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Challenges in Evaluating Efficacy of Scientific 
Visualization for Usability and Aesthetics 

 

Abstract. This paper presents the results of a  study to evaluate the effi-
cacy of scientific visualization for multiple categories of users, including 
both domain experts as well as users from the general public.  Efficacy 
was evaluated for understanding, usability, and aesthetic value.  Results 
indicate that aesthetics play a critical, but complex role in enhancing both 
user understanding and usability. 
 
 

1 Introduction 

Evaluating the efficacy of scientific visualization has long presented challenges to those 
working in the field, whether users, creators, or providers.  Early research focused on 
honing specific visualization techniques and underlying algorithms [1,2].  As the tech-
nology matured, higher level user-centered efforts to evaluate scientific visualization 
began to appear [3-6].  
     A recent comprehensive review of evaluation practices in scientific visualization is 
given in [7]. The review encodes papers from 10 years of IEEE Visualization confer-
ences to assess their evaluation practices. While reports of evaluation per se steadily 
rose during the review period, the same did not hold true with respect to user involve-
ment in evaluations.  Of the encoded papers, over 95% (955/1002) did not include users 
in a structured evaluation, but instead either 1) presented readers of papers with image 
or algorithm enhancements, asking them to assess any improvements for themselves or 
2) relied on reports of feedback at informal demos to expert users [7]. 
Our study seeks to address these gaps by engaging multiple categories of potential ac-
tual users in formally evaluating the efficacy of scientific visualization.   

2 Background   

2.1 Evaluation Test Bed 

Our work providing visualization services to scientists in the DoD High Performance 
Computing Modernization Program (HPCMP) motivated the need to evaluate scientific 
visualization from our users’ many potential perspectives.  We offer support to scien-
tists analyzing large volumes of complex data in a variety of ways, including but not 
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limited to assistance in using a visualization technique, as well as choosing which tech-
nique to use for a particular problem.  Support may also involve a visualization special-
ist collaborating with the scientist in the use of the visualization program to extract data 
or images that highlight problems with an original computation.   
    Our users often need the visualization results to communicate and collaborate with 
other experts in their field to solve problems, but also to convey the results of their work 
to non-expert users who function as sponsors or liaisons to funding agencies.  In addi-
tion, they must share their research for the purposes of outreach and education of the 
general public not trained in their research areas. 
     Hence, the two basic informational and communicative needs of our direct users can 
be broadly categorized as:    
• Collaborating with other experts in their fields to conduct research;   
• Communicating results to non-expert sponsors or public consumers 
We designed our study to include both of these categories of users. 

2.2 Related Research 

Three types of evaluations conducted in the field of information visualization are rele-
vant to our study and informed our approach:   
1. Usability-centered 
2. Aesthetic 
3. Iterative, generative designed-based 

 
Usability-centered evaluations assess ease-of-use through objective measurement of 
user task performance, as well as subjective measures of user satisfaction [8, 9]. Aes-
thetic evaluations focus specifically on measuring the user’s perception of aesthetic 
quality of a  graphic element or visualization, either through objectively quantifiable 
metrics, such as the number of bends or edges in a graph [10] or through personal judg-
ments of beauty [11].    
     Iterative, designed-based evaluations use any results gained in an iterative feedback 
loop to refine or enhance a visualization or other UI as it is being developed [12,13]. 
Any of these categories of evaluations may overlap or be used in parallel in a given 
study, as for example in [14,15] to examine effects of aesthetics on usability.   Of par-
ticular relevance to our research, the aesthetic evaluations in these studies based certain 
key hypotheses of expected user responses on the work of Tufte [16] who argued that 
the human eye finds nature’s palette most harmonious, and that blues, greens, and 
browns would have the most desirable impact in information display.  Additionally, the 
presence of any organic, lifelike movement or animation, such as that found in nature, 
would provide further benefit. 
     Our study uses aspects of evaluation types 1 and 2, with the goal of using the results 
going forward in the type 3 designed-based evaluations that allow enhancement of a 
visualization as it is developing.  
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3 Methods  

Approximately 30 users from each category, expert and non-expert, participated in the 
study.  Participants were recruited from among faculty, general staff and students at a 
university research center.  They were asked to watch videos of a  scientific visualiza-
tion, answer questions about its content, and to evaluate its aesthetic quality.  They were 
also asked to rate their perception of the impact of the work visualized for science and 
the military. 

3.1   Visualization Description 

The Army is studying heavy fuel engines relying exclusively on direct injection fuel 
delivery systems. To meet requirements, the engines must significantly advance current 
fuel flexibility and fuel conversion efficiencies. In propulsion systems, energy conver-
sion by combustion relies on the use of jet fuel in the compressed liquid form. The 
initial step in the energy conversion process is the atomization, or disintegration of the 
coherent liquid core, which significantly impacts the droplet-size distribution and fuel 
conversion efficiency. In combusting scenarios, the liquid fuel must be fully atomized, 
evaporated and mixed with the carrier gas-phase environment. Hence, the interaction 
of liquid atomization and spray vaporization is critical, as it determines the level of 
energy and fuel supplied to the flame.  

Also relevant to our work were emails exchanged with the visualization staff regarding 
the principal investigator’s intent for his audience in creating the visualization, as 
shown in the excerpt below: 

“In the visualization, I'd like to highlight the atomization breakup features of the 
spray, that is, surface instability corrugations, ligament formation, spray devel-
opment. Perhaps a transparent media (color) would also show the internal flow 
structure. I'm open to your expert suggestions as well.” 

  
Users in the study were shown an animation of the visualization of the atomization 
spray that was subsequently created iteratively with our visualization team and the re-
searcher.  Key frames of the animation illustrating the atomization process are shown 
in Figures 1-5.   
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Fig. 1.  Early frame in energy conversion process 
 

      
 

Fig. 2.  Atomization spray droplets beginning to form 
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Fig. 3.  Atomization spray mid-animation 

 

 
Fig. 4.  Atomization spray later in animation 
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Fig. 5.  Atomization spray droplets final animation frame 

 
 
3.2 Experimental Treatments 
 
Users viewed the set of visualizations of the atomization and spray vaporization inter-
actions shown in Figures 1-5.  They were also given a textual description of the entire 
process on the first screen shown. There were no “tasks” for users to perform in the 
traditional usability sense; however they were asked to answer questions about what 
they viewed regarding content, impact and aesthetics.  They were also asked to rate 
their confidence in their answers 
     Once they advanced beyond the first screen to answer questions, users were allowed 
to view the visualizations as many times as they wished, but could no longer view the 
textual description for the remainder of the experiment in order to isolate the effective-
ness of the visualization itself.  The relative completeness of their answers, and their 
confidence ratings, functioned as measures of task completion.   The survey contained 
8 questions regarding scientific content, its potential importance to science and the mil-
itary, with 3 questions regarding users’ confidence in their answers.   
    Users were asked in 2 additional questions to rate their perceptions of aesthetic qual-
ity of the visualizations and to give an explanation of their rating.  Based on Tufte’s 
assumptions [16], tested in [15], we expected that the spectrum of blues used in the 
visualization of the atomized spray, its similarity to the appearance of water, and the 
organic lifelike movement of the animation of the spray, would have a positive effect 
on user ratings and explanations. 
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4     Results 

4.1   Scoring Answers 

Scoring understanding of textual answers (i.e., non-numeric) involves a subjective ele-
ment.  Multiple readers (3) provided scores for each answer. Inter-rater reliability for 
the 3 readers was calculated using Gwet’s AC2 [17] and is reported in Table 1. A final 
score was calculated by taking the average of the 3 scores.  
 
Answers were scored on the following 3-point scale: 
 

 0  Wrong, absent, or irrelevant 
 1  Correct undetailed  
 2  Correct detailed  

 
     Overall results for accuracy of textual answers for the central problem, the main 
idea, and the impact of the research, as well as the user’s confidence in their own an-
swers and ratings is given in Table 1. 

Table 1. Overall results for accuracy and user confidence. 

 Accuracy (0-2) Confidence (1-5) Gwet AC2 
 
Central Problem 

 
0.89 

 
2.55 

 
.49 

Main Idea 1.08 2.78 .63 
Impact 0.85 2.48 .39 
    

 
Overall scores for other questions with numeric ratings that did not require users to 
write a  descriptive answer included significance to science, importance to military, and 
perceived aesthetics.  These scores are shown in Table 2-3. 

Table 2. Overall results for significance to science and importance to military 

 
  Least to Highest  (1-5) 

 
Significance to Science 

 
3.63 

Importance to Military 4.3 
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Table 3. Overall results for perceived aesthetics 

 
  Ugly to Beautiful (0-100) 

 
Perceived aesthetics 

 
72.7 

  

4.2   Analysis 

Several key questions motivated our research and guided our analysis of the results.  
Discussion and analysis for each question are presented below.  

1. Does perceived aesthetics predict perception of the significance of the research 
to science? 
Perceived aesthetics was correlated with individuals’ assessment of the significance of 
the research to science, rho = .432, p < .01. Participants who perceived the animation 
as more attractive were more likely to perceive the research as significant to science.  
An analysis of variance indicated that for every point towards beautiful, there was a .37 
increase in significance, F(1,39) = 6.05, p < .05.  

2.  Does perceived aesthetics affect understanding? 
Participant understanding of the impact of the research was also correlated with their 
perception of the aesthetics of the video, rho = -.356, p < .05. Participants that felt the 
visualization was less attractive were more likely to provide an accurate assessment of 
impact. 

3.  Does perception of aesthetics affect confidence in responses? 
The analysis revealed no evidence of a relationship between the aesthetics of the ani-
mation and participant self-reported confidence in their responses. 

4. Does self-reported prior knowledge of underlying science or modeling and sim-
ulation predict accuracy of answers? 
Participant self-reported prior knowledge did not predict understanding of the central 
problem (p = .34), impact (p = .31), or the main ideas presented (p = .78). 

5.  Does self-reported prior knowledge of underlying science or modeling and sim-
ulation predict confidence? 
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An analysis of variance indicates that self-reported knowledge of modeling and simu-
lation combined with their understanding of the central problem does predict self-re-
ported confidence in their understanding of the central problem F(4,39) = 2.92, p < .05). 
By itself, there was no relationship between self-reported knowledge and the accuracy 
of their responses. There was no evidence that this relationship also applied to confi-
dence in their understanding of the impact of the research, F(4,39) = 1.13, p = .36), or 
of the main ideas presented in the video, F(4,39) = 1.98, p = .12.    

6. Is understanding related to confidence in responses? 
Participant confidence in their understanding of the central problem was correlated with 
accuracy, rho = -.342, p < .05, but participants with higher confidence in responses 
were actually less accurate. However, the analysis did not provide support for a  rela-
tionship between confidence in understanding of the main ideas and the impact and 
accuracy in responses. 

7. Does understanding predict perceived importance to the military? 
Understanding of the central problem was negatively associated (B = -.64) with the 
perceived importance to the military (better understanding led to less perceived im-
portance), F(3,39) = 3.29, p < .05.  
     In contrast, understanding of the main ideas presented in the visualization was pos-
itively associated (B = .48) with perceived importance of the research to military. 

8. Does understanding predict perceived significance to science? 
The accuracy of participants’ understanding of the central problem, main ideas, and 
impact were not significant predictors of how significant the participants perceived the 
research to be to science. 

9.  Will adherence to Tufte’s guidelines on the use of organic qualities and colors 
found in nature positively affect user perceived aesthetics?  
Users’ explanations for their aesthetic ratings contained a relatively high number of 
positive comments (18/41, roughly 43%) related to the color choice (blue) and/or the 
realistic, lifelike quality of the animation of the liquid, including its similarity to water.   
Given the relatively high overall aesthetic rating of (72.7 points out of 100) this appears 
to support Tufte’s recommendations.   Examples of user comments are presented be-
low: 
 

U1: “…easy on the eyes to visually understand where the fuel is go-
ing.  It has good colors.”   

 
U2: “The graphical imagery was realistic and the colors popped. The 
last shot of the up-close visualization was stunning.” 
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U3: “I liked how the fuel was shot in slow motion and the many dif-
ferent views of that process given. …The coloring was also nice.” 
 
U4: “…the blues and 3D patterns were cool.” 
 
U5: “…the colors and detail of the liquid are attractive. 
 
U6: “…the blue colors of the fuel were fairly visually pleasing and 
seemed to demonstrate the atomization and injection.”  
 
U7: “…the color choices help to distinguish the different regions of 
density process well.” 

5    Conclusions 

The expectation that aesthetics might play a critical role in both user understanding of 
the content of the visualization as well as its usability was confirmed, but in more com-
plex patterns than expected.  Perceived aesthetics proved a predictor of user perception 
of the significance of research to science, i.e., “uglier” aesthetic ratings were correlated 
with lower user perceptions of research significance.  In addition, perceived aesthetics 
affected user understanding of the impact of the research; however, higher or “more 
beautiful” aesthetic ratings were correlated with less accurate assessments of impact.  
However, aesthetics were not a significant predictor of user confidence in their ratings.  
Finally, tracking with Tufte’s assertions [16], users’ explanations for higher aesthetic 
ratings included a relatively high number of comments (18/41, roughly 43%) related to 
the choice of natural, lifelike movement, i.e., water, and/or the colors from nature, i.e., 
the color blue. 

Other key questions of the research regarding self-reported prior knowledge proved 
complex as well.  While this factor did not predict user understanding, it was a predictor 
of user confidence, i.e. those with self-reported prior knowledge or expertise were more 
likely to report a  high level of confidence in their ratings. 

We plan to continue the research by expanding the study in several ways.  First we 
plan to conduct another study using visualizations providing more contextual infor-
mation such as conceptual animations, and musical tracks to assess the level at which 
these factors may affect the key questions regarding usability and understanding.       
Second, we plan to include comparison studies of the original researcher’s visualiza-
tion, which did not adhere to Tuft’s guidelines, against the visualization created in col-
laboration with our visualization team. 

Our long-term goal is to use the results of these studies during design and develop-
ment to enhance the quality of visualizations provided to researchers, scientists, and the 
general public.  This research will enable a more explicit formulation of a visualization 
usability process to follow to attain our goal. 
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