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ABSTRACT

The Grammar of Graphics (GoG) provides a formal and compo-
sitional framework for describing how data are transformed into
graphical representations. Although grammar-based approaches
have been widely applied to conventional visualisations, their ap-
plicability to data glyphs has not been fully explored. Data glyphs
are composite visual entities that encode multiple data dimensions
within a single graphical object and may employ heterogeneous vi-
sual elements, mapping strategies, and internal layouts. This work
investigates whether the GoG can serve as a foundation for the
grammar-based generation of data glyphs. We conduct a theoret-
ical analysis of the GoG layers and apply them to two representa-
tive glyphs with distinct structural characteristics: a star glyph and
a Chernoff face. The comparison indicates that the star glyph can
be described through a relatively direct application of the original
layered pipeline. In contrast, the composite structure of the Cher-
noff face requires component-specific mappings and suggests the
need for an iterative application of the graph layers followed by an
explicit graphical composition mechanism. These findings indicate
that the GoG provides a useful foundation for describing data glyph
construction but may require adaptations to support heterogeneous
components and complex internal layouts. This work constitutes
an initial theoretical investigation and provides directions for future
grammar-based approaches to data glyph generation.

Index Terms: Grammar of Graphics, Data Glyphs, Grammar-
Based Visualization, Multivariate Visualization, Glyph Generation.

1 INTRODUCTION

The Grammar of Graphics (GoG) [16] provides a formal and com-
positional framework for describing how data are transformed into
graphical representations. Rather than defining visualisations as a
collection of predefined chart types, the GoG decomposes visual-
isation construction into independent layers, including data, vari-
ables, algebra, scales, statistics, geometry, coordinates, and aes-
thetics. This perspective has significantly influenced visualisation
research and the development of grammar-based visualisation sys-
tems, supporting the systematic specification, generation, and com-
position of visual representations.

Data glyphs are composite graphical objects that encode multi-
ple data dimensions within a single visual entity [1]. By combin-
ing several visual variables, glyphs can support the representation
of multivariate data while preserving the identity of individual ob-
servations. However, the complexity and heterogeneity of glyph
structures may present challenges for existing visualisation gram-
mars. In particular, different data dimensions may be mapped to
distinct graphical components, each with its own scale, geometry,
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coordinate configuration, and visual encoding. These characteris-
tics raise the question: Can the Grammar of Graphics (GoG) serve
as a foundational framework for generating data glyphs?

To address this question, we conduct a theoretical analysis in
three phases. First, we examine the layers and operations defined
by the GoG to establish their roles in data glyph design. Second, we
apply the grammar to two data glyphs with different structural and
mapping characteristics: a star glyph and a Chernoff face. Finally,
we compare the resulting specifications to identify limitations and
potential adaptations required to represent composite glyph struc-
tures. The analysis focuses on the conceptual specification of the
glyphs; the implementation and empirical evaluation of the result-
ing visualisations are outside the scope of this work.

2 BACKGROUND

2.1 Data Glyphs
Data glyphs are composite graphical objects that encode multiple
data dimensions within a single visual entity [1, 3]. By combin-
ing multiple visual variables, glyphs represent multivariate obser-
vations while preserving data identity. Examples include arrows
encoding directional information [17], star glyphs mapping magni-
tudes along radial axes [14], and Chernoff faces encoding attributes
through facial features [2].

Data glyph designs vary significantly, depending on their appli-
cation domain, data mapping, and layout. Their mappings may be
one-to-one, in which individual data dimensions are associated with
distinct visual elements, or many-to-one, where dimensions share
the same mapping logic. Glyphs can be pictorial or non-pictorial,
using abstract or metaphoric relationships.

Internally, elements can be juxtaposed (side-by-side) or super-
imposed (overlapped), in 2D or 3D space across various layout pat-
terns (e.g., grids or radial arrangements) using visual variables.

This variety of designs offers flexibility but makes it difficult
to describe and generate data glyphs systematically. In particu-
lar, different glyph structures may require distinct combinations of
data transformations, visual mappings, geometric components, and
spatial layouts. These characteristics motivate the investigation of
grammar-based approaches as a potential foundation for formally
describing and generating data glyphs.

2.2 Grammar-based approaches
The Grammar of Graphics (GoG) provides a foundational, com-
positional framework for specifying statistical graphics by decom-
posing them into independent components—such as data, trans-
formations, scales, geometries, and coordinate systems [16]. This
declarative approach contrasts with template-based systems, offer-
ing greater flexibility and reusability. GoG principles have been
widely adopted in modern visualisation systems, most notably in
ggplot2 for R [15] and the Vega/Vega-Lite ecosystems for the
web [13], which facilitate extensible visualisation authoring.

Research has extended the GoG to address requirements be-
yond standard charts. These adaptations support temporal and an-
imated data (e.g., ggtime [5], Animated Vega-Lite [18]), uncer-
tainty (PGoG [10], ggdist [7]), and specialized layouts like mosaic



plots [6] and unit visualizations [9]. Further, studies on the cog-
nitive and practical aspects of these grammars highlight that their
effectiveness relies on how well their abstractions align with users’
mental models and authoring workflows [11, 12].

Despite the popularity of grammar-based systems, we still do not
fully understand how to apply them to data glyphs. While algebraic
processes for visualisation offer relevant conceptual insights [8],
no existing work systematically investigates how GoG layers and
operators can describe the construction of multivariate, composite
glyphs. These entities often require complex, multi-layered coordi-
nate systems and heterogeneous mapping strategies, motivating the
analysis presented in this work.

3 THE GRAMMAR OF GRAPHICS FOR DATA GLYPHS

The Grammar of Graphics (GoG) decomposes visualisation into a
sequence of layers that transform data into graphical elements [16].
This layered structure serves as a foundation for generating data
glyphs. However, because glyphs are composite objects encoding
multiple dimensions within a single entity, some GoG components
apply directly, while others may require adaptation. We examine
each layer below.

3.1 Data

The Data layer defines the source from which observations and at-
tributes are obtained. Data may be stored in databases, files, or
other structured sources and constitute the input to the graphical
pipeline. At this stage, the data are not yet associated with graphi-
cal properties or transformed into visual representations.

Glyph-based visualisations can use the same data sources and
observational structures as conventional visualisations. Each ob-
servation may represent an individual entity, while its associated
attributes provide the values that will subsequently be encoded by
the glyph. Thus, the Data layer applies directly to data glyphs.

3.2 Variables

This layer selects the attributes to be visualised. For data glyphs, it
also establishes the dimensions represented and whether they fol-
low a one-to-one or many-to-one mapping strategy, which directly
governs subsequent scales, geometries, and aesthetics. Complex
glyphs with independent component mappings may therefore re-
quire explicitly linking variables to specific glyph sub-components.

Thus, the Variables layer remains compatible with data glyphs
but may require an explicit description of the relationship between
data dimensions and glyph components. This relationship becomes
particularly relevant for complex glyphs in which different visual
elements use independent mappings.

3.3 Algebra

Algebra combines variables into a varset, which depends on the
structure of the input data rather than the visual complexity of the
glyph. Algebraic operations are necessary only if the data require
combining or restructuring before mapping.

3.4 Scales

The Scales layer transforms variable values into domains usable by
subsequent graphical operations. Scales play a central role in data
glyphs because the dimensions represented by a glyph may have
different units, ranges, and distributions. In many-to-one mappings,
where multiple dimensions share the same graphical logic, the vari-
ables commonly require normalisation to a common output range.
This allows their values to be represented using comparable graphi-
cal parameters. In contrast, one-to-one mappings may require inde-
pendent scale functions because each dimension is associated with
a different visual element or geometric parameter.

3.5 Statistics

The Statistics layer applies statistical methods to the varset to pro-
duce graphical summaries or transformations. For data glyphs, sta-
tistical transformations depend on the intended unit of representa-
tion. When each glyph represents an individual observation, no sta-
tistical aggregation may be required, and the original observations
can be directly mapped to glyphs. Alternatively, statistical meth-
ods may be used when a glyph represents an aggregate, such as the
mean or distribution of a group of observations.

Therefore, the Statistics layer does not require a glyph-specific
modification. Its use is determined by whether glyphs represent
individual observations or statistical summaries.

3.6 Geometry

The Geometry layer defines the graphical structures used to repre-
sent the transformed data. Geometric operations generate graphi-
cal marks from the varset, such as points, lines, intervals, areas, or
other graphical objects. At this stage, the data are converted into
geometric representations, although subsequent layers define their
final spatial arrangement and visual appearance.

For data glyphs, geometry defines the visual elements that en-
code the data dimensions. In glyphs based on many-to-one map-
pings, a common geometric structure may be repeated for multi-
ple dimensions. In one-to-one mappings, different dimensions may
control distinct geometric primitives, resulting in a composite glyph
formed by multiple heterogeneous elements.

This layer introduces one of the main challenges in applying
the GoG to data glyphs. Conventional geometries are generally
designed to generate a limited set of graphical marks from ob-
servations. Complex glyphs may instead require the construction
and composition of multiple geometries within a single graphi-
cal element. Consequently, glyph construction may require an
extended geometric model capable of representing composite and
parametrised graphical structures.

3.7 Coordinates

The Coordinates layer transforms the spatial representation pro-
duced by the Geometry layer. Coordinate transformations define
how graphical elements are positioned within a frame and may con-
vert geometric structures between different coordinate systems.

For data glyphs, the Coordinates layer can be interpreted as
defining the internal layout of glyph components. In this context,
coordinate systems determine how the graphical elements gener-
ated by the Geometry layer are arranged relative to one another.
Radial glyphs, for example, may use polar coordinates to distribute
dimensions around a central point, whereas other glyphs may use
Cartesian coordinates or predefined local reference positions.

Thus, the Coordinates layer provides a conceptual basis for
glyph layouts. However, complex glyphs may require local co-
ordinate systems, nested coordinate spaces, or component-specific
transformations. These requirements may exceed the use of a single
global coordinate transformation and suggest the need for a more
explicit representation of internal glyph layouts.

3.8 Aesthetics

The Aesthetics layer translates graphical structures into visual rep-
resentations by mapping data to visual properties like colour or size.
Data glyphs rely extensively on aesthetic mappings because multi-
ple dimensions are encoded through visual properties. However,
complex glyphs may contain several graphical elements, each with
an independent mapping logic. In one-to-one glyphs, different di-
mensions may control different aesthetic properties or may use dis-
tinct aesthetic functions for separate components. In many-to-one
glyphs, multiple dimensions may share the same aesthetic logic.



4 EXAMPLES

This section applies the Grammar of Graphics (GoG) to two multi-
variate glyphs using the Palmer Penguins dataset [4]: a star glyph
and a Chernoff face. The examples were selected because they rep-
resent distinct approaches to glyph construction. The star glyph
uses a homogeneous radial structure, whereas the Chernoff face
combines multiple heterogeneous graphical components.

4.1 Common Varset Specification
Both examples use the same data, where each observation repre-
sents a penguin described by four variables: bill length (BL), bill
depth (BD), flipper length (FL), and body mass (M). The selected
varset is defined as V = {BL,BD,FL,M}. As these variables are
already organised as multivariate observations, no cross, blend, or
nest operation is required. The Algebra layer preserves the varset,
A(V ) =V . Similarly, since each glyph represents a single observa-
tion, no statistical transformation is needed, so the Statistics layer
also preserves the data.

The examples differ mainly in their Scales, Geometry, Coordi-
nates, and Aesthetics. The star glyph applies a shared mapping
logic to all variables, whereas the Chernoff face uses component-
specific mappings.

4.2 Star Glyph
A star glyph represents each quantitative variable along a radial
axis. As the variables have different units and ranges, they are nor-
malised to a common interval using min–max scaling:

si(vi) =
vi−min(Vi)

max(Vi)−min(Vi)
, si(vi) ∈ [0,1]. (1)

The variables are ordered as π = (BL,BD,FL,M), which defines
their positions around the glyph. Each scaled value determines the
radial distance of a vertex. The vertices are placed at equally spaced
angular positions and connected to form a closed polygon:

Gstar = polygon(p1, p2, p3, p4) , pi = (ri cosθi,ri sinθi) , (2)

where ri = si(vi) and θi = 2π(i− 1)/4. The species variable is
mapped to the polygon colour, while fill, stroke, and opacity remain
fixed visual properties.

4.3 Chernoff Face
Chernoff faces [2] represent multivariate observations through fa-
cial features. Unlike the star glyph, each variable is assigned to
a distinct facial parameter and therefore requires a component-
specific scale: S f ace = {sBL ,sBD ,sFL ,sM}.

The scaled values control the parameters of the head, eyes, nose,
and mouth. The glyph is therefore composed of multiple geometric
primitives, G f ace = Ghead ∪Geyes∪Gnose∪Gmouth, arranged within
a local Cartesian coordinate system using predefined positions rela-
tive to the centre of the face. The corresponding scale functions de-
termine their dimensions and shapes. As in the star glyph, species
is mapped to colour, while fill, stroke, and opacity define the ap-
pearance of the components without encoding additional data.

5 DISCUSSION

The comparison summarized in Figure 1 demonstrates that the
Grammar of Graphics (GoG) can describe the fundamental data
transformations and visual mappings involved in data glyph con-
struction. The varset layers were compatible with both examples,
requiring no substantial adaptation. The main limitations emerged
in the graph layers, particularly in the relationship between scales,
geometry, and coordinates.

The star glyph follows a homogeneous structure in which all
variables share the same mapping logic. The variables are nor-
malised to a common range, positioned using a shared polar co-
ordinate system, and represented as vertices of a single polygon.
Consequently, the glyph can be generated through a single applica-
tion of the GoG pipeline. In contrast, the Chernoff face is a hetero-
geneous composite object. Each variable controls a distinct facial
component and may require a specific scale, geometry, and local
coordinate configuration. The final glyph is then obtained by com-
bining these components.

This difference reveals a limitation in interpreting the GoG as
a strictly linear pipeline. While a single sequence of graph lay-
ers is sufficient for the star glyph, the Chernoff face requires the
scale→ geometry→ coordinates→ aesthetics sequence to be ap-
plied separately to multiple components. The construction can
therefore be represented as a component-wise process:

ck = Ak (Ck (Gk (Sk(vk)))) , G =
K⊕

k=1

ck, (3)

where Sk, Gk, Ck, and Ak define the scale, geometry, coordinates,
and aesthetics of component ck, respectively, and

⊕
denotes the

composition of the components into the final glyph. This interpre-
tation is better described as iterative, recursive, or component-wise
rather than a linear sequence of the pipeline. Instead, the graph
layers are reused to construct different components.

The Coordinates layer presents a related limitation. The star
glyph uses a single polar coordinate system, whereas the Chernoff
face relies on the relative placement of multiple components within
a local spatial structure. Complex glyphs may therefore require
multiple local or nested coordinate spaces. This suggests that the
notion of glyph layout could extend the Coordinates layer by ex-
plicitly defining the spatial organisation and relationships among
glyph components.

The Aesthetics layer was largely consistent across both exam-
ples. However, complex glyphs may require component-specific vi-
sual properties, such as different fills or strokes for individual com-
ponents. When these properties do not encode data, they should be
treated as fixed styling parameters rather than data-driven aesthet-
ics. An adaptation for data glyphs may therefore need to distinguish
data-driven visual mappings from component-level styling.

Overall, the examples suggest that the GoG provides a useful
foundation for describing data glyphs but may require adaptations
to represent complex composite structures. Such adaptations could
preserve the existing varset layers while extending the graph layers
with component-specific mappings, local coordinate systems, and
an explicit composition or layout operation.

6 CONCLUSION

This work investigated the applicability of the Grammar of Graph-
ics (GoG) to data glyph construction through the theoretical anal-
ysis of a star glyph and a Chernoff face. The examples demon-
strated that the GoG provides a useful framework for describing the
data transformations and visual mappings involved in glyph con-
struction. However, while the star glyph can be represented us-
ing a relatively direct application of the original layered pipeline,
the composite structure of the Chernoff face suggests the need for
a component-wise application of the graph layers and an explicit
mechanism for combining graphical components.

This analysis represents an initial theoretical investigation rather
than a formal extension or validation of the GoG. Future work
should implement these representations using existing grammar-
based visualization libraries, evaluate a broader range of glyph
types, and investigate the proposal of a grammar-based adaptation
specifically designed to support data glyph design.



BL

BD

FL

M

Gstar = polygon(p1 , p2 , p3 , p4)

DATA: D = (BL,BD,FL,M,Species)
VARIABLES: V = {BL,BD,FL,M}
ALGEBRA: A(V) = V
SCALE:

si(vi) =
vi−min(Vi)

max(Vi)−min(Vi)
, si(vi) ∈ [0,1]

STATISTICS: statid(V) = V
GEOMETRY:

Gstar = polygon(p1, p2, p3, p4)

AESTHETICS:
Astar = {colour(Species),fill,stroke,opacity}

Star Glyph

← Geyes(sBL
,sBD

)

← Gnose(sFL
)

← Gmouth(sM )

DATA: D = (BL,BD,FL,M,Species)
VARIABLES: V = {BL,BD,FL,M}
ALGEBRA: A(V) = V
SCALE:

Sface =
{

sBL ,sBD ,sFL ,sM
}

STATISTICS: statid(V) = V
GEOMETRY:

Gface = Ghead ∪Geyes ∪Gnose ∪Gmouth

AESTHETICS:
Aface = {colour(Species),fill,stroke,opacity}

Chernoff Face

Figure 1: Grammar of Graphics specifications for the star glyph and the Chernoff face using the Palmer Penguins dataset.
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