
Shape:

Shape is all the 
geometrical 
information that 
remains when location, 
scale and rotational
effects are filtered out 
from an object

David Kendall 1977
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Geometric Morphometrics (New Morphometrics)



Graphical representation of the four-step morphometric protocol. A: Quantify raw data 
(landmarks recorded on body of cichlid fish), B: Remove non-shape variation 
(landmarks of 412 specimens before and after GPA), C: statistical analysis (CVA) and 
graphical presentation of results. Deformation grids for mean specimen for (right) 
Eretmodus cyanostictus and (left) Spathodus erythrodon (magnified by 3X to 
emphasize shape differences). Data from Rüber and Adams, 2001.
Adams D. C. et al., 2004, Ital. J. Zool. 71: 5-16.
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Bookstein shape coordinates

Procrustes analysis

Thin plate spline

Outline analysis



Landmarks

Type I landmarks represent points on an organism whose 
homology among different individuals of the same taxon or among 
different taxa is sufficiently demonstrably supported at the 
histological level.

Type II landmarks are points whose homology is supported only 
geometrically, but not histologically.

Type III landmarks (also known as pseudolandmarks or 
semilandmarks) represent, for example, points at the ends of an 
organ, structure, or organism.
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Type I landmarks

Type II landmarks

MacLeod (2001)



Type II landmarks

Type III landmarks

MacLeod (2001)



Type II landmarks Type I landmarks



Zelditch et al. (2004)

Measurements of classical
morphometrics

trusses
Strauss & 
Bookstein 1982



Distances between all homologous points – 120 
measurements – an impractical alternative. 

Zelditch et al. (2004)



Direct comparison of landmark coordinates using the so-
called Bookstein shape coordinates 

For each object with p landmarks, 
whose coordinates were recorded 
on a plane, we obtain 2 (p – 2) 
values, which can be further 
evaluated using multivariate 
methods.



Calculation of the 
coordinates of point 
C in the new 
coordinate system.

„shape coordinates“
of the point C

Zelditch et al. (2004)



original triangles
(shapes)

original triangles after 
translation, rotation and 
scaling

superimpositiona

Zelditch et al. (2004)



original triangles
(shapes)

superimposition

only landmarks

Zelditch et al. (2004)



Serrasalmus gouldingi
ontogenetic shape 
changes represented by 
vectors indicating 
changes in Bookstein 
shape coordinates.

baseline

Zelditch et al. (2004)



Comparison 
of ontogeny of 
the two 
species
Serrasalmus 
goulgingi
a S. elongatus

Zelditch et al. (2004)



Comparison of 
the ontogeny of 
the species 
Serrasalmus 
goulgingi 
changibg the 
landmarks that 
define the 
baseline.

Zelditch et al. (2004)
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Comparison of 
the ontogeny of 
the species 
Serrasalmus 
goulgingi 
changibg the 
landmarks that 
define the 
baseline.

Zelditch et al. (2004)



Procrustes superimposition

Procrustes superimposition of 
objects (shapes) involves 
translation, scaling, and 
rotation of objects in such a 
way that the distances 
between corresponding 
landmarks, expressed as the 
sum of the least squares, are 
minimized.
All landmarks are considered equivalent, thereby eliminating 
the subjective weighting of two specific landmarks, as is the 
case with Bookstein shape coordinates.



Configuration matrix – the complete configuration of 
landmarks

It is a K × M matrix – the coordinates of K landmarks in M 
dimensions (on M axes).

Each of the K rows represents the coordinates of one 
landmark.

The matrix can also be 
expressed as a vector
X = [X1 Y1 X2 Y2 X3 Y3 ]
i.e.

X = [-1 –1 1 –1 0 1]

Zelditch et al. (2004)



Configuration space – a set of potential matrices that 
describes all possible sets of configurations of landmarks for 
K landmarks and M dimensions.

A 16 × 2 configuration space is the space of all possible 
configurations for 16 landmarks in two dimensions.

The position of the configuration space is determined by the 
placement of the centroid of the K × M matrix.



Centroid je m-rozmerný vektor, v prípade dvoch rozmerov 
ide o vektor, ktorého komponenty sú priemernými 
hodnotami X a Y súradníc všetkých význačných bodov

Zelditch et al. (2004)



Centroidová veľkosť trojuholníka (konfigurácie) – druhá 
odmocnina súčtu druhých mocnín L1, L2 a L3

Zelditch et al. (2004)



Pre-shaped space

Each configuration of K landmarks with M coordinates can be 
considered as a point in a space with K × M coordinates.

Some configurations in this space differ only in their centroid size, 
while others differ only in their position.

We can define a subset of these configurations where, for each 
matrix, it holds that it is centered and its centroid size equals 1 
(translation and scaling).

In two-dimensional space, this pre-shaped space will represent a 
circle centered at (0,0) with a radius of 1. In three-dimensional 
space, it will correspond to the surface of a sphere, and so on.

This process eliminates M dimensions through centering and one 
additional dimension by fixing the centroid size to the value of 1.



The "fiber" on the surface of this hollow sphere represents 
configurations of landmarks that differ only by rotation.

Zelditch et al. (2004)



Procrustes distance

partial Procrustes distance

Zelditch et al. (2004)



Full Proscrustes distance

Zelditch et al. (2004)

ρ is not the shortest distance 
between configurations; that is 
the full Procrustes distance.

For the reference object, scaling 
to centroid size is preserved, and 
for the compared object, the 
distance is minimized.



Kendall's shape space minimizes the distance from the 
reference shape.

B = shape scaled to cos(ρ)
A = shape scaled to a unit centroid size

Zelditch et al. (2004)



Zelditch et al. (2004)



The outer hemisphere is a cross-
section through the space of centered 
and aligned shapes scaled to a unit 
centroid size.
The inner circle is a cross-section 
through Kendall's shape space of 
centered and aligned shapes scaled to 
cos(ρ).

B = projection onto Kendall's space
A = shape scaled to unit centroid size

Zelditch et al. (2004)



Procrustes superimposition using the GLS method 
(generalized least squares)

1. Center each configuration of landmarks by subtracting the 
centroid's X and Y coordinate values from the X and Y 
coordinates of each landmark. This is a translation step, where 
the landmark coordinates now express their deviation from the 
centroid.

2. Scale the configurations to a unit centroid size by dividing 
each coordinate of every landmark by the centroid size of that 
configuration.

3. Select one configuration as the reference and rotate the other 
configurations to minimize the sum of squared deviations 
between homologous landmarks.



Pinoccio



Procrustes superimposition
a – Consensus configuration 
is shown with a solid line, 
while individual objects are 
represented with dotted lines.

b – Superimposition using 
the GLS (generalized least 
squares) method, where 
differences in the positions of 
corresponding landmarks are 
comparable.

c – Superimposition using 
the method of resistant fitting.

From this, we obtain an m ×
m matrix of distances 
between m objects.



Pinocchio effect present: A – resistant fit method, 
B – GLS (generalized least squares) method

Squirrel scapula

Zelditch et al. (2004)



Pinocchio effect absent: A – resistant fit method, B – GLS method
Zelditch et al. (2004)
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