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Abstract

Visual analytics means are a set of tools used to obtain a visual representation of the data
explored by the user, their interpretation and complete analysis. It is quite possible that such
a set will be a developed specialized environment for continuous user interaction with a data
stream, which has the capacity to control and replace the way of visual data representation. A
wide range of existing visualization tools, as well as unlimited borrowing of technological
solutions originally intended for a narrow application area, and the transfer of the capabilities
they create to other directions make it urgent to form a sound approach to the comparison
and selection of means of data visual representation of a given complexity [1]. The purpose of
this selection is to save the end user’s resources, based on the absence or minimization of
resource losses arising at the stage of selection and testing of visual analytics tools. The paper
shows the possibility of using a semiotic visualization model for purposeful design or
selection of visualization tools.
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1. Selection problem statement

The visualization tool and visual analytics selection problem arises only in matters of
their use by the user. However, the requirements usually imposed on tools for solving visual
analytics tasks are as follows:

e accuracy and completeness of the analysis performed;

e resource intensity and efficiency of the solution process;

¢ the possibility to obtain additional useful results of user interaction with data.

Issues related to understanding the correspondence of the available visualization tools to
the purpose of their application in a specific task, as well as the differences in the use of these
tools by different people, remain extremely complicated. If each available visualization tool
leads to an analysis result that meets specified requirements, then the selection of visual
analytics tools can be determined by subjective advantages: convenience, emotional effect,
compliance with individual user restrictions (speed of work, familiarity or comfort of the
working environment, the need for additional training etc.). Difficulties arising at this stage of
research or another practical activity can have a significant impact on the final result, and the
amount of resources spent does not always provide the user with an appropriate level of
result [2]. To clarify this statement, let us consider a few common situations.

Example 1. Selecting a visualizer in a designer's work. When a practicing designer
determines the visualization tools that ensure the commercial success of the project being
executed, it is necessary to determine the boundary conditions of the visualization task, one
of which is the quality level of the final images. The most important problem for every
designer is that there is no way to accurately indicate the desired features of the visualizing
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result. Photorealism, often proposed as a quality criterion, is highly controversial when
designing fictional objects.

Moreover, common examples represent situations in which the hyperrealism of
visualization of spaces saturated with objects, requiring high image detail, is the cause of
information overload, false perception, and an uncontrolled shift in the user's focus of
attention. In addition, a high degree of accuracy in the details of the image and the lack of
balance between significant and minor elements become sources of cognitive delusions, when
the search and assessment of the relevant dependencies in the visual image by the observer
leads to the formation of erroneous interpretations. Their verification requires additional
resources and can be considered both a useful and undesirable process.

A negative result can include inadvertent misleading of the viewer, creating inappropriate
associations, or creating unreasonable expectations. In the example under consideration, the
visualization problem is associated with the impossibility of distinguishing between true and
false ideas about the object of perception, since it is just a difference in the perception of the
viewer and the author.

Example 2. Selecting scientific visualization tools. Visual data representation can be a
way to compare the results of computational experiments describing the same process but
obtained, for example, using different models. A problem is caused by the situation when the
visualized calculation results cannot be evaluated due to the lack of a reference example or
the user's understanding of the validity criteria. Thus, visualization can be useful in the
following cases: comparison of broad data pictures if the data structure is difficult to quickly
evaluate; search for differences in data related to different sources if the differences are small
or unpredictable (cannot be estimated algorithmically).

Thus, when choosing visual analytics tools, it is necessary to compare not the accuracy
and speed of translating the initial data into a visual representation, which often act as
evaluation criteria, but, for example, the possibility of using the visual representation
metaphor, which allows (subject to other boundary requirements) achieving the purpose of
data analysis most efficiently. It is commonly known that this purpose is the user's
understanding of the meaning of these data.

2. Semiotic comparison

If the metaphor necessary for the efficient visual data interpretation is known (developed,
verified, the method of application is prepared), then the visual analytics tool selection is
determined by the advantages of the metaphor itself. In the semiotic visualization model [3],
this statement corresponds to the choice of the optimal language of visual representation,
serving the purpose of visualization. In a broader context, the semiotic visualization model
which establishes correspondence between visual perception and information
communication allows for effective analogies with basic linguistic definitions. As a result,
there is a useful opportunity to develop visual analytics tools that differ in their parameters
depending on the content and characteristics of the communication process. Consequently,
the advantage of visualization tools can be an easy-to-change, wide-ranging possibility of
achieving an exact match to the user’s actual goals. Figure 1 shows a variant of the semiotic
model demonstrating the need for a mandatory and precise agreement between the
capabilities of visualization tools and their application. The lack of such an agreement,
despite the high-quality level of visualization, will lead to the solution of a problem that is
different from the one posed. The question is how to achieve this conformance in the most
efficient way? By what means? At what stage of visual research?

It is necessary to answer the question of what makes one image more understandable for
the viewer than another one? As part of the discussion of the capabilities of visual analytics, at
the initial stage, this question can be formulated differently: what properties of the image
help the viewer to complete the interpretation, i.e. to formulate, test and accept the
hypothesis of interpretation more efficiently (in most situations, faster) than in their



absence? Reliance on a semiotic visualization model allows answering this question by
pointing out the dependence of the effectiveness of a particular visualization tool on the
interpretation purpose:
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Figure 1: Implementation of the semiotic model in the development of
visual analytics tools

e The task of informing. For situations in which a visual data image is intended to
convey to the viewer information that does not require a discussion, the image must contain a
visual statement formulated in a known visual language (expressive means familiar to the
user) and disallow interpretation variants.

e The task of learning. In this case, the aim is to change or supplement the user's own
knowledge. Therefore, visual analytics efficiency in solving the learning problem presumably
depends on the conflict of the user's “old” knowledge system and visual information involved
in the learning task [4]. Capabilities of visualization tools become user-dependent. In this
case, the increase in the visual analytics tool efficiency depends on the immediate
determination of user knowledge that prevents new experience and the availability of
adaptation capabilities of visual analytics tools.

e The task of analysis (research). The visual picture should (one of the goals) create
freedom for the appearance of options for interpretation hypotheses. Perhaps, by analogy
with the linguistic model, a visual statement may possess “understatement”, i.e. offer (direct)
the viewer to supplement the image with his own meanings. The main task of visual analytics
tools is to help the researcher in obtaining variants of hypotheses and in choosing the one
that is closer to the individual cognitive worldview. Thus, the possibility of visual search is the
most interesting when comparing visual analytics tools.



e The task of decision making. It is the most difficult task. Here, the user of visualization
tools makes a choice in favor of one of the possible scenarios, the starting point of which is
the result of the visual image interpretation [5]. One of the goals of visualization is the user's
independent selection of decision-making rules. In many applied cases, selection difficulties
are described by at least two reasons:

a. lack of a methodology for comparing options or a comparison scale. It is typical for
multidimensional or heterogeneous data [6].

b. User’s doubts resulting from the similarity of the compared options and incomplete
understanding of the role of differences after the final decision.

In applied problems, various ways of visual representation of any data can manifest
themselves in different ways. Therefore, when choosing visual analytics tools, first of all,
knowing the parameters of the application area, it is necessary to determine the requirements
for visualization tools. In accordance with the considered semiotic visualization model, the
possibility of using visual analytics tools in tasks other than the area of their initial
application appears after introducing the necessary restrictions or additions. For example,
when the freedom of interpretation is limited, visual learning means move into the category
of informing means and acquire the corresponding applications. The converse statement is
also true, which is that purposeful visualization tool selection that changes the way of
communication with the user creates an externally controlled interpretation of the data
received for him. Thus, the semiotic visualization model becomes the basis for the
development of methods for manipulating the information communication participants’
perception and understanding.

3. Effectiveness or persuasiveness

The study of the semiotic visualization model makes it possible to indicate not only the
continuity of some characteristics of visualization tasks and their sequential complication, but
also a certain deep contradiction resulting from the peculiarities of visual perception. With
this in mind, it is necessary to highlight two potential advantages of visualization [7] which
work in all cases but in different ways.

e First, visual representation is used to detect errors or gaps in data under study and to
find inconsistencies between actual and expected results. A significant number of
visualization techniques have been developed that allow achieving this goal quickly and
efficiently due to the evolutionarily developed mechanisms of visual perception.

e Secondly, visualization transforms the initial data, as an unconscious abstraction,
into a perceived form that is offered for interpretation. In most cases of its application,
visualization has a high degree of reliability for the viewer, and in the conditions of formation
of a digital society and a new culture of perception, there appears a technology of influencing
the user which has unlimited persuasion potential. As follows from the semiotic model, in
different combinations of expressive means, this corresponds to the solution of different
visualization problems.

Thus, visualization technology development and high speed of perception lead to the
emergence of information-rich images, which are the basis of visual analytics systems [8]. In
turn, this generates the user’s deformed perception. It is necessary to clarify for him the
visualization task and the possibility to control the visualization tools.

To assess the influence of this contradiction on the process of interaction between the
user and the visual image, a series of tests has been carried out with the participation of
design students. In each test, the participants were simultaneously shown three images of the
same content: a photograph and results of 3D modeling using several common visualizers
(Corona Render, VRay). It was proposed to determine the real image (selection), indicate the
inaccuracies of visualization (errors), approve the demonstration method (content
assessment). The series differed in the level of information saturation of the images. A simple
image represented a geometric shape without environment with two light sources (Table 1).



Table 1. Simple image perception

Question Photo Visualizer 1 Visualizer 2
Selection 68% 22% 10%
Errors 8% 18% 12%
Content assessment 36% 72% 61%

In a series with a complex image, an image of an interior with natural light was
demonstrated (Figure 2). However, after several trial tests, the interior photograph was
replaced with an image obtained using another renderer (Mental Ray). The reason for this
was the need to reduce the role of the reference element in the overall analysis. Therefore, the
selection criterion corresponded to the participant's definition of the most correct image from
a subjective point of view (Table 2).

Table 2. Complex image perception

Question Visualizer 1 Visualizer 2 Visualizer 3
Selection 32% 24% 44%
Errors 36% 42% 28%
Content assessment 48% 32% 20%

As a result, preliminary conclusions have been obtained that correspond to the semiotic
model (Figure 3) and the previous reasoning about the contradictions in visualization:

e Increasing saturation of the image with additional elements can lead to an erroneous
interpretation.

e Experience with visualization tools can improve the speed and error rate found in the
rendered data.

e The use of expressive visualization tools is a convenient tool for managing attention
and interpretation of the analyzed image.

e In the absence of a reference standard, users independently develop the criteria they
need.

e The necessity and possibility of careful visual analysis can change the initial
assessment.

e Erroneous hypotheses generated by the observer can be rejected by examining
additional image elements.

Figure 2: Interior visualization options involved in a series with a complex image

4. Requirements for visual analytics tools

In the development of visual analytics tools, it is a huge challenge to formulate even the
most general requirements for visualization tools to ensure their efficiency. Let us consider



one of the common tasks associated with the use of visualization tools for immediate
comparison of two or more data sets in order to determine their reliability and select the most
preferable one [9]. In general, there is no comparison scale; there is no formal standard for
the baseline assessment. In other words, there are only sets of compared data at the
researcher’s disposal, and external requirements or formulated reliability criteria are not
enough to unambiguously determine an efficient approach to the use of visual analytics tools.

Approach to the task of visual informing. Independent data representation to users for
their comparison is possible only at the very first step — when the users are provided with the
initial data. As the test studies have shown, in the sequential presentation of visualized data,
the assessment and interpretation of the second and subsequent sets is influenced by the
perception and interpretation of all previous data. In the case when independence of
judgment is important for general comparison of efficiency of visual analytics tools, it is
necessary to reduce the “first encounter effect” when the first sample is studied in detail and
the subsequent ones only in comparison with the previous one. Techniques that provide
unambiguous informing of the user include strict perception timing (the rhythm of data flow)
or any other visualization method focused on limiting interpretation options (for example,
providing data in a form for memorization, not understanding, without highlighting features,
internal dependencies, etc.). In a test case with comparing the work of visualizers, this can be
implemented when demonstrating fragmented images, with emphasis on individual
elements, with a large amount of detail but without forming a complete subjective impression
by the viewer from the full visualization options. Within the semiotic model, visual
information tools are used for the user to accept the choice as an obvious fact.

In the approach to the task of visual learning, the goal is to inform the user about the
differences, i.e. the advantages and disadvantages of one dataset over another one. In this
case, the principle of distinguishing differences makes it unnecessary for the user to obtain a
full information picture. In this approach, the user is persuaded of the correctness of the
conclusions which are the basis of the visual message. Here, the possibilities of expressive
means involved in visualization are aimed at limiting independent conclusions and
emphasizing the necessary ones. For example, a beautiful visualization of an interior becomes
preferable to a physically correct one. In this case, the artificial selection formed by
visualization, shapes or complements the user's cognitive worldview, but at the same time it
does not have to be correct in general understanding. Consequently, visual analytics tools that
operate within the learning task provide selection accompanied largely by external
arguments.

In the research task, the main goal of visual analytics tools is to find arguments that the
user lacks in order to understand the reasons for the differences between the compared sets
and their role. To organize the search procedure, it is necessary to have a request (waiting)
and the ability to form a response (feedback). The absence of relevant elements in visual
analytics tools equates the conditions to the task of informing (or learning).

A passive (arising as a part of the initial data, as a result of the formal execution of the
visualization procedure) request perceived by the user as the goal of the research can be
presented as a contradiction (in the user's understanding) or incompleteness in the visual
image. An alternative option, or an active request, is a user’s meaningful waiting seeking to
find in the visual image a confirmation (refutation) of an already existing interpretation
hypothesis. In this case, consistency between the language means related to the user's
thinking and the visualization metaphor becomes mandatory. The required consistency is
achieved in two ways: user’s learning (familiarization) or selection (adjustment) of the
visualization metaphor already studied earlier. The reasons for differences in the
interpretation of the question can be associated with linguistic, emotional, cultural, physical
factors that determine communication participants’ state and capabilities), as well as the
user’s local (in time) awareness about the origin and characteristics of the visualized
information. Thus, interactive control of visual analytics tools and the process of their use
becomes the main element in solving the research problem [10].



In the task of decision making, there is a search for options, their comparison and
selection of the one most suiting a goal or a set of related goals of communication with data.
Therefore, for such a purpose, replacing the visual representation of the initial data with the
visualization of options generated by formal rules can be a way to optimize the solution [11].
If formal rules for obtaining selection are not defined, then the process of visual
communication is divided into research and evaluative categories. In some practical
situations, the problem of decision making can be reformulated into the problem of assessing
the consequences of the decision and selection based on the predicted results [12]. For such a
formulation of the research goal, visualization can be convenient due to the clarity and
persuasiveness of the visual representation of data that already appear in the process of visual
research, i.e. are not initial data.
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Figure 3: Correlation between the unambiguity of information visual
representation and the user's preparedness for various visual analytics tools

5. Visual communication design errors

Visualization is one of the most common ways to organize efficient communication
between users and data sources. The developed semiotic model for the application and
assessment of visualization tools allows reconsidering many of the known UX design rules
and assess their feasibility. An example of a rule system widely used by developers of visual
communication tools is the heuristics formulated by Jacob Nielsen in 1994 [11]. One of the
goals of the semiotic model is to determine the requirements that limit applicability of visual
communication tools or signal the need for their adaptation to the conditions of a specific
task.

# 1. Visibility of the system status.

The rule is aimed at shaping the user's subjective confidence in the predictability of new
states of the communication object. Predictability is the result of confirmation of preliminary
interpretation hypotheses and can have negative consequences. In accordance with the
semiotic model, such a situation corresponds to the task of research, since it requires
feedback in the communication model. However, if the communication convinces the user
that he has achieved understanding of the visual message, then this prevents further research.
Thus, visibility and predictability of visual analytics states are applicable only in tasks of
informing (Figure 4).



# 2. Match between system and the real world.

In this case, it is argued that the visual message received by the user must apply language
tools familiar to him. The fulfillment of such a condition is possible when using individual
experience, which may be difficult for a number of reasons: lack of experience if the object is
new and unusual; negative experience that disrupts communication; pronounced subjectivity
of experience. Consequently, the applicability of this rule is limited by increased efficiency in
the tasks of informing and learning (Figure 5).

# 3. User control and freedom.

Care for the user’s psychological state in case when the communication process leads to
an erroneous decision. It is assumed that the opportunity to quickly and painlessly exit the
sequence of wrong actions and return to the starting point creates a positive attitude towards
the process and contributes to its continuation. In practice, this freedom of user action
corresponds to impunity in making decisions about subsequent actions, i.e. prevents
accumulation and systematization of experience. In this case, the heuristic is not suitable for
visual decision-making systems (Figure 7) and research, if there is no subsystem for
demonstrating the accumulated knowledge.

# 4. Consistency and standards.

Application of the rule is limited to situations in which additional load on the user caused
by the need to determine the values of new or non-standard variants of visual elements is
considered a negative factor. When designing visualization tools for research tasks (Figure 6),
the opposite problem arises, which is characterized by the need to search and determine the
meaning of visualized data. This corresponds to creation of a new interpretation standard and
its coordination with the concerned communication participants.

# 5. Error prevention

For visualization tools used in tasks of informing, concern for preventing
misinterpretation is a technique that increases their effectiveness. In all other cases, a well-
grounded and thoughtful focusing on mistakes that have already been made or are possible
can be an efficient way of accumulating knowledge. This approach will probably be of great
interest in the development of visualization tools for decision making. Therefore, it makes
sense to transform the considered rule in the direction of rational application of the user's
erroneous actions.

# 6. Recognition rather than recall

Reasonable concern to reduce user’s prior knowledge requirements. In other words, it is
assumed that it will be easier for the user to conduct visual communication if he can
determine the meanings of perceived elements on his own. However, the need for correct
interpretation will cause additional details to appear in the visual message, which may nullify
the advantages achieved when executing the considered heuristic.

# 7. Flexibility and efficiency of use

The variability of the ways of using visual communication tools significantly increases the
requirements for the user’s preliminary information awareness. This allows to evaluate this
rule as contradicting the previous one. The versatility of any tool may act rather as a
commercial advantage, but in the case of visualization tools used in scientific research, the
applicability of the tool in a field other than the target one needs to be justified.

# 8. Aesthetic and minimalist design.

Requirement for operational information systems. In research and decision-making tools,
elements are needed to stimulate the generation of new hypotheses. Therefore, presence of
visual elements that provoke ambiguous or conflicting interpretations can be an advantage.

# 9. Help users recognize, diagnose, and recover from errors.

The ambiguity of this recommendation follows from the fact that the user's lack of stress
is characteristic only for the tasks of informing and learning. If the goal of visual
communication is to find a new solution or assess its consequences, then helping the user to
identify his mistakes becomes an overly difficult task.

# 10. Help and documentation.



In accordance with the proposed semiotic model, availability of support documentation is
possible only in the tasks of informing, and in the task of learning — only at the initial stage.
Because the purpose of the heuristics is to simplify and reduce the interaction time, then for
other tasks this goal is unattainable.
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6. Conclusion

The initial visualization task changes in many application situations. On the one hand,
the initial data which are the source of visualization are replaced or supplemented with new
ones which are the result of intermediate stages of the user's communication with the data.
On the other hand, there is selection and subsequent refinement of the visualization method,
the features of which are determined by the user's capabilities. It should be noted that the
correction of the visualization method can be significant, changing in the process of visual
communication, and can also act as a technique that stimulates the user's cognitive activity.

The paper considers the approach to assessing or formulating the requirements for the
designed visual analytics tools based on the semiotic model which makes it possible to change



the procedures for visualizing and designing the corresponding tools. Supplementing visual
analytics tools with the possibility of flexible and directed interaction with the user becomes a
resource for increasing their efficiency due to the possibility of timely transition between
different types of visual research tasks. Thus, the paper proposes an approach to comparing
visual analytics tools based on the need to jointly analyze the purpose of data exploring, the
features of visualization tools and the user’s individual characteristics.

e The proposed model for assessing the applicability of visual analytics tools allows
developers of visualization tools to form a reasonable approach to the choice of proposed
solutions.

e Existing UX design techniques can be supplemented with theoretical rules considering
the development of both visualization technologies and their application areas.

e Experimental assessment of the validity of the obtained statements is an independent
task and requires accumulation and generalization of experience in solving a large number of
applied visualization problems.

A change in each of these components, considered due to the proposed semiotic
visualization scheme, is a solution if it is necessary to use visualization tools with increased
effectiveness.
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