
 

 

I. INTRODUCTION  

 
 

The first data and information visualization techniques and systems were developed and presented without a 
systematic evaluation; however, researchers have become, and are more and more, aware of the importance of evaluation 
(Plaisant, 2004)1. Evaluation is not only a means of improving techniques and applications, but it can also produce 
evidence of measurable benefits that will encourage adoption. Yet, evaluating visualization applications or techniques, is 
not simple.  

We deem visualization applications should be developed using a user-centered design approach and that evaluation 
should take place in several phases along the process and with different purposes. An account of what issues we consider 
relevant while planning an evaluation in Medical Data Visualization can be found in (Sousa Santos & Dillenseger, 2005) 

2. In that work the question “how well does a visualization represent the underlying phenomenon and help the user 
understand it?” is identified as fundamental, and is decomposed in two aspects:  

A) the evaluation of the representation of the phenomenon (first part of the question).  
B) the evaluation of the users’ performance in their tasks when using the visualization, which implies the 

understanding of the phenomenon (second part of the question).  
We contend that these questions transcend Medical Data Visualization and can be considered central to evaluating 

Data and Information Visualization applications and techniques in general. In fact, the latter part of the question is 
related to the question Freitas et al. (2009) 3 deem crucial to user centered visualization evaluation: “How do we know if 
information visualization tools are useful and usable for real users performing real visualization tasks?” 

In what follows issues and methods that we have been using to tackle this latter question, are briefly addressed. This 
excludes equally relevant topics as algorithm optimization, and accuracy, that can be dealt with using concepts and 
methods well known in other disciplines and are mainly related to how well the phenomenon is represented. A list of 
guidelines considered as our best practices to perform evaluations is presented and some conclusions are drawn. 

 
 

II. EVALUATION TYPES AND ISSUES 

A possible classification of evaluation concerning goal includes three types: formative, summative, and exploratory 
(Munzner, 2009) 4. Each of these types of evaluation is meant to answer a different question (Andrews, 2006, 2008) 5,6 
(Ellis & Dix, 2006) 7:  
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Formative evaluation: “can I make it better?” to this question we add “how?” 
Summative evaluation: “is it right?” to this we add “to what extent”  
Exploratory evaluation: “can I understand more?” to this we add “how”? 
We find this classification very useful; however, often an evaluation performed with a specific goal ends up serving 

also another purpose (e.g., a summative evaluation being used also for formative purposes). 
The nested model of visualization design proposed by Munzner (2009)4 encompasses the following four levels: task 

and data characterization in the vocabulary of the problem domain, abstraction into operations and data types, visual 
encoding and interaction techniques design, and creation of efficient algorithms. The author stresses that an error at a 
level inevitably cascades to downstream levels. For instance, after a poor choice at the abstraction level, not even a 
flawless visual encoding and algorithm will result in a visualization system or method that solves the problem. Thus, 
evaluation purposes and methodologies should be adequate to each level and take into account the threats to validity that 
occur at that level.  

We will briefly present and discuss the advantages, disadvantages and applicability of the methods we have used 
and consider most useful. It is hard to choose a taxonomy to present these methods; yet, adopting one, even knowing that 
all classification is a constrained description of reality, is important to consolidate ideas and foster understanding. Thus, 
we organize evaluation methods in empirical and analytical methods, according to a classification used by Dix et al. 
(2004)8 we deem simple and convenient. This choice indicates that evaluation methods used in Human-Computer 
Interaction may be adapted and have been used to evaluate visualization applications and techniques. Beforehand we 
concisely present the background and discuss some issues relevant to the understanding and application of the methods. 

According to Freitas et al. (2009)3, most evaluations in visualization systems have been accomplished through 
empirical methods involving users performing tasks with the systems. This implies defining the set of user tasks that 
should be part of the experiments or tests, as well as selecting participants, providing different datasets, suitable 
measures, and adequate data analysis. 

We agree with Andrews (2006)5 and Munzner (2009)5 that it is a very good idea to use informal usability tests 
before attempting a more in depth validating laboratory or field study. If the system is unusable, no useful conclusions 
can be drawn from the latter methods. Besides, these usability tests do not need to be performed by target users; even 
though informal testing with target users may expose usability problems, they should be aimed at collecting anecdotal 
evidence that the system meets its design goals. Therefore, target users should be spared to a less usable system as to 
give us the type of information that can provided only by them. 

Moreover, in early phases of the development, before using methods involving users, we deem analytical methods 
should be used.  

Several issues are worth a careful consideration while planning any evaluation using some of the most used 
empirical methods, as usability testing and controlled experiments. These issues concern the purpose of the evaluation, 
who and how many should be the selected users, which tasks will they perform, what datasets should be used, what data 
(measures) should be collected, and what data analysis would be adequate. Some of these issues should also be 
considered before applying analytical methods (as the purpose and tasks). 

 
A. Purpose  

It is crucial to correctly understand why the evaluation is performed; it will play an important part in the choice of 
the methods to use, which will vary according to the phase in the development lifecycle, the available resources and 
other constraints. 

It plays a part in the choice of the precise aspects to evaluate. Beyond efficiency and efficacy, which have been 
conventionally evaluated, other features such as accuracy may be evaluated. In fact, according to Van Wijk (2006)8 users 
in specific scenarios (e.g. medical or scientific) might be willing to invest more time in order to get a higher accuracy, 
and if this is the case an accuracy-oriented evaluation should be performed.  

 
B. Users 

Concerning the selection of users, evaluators face several challenges: determining an adequate sample, both in 
number and profile of users, as well as how to entice them to participate. It is important to have in a usability test, as in a 
controlled experiment, participants who are similar in their demographics, experience, education, and interests as the 
target users (Mitchell, 2007)9.  

A classical approach used in academy is to ask for the collaboration of students, compensating them for instance 
with credits. This approach has detractors;  however, in spite of having been often considered as a hindrance to the 
validity of the results, we deem it can be adequate in exploratory studies, to validate protocols or whenever students are 
not expected to differ from (a relevant part of) the target population in the important aspects (Sousa Santos et al., 
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2011)10. Thus, results obtained with student participants can be useful and complemented with results obtained from 
other participants with the right profile.  

As to the number of users that should participate in a specific evaluation, it depends on the method to be used; in 
usability testing usually a small number of users will do (e.g. half a dozen), as the goal is finding out if something is 
usable and to obtain as much information as possible using as little resources as possible. On the other hand, in a 
controlled experiment the number of participants (N) should take into account the experimental design and the statistical 
tests to be used, as not to jeopardize the significance of results (many tens or even hundreds may be necessary). In this 
case, we strongly advise having a statistics consultant; the value of N has to be carefully pondered since arbitrarily 
increasing this number does not necessarily mean a better choice and albeit good introductory books exist (e.g. 
Montgomery, 2005)11, this is not easy to tackle by layperson. 

 
C. Tasks 

The correct understanding and representation of user tasks that a visualization technique or system should support is 
indeed indispensable for an effective evaluation. Task selection should be driven by evaluation goals, and tasks should 
be simple enough to be included in experiments or tests, still maintaining their ecological validity. This is challenging 
and has to be carefully pondered case by case. Nevertheless, if selecting an adequate set of tasks might not be 
straightforward, using a domain-independent taxonomy of visual tasks might promote generalizability. The need to use 
standardized task taxonomies has been long recognized (Chen & Yu, 2000)12, and several task taxonomies have been 
proposed. One of the first task classifications, proposed by Wehrend and Lewis (1990)13, is a low-level, domain-
independent taxonomy comprising eleven tasks that users might perform in a visual environment: locate, identify, 
distinguish, categorize, cluster, distribute, rank, compare within entities, compare between relations, associate and 
correlate. Zhou & Feiner (1998)14 extended this taxonomy by adding and parameterizing tasks, and by developing a set 
of dimensions by which the tasks can be grouped. 

A popular taxonomy was proposed by Shneiderman (1996)15, which is on the basis of the Information Seeking 
Mantra; it includes seven users´ tasks visualizations should support: 

- Overview: Gain an overview of the entire collection 
- Zoom: Zoom in on items of interest  
- Filter: filter out uninteresting items 
- Details-on-demand: Select an item or group and get details when needed 
- Relate: View relations hips among items 
- History: Keep a history of actions to support undo replay and progressive refinement 
- Extract: Allow extraction of sub-collections and of the query parameters 
Based on these taxonomies, as well as on the observation of users performing exploratory tasks, Valiati et al. 

(2006)16 proposed a taxonomy of tasks to guide the design and evaluation of multidimensional visualizations. This 
taxonomy comprehends seven tasks at different levels: identify, determine, visualize, compare, infer, configure and 
locate. Visualize and configure are typical intermediate level tasks that support the other higher level, more analytical 
tasks, that can be considered as possible user goals while visually exploring or analyzing the data.  

Various authors have shown how they used these taxonomies to develop a domain-specific list of tasks adequate to 
evaluate specific visualization techniques or systems. For instance, Morse et al. (2000)17 defined a set of tasks by 
mapping the domain-independent taxonomy of visual tasks proposed by Zhou & Feiner (1998) 14 to the specific domain 
of information retrieval and argue that by defining tasks using a visual taxonomy rather than just selecting usual tasks 
from the application domain, it is possible to avoid constraining evaluation of newer more capable systems to only those 
tasks which might be accomplished with older less capable systems.  

We believe that choosing tasks to use in a specific evaluation is complex and should be carefully pondered taking 
into account their importance, realism, and ecological validity, and not overlooking their overall length that should be 
reasonable and not overload users.   

 
D. Data sets 

Two fundamental choices can be made concerning the type of data sets to be used in evaluation: synthetic or real 
data nevertheless, intermediate types can be used. Eventually, the evaluation of a visualization technique or system 
should be performed with real data, however it is reasonable to begin by using fully specified and systematically 
controlled data, which is flexible and allows the detection of errors and inaccuracies in a much easier way than using real 
data. It may be only approximated; yet it is the only method that allows a complete knowledge of the “ground truth”. 
Notice that using synthetic data is a way of short-circuiting the error introduced by the first operation in visualization, 
modeling the underlying phenomenon, since in this situation that phenomenon is completely known. 
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Repositories of benchmark datasets are very important to improve evaluation. Contests have been organized 
(Plaisant, 2004) 1 aiming at promoting better evaluation methods, as well as the development of dataset and task 
benchmarks, Even if contests are somewhat artificial, datasets and tasks remain available and can be used by developers 
and evaluators to improve their tools and testing procedures.  

 
E. Collected data 

Data may reflect the dependent variables of controlled experiments, or the measures deemed relevant in 
questionnaires or observation. Chen & Yu (2000) 12 found in their meta-analysis that the measures most commonly used 
by the empirical studies they have analyzed were accuracy and efficiency measures. Accuracy measures typically 
included precision, error rate, average number of incorrect answers, while efficiency measures included average time to 
completion. We contend that, even this meta-analysis encompassed only 35 empirical studies in a specific visualization 
area (information retrieval), these measures are indeed typical of visualization evaluations. 

It is important to consider the nature of the collected data (discrete or continuous) and the level of representation 
(measuring scale) used (qualitative/ categorical or quantitative/numerical). Categorical data can be measured solely 
through nominal or ordinal scales whereas quantitative data can also be measured using interval or ratio scales since it 
has a direct influence on the statistical methods to be used. Unfortunately, techniques that can only be used with the 
highest level of representation (e.g. average and standard deviation) are often misapplied to data that were really 
collected using a measuring scale corresponding to a lower representation level (e.g. ordinal data, as in preferences or 
ratings).  

 
F. Data analysis 

The data analysis is a critical phase of any evaluation as it is fundamental to establish and validate the results. 
However, often the widely used parametric methods are not applicable, and other less know methods must be used. We 
emphatically recommend that a data analyst should be consulted; not only at the end to analyze the obtained data, but 
also to validate the way data will be collected (e.g., the questions and scales of a questionnaire, the measured variables 
and scales in a controlled experiment).    

The statistical analysis must be adequate to the type of data (sample size, distribution, nature, measuring scale, etc.), 
as well as to the type of tasks used in the evaluation. The choice of the analysis techniques has a great impact on the 
credibility of the obtained results. 

 
 
 

III. EVALUATION METHODS  

Many empirical and analytical evaluation methods do exist. A description of the most commonly used in Human-
Computer Interaction can be found in the literature (e.g. Dix et al., 2004 and Preece et al., 1994)18,19, while a thorough 
list of methods applicable to Visualization can be found in (Carpendale, 2008)20. Many of these methods have been used 
in the social and behavioral sciences to gather research evidence, where, the maximization of generalizability, precision 
and realism is always pursued (McGrath, 1996)20. Yet, the simultaneous maximization of these criteria is not possible, in 
principle. Still according to McGrath, “Such is the dilemma of empirical science: All methods have inherent flaws, 
though each has certain potential advantages. You cannot avoid these flaws; but you can bring more than one approach, 
more than one method, to bear on each aspect of a problem. … carefully picked to have different strengths and 
weaknesses, the methods can add strength to one another by offsetting each other's weaknesses.” (page154). We contend 
that, likewise, in visualization evaluation several methods should be used in order to overcome the weaknesses of each 
through the potential strengths of others. 

Combining several evaluation methods (e.g. observing and interviewing users in a controlled experiment) is 
common and its value is well recognized (Carpendale, 2008)20. This generally adds insight and provides explanations as 
well as new questions. It also can help confirm results. 

We have been using in different circumstances more often controlled experiments, observation and inquiry methods 
(questionnaires and interviews), but also analytical methods that have the advantage of not involving users and should be 
used before empirical methods in order to improve the visualization solution before evaluate it with users, usually a more 
complex and expensive procedure. The paper by Santos et al.(2013)22 is an example of how we have been using 
empirical methods to evaluate visualization methods and applications in what may be considered as Evaluating User 
Performance and User Experience scenarios according to the classification of (Lam et al., 2011)29 . In what follows a 
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brief description of these methods is presented as well as are their advantages and disadvantages, in our opinion, and 
main difficulties felt in their use. 
 

A. Controlled experiments 
This empirical method has been called “the workhorse of evaluation” (Carpendale, 2008)20, and has been 

extensively used to statistically support particular hypothesis (for example, most of the evaluation works reviewed by 
Freitas et al. (2009) 3, focused on controlled experiments). It can be considered an objective method since unlike most 
other evaluation methods results do not depend on the experimenter (Dix et al.. 2004) 18, and it is applicable throughout 
the development process. 

A group of participants use a system or method to perform specific tasks according to specific experimental design 
and protocol. Taking into consideration the hypothesis, independent and dependent variables must be selected. The 
former correspond to the variables that are controlled, while the latter correspond to the measures taken and are 
commonly times, errors, preferences and ratings. Secondary variables should also be considered since the results of an 
experiment typically are not solely a consequence of the independent variables. All this has to be carefully planned, as 
well as the number of participants that should take into consideration the expected experimental effect, in order to attain 
statistically significant results. The work by Kosara et al. (2003)30 is an interesting reflection on the application of this 
method to visualization. 

We contend this is a powerful yet time and resource consuming method that is most interesting in academic context, 
for example to establish guidelines. 

 
B. Observation 

This method is a common way to get information concerning the actual use of a system or method. There are several 
variants, such as think aloud and cooperative evaluation (Dix et al., 2004)18 that can be used with advantage in specific 
situations; however, their advantages and disadvantages must be carefully pondered (e.g., while thinking aloud users can 
provide interesting information, it can change the way users perform the tasks). It is the main component of usability 
testing, which usually combines observation with an inquiry method. 

This method is subjective as the results obtained will depend on the observer, and it is considered as a method used 
to evaluate an implementation, meaning that it implies some physical artifact (a more or less sophisticated prototype or a 
running system). 

A set of useful recommendations on how to perform observation can be found in the paper by Carpendale (2008)20. 
 

C. Inquiry methods 
Questionnaires and interviews are widely used in the social sciences and may not be easy to prepare; however, many 

good books exist that tackle the topic (e.g., Brace, 201323). They are useful in obtaining supplementary material to other 
methods, and can be used throughout the development process; however, they are subjective. While questionnaires are 
less flexible, they can reach a wider subject group, usually take less time to administer and can be analyzed with more 
rigor than interviews. Both require a careful preparation in order to be as effective as possible, and should be tested 
trough a pilot run with a few subjects. Carpendale (2008)20 also presents a set of useful recommendations on how to 
perform interviews. 

We have been using these methods along with controlled experiments and observation to collect participants’ 
opinions, preferences and demographics. 

 
D. Analytical methods 

User testing or any other empirical evaluation methods are not always the best choice as they generally are time 
consuming and onerous. Thus, in the development of interactive systems, the use in early phases of analytical methods 
as heuristic evaluation (Nielsen et al., 1993) 24 is typical; however, in Visualization, these methods have not been used as 
much as controlled experiments and observation. This may be a consequence of the difficulty in establishing lists of 
general heuristics that can be useful in structuring an expert analysis of a visualization system. The paper by Zuk et al.  
(Zuk et al., 2006)25 is a good reference concerning the usage of heuristic evaluation in Visualization. Likewise, Tory & 
Möller (2005)26 consider that user studies, in spite of being a useful evaluation method in visualization, are not ideal for 
every situation, specifically they might be inappropriate during exploratory phases, when clear objectives are not yet 
clear enough. At this phase analytical methods, such as expert reviews (as heuristic evaluation) or focus groups, may be 
possible alternatives. The same authors argue that such reviews are a valuable way to evaluate visualization techniques 
and systems and should be performed by visualization experts, domain experts, and, possibly, by graphic designers. The 
combination of the results obtained by different types of experts, having diverse and complementary skills, should give a 
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better idea of the strengths and issues of the visualization technique or application under evaluation. However, at large 
these methods should be combined with other methods and should not replace methods that involve users. 

Several lists of heuristics have been suggested to guide these reviews; for instance Tory and Möller24 proposed to 
use heuristics based on both visualization and usability guidelines; nevertheless, there is a danger in assuming too much 
in reusing heuristic evaluation from usability; in fact, developing an optimal list that comprises the most important or 
common visualization problems is a challenging task. Zuk et al., (2006) 25 performed a meta-analysis focused on 
heuristic selection and classification, as well as the process of heuristic evaluation. They conclude that the evaluation 
process and results have a high dependency on the heuristics and evaluators.   

The authors of this paper have used the Nielsen’s ten usability heuristics as well as the perceptual and cognitive 
heuristics listed by (Forsell and Johanson, 2010)27 and found them particularly useful as general sets of heuristics to 
evaluate interaction and visual aspects of visualization techniques and applications. Even though using the former list 
has been easier due to previous experience the latter are generally clear and easy to apply. 

 Cognitive Walkthrough (Dix et al., 2004)18 is an analytical method meant to evaluate learnability and it may be 
adapted to evaluate visualization applications or techniques. This method involves decomposing a series of relevant 
tasks into sub-tasks and walking through them asking in each step a set of questions meant to find out if the target users 
will be able to understand what they have to do and after doing it if they understand they are in the right direction. This 
method has been considered too time consuming and generating too many potential problems. However, the authors 
have used and found useful the Streamlined Walkthrough, a simplified version proposed by Spencer (2000)28, who 
merged the original four questions in two simple questions and described in his paper some measures to make its 
application more efficient. Still, even this simplified version may involve some difficulty in choosing the tasks to 
decompose and identifying potential problems. 
 

 

IV. BEST PRACTICES  

Based on past evaluations, we compiled a list of guidelines we consider our best practices, which have been useful 
to inform evaluation of visualization techniques and applications both in the scope of our research work and at the 
Visualization courses we offer. These guidelines have helped answering the question “how well does a visualization/ 
application help the user understand the phenomenon?” and are the following: 

- use several evaluation methods whenever possible  
- in exploratory evaluation use more qualitative methods (e.g. observation and query) 
- start by evaluating interaction and visual aspects separately 
- start by using heuristic evaluation to evaluate basic interaction and visual aspects 
- use Nielsen heuristics to evaluate interaction aspects, visual heuristics to evaluate visual aspects, and cognitive 

heuristics to evaluate both aspects 
- use cognitive walkthrough if the application or visualization technique is not meant to be used often and thus it is 

important to be intuitive 
- to establish guidelines or confirm theory, consider using controlled experiments 
- ask advice to a statistician concerning design and data analysis of controlled experiments, as well as questionnaires 

and interviews 
- questionnaires should be short and easy to understand and answer 
- carefully test the test (tasks and questionnaires) 
- for usability tests and controlled experiments select a set of representative tasks, but do not overload users with a 

long session 
- select tasks which are important and/or frequent  
- after the tasks ask users’ opinion and suggestions  
- perform a pilot test or experiment before any usability test or controlled experiment  
- if collaboration of target users is difficult to get, perform usability tests of basic interaction aspects with users who 

are not expected to differ in relevant aspects 
- before planning a controlled experiment or usability test with students as participants carefully consider the 

differences among them and target users 
- while planning and interpreting results of an evaluation take into consideration features of domain specific legacy 

applications and standards (e.g. color scales, terminology, etc.). 

SPIE-IS&T/ Vol. 9017  90170O-6



 

 

- domain experts, as test users, should be spared to a less usable system as to give the type of information that can be 
provided only by them 

- use informal testing with domain experts to collect anecdotal evidence that the visualization/application meets their 
design goals and is useful to support their work 

- consider giving more importance to accuracy and efficacy than efficiency evaluation in scientific and medical 
applications 

- ask for a graphic design review particularly if the technique or application is meant for visually educated users 
(e.g. architects).  
 
 

V. CONCLUSIONS 

In spite of being complex, evaluating visualization applications and techniques is fundamental in order to produce 
solutions adequate to their intended users, as well as to demonstrate benefits and thus foster their adoption. It is an active 
research topic and workshops and tutorials have been organized to tackle the subject (as the BELIV Workshop31), thus 
progress is expected to happen in the near future. 

We have used several methods, each having different advantages and limitations; this means that more than one 
method should be used along the development process as they can provide different and complementary information. 
Also, different methods should be used according to the purpose of the evaluation. This paper has presented some of the 
issues we consider while planning an evaluation, as well as the methods we have been using and deem more useful. We 
believe controlled experiments are an adequate method to use in research, to support a theory or to develop useful 
guidelines for the visualization developers, whereas usability testing (including observation and query) is a pragmatic 
way of performing evaluation involving users in phases more to the end of the development process. Heuristic 
evaluation is an adequate method to get some evaluation early in the process and cognitive walkthrough may provide 
useful information concerning the learnability of a solution. All these evaluation phases and several evaluation methods 
should be included in a user-centered design framework; we have been using them in the scope of participatory design as 
well at Visualization courses, with positive results and find the list of guidelines useful to inform evaluation of 
visualization techniques and applications concerning the answer to the question “how well does a visualization/ 
application help the user understand the phenomenon?” Nevertheless, further effort will be needed in order to 
systematize a more comprehensive set of guidelines, and we will keep pursuing this goal.  
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