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Synopsis
The methods of boundary morphometrics have yet to be applied to the analysis of form in planetary studies. These methods, adopted from modern studies in systematic evolutionary biology and micro-paleontol-
ogy, quantify shape as multivariate descriptors to extract the wealth of information morphology stores and communicates. Using modern methods of multivariate statistics, robust shape models can be built to 
quantitatively classify geologic morphology and compare form among other variables. This study applies outline-based shape analysis to various planetary craterforms to examine their relationship with shape.
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Introduction
  The morphology of a craterform (Fig. 1) is defined by the genetic process from 
which it formed and the systematic processes that modify it over time. While the forma-
tion process of structures such as lunar impact craters is well-understood, the origin of 
others, such as paterae on Io, lack understanding [1] due to differences in morphological 
complexity, variability, evolution, and data availability. Many questions remain unan-
swered concerning the landforms observed on planetary surfaces.
 Traditional morphometrics, or the Conventional Metric Approach (CMA) has been ap-
plied to the study of craterforms and provides metrics such as circularity and axial ratio. 
While these methods are used in modern craterform studies [e.g., 2], they are ineffective 
methods of analysis for complex and irregular natural forms [3], of which, constitute 
most of the morphology produced by planetary surface processes. 
 This study examines the morphology of paterae on Io, martian calderas, terrestrial 
basaltic shield calderas, terrestrial ash-flow calderas, and lunar craters using quantita-
tive outline-based shape analysis and multivariate statistical analysis to determine if dis-
tinctions in their morphology can be classified using shape information alone.

Statistical Analysis
 The methods used to quantitatively describe a shape depend 
on its complexity and the hypothesis being tested and the sur-
face morphology of geologic landforms is inherently multivariate 
[9]. Thus, multivariate methods of quantification and statistical 
analysis are ideal for examining morphology. This study selects 
coefficients produced by the 2nd to 10th harmonics of EFA and 
the 98 angular values from Z-R analysis are subjected to multi-
variate analysis (Fig. 3-5 and tables). 
 Discriminant analysis is used to examine the maximum differ-
ences between the groups of craters and to evaluate the success 
of each shape descriptor as criteria for craterform classification. 
A procedure known as Eigenshape analysis [10, 11] is performed 
by subjecting the quantities produced by the Z-R shape function 
to principal component analysis (PCA) (Fig. 5) and illustrates 
the major trends in shape variability for the craterforms.

Results
 Results from discriminant analysis of the elliptic Fourier coefficients and the an-
gular quantities produced from the Z-R shape function are shown by Fig. 3 and 4 re-
spectively. Each canonical axis represents a combination of variables in an equation 
that describes the maximum differences between groups. Canonical axes 1 and 2 are 
statistically significant (a<0.05) for both EFA and Z-R outline results and are 
stretched proportional to the amount of information they convey. These axes each 
tell a different “story” about the major differences in shape between the groups.
  The model trained using EFA coefficients successfully predicts group membership 
for 89.7% (364) of the 406 total craterforms examined by the study while the model 
trained using Z-R analysis results correctly predicts 84.23% of the craterforms. The 
EFA shape model is more successful in classifying intermediate differences among 
the shapes of basaltic shield calderas and martian calderas while the Z-R shape 
model is more successful in classifying craterform shapes of end-member complexity 
(see classification statistics). These shape models provide the foundation for quanti-
tative classification of craterform morphology using supervised statistical modeling.

Procedure
 This study uses multivariate quantities of shape, or shape descriptors, derived from 
the most contiguous and outermost boundary of the craterforms. First, we collect and 
process the craterform imagery with a stereographic (conformal) map projection and ac-
quire trace outlines as collections of Cartesian (x, y) coordinates. Linear interpolation is 
then used to establish equidistant spacing between 99 outline points (Fig. 2). Each set of 
collected coordinates is rotated to the point furthest from the shape’s centroid to main-
tain mathematical homology among the sampled shapes. 

 

 Multivariate shape quantities are then extracted for each shape using elliptic Fourier 
analysis (EFA) [4-6] and the Zahn and Roskies (1972) [7, 8] (Z-R) shape function. Results 
from the Z-R function correspond to the net angular deviation between each point on the 
outline from that of a circle in radians (Fig. 2 inset). Results from EFA yield four coeffi-
cients per harmonic that represent independent interpoint orientation differences in the x 
and y planes. The quantities extracted by these procedures preserve all morphological in-
formation, allowing input shapes to be reconstructed following analysis.
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Figure 2. Outline analysis 
performed on Camaxtli 
patera (Io) using the result 
of the Z-R function, the 
tangent angle approach, 
where ( фi, фi+1, …) describes 
shape as a quantity of net 
angular deviation from an 
ideal circular form.
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Figure 1. (left) 
End-member cra-
terforms inter-
preted to result 
from various geo-
logic processes. 
While similarities 
in morphology 
are present, dif-
ferences in shape 
can be derived 
quantitatively.
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Figure 3. 

Figure 4. 

Figure 5. 
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Fig. 3: Classification Statistics

Fig. 4: Classification Statistics


