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Abstract

\Visuali zation taxonamies are an important means of imposing some structure on arather diverse field. e review
some erlier work in this area, particularly work based onthe use of a naation to label classes of visualization
techniques that are appropriate to particular entities. We propcse a new notation introdwcing it in the context of a
new visuali zation reference model, one we hope will | ead eventually to a means of describing visudizationsin a

clear and unambiguous way.

Categories and Subjed Descriptors (acwording to ACM CCS): 1.3.6 [Computer Graphics]: Methoddogy and Tech-

niques

1. Introduction

There is a continuing interest in the development of tax-
onamies for visualizaion. A well-organised taxonamy can
provide an important structuring d the field, groupng visu-
alization techniques into classes acording to some aiteria.
Moreover such ataxonamy can ad as the basis for a much
nealed visualizaion ortology.

A good naation can help in the devel opment of taxonamies,
by providing a mncise yet expressve description o the
equivalence dasses of visualizationtedhniques. In thiswork-
in-progress paper we cart the development of notations
and taxonamies for visualization owr the past twenty yeas,
and relate this to work on reference models for visualiza
tion which provide an owerall framework. We put forward
a new reference model as an evolution o previous models,
and suggest a new style of notation that may help develop a
visudli zationtaxonamy. Our long-term visionis an ability to
describe visualizaions in a dea and urembiguows manner,
with aformal descriptionthat can be stored as metadatawith
avisualization for archival purposes. This descriptionwould
alow the reaedion o the esential feaures of avisudiza
tion — perhaps long after the software which creaed it in the
first instance becane defunct.

2. Evolution of visualization taxonomies, notations,
models and ontologies

One of the first proposals for a visualization taxonamy was
put forward by Wehrend and Lewis [WL90]. They placel

(© The Eurographics Assciation 2007

visudization problems and the associated techniques as the
elements of amatrix whose rows are objeds (such as cdars,
diredions, positions) and whose @lumns are operations
(such as identify, locae, distinguish). Some 600 examples
were dassfied by Wehrend in his MSc thesis acording to
this matrix scheme. Keller and Keller [KK 92 in their book
“Visual Cues’, present alarge variety of visualization exam-
ples, ead classfied using Wehrend's scheme. In addition,
they distinguish the role of dependent and independent vari-
ablesin the dataset to be visualized. However the dassfica
tion is performed simply on examples, rather than being a
systematic organisation o visuali zation techniques.

Brodie [Bro92 takes the view that visualizaion is con
cerned with understanding the underlying field (or entity)
from which a dataset has been sampled. Thus he dms to
provide ataxonamy of entities expressed as a multivariate
function of several independent variables. A notation, cdled
the E-notation, is proposed, using a superscript to indicae
the type of dependent variable and subscript to indiceae the
type of independent variable. Thus the superscript cen teke
vaues S (scdar), V (vedor), T (tensor), and the subscript is
anumber indicaing the dimension — bu using [] to indicae
aggregationand {} toindicate an enumerated set. For exam-
ple, avolumetric entity such asatemperaturefieldin a cavity
would be labelled as Egs. This proved auseful means of clas-
sifying techniques — that is, the notation aded as a label for
equivalence dasses of techniques which could be gpplied to
visuali ze entiti es of that type. Thusthe E3S notationaded asa
label for volume visuali zation techniques auch as isosurfac
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ing and vdume rendering, but did na attempt to distingush
between the two, quite diff erent, approaches. Simil ar eff orts
were made in Brodie [Bro92), [Bro93 and Gallop [Gal94],
with further work by Wright [Wri07] in a new textbook on
scientific visualizaion. While this approach does provide
some structuring o techniques, and while Brodie [Bro93
did try to label display techniques as well as entities, gen-
eraly the gproach lads the ‘problem-oriented’ theme of
Wehrend and Lewis, in which the user’s goal i sincorporated
into the dasgficaion process

This ealy work tended to focus on scientific visualization.
Tory and Moller [TMO04] provide ataxonamy with much
broader scope, unifying the fields of scientific and informa-
tion \visudizaion. Their work is aso naable for its under-
pinning byareferencemodel for visuali zaion. Inthismodel,
they distingu sh the data from the underlying objed of study
(similar to the entity in [Bro92), and show how visualiza-
tions are then derived on the basis of two models: the de-
sign model, in which the dgorithm developer incorporates
spedfic choices auch as interpaation method, and the user
model, in which the user seleds the technique on the basis
of their own mental model. Anather important contribution
is a dea definition o the datatypes invalved in visuaiza
tion, and we shall make use of thiswork later in this paper.
Work on reference models for visualization hes proceeded
in parallel to the &forts on taxonamies. A landmark contri-
bution was the datafl ow reference model propcsed by Upson
et al [UFK*89] and Haber and McNabb [HM9Q]. This ex-
pressed the visualizaion processas a pipeline of elementary
processes, eath of type Filter (to refine the data), Map (to
seled avisuali zation idiom, turning numbers into geometri-
cd representation) or Render (to display the geometry using
computer graphics techniques). This model has rved the
community well: it aded as the basis for the development
of Moduar Visudizaion Environments (MVES) in the late
198%s and ealy 1990, and was extended to suppat collabo-
rative visuali zation in the work of Woodet a [WWB97] and
Duce ¢ a [DGJ9§].

A different approad, first suggested by Duce was pro-
posed in Brodie @ a [BDG*04]. This sw visualizaion as
a threelayer process a conceptual layer, in which a high
level view of the required visualizaion is conceived; a log-
ical layer, in which this view is refined in terms of spedfic
pipelines of processes; and a physical layer, in which the
pipeline is redised in terms of spedfic software and herd-
ware resources. This can be seen in partnership with the
Upsor/Haber—M cNabb model; and the conceptual layer has
some dfinity with the user model in the Tory—Moll er work.
Ontologies provide amuch broader structure to a subjea
than asimple dasgficaion o taxonamy. A visualization on
tology will define the concepts involved in the subjed and
the relationship between them. A discusson o visualization
ontologies is provided by Duke & al [DBDHO05]. Work on
notation and taxonamies can be auseful contribution to on
tology reseach, and indeed Shu et al [SAR06] derive avi-
sualizaion ortology starting from the E-notation mentioned

ealier.

The work in this paper begins with a new look at reference
modelsfor visuali zation, sincegetting the framework corred
isan important basis for subsequent work. Thisis covered in
sedion 3 We then propcse in sedion 4 a new notation —a
development of the ealier E-ndation. Thisis based onthe
underlying entity, and therefore will correspondto the ea-
lier taxonamies of Brodie and Tory and Moller. Sedion 5
presents conclusions and the diredion d our future work.

3. A Reference Model for Visualization

It is useful we believe to present any taxonamy in the con-
text of a dea reference model. In this ssdion we describe
the model we ae using; it isan evolution from the previous
eff orts described above. The model is shown in Figure 1.
We distinguish data dements from processes that operate on
data.

We start from the entity, or underlying field, we ae trying
to visualize Our taxonamy will provide anotation to de-
scribe this in terms of its dependent and independent vari-
ables. The data to be visualized arises from a sampling by
measurement of this field, or by a simulation process We
attach to this metadata which will i nfluence the visuali za-
tion technique that is applied: for example, we might have
metadata which spedfied that the underlying scdar field is
everywhere positive, and so this can be incorporated in the
interpoation processwhich reaeaesamodel of thefield for
visuali zaion.

The andytical task describes the goal of the user in cary-
ing ou the visualization. Thisis gmilar to the operation of
Wehrend and the user model of Tory and Maller. It is used
to distinguish between diff erent techniques that are gpplica
bleto agiven entity. Essentially the description o the entity,
the data, the metadata and the analyticd task drive the route
throughthe rest of the model-which itself isavariant onthe
Upsorn/Haber—M cNabb model. The ideaof including the an-
alyticd task is aso motivated by the work of Tufte who hes
long argued that the design o a graphic must be driven by
the mental task it is meant to suppat [ZT04].

The first processin the pipeline, Data Operations, applies
necessary transformationsto the data. This may include sub-
setting, or in the case of multivariate datasets, a splitting o
the data into individual comporents. Thus the pipeline can
fan ou at thispaint.

Eadh pipeline then proceeals by applying a visuaization
Technique, perhaps informed by a modelling step which
reaedes an estimate of the underlying field. The output
from this gep is an abstrad, or logicd, version o the vi-
suali zetion: by this we mean it comprises the esential ele-
ments that distingush the visualization, withou reference
to the particular way it is displayed on any given device
This abstrad version (an AVE, or Abstrad Visuali zaion El -
ement) then passes to a Representation step, in which par-
ticular rendering attributes are alded to crege an RVE, or
Redised Visuali zation Element. This sparation of meaning
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from representation hes its roats in the graphics gandards
work of the last century, when GKS for example, was de-
fined in terms of a logicd, workstation-independent, pic-
ture, and its subsequent representation on dfferent work-
stations [HDGS86]. Our thinking here is influenced also by
Ducé€ s reference model for visuali zation, where the concep-
tual layer expresses a high level description o a visualiza-
tion. Finally we ae dso motivated by the potential use of
the model for provenance and archiving o visualizaions-
we may wish to reaede the logicd version exadly, but be
unconcerned whether we reproduce the predse representa-
tion.

Finally we have aCompasiti on step, in which the RVEsfrom
the set of pipelines are cmbined in an appropriate way (of-
ten depending onthe analyticd task).

4, Domino Notation

We now discuss a notation for describing the underlying
field, as alabelling for the taxonamy we wish to introduce
We shall start from the ealier E-notation, but we shall aim
to incorporate some of theimprovements we can gean from
the work of Tory and Moller, and ahers. Our guiding prin-
ciplesare:

e \Wewish to retain the separation into dependent and inde-
pendent variables.

e Wewish toincorporate abetter description o datatypes.

e We wish to avoid reduncancy in the notation (a aiticism
from Hopgood [Hop93, of the E-notation was that the
largest symbal, that is, E, isreduncant!).

e We wish to find a distinctive and memorable idiom that
will apped to awide community.

4.1. Datatypes for Dependent and Independent
Variables

We shall simplify the ealier notation by wsing the same
datatypes for dependent and independent variables —that is,
therange andthedomain. We shall consider four basic types:
red (R); integer (Z) — with passhility of paositive integers
(Z"); and two caegoricd types, ordinal (O) where there is
an ordering, and naminal (N) where thereisnot.

We see anedl to distingush the case where there is a sin-
glevalue, or aset of values—for example, an interval of red
numbersrather than asingle red number. We shall usethe {}

notation to indicate aset of values. Thereis also increasing
awarenessin visuaizaion that uncertainty may naot just be
expressed asasimpleinterval of values, but rather as a Prob-
ability Density Function (PDF) (seeLove ¢ a, [LPKO05]). At
present we shall allow the {} natation to cover this case &
well but it may be in the future that the two cases shoud be
distinguished.

4.2. Dimensionality

We shall i ndicate dimension as a multi pli cative fador. Thus
athreedimensional volumetric domain would be designated
RXRXR, or R3. This allows us also to have mixed type do-
mains or ranges, for example, RxZ*. Multivariate datais in-
dicaed as an addtivefador. Thus a CFD dataset of velocity,
presaure and temperature would be designated as RE+R+
R.

4.3. Redundancy

To make the notation as compad as possble, we remove
any symbd such as E that does not contribute identificaion
information. Furthermore, we exped that in most instances
we shall be deding with asinge value, rather than a set of
values or a PDF, and so we only include symbadls (i.e. ‘{} ")
if wewishto indicate aset of values.

4.4. Metaphor

To make the notation memorable, we shall use adomino as
the metaphar. The top indicates the dependent variable; the
bottom the independent variable. Thus we have:

4.5. Simple Examples

A simple example is data representing values of a quantity
measured at various points alongan axis-for example, length
of a bar measured at different temperatures and typicdly
visualized as a 1-D graph. Thiswould be represented as:

R

R

Another simple example but showing dfferent
datatypes is the following. Figue 2 (taken from
http://labwrite.ncsu.edures/ghvgh-bargraph.html) shows
a visudizaion o the range of temperature observed at
Raleigh-Durham airport ead day in Decenber 1996 The
entity here has a range that is an interval of red numbers,
andadomainwhichisan ordinal variable- hencedesignated:

{R}

o
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Min/Max Air Temperature
Raleigh-Ourham Airport
December 1996

Temperature (deg F;
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Figure2: Interval range and adinal domain.

4.6. A more complex visualization

The notation can aso be used in more complex cases. For
example, consider the situation where the visualizaion
is of the popdation o the wurtries in the world. This
would be an integer dependent variable, with a 2D ‘region’
independent variable, hencethe natation:

+

z
{7}

However suppcse the entity was the male-female split of
popuation: then the dependent variable is ancther entity in
itself, namely an integer dependent variable and a nominal
independent variable (male, female). We can then nest the
dominas as foll ows:

{R}

4.7. Another domino representation

We ae dso exploring dfferent representations of the
dominaos. For example, rather than use letters as ymbals,
can we take the domino metapha further and use dats.
Figure 3 provides a suggestion; the data from Figure 2
would be designated as:
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5. Taxonomies

Thenatation o sedion 4will ad asabasisfor ataxonamy of
visuali zation techniques, similar to that of Brodlie [Bro93
and Tory and Moller [TM04].

In order to buld up examples to popdate this taxonamy
we ae aeaing awiki, to which visualizaion scientists can
add interesting examples. The wiki is being established at:
http://dom nonot ati on. wi ki spaces. com

Datatypes Symbadls
Red Numbers(R) .
Integer (Z, Z*) O
Ordina (O) CD

Nominal (N) @

Figure3: Table showing a psshble graphical representation
of the notation.

6. Conclusionsand Future Work

We ae revisiting the work on ndations, models and
taxonamies for visualization. Our focus has initialy
concentrated on ndation where we have refleded on
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the E-notation from Brodie [Bro92 and aimed to bah
simplify it and make it more epressve- propasing the
domino ndation. We have dso suggested a variation onthe
Haber-McNabb reference model for visualizaion, in which
we incorporate the concept of analyticd task.

Our next step isto develop alanguage in which the analyti-
cd task can be expressed. To give aflavour of our thinking,
consider asimple two variable scdar 1D dataset —that is, in
our notation:

2R

The analyticd task might be to display the two variables,

with an aim to compare by juxtaposing the graphs. This
would then drive the subsequent path throughthe reference
model: ‘compare’ drives the Data Operations process to
separate the two variables 0 that ead can be processed by
a separate pipeline; ‘display’ seleds the default choice of
Modelling and Technique for this type of data; and finaly
‘juxtapose’ drives the Compasiti on stage to arrange the two
graphs dde-by-side.
Longer term we see our work contributing to a means of
describing visuali zaionsin amore rigorous and predse way
than is posshle & present. This will have benefits in long
term archiving o visualizaions — so they can be reaeaed
long after the software that generated them has expired-
and in applications such as asynchronows coll aborative
visudlization where apredse description is needed in order
to exchange descriptions between coll aborators.
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