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Summary

In scientific analyses, 3D vector orientations are often as important as their magnitudes. For
example, in meteorology, wind currents do not simply have a speed, but also a direction
(Klink, 1998). Meanwhile, in 3D biological structures and assemblies, the (co-)orientation of
structural units is a feature of interest that directly reflects structure-function relationships.
Previous works have examined the orientation of myocardial fibres in the heart (Dileep et al.,
2023; Lombaert et al., 2012), while others have focused on the coalignment, or anisotropy,
of trabecular struts in cancellous bone (Reznikov et al., 2022). Whether analysing the vector
orientations in isolation or in combination with their magnitudes, numerical representations
alone are insufficient to provide a complete understanding of these datasets.

To gain such insight, we seek to visualise and quantitatively analyse sets of 3D non-unit
vectors. Any intuitive visualisation should represent the distributions of vector magnitude
and orientation, as well as the interplay between these two variables, thus enabling observers
to identify patterns of dominant orientations and their associated magnitudes. Meanwhile,
quantitative insights into these data require directional statistics to be applied instead of
conventional Euclidean approaches (Fisher et al., 1993; Mardia & Jupp, 2000). To meet
these needs, in this work, we present VectoRose, a new open-source Python package. To
facilitate data visualisation of collections of non-unit vectors, VectoRose computes linear vector
magnitude histograms, 3D spherical orientation histograms, and a novel type of nested 3D
spherical histograms — simultaneously capturing orientation and magnitude data. Our package
also implements existing directional statistics approaches to enable statistical analysis of such
vectorial data. VectoRose is agnostic to the workflow used to compute the datasets and can
be applied in various scientific fields.

Statement of need

Fisher et al. (1993) presented a foundation for directional statistics, providing numerous
statistical tests and operations for analysing orientations of unit vectors in 3D. However,
their seminal work did not offer a software implementation or modern workflows for data
visualisation. In addition, their work is limited to pure directions and orientations (represented
by unit vectors), preventing the analysis of non-unit vectors. While Fisher et al. (1993)
discussed data visualisation, limited computing capabilities at the time prevented rich 3D
plotting operations. Our work seeks to implement and extend the work by Fisher et al. (1993)
to fit into the modern 3D quantitative analysis landscape. Through VectoRose, we provide
users with functions to compute directional statistics and construct 3D orientation histograms
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using the Python programming language. Our package also extends the previous work by
integrating analysis of non-unit vectors. We consider these vectors as a bivariate distribution,
with magnitude and direction as linked but separate variables (Figure 1). The marginal
distributions of each variable can be easily visualised using histograms; the 1D magnitude
histogram is generated using Matplotlib (Hunter, 2007), while the direction histogram is
presented on the surface of a sphere using PyVista (Bane Sullivan & Kaszynski, 2019). To
visualise the complete bivariate distributions, showing the joint distribution of magnitude and
direction, VectoRose uses a novel approach to generate a series of nested spherical histograms.
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Figure 1: Scalar data, consisting of real numbers, can be visualised using a 1D scalar histogram, while
unit vectors, or pure directions and pure orientations can be visualised using spherical histograms.
VectoRose introduces a novel type of histogram to visualise non-unit vectors, consisting of nested
spherical histograms, that couples these two metrics.

Existing packages have implemented directional statistics approaches. Tsagris et al. (2015)
developed the Directional package for the R programming language, providing many routines
for directional hypothesis testing, regression and analysis of variance (ANOVA), as well as some
3D spherical visualisation functions. Unfortunately, the visualisations produced are limited to
scatter plots and contour plots, largely without the use of colour maps, seemingly constructed
only based on vectors of unit length. Meanwhile, in the Python software ecosystem, a number
of existing packages have also sought to implement directional statistics and visualisation
approaches. Hacihabiboglu (2022) developed sphstat, a Python package implementing many
of the methods described by Fisher et al. (1993). While sphstat provides many statistical
approaches, it can only produce 2D scatter plots, not histograms. Three-dimensional histogram
plotting is offered in the spherical_stats package developed by Schmitz (2021). However,
that package only implements a limited subset of quantitative analyses. In addition, the
3D plotting method used relies on a congruent form of sphere patching, which results in
discrepancies in face area (Beckers et al., 2011). This issue is mitigated in the sphere-histo
software developed by the 3D-PLI (2022) group, which constructs spherical histograms using
a triangulated sphere representation. Unfortunately, that software only generates histograms
and does not offer any ability to integrate this plotting functionality into larger packages.
Similarly, while OrientationPy developed by Vasile et al. (2022) offers better approaches for
constructing 2D spherical plots using equal-area binning, as well as 3D spherical histograms,
it also does not include any other statistical analyses. In addition, these Python packages
provide few automated software tests, complicating bug detection. In contrast to these existing
tools, VectoRose offers the ability to visualise and quantitatively analyse collections of unit
and non-unit vectors in 3D, with intuitive Python functions, most of which are automatically
tested.

Research applications

We developed VectoRose in the context of scale-independent analysis of 3D anisotropy in
porous, branching, fibrous, bicontinuous, or reticulated structures. In this context, vectors
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may have a magnitude in the interval between 0 and 1, and any orientation within the upper
hemisphere. In Figure 2, we illustrate the data visualisation features of VectoRose using the
structural anisotropy of a bay leaf. A collection of antiparallel vectors has been created to
ensure the orientation histogram is plotted on both hemispheres (upper and lower). At the
leaf midrib, many of the anisotropy vectors have a high magnitude and are oriented along
the global y-axis. On either side of the midrib, the vectors exhibit low magnitudes and follow
multiple orientations, representing higher-order veins. These two regimes are captured in the
nested spherical histogram; the innermost shells, corresponding to low-magnitude vectors of the
veins, mainly exhibit a girdle of vectors lying in the zy-plane (roughly, the plane of the leaf),
while the outermost shells, corresponding to high-magnitude vectors, exhibit a single cluster
of vectors aligned with the y-axis — corresponding to the midrib. This and other biological
examples will be showcased in an upcoming case study paper (Rudski et al., 2025).
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Figure 2: The bay leaf exhibits a high degree of anisotropy oriented along the midrib, while the higher-
order veins display lower anisotropy values in various orientations. The diversity in vein orientations is
reflected in a girdle distribution when considering all vectors. However, considering vectors at specific
magnitude levels reveals orientation patterns corresponding to specific leaf structures. Figure adapted
from (Rudski et al., 2025). n — number of vectors; v — Woodcock's shape parameter (Fisher et al., 1993;
Woodcock, 1977); ¢ — Woodcock's strength parameter (Fisher et al., 1993; Woodcock, 1977).
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