 1.2, [20, 1,140], 0.25 1.7, [20, 38], 0.08 1.6, [12, 46], 0.12
African $ Inuit 37.6, [20, 1,240], ,0.001 15.2, [20, 43], ,0.001 28.6, [8, 55], ,0.001
Inuit $ Australian 30.5, [20, 1,240], ,0.001 13.4, [20, 43], ,0.001 25.4, [9, 54], ,0.001
Inuit $ Romano-British 29.0, [20, 1,900], ,0.001 15.3, [20, 76], ,0.001 24.7, [10, 86], ,0.001
Australian $ African 6.7, [20, 1,360], ,0.001 2.9, [20, 49], ,0.001 5.8, [9, 60], ,0.001
Australian $ Romano-British 12.4, [20, 2,020], ,0.001 7.7, [20, 82], ,0.001 9.2, [11, 91], ,0.001
Romano-British $ African 19.2, [20, 2,020], ,0.001 10.9, [20, 82], ,0.001 15.2, [10, 92], ,0.001

1 Degrees of freedom are in brackets.
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first. These displacements are best viewed with 3D
graphics, but we provide an anterior view of a wire-
frame diagram of the mean and displaced land-
marks, and we also describe the most significant
landmark displacements.

Male > female in the Romano-British group.
The F tests all indicate that there is no sexual di-
morphism in the Romano-British group which is
significant at the 0.05 level. The D2 value also indi-
cates that the male and female groups are more
similar in shape than any of the regional group
pairings. Since the regression analysis did not find
significant difference, its visualization is not pre-
sented.

African > Inuit. This paired group has the larg-
est F value for each method as well as the largest D2

value, and the two classifications are exact. These
observations indicate that this is the paired group
which differs most in shape. The regression model,
which explains 81% of the variance, is given in Fig-
ure 2a. The Inuit group differs from the African
group in the following respects: the nasion is supe-
rior; the posterior, prosthion, and nasospinale are
inferior and posterior; the zygomaxillare are ante-
rior and lateral; the frontomalare anterior are me-
dial; and the orbitale are medial and superior. The
overall effect is that the Inuit face is flatter and
longer, while the zygomaxillare is more laterally
located.

Inuit > Australian. The F values, D2 value, and
the classifications all indicate that these groups are
only slightly less different in shape than the African/
Inuit pair. The regression model, which explains
81% of the variance, is given in Figure 2b. The

Australian group differs from the Inuit group in the
following respects: the midsagittal landmarks are
anterior and the nasospinale is also superior, the
zygomaxillare are posterior and medial, the fron-
tomalare anterior are lateral, and the orbitale are
lateral. The overall effect is that the Australian face
is more prognathic.

Inuit > Romano-British. The F values, D2 value,
and the classifications indicate that these groups are
nearly as different in shape as the African/Inuit and
Inuit/Australian pairings. The regression model,
which explains 75% of the variance, is visualised in
Figure 2c. The Romano-British group differs from
the Inuit group in the following respects: the nasion
and nasospinale are anterior and superior, the zy-
gomaxillare are posterior, and the frontomalare an-
terior are lateral and inferior.

Australian > African. The F values, D2 value,
and the classifications all indicate that these re-
gional groups are most similar in shape. The regres-
sion model, which explains 49% of the variance, is
given in Figure 2d. The African group differs from
the Australian group in the following respects: the
prosthion is markedly superior, the nasion is infe-
rior, and the zygomaxillare are lateral. The overall
difference is mostly in the lower face, particularly in
the position of the prosthion.

Australian > Romano-British. The F values, D2

value, and classifications all indicate that this group
pair is intermediate in shape difference between the
Australian/African pair and all Inuit pairings. The
regression model, which explains 54% of the vari-
ance, is given in Figure 2e. The Romano-British
group differs from the Australian group in the fol-
lowing respects: the major differences are that the
nasion is superior and the prosthion is posterior
and, to a lesser extent, the zygomaxillare are lateral,
the orbitale are anterior, and the frontomalare an-
terior are inferior and medial. This grouping is un-
usual in that the main differences are located at the
extreme superior and inferior positions.

Romano-British > African. The F values, D2

value, and the classifications all indicate that the dis-
tinctions between this pairing are similar to those in
the Australian/Romano-British pairing. The regres-
sion model, which explains 63% of the variance, is
given in Figure 2f. The African group differs from the
Romano-British group in the following respects: the
nasion is markedly inferior, the prosthion is superior
and anterior, and, to a lesser extent, the zygomaxillare
are lateral. Overall, the shape difference is mostly
located at the nasion and prosthion.

Comparison of all samples

The percentages of the variance explained by the
three discriminant functions are 66.9%, 24.4%, and
8.7%.

TABLE 3. Values of Mahalanobis distance (D2) and
Hotelling’s T2 for paired groups

Paired groups
Mahalanobis
distance (D2) Hotelling’s T2

Males $ females 3.6 50.1
African $ Inuit 27.6 437.4
Inuit $ Australian 24.4 18.8
Inuit $ Romano-British 18.8 382.6
Australian $ African 4.5 79.9
Australian $ Romano-British 8.2 189.7
Romano-British $ African 11.6 268.6

TABLE 4. Details of regression models for paired groups

Paired groups PCs1
Variance
fraction2 R squared3

Males $ females 12 0.92 0.35
African $ Inuit 8 0.92 0.81
Inuit $ Australian 9 0.92 0.81
Inuit $ Romano-British 10 0.91 0.75
Australian $ African 9 0.90 0.49
Australian $ Romano-British 11 0.92 0.54
Romano-British $ African 10 0.91 0.63

1 Number of PCs included in model.
2 Fraction of total variance described by PCs.
3 R2, fraction of variance explained by the model.
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Figure 3a plots discriminant function 1 scores
against discriminant function 2 scores. The plot of
discriminant function 2 scores against discriminant
function 3 scores for all samples revealed that the

Inuit crania are evenly dispersed, i.e., these dis-
criminant functions do not describe the differences
of the Inuit from the rest. For this reason, the plot of
discriminant function 2 scores against discriminant

Fig. 2. Visual display of paired group differences. Dots represent landmarks. They are labelled (A–L) according to the scheme of
Figure 1. Dotted lines connect landmarks of the mean of the group pair. Solid lines connect landmarks of the hypothetical specimen
lying along the discrimination vector (see text for details). a: African $ Inuit. b: Inuit $ Australian. c: Inuit $ Romano-British. d:
Australian $ African. e: Australian $ Romano-British. f: Romano-British $ African.
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function 3 scores, in Figure 3b, does not include the
Inuit crania. To simplify the diagram, convex hulls
were drawn around the groups. Discriminant func-
tion 1 separates out the Inuit crania from the others.
Discriminant function 2 largely separates the Ro-
mano-British from the Australians and the Africans.
Discriminant function 3 largely separates the Aus-
tralians from the Africans. Overall, inspection of
Figure 3a,b demonstrates that the discriminant
function was largely successful in separating the
four groups into different regions in the discrimi-
nant function space. The percentage misclassifica-
tions for the four groups were as follows: Romano-
British (23.5%), African (22.8%), Australian (22.9%),
and Inuit (6.9%).

The discriminant functions are visualized in Fig-
ures 4a,b, 5a,b, and 6a,b. Figure 4a,b shows that the

Inuit face is distinguished from the other three
groups by its flatness. The flattening described by
discriminant function 1 is uniform over the face.
Figure 5a,b shows that the Romano-British group is
largely distinguished from the Australian and Afri-
can groups by the following features: the nasion is
superior, the prosthion is posterior, the orbitale are
medial, and the frontomalare anterior are lateral.
Figure 6a,b shows that the Australian group largely
differs from the African group in the following re-

Fig. 3. Discriminant function scores of all samples. To avoid
cluttering, the diagram convex hulls were drawn and the enclosed
points are not shown. a: Discriminant function 1 scores plotted
against discriminant function 2 scores. b: Discriminant function
2 scores plotted against discriminant function 3 scores. Inuit
specimens were not included (see text for details).

Fig. 4. Visual display of discriminant function 1. Dots repre-
sent landmarks. They are labelled according to the scheme (A–I)
of Figure 1. Dotted lines connect landmarks of the mean of all
samples. Solid lines connect landmarks of a hypothetical speci-
men lying along the discriminant function (see text for details). a:
Anterior view. b: Lateral view.
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spects: the prosthion is anterior and inferior and,
less significantly, the zygomaxillare are medial and
inferior.

DISCUSSION
Paired groups

The four methods of analysis are consistent in
their assessment of the extent of dimorphism of the
six regional group pairings and the male/female
pairing. The three sets of F values, the Mahalanobis
distances, and the two sets of classification statistics
all indicate that the greatest distinctiveness is
shown by the Inuit group paired against any other

group, and the Romano-British group paired against
the Australian and African groups. The African/Aus-
tralian pairing shows markedly less difference, and
the sexual dimorphism within the Romano-British
group is considerably less again. There is a very
clear inverse relationship between the extent of be-
tween-group differences, as measured by F values,
and the goodness of fit of the regression model, as
measured by R2 values.

The agreement between the four methods is least
good in the case of Romano-British sexual dimor-
phism. While F values are all much lower than for
all other pairings, P(F) values differ considerably.

Fig. 5. Visual display of discriminant function 2 (see legend of
Fig. 4 for details). a: Anterior view. b: Lateral view. Fig. 6. Visual display of discriminant function 3 (see legend of

Fig. 4 for details). a: Anterior view. b: Lateral view.
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The most reliable value is likely to be Goodall’s F,
because it considers all the variance (unlike the
regression modelling) and, unlike the Mahalanobis
distance-based statistics, requires no loss of rank.
An important conclusion from this finding is that
where intergroup shape difference is low, several
techniques should be used and compared before con-
clusions are drawn.

All four groups

The pattern of shape differences between the
paired groups is corroborated by the analysis of the
pooled groups. This analysis shows that the major
shape variance across all samples is the variation in
facial flatness that distinguishes the Inuit from the
rest. The distribution of the four groups in discrimi-
nant function space corroborates closely with the
findings from the paired-group analyses of the ex-
tents of dimorphism in the six paired groups. The
visualizations of discriminant functions are also con-
sistent with the visualisations of regression models
of the paired groups.

In summary, the four analyses of the paired
groups and the discriminant function analysis of the
pooled crania are consistent in their conclusions.
This is true both of the numerical data and the
visualizations. The symmetrical movement of the
landmarks in the graphic plots indicates that the
observed patterns of shape variation are not signif-
icantly distorted by the variable precision of land-
mark location.

Comparison with other geometric
morphometric studies

The most comparable geometric morphometrics
studies are of craniofacial sex differences in African
and Romano-British crania (Wood and Lynch, 1996)
and of differences between modern African, Austra-
lian, Romano-British, and Chinese crania (Lynch et
al., 1996). This study agrees with the finding of no
sexual dimorphism in Romano-British crania. There
is no clear confirmation, however, of the finding that
African and Australian crania were more prognathic
than Romano-British crania. Our study differs in
that it is in 3D, uses only facial landmarks, and
employs a more sophisticated analysis technique
(regression as opposed to two-point registration of
mean shapes).

Comparison with Howells (1973, 1989)
and others

Geometric morphometrics provides an accurate
characterization of the overall face shape in each
sample and of the essential differences between
samples. Comparison with more traditional studies
shows many similarities in characterization of facial
shape for the different samples. For example, in his
extensive multivariate studies of cranial variation,
the conclusions of Howells (1973, 1989) regarding
discrimination between European, African, Eskimo/

Inuit, and Australian crania closely paralled those
found in this study. European faces were character-
ized as being rather narrow, with retracted cheek-
bones, long noses, and prominent midfaces. African
facial morphology displayed a broad but midsagi-
tally prominent upper segment, with a low nose set
in a low face, while Australian crania also had a low,
broad face, but one which was midsagitally flatter
and inferiorly more prominent. Eskimo/Inuit crania
had high faces, noses, and cheeks, with transverse
flatness and prominent cheekbones. All of these
characteristics are also apparent in the results of
the analyses described here, and in particular the
similarity between African and Australian facial
shape, compared with European and Asian crania
(here, Inuit) is paralleled in the results of Howells
(1973, 1989), Lahr (1996), and Hanihara (1996,
2000). It is certainly possible that this similarity is a
reflection of morphology retained in common from
African early modern humans.

Additional comparisons of the relative positions of
recording points are also available from geometric
morphometrics, although for comparability and val-
idation, we restricted ourselves here to the standard
points used by Howells (1973, 1989). For example,
his analyses could record the distance between na-
sion and prosthion because this was directly mea-
sured with a sliding caliper, or the projection of the
subspinale relative to the two zygomaxillare points,
because this was determined with a coordinate cal-
iper, and could be reflected as a subtense value or a
computed angle of prominence. However, his mea-
surements did not record the distance between, say,
the nasion and the zygomaxillare points, or the fron-
tomalares and prosthion. Using geometric morpho-
metrics, all of these points could be simultaneously
related to each other in three dimensions, and more-
over, the scanned data could be used to generate
entirely new comparisons, without returning to the
original crania, e.g., in the construction of midsag-
ittal or transverse profiles between the recording
points, or even the addition of newly defined land-
marks. An additional potential application for laser
scanning is in the recording and quantification of
cranial asymmetry, where the interplay of genetic
and functional influences on morphology is being
investigated (see also Winning et al., 1999).

CONCLUSIONS AND FUTURE PROSPECTS

The detailed observations presented above can
now be integrated with other data to provide an
overview of this study and a consideration of further
applications for laser scanning technology. Laser
scanners are now available which are easily porta-
ble, and this should encourage their wider applica-
tion to physical anthropology.

1) Geometric morphometrics provides an accurate
characterization of the overall face shape in each
sample, of the variation within each sample, and
of the essential differences between samples.
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Comparison with more traditional studies (e.g.,
Howells, 1973, 1989) shows close similarities in
characterization of facial shape for the different
samples. However, using geometric morphomet-
rics, additional points can be simultaneously re-
lated to each other in three dimensions, and the
scanned data used to generate entirely new com-
parisons, without returning to the original cra-
nia. This can include the construction of midsag-
ittal or transverse profiles, the addition of newly
defined landmarks, and the quantification of fa-
cial asymmetry.

2) This study is a useful validation of geometric
morphometrics in practice. In order for the ad-
vantages of this new method to be established,
practical studies are required in which the re-
sults of the two approaches can be compared. In
the present case, the new method can be seen to
bring valuable new insights that extend, rather
than conflict with, earlier work. This is demon-
strated in relation to the 2D study of Lynch et al.
(1996), where the relative importance of progna-
thism in population comparisons can be further
clarified.

3) This study confirms the power of laser scanning
technology (Wood et al., 1998), especially in the
density of laser scan data. We exploited the pos-
sibilities of extracting landmark coordinates
while varying the scale, viewpoint, and lighting
of the graphic image.

4) In addition to the data described above, 360°
scans of skulls were also taken, and from these
further landmarks will be extracted and ana-
lyzed. Moreover, it is possible to study other data
than landmarks from laser scans, e.g., profiles
and surfaces, which might complement tradi-
tional methods. For example, Lahr (1996) carried
out a series of comparisons between human cra-
nia from different populations in order to test the
reality of supposed regional characteristics. She
used metrics and a series of reference plaques to
record and compare the basic data scored. Geo-
metric morphometrics and surface or profile anal-
ysis could be used to further this kind of research,
as not only metric features characterizing shape,
but morphological features such as extent of
torus formation, area of zygomatic trigones, and
degree of projection of zygomaxillary tuberosities
could be scored and compared. These characters
could be compared singly within or between sam-
ples, or different data could be integrated to pro-
vide an overall sample pattern or to observe cor-
relations between the different traits. It is also
possible to extract and analyze other shape de-
scriptors such as ridge curves (Dean et al., 1996)
and mean and Gaussian curvatures (Besl and
Jain, 1986). In this respect, laser scanning com-
pares favorably with direct measurement of land-
mark coordinates.

5) The geographical/ethnic identity of individual
cases can be tested. This could be used for fossil

crania, where their possible affiliation to modern
populations is being investigated as part of the
study of modern human origins (this will be ex-
plored in a subsequent paper), or for forensic
cases where the ethnic identity of an unknown
individual needs to be determined.
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