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Abstract A great deal of real-world data have graph

structures and such structures are often visualized into

node-link diagrams for a better understanding of the

data. Aesthetic criteria have been used as quality mea-

sures to evaluate effectiveness of graph visualizations in

conveying the embedded information to end users. How-

ever, commonly applied aesthetics are originally pro-

posed based on common senses and personal intuitions;

thus, their relevance to effectiveness is not guaranteed.

It has been agreed that aesthetics should be established

based on empirical evidence and derived from theories

of how people read graphs. As the first step to this

end, we have conducted two eye tracking studies in an

attempt to understand the underlying mechanism of

edge crossings, the most discussed aesthetic, affecting

human graph reading performance. These studies lead
to the findings of an important aesthetic of crossing an-

gles and a graph reading behavior of geodesic path ten-

dency. We demonstrate that eye tracking is an effective

method for gaining insights on how people read graphs

and that how aesthetics can be established based on

human graph reading behavior.

Keywords Graph visualization · Graph comprehen-

sion · Aesthetics · Edge crossings · Crossing angles ·
Geodesic path tendency · Eye tracking

1 Introduction

A large portion of real-world data sets have relational

structures consisting of a set of entities and relation-

ships between these entities. Examples of such data
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Fig. 1 A node-link-diagram representation of an advice net-
work (reproduced from Krackhardt [21]).

include physical computer networks, social networks,

protein-protein interaction (PPI) networks and World

Wide Web. Graphs, defined as a set of vertices and a

set of edges that connect the vertices, have been widely

used to model such structures for analyzing and under-

standing the data in consideration [5]. Vertices are used

to represent entities while edges are used to represent

the relationships. Graphs are often drawn or visualized

as node-link diagrams for a better understanding of the

underlying data. Figure 1 shows a diagram represent-

ing an advice network formed by an auditing team [21],

in which ellipses represent managers, diamonds repre-

sent staff auditors and boxes represent secretaries. A

line from Donna to Nancy, for example, indicates that

Donna seeks advice from Nancy.

Visualizations of graphs are only useful if the associ-

ated node-link diagrams are readable, that is, can effec-
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tively convey the embedded information to the viewers.

When it comes to graph visualization, the first issue we

face is how to lay out nodes and links. Given the same

graph, it can be drawn in indefinite ways by simply

changing the positions of nodes. Research has shown

that spatial layout has an effect on human graph com-

prehension (e.g., [14,23,29]). Good layouts help people

to perceive the embedded information quickly and cor-

rectly, while poor layouts may confuse people, even con-

vey misleading information. For example, McGrath et

al. [23] conducted a user study, in which the users were

asked to perceive five different drawings of the same

network and answer questions about the structural fea-

tures of the network. It was found that the perceptions

of the users changed while the layout changed.

A range of aesthetic criteria (rules for laying out

graphs) have been proposed by researchers from the

graph drawing community. Examples of commonly ap-

plied aesthetics include minimization of edge crossings,

even distribution of vertices and display of maximum

symmetries. Graph drawing research concerns the prob-

lem of constructing geometric representations of ab-

stract graphs (graphs without specific domain informa-

tion attached). That is to design algorithms that take

a set of vertices and edges of a graph as an input, cal-

culates the positions of the vertices to optimize a set

of pre-specified aesthetics. It is assumed that drawings

conforming to those criteria are more effective. The past

two decades have seen a fast-growing body of research

dedicated to constructing algorithms based on aesthet-

ics, in an attempt to produce visually pleasing and easy-

to-read graph drawings. For an excellent review on the

research of graph drawing, see [5].

However, there are two issues with the current ap-

proach of drawing graphs according to pre-specified aes-

thetics. The first is that commonly applied criteria were

originally proposed based on common senses and per-

sonal intuitions of researchers; their relevance to human

performance in perceiving the embedded information

is not guaranteed [29]. In other words, little is known

whether or how well the aesthetics actually help to con-

vey the embedded information to the viewer. Therefore,

evaluations with real users are often required to ensure

effectiveness after the visualization had been done. In

evaluating graph visualizations, performance measures

such as time and error are widely used to measure effec-

tiveness (e.g., [12,33]). However, these measures treat

human perception and cognition as a “black box”. They

only tell us what the effects are when a particular layout

is used, but cannot tell us how and why those effects

happened, leaving us wondering where (which parts of

the visualization) the time was spent and how the er-

ror was caused. As a result, knowledge gained from

these measures is useful only for a specific visualiza-

tion method or task. This knowledge is unlikely to be

generally useful when the method or task is varied.

The second is that the criteria used to draw graphs

so far have not been specifically related to people’s

graph reading behavior. The end result of a visual-

ization process is that people read the graph and un-

derstand the data. To make a truly effective visualiza-

tion, it is essential to construct the visualization based

on how people read graphs [13]. However, despite the

increasing popularity of graphic communication, rela-

tively little is known about how people actually extract

and process information from graphs [17,18]. For auto-

matic graph drawing, the ideal approach would be de-

signing algorithms according to aesthetic criteria that

are derived from theories of how people read graphs.

In this approach, although some human tests will still

be necessary, since the criteria used to draw graphs are

directly made based on human graph reading behavior,

the resultant visualizations will have higher possibility

of being more effective.

The work presented in this paper makes an ini-

tial attempt toward the understanding of how people

read graphs. We conducted two eye tracking studies in

which both task performance and eye movements were

recorded and analyzed in relation to each other. These

two studies resulted in the findings of an important aes-

thetic of crossing angles and a graph reading behavior

of geodesic path tendency. We demonstrated that eye

tracking, when used appropriately, can be an effective

method in gaining insights on how people read graphs

and that how aesthetics can be derived based on human

graph reading behavior.

Fig. 2 Two drawings of the same graph. The drawing with
crossings on the left fails to display the structure information.

To be more specific, the aesthetic of edge cross-

ings has been shown to have the greatest effect on the

readability of node-link diagrams [27]. Figure 2 gives

a simple demonstration of its effect. Two drawings in

this figure are of the same graph. It can be seen that
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when this graph is drawn with crossings, the structural

feature of being symmetric is hidden. Edge crossings

has been one of the most discussed aesthetics in graph

drawing research and much effort has been devoted to

minimizing the number of crossings (e.g., [5]). However,

empirical studies in the literature have shown that in

some situations, edge crossings may not be as bad as we

normally think (for more details, see section 2.2). This

means that there is a need for understanding of the un-

derlying mechanism of edge crossings affecting human

performance. Therefore, as a starting point, we began

our process of understanding how people read graphs

by addressing this need.

The remainder of this paper is organized as follows.

In section 2, we review the literature with a focus on

eye tracking studies of reading diagrams and on empiri-

cal studies of edge crossings. Then our two eye tracking

studies are presented in section 3 and section 4. Finally

in section 5 we conclude the paper with a general dis-

cussion.

2 Related Work

With the advance of technology and computer hard-

ware, the use of eye tracking has become increasingly

more affordable and popular in recent years. Although

eye tracking has a long history of being used for general

diagrams such as maps, statistic graphs and scientific

visualizations in the fields of Psychology and Educa-

tion [32], as far as we know, eye tracking has not been

used specifically in relation to aesthetics of node-link

diagrams. In this section, we briefly review these two

separate bodies of research. The reviewed research also

serves as a solid foundation for our work presented in

this paper.

2.1 Eye Tracking Studies of Diagrams

There is a fair amount of eye tracking research available

in the literature which investigates how people retrieve

and process information from diagrams. For example,

Carpenter and Shah [3] recorded eye movement data

while subjects answered questions in order to exam-

ine cognitive processes involved in the comprehension

of line graphs. Lohse [22] used eye movement data to

examine how individual differences in memory capacity

and changes in graphic design can affect graphical in-

formation processing. Peebles and Cheng [25] examined

eye movement patterns to construct and test cognitive

models of graph reasoning for a common task of elicit-

ing the value of one variable corresponding to a given

value of another. Ratwani et al. [30] used eye tracking

in a study and found that people employed different

sets of cognitive processes to extract local and global

information from so-called choropleth graphs (a type

of spatial color-coded diagrams). Convertino et al. [4]

conducted an eye tracking study in order to investigate

how users integrate data from multiple diagrams.

Fig. 3 Two examples of the hierarchical graphs used in the
experiment of Korner [18].

Although eye tracking has been widely used to in-

vestigate eye movement patterns and corresponding cog-

nitive processes, the literature related to how people

read graphs represented as node-link diagrams is sparse.

One notable exception is the pioneering study of Ko-

rner [18]. This study used eye tracking to test two pos-

sible models of comprehension of hierarchical graphs.

Eight drawings that represented the same information

of preference and varied in spatial layout were given; see

Figure 3 for examples. Subjects were asked to give yes

or no responses to simple questions such as “Is a bet-

ter than b?” Eye movements were recorded during task

performance. The detailed analysis of eye tracking data

suggested a three-stage model of graph comprehension:
two stages searching for the target nodes, followed by

a separated reasoning stage. This model was further

tested and validated in a recent study by Korner [19],

suggesting that people read graphs in a sequential man-

ner. Korner further mentioned that this manner is an

economical approach of comprehension which reduces

the overall processing load. Pohl et al. [26] conducted

an eye tracking study to compare the readability of

different graph layouts. In this study, eye movement

data (heatmaps) were used to analyze the graph read-

ing strategies of the subjects in order to explain why one

layout was better than another for a particular task.

2.2 Aesthetic of Edge Crossings

In drawing graphs as node-link diagrams, it is com-

monly accepted and employed as a general rule that the

number of edge crossings should be minimized whenever

possible. A number of user studies have been conducted
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to examine the effect of edge crossings in a variety of

experimental settings (e.g., [14,20,27]). However, as re-

viewed below, research in the literature has so far pre-

sented a mixed picture on what had made crossings

important, highlighting the need of understanding the

processes that underlay the observed effects.

Purchase et al. [29] conducted a user study and pro-

vided the first empirical evidence that validates the aes-

thetic of edge crossings for its negative impact on hu-

man comprehension of graphs. In another study, Pur-

chase [27] found that the aesthetic of crossings was

the most important factor affecting graph reading per-

formance, compared to other four aesthetic principles.

Further, Ware et al. [33] used abstracted graphs and

asked subjects to perform the shortest path search task.

They found that it was the number of crossings on the

shortest path that significantly affected performance,

rather than the total number of crossings. Korner and

Albert [20] conducted a study in which hierarchical

graphs of ordered sets were used and three visual prop-

erties were compared: planarity (edge crossings), slopes

and levels. It was also found that planarity was the most

influential factor affecting response time. This study

further revealed that “it is the general disarrangement

present in crossed drawings that causes the slower com-

prehension speed”. This means that even though the

lines associated with the task do not cross any other

edges, the performance can still be affected by the cross-

ings in the drawing. Huang et al. [14] conducted a study

investigating which layout is suitable for which task

and found that in perceiving sociograms (node-link dia-

grams for social networks), crossings are important only

for tasks that involve path tracing.

In addition, some researchers have pointed out that

crossings with different crossing styles may have differ-

ent degrees of impact. For example, as suggested by

Ware et al. [33], crossings with nearly-90-degree an-

gles can be less confusing than those with acute angles.

Further, more and more empirical studies are available

showing that in some situations, crossings may not be

as bad as we normally think. For example, when so-

ciograms are drawn to convey information about groups,

it may be more desirable to cross edges connecting

the group members [15]. Crossings are also necessary

when we want to display important structural features,

such as symmetry; drawing graph without crossings

may hide some dimensions of symmetry.

3 Experiment One

This experiment was largely exploratory and our aim

was to gain initial insights on the underlying mechanism

of crossings affecting human graph reading by observing

their eye movements.

3.1 Design

A within-subject design was employed. We used so-

cial networks as the experimental data. Each network

was drawn twice with one having no crossings on the

shortest path of two pre-specified nodes (there could

be crossings on other parts of the drawing), and the

other having a few crossings. Subjects were asked to

answer questions specific to the network in considera-

tion. Their performance data were logged in real time

by a custom-built system and their eye movements were

video-recorded by an eye tracker. We analyzed the per-

formance data in relation to the eye movements to see

how the performance was affected. Questionnaires and

interviews were also conducted in order to gain further

insights on the eye movement behavior of the subjects.

It should be noted that traditional eye movement

measures such as the number of fixations and the mean

of fixation durations are often used in eye tracking stud-

ies for analysis of cognitive processes [10,32]. These

measures are useful for finding collective eye movement

patterns for quantitative analysis, and those patterns

are often related to different areas of interest in the

stimulus or different time periods of the whole cogni-

tive process. However, it is difficult to relate these eye

movement measures to specific graph elements such as

nodes, edges and paths. Given the qualitative nature of

our purposes for this study, we instead used eye move-

ment videos for the analysis. Eye movement videos gave

us an immediate continuous view of how visual queries

were executed and which node or edge the viewer was

looking at during the process of graph comprehension.

Further, eye movement data only tell us how. To

gain information about why, the method of think aloud

may be useful. This method has been successfully used

together with eye tracking in studies in which relatively

complex pictures and difficult tasks were used (e.g., [30,

31]). However, think aloud involves asking subjects to

verbalize whatever he/she is doing and thinking during

the task performance, which can be intrusive. Also, in

performing simple perception tasks, human eyes move

faster than the pace they think [7, p140]. Employing eye

tracking and think aloud at the same time in our study

may distort eye movement patterns, making them mis-

leading. We therefore conducted post-task interviews

instead. That is, ask users to reflect and explain the

eye movement behavior while watching their own eye

videos.
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3.2 Stimuli

Three graphs were obtained based on two social net-

works of Wasserman and Faust [34]: Padgetts Floren-

tine families business relations and Krackhardts high-

tech managers friendship relations. The first graph was

the full set of the family business data with 11 nodes

and 15 edges. The second was a subset of the same data

with 9 nodes and 13 edges. The third was a digraph and

a subset of the manager friendship data with 10 nodes

and 14 edges.

Ten drawings were drawn by hand from the three

graphs and they are shown in Table 1. Note that each

pair of the crossing and non-crossing drawings on the

same row was of the same graph. The drawings in pairs

4 and 5 were of the digraph and drawn with edges hav-

ing arrows indicating the direction of relationships be-

tween two managers. Two drawings of each pair also

had the same pair of nodes highlighted. The highlighted

nodes were to be used for questions.

3.3 The Task

There was only one question for each drawing. For draw-

ings of family business relations, the question was “What

is the separation level between the two highlighted fam-

ilies?” The separation level was defined as the least

number of edges between the two families. For those

of manager friendship relations, the question was “Do

the two highlighted managers have friend’s-friend rela-

tionship?” Two managers A and C have friend’s-friend

relationship if there is a manager B between them, i.e.,

either A→B→C or A←B←C.

It should be noted that although the questions were

specific network questions, they are essentially the short-

est path search task; that is, find the least number of

edges between two nodes. This was to make the ex-

periment results comparable to those of others, since

the shortest path search task has been widely used in

various user studies (e.g., [33]).

3.4 Subjects

Thirteen subjects participated in the study. These sub-

jects were postgraduates with normal vision and were

completely new to eye tracking. Three of them were

experienced in graph reading, two had no experience

at all, and others had limited experience only related

to database or/and information visualization courses.

They were reimbursed $20 each for their time upon the

completion of their tasks.

Table 1 Five pairs of drawings used in experiment one.

Non-crossing drawing Crossing drawing

1p 1c

2p 2c

3p 3c

4p 4c

5p 5c
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3.5 Apparatus

The experiment was conducted individually in a quiet

room. There were one operator PC on which the eye

tracking system was running and one subject laptop

on which the diagrams were displayed. There were also

tables and adjustable chairs in the room. Adjustments

were made to maintain the eyes of the subject at a

distance of approximately 50cm from the 14-inch mon-

itor of the laptop. A chin rest was used to reduce head

movements.

The eye tracker had a helmet that was to be worn by

the subject. An eye camera was attached to the helmet

to record the eye movements of the subject. A scan con-

verter was installed on the subject laptop and used to

record the content of the screen. The eye tracking sys-

tem tracked eye movements by observing the position

of the pupil and corneal reflex from the right eye. These

eye positions indicated by a gaze cursor combined with

the video signals from the scan converter were recorded

in real time into MPEG videos for off-line analysis.

3.6 Online System

The stimuli were displayed on the subject laptop by

a custom-built experimental system. The system dis-

played a question first. The subject pressed the but-

ton on the screen, the question disappeared and the

corresponding drawing was then shown. The subject

answered the question by clicking one of the buttons

above the drawing; each button showed one possible

answer. Once the button was clicked, a new question

was shown and so on. We displayed each question and

its corresponding drawing separately to make sure that

the response time recorded did not include the time for

reading questions.

The response time of the subject for each drawing

(which started once the diagram was completely dis-

played and ended once a button was clicked) and the

corresponding answer were recorded by the system in

real time.

3.7 Procedure

Before starting the experiment, the subject was asked

to read through and understand the tutorial materials,

and sign the consent form. The subject was also given a

chance to practice and ask questions. During the prepa-

ration time, the subject was instructed to look for the

answer once the drawing was shown, click the corre-

sponding button once the answer was determined and

not to look around in between.

When ready to start, the subject was seated and

the helmet was worn. After a short calibration, the on-

line system was started and tasks were performed. The

drawings were displayed in a random order. Following

the graph reading tasks, a post-task questionnaire and

experimental debriefing were given. The questionnaire

asked questions about what strategies were used for

graph reading; whether edge crossings had impact on

their preference and performance; whether there were

any other drawing features that could aid or hinder

performance, and how those features could affect graph

reading behavior. After the questionnaire, the subject

was interviewed in relation to their responses to the

questionnaire. The subject was also asked to reflect

and explain the graph reading strategies he/she took

while watching his/her own eye videos. The whole ses-

sion took about 60 minutes.

3.8 Results

One subject read graphs with the aid of the mouse

cursor throughout the testing, which made his testing

setting different from others. Therefore, his data were

omitted and analysis was based on the data produced

by the remaining twelve subjects. The error rates and

time averages are shown in Figure 4.

(a) Error rates(%).

(b) Average times (sec.).

Fig. 4 Performance data.
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Given the simplicity of the graphs, no time limits

on the task and the background of the subjects, the

reason for the errors was most likely because the sub-

jects counted the wrong number of edges or clicked a

wrong button on the screen. This made it difficult to

exclusively relate the error data to the quality of draw-

ings. We therefore report analysis of time data only

here. First we consider overall difference between cross-

ing and non-crossing drawings. The time that the sub-

jects spent on the crossing drawings was 9.36 seconds

on average, which was 1.58 seconds slower than the time

spent on the non-crossing drawings (7.78 seconds). The

paired t test indicated that this difference was signifi-

cant, t(11)=-2.34; p<0.05.

Next consider the differences for each pair of cross-

ing and non-crossing drawings. As can be seen from

Figure 4(b), there were three pairs (pairs 3, 4 and 5),

for which the subjects spent more time with the cross-

ing drawings than with the corresponding non-crossing

drawings. There were two pairs (pairs 1 and 2), for

which the subjects spent more time with the non-crossing

drawings. However, the paired t tests revealed that only

the difference between the drawings of pair 5 (5p and

5c) was statistically significant, t(11)=-2.47; p<0.05.

3.9 Video Analysis and Discussion

The time data indicated that on average, the time spent

with crossing drawings was significantly longer than

that with non-crossing drawings. This was consistent

with the general finding that crossings negatively affect

performance. However, a different pattern was revealed

at the individual level. In particular, for the two draw-

ings of pair 1, on average the subjects took about 0.87

second more time with 1p than they did with 1c. This

was a surprise, since 1c had 8 crossings on the shortest

path, while 1p had no crossings at all.

After examining the video data, it was found that

most of the subjects started to search from the high-

lighted node on the top or left; this also was the case

for drawings 1p and 1c. This may be related to the

daily reading habits of the subjects. For 1p, the top-

left node was the node with four incident edges; the

subjects spent some time following these edges trying

to find the path to the target node. On the contrary,

the top-left node for 1c had only one incident edge. The

subjects simply followed this edge to the next node that

happened to be a neighbor of the target node.

However, there was still a question: how can one ex-

plain the lack of expected impact of crossings in drawing

1c? Surprisingly, a closer look of the video data revealed

that crossings had little impact on eye movements. Eyes

moved smoothly without delay when passing through

crossings. It appeared that the subjects simply ignored

the crossings during the search for the target path.

This was also consistent with the comments of the sub-

jects regarding perceived effects of edge crossings. Typ-

ical responses among them included “drawings with no

crossings were better. Crossing drawings looked more

confusing. But crossings did not have much impact on

me finding answers”. “No effect for me. I could see

the paths easily with the crossings”. One subject com-

mented slightly differently though: “Yeah, there could

be an effect when there were two or more paths. It

was not that obvious to see which one is the answer

when crossings were there. But when it came to my eye

movements, I don’t think those crossings affected me”.

After examining the features of our stimuli, we found

two possible explanations for the lack of the crossing

effects:

1. The graphs used were very sparse and small with the

largest graph containing only 11 nodes and 15 edges.

The effect of crossings with this kind of graphs could

be too small to observe.

2. Crossing angles in the drawings were relatively large.

Most of them were close to 90 degrees. Edge cross-

ings with such large angles might not be as confusing

as we expected.

On the one hand, eye movement data showed little

impact of edge crossings. On the other hand, the time

data indicated that non-crossing drawings were indeed

more effective than crossing drawings. Therefore, there

must be other factors at work leading to the observed

differences between crossing and non-crossing drawings.

The video inspections revealed that more path search

eye movements were involved with crossing drawings
and those extra movements were mostly on edges that

were not part of the target path. This was also sup-

ported by the user comments. For example, “I tend to

think that straight paths are short”. “If there were mul-

tiple edges, I tried the one close to the end node first.

But sometimes, I was led to a dead end and had to try

another edge”. These comments gave a possible expla-

nation for the observed effect of crossings in response

time: more time was spent on the distracting branch

edges. As shown in Table 1, there were more branch

edges being drawn close toward the target node in the

crossing drawings, compared with the non-crossing draw-

ings.

Based on the observations of the video data, all

the subjects showed similar high level search strategies,

which provided further eye movement evidence to the

three-stage graph reading model of Korner [18,19]:

1. Look for the highlighted nodes and determine which

one to start with for the answer.
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2. Search for possible paths. During this process, some

important edges and nodes might be visited repeat-

edly.

3. Determine and verify the answer.

In summary, in this particular experiment, it was

clear that it was not the edge crossings themselves that

directly affected performance or eye movements. Rather,

it seemed to be other features of the crossing draw-

ings that caused observed effects. For example, large

crossing angles and distracting branch edges. To get a

clearer picture of how crossings affect performance and

eye movements, experiment 2 was conducted, which we

present in the next section.

4 Experiment Two

Experiment 1 was set to examine the effect of edge

crossings on performance and eye movements. As ex-

pected, the performance data indicated that subjects

performed better with non-crossing drawings. However,

the video analysis revealed that the performance differ-

ence was not the result of the crossings themselves. This

was surprising. Most graph drawing research shows a

strong belief that crossings are the major time consum-

ing factor in graph reading, but the results of experi-

ment 1 suggested that they were not.

Fig. 5 Illustration of crossing angle effects. The crossing on
the right is less confusing than that on the left.

First, it appeared that crossings were simply ignored

by the subjects during the path searching; the eye move-

ments remained smooth without apparent delay when

passing through crossings. According to Ware et al. [33],

we suspected that this could be because the crossing

angles were large. As shown in Figure 5, crossings with

large angles might not be as confusing as those with

small angles.

Second, the extra eye movements were involved with

the crossing drawings. Based on the video data and the

user comments, we suspected that the subjects tended

to follow branch edges going toward the target node,

which is illustrated in Figure 6. We term this behavior

as geodesic path tendency (geodesic path is the straight

line segment between two nodes).

Fig. 6 Illustration of geodesic path tendency. Note that the
dashed line is not part of the graph. To find the shortest path
between nodes 1 and 2, if search always starts from node 1,
people tend to follow the path 1-7-5-6 first, then the path
1-3-5-6, and finally the path 1-3-4-2.

In addition, the fact that the graphs used were too

small might also contribute to the surprising results of

experiment 1. Experiment 2 was conducted to address

the above-mentioned conjectures.

4.1 Design

For this experiment, two sets of drawings were pro-

duced using two relatively larger and more complex

graphs. We drew one graph with the size of crossing

angles being varied and drew another graph with the

direction of branch edges being changed in different

drawings. We asked subjects to perform graph reading

tasks, and their performance and eye movements were

recorded. Post-task questionnaires and interviews were

conducted.

4.2 Subjects

Sixteen subjects were recruited on a completely volun-

tary basis. All had normal vision and were regular com-

puter users. They had different degrees of familiarity

with node-link diagrams; two of them had no knowl-

edge at all at the time of participation. The subjects

were reimbursed $20 each for their time upon the com-

pletion of their tasks.

4.3 Stimuli

Two sets of drawings were produced based on two graphs.

Each set had three different drawings of the same graph.

As shown in Table 2, set 1 drawings were for testing

crossing angles, and set 2 drawings were for testing

geodesic path tendency. Note that for set 1 in Table 2,

only some of the nodes were labeled for clarity, though
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Table 2 Two sets of drawings used in experiment two.

Set 1 Set 2

c1 f1

c2 f2

c3 f3

in the real tests, all labels were visible. Also note that

the same node may have different labels in different

drawings.

Set 1: The graph for three drawings (c1, c2 and

c3) contained 32 nodes and 43 edges. It had two com-

ponents: a path component and a condition compo-

nent. In producing the three drawings, the layout of

the path component remained unchanged. The layout

of the other component was modified to make three con-

ditions: no crossings on the path (c1), nearly-90-degree

crossings on the path (c2) and small-angle crossings

on the path (c3). Drawing c1 was the control condi-

tion that was to compare how eye movements changed

when crossings were introduced in c2 and c3. However,

the subjects were not made aware of these facts before-

hand.

Set 2: Three drawings (f1, f2 and f3) were of an-

other graph containing 20 nodes and 32 edges. In f1, the

shortest path between nodes 1 and 2 (1-11-15-2) was far

away from the geodesic path of nodes 1 and 2 and had

no crossings, while the shortest path in f2 (1-22-11-2)

and f3 (1-6-11-2) had three crossings (with nearly-90-

degree angles) and was near the geodesic path. In ad-

dition, the total number of crossings was 3 in f1, 12 in

f2 and 37 in f3.

4.4 The Task

The task was to find the shortest path between nodes

1 and 2. This shortest path task has been used in two

ways in the literature. First, in studies such as the study

of Ware et al. [33], the target nodes are pre-specified and

highlighted. Therefore, locating the nodes was no longer

necessary and the task required only path searching.

Second, the nodes in consideration were not highlighted

in some studies such as that of Korner and Albert [20].

As mentioned in section 2, while Ware et al. found

that it was only crossings on the shortest path that were

important, Korner and Albert found that it was the

overall arrangement of crossings that mattered. Korner

and Albert mentioned that “crossings themselves may

affect early stages of visual information processing”,

and that “such salient properties (crossings) are pro-

cessed in precedence, and draw attention and distract

the visual system from the message of the drawing”.

If this was the case, then according to the three-stage

model of Korner [18], these distractions likely happened

during the first two node locating stages. To see what

would happen when node locating and path search were

used independently and in combination, the following

three specific tasks were included:

1. Node task: find the most connected node (the node

that has most incident edges).

2. Path task: find the shortest path between nodes 1

and 2. Nodes 1 and 2 were highlighted.

3. Node+Path task: find the shortest path between

nodes 1 and 2. Nodes 1 and 2 were not highlighted.

4.5 Procedure

The same online system and eye tracking system in ex-

periment 1 were used to record the experimental data.

This experiment included three sessions: one session for

each task. The order of the three tasks was random. In

each session, subjects had to perform the task with each

of the six drawings, which in turn were displayed in a

random order. There was a break between sessions. A

calibration was conducted before each session. Subjects

were given time to read the tutorial materials, ask ques-

tions and practice. They were also instructed to answer
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each question as quickly as possible without compro-

mising accuracy.

This experiment was conducted on an individual ba-

sis. The subjects performed tasks online first. Then a

post-task questionnaire was given, followed by a short

interview. Seven of the subjects were asked to explain

their eye-movement behavior while watching their own

eye videos. The whole experiment took about 50 min-

utes on average.

4.6 Quantitative Results

Regarding response time, the averages for all draw-

ings are shown in Table 3 and illustrated in Figure 7.

The response time data were analyzed using the non-

parametric Friedman tests and post hoc Wilcoxon signed

rank tests.

Table 3 Average times (sec.) for set 1 and set 2 drawings.

DrawingID c1 c2 c3
Node task 16.37 19.97 23.22
Path task 6.81 14.74 29.41
Node+Path task 9.54 16.28 33.58

DrawingID f1 f2 f3
Node task 16.54 16.20 17.52
Path task 13.61 13.33 16.07
Node+Path task 15.72 21.91 15.12

(a) Average times (sec.) for set 1 drawings.

(b) Average times (sec.) for set 2 drawings.

Fig. 7 Response time data.

Node Task: Among set 1 drawings, the shortest

time was spent with c1, followed by c2, then c3. The

Friedman test indicated that these differences were sta-

tistically significant (χ2=6.13; p<0.05). Pairwise com-

parisons found that only the difference between c1 and

c3 was significant (p<0.01). For set 2 drawings, the

shortest time was spent with f2, followed by f1, then

f3. However, the Friedman test did not find any signif-

icant differences (χ2=3.88; p=0.144).

Path Task: For set 1 drawings, the shortest time

was spent with c1, followed by c2, then c3. The Fried-

man test revealed that these differences were statisti-

cally significant (χ2=26.38; p<0.001). Pairwise compar-

isons indicated that the time difference for each pair was

also statistically significant (for each pair, p≤0.001).

For set 2 drawings, the shortest time was spent with

f2, followed by f1, then f3. However, the Friedman test

showed that these differences were not statistically sig-

nificant (χ2=1.13; p=0.570).

Node+Path Task: For set 1 drawings, the short-

est time was spent with c1, followed by c2, then c3.

The Friedman test revealed that these differences were

statistically significant (χ2=18.00; p<0.001). Pairwise

comparisons indicated that the difference for each pair

was also statistically significant (for each pair, p<0.05).

For set 2 drawings, the shortest time was spent with f3,

followed by f1, then f2. The Friedman test showed that

these differences were statistically significant (χ2=6.50;

p<0.05). Pairwise comparisons found that the differ-

ences between f1 and f2, f2 and f3 were statistically

significant (p<0.05).

In respect to error rates, the results are shown in

Table 4. In particular, for Node task, all the responses

for set 1 and set 2 drawings were correct, except for c2
and c3. The error rate was 6.25% for c2 and 25% for

c3, respectively.

Table 4 Error rates (%) for set 1 and set 2 drawings.

DrawingID c1 c2 c3
Node task 0.00 6.25 25.00
Path task 0.00 0.00 0.00
Node+Path task 0.00 0.00 0.00

DrawingID f1 f2 f3
Node task 0.00 0.00 0.00
Path task 18.75 31.25 0.00
Node+Path task 18.75 37.50 12.50

For the path search tasks (Path task and Node+Path

task), regardless of whether the nodes were highlighted

or not, the subjects made no errors for set 1 drawings.

For set 2, when the nodes were highlighted, the high-

est error rate was made with f2 (31.25%), followed by

f1 (18.75%). No errors were made with f3. When no
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nodes were highlighted, the highest error rate was with

f2 (37.5%), followed by f1 (18.75%), then f3 (12.5%).

4.7 Eye Movement Videos and Questionnaire Analysis

The videos showed clearly that for the path search tasks

with set 1 drawings, the speed of eye movements was

the fastest with c1. With c2, the overall eye move-

ments were still smooth but became slower. Although

some subjects claimed that they were not affected by

the crossings here, the response time data did show

that the subjects responded significantly slower with c2

than with c1. With c3, eye movements became generally

slower; they were slowest on the edge connecting nodes

13 and 6 (see c3 in Table 2). There were also many back-

and-forth eye movements around the crossing points on

that edge, indicating that the eyes of the viewer were

uncertain about which way to go. Clearly, the small-

angle crossings in c3 caused slow and extra eye move-

ments, which contributed to the longest response time.

The comments of the subjects on crossings included:

“(Crossings) forced me to focus harder”; “(Crossings)

helped to improve my concentration”; “Crossings af-

fected me except at right angles”; “I think crossings

slowed me down”; “Crossings make graphs more com-

plicated and confusing”; “If the angle is small, you have

to be careful when following the link to make sure you

end up at the right node”.

Regarding the path search tasks with set 2 draw-

ings, to find the shortest path in f1, most of the sub-

jects searched on the paths near the geodesic path first.

In particular, there were fifteen subjects (94%) for Path

task and twelve (75%) for Node+Path task who searched

the nearest path of 1-20-8-18-2 first. Some simply missed

the target path of 1-11-15-2, which is further away from

the geodesic path. The rest of the subjects detected the

target path either at a later stage of searching or just

before pressing the answer button, as commented by a

subject: “I often found the shortest route last”.

The high error rates with f2 for the path search tasks

were surprising. The video inspection on f2 revealed

that the subjects spent most of their time on the left

part of the drawing, where there were more crossings

(the same also happened on the right part of f3). In

addition, most of the subjects found the correct path

(1-22-11-2) in f2 at the late stage of the task. In general,

six subjects mentioned in the questionnaire that long

edges had some influence and commented: “Long edges

need more time to reconfirm”; “The shortest path of

a few long steps (edges) outside many short steps is

harder to see”.

In regard to Node task, it appeared that the subjects

adopted the same eye movement strategy for this task.

That is, eyes stayed around a node for a while counting

the number of edges, then moved straight from the node

to the next. It appeared that crossings were more or

less ignored, while the subjects tended to start the task

with nodes in dense areas first. Given this behavior, the

significant time difference between c1 and c3 for Node

task might be caused by the striking difference in node

angular resolution between the two drawings, according

to Huang et al. [12]: in c1, neighboring edges were well

separated around the nodes, which makes edge count-

ing straightforward, while in c3, neighboring edges were

closely attached to the highly connected nodes, mak-

ing counting difficult. All the subjects claimed that

for Node task, crossings did not have any influence on

them.

4.8 Comparison of Path Task and Node+Path Task

Path task and Node+Path task were included in the

study to see whether and how much the eyes can be

distracted by crossings during the node locating stage

when no nodes were highlighted. The video analysis

showed that eyes appeared not to have been distracted

by the crossings. The eye movement patterns for node

locating of Node+Path task were very similar to those

of Node task, though their eyes moved faster since they

only needed to identify the labels, rather than count the

number of incident edges. The subjects made the simi-

lar comments as they made about the effect of crossings

for Node task. That is, there was no much impact on

node locating of Node+Path.

Table 5 Performance data for Path task and Node+Path
task.

Time (sec.) Error rate (%)
Path task 15.77 8.33
Node+Path task 18.69 11.46

The performance data for the path search tasks are

shown in Table 5. Regarding response time, the sub-

jects took 15.77 seconds on average to complete Path

task, which was 2.92 seconds faster than the time they

took to complete Node+Path. The average time for

Node+Path was 18.69 seconds. This is normal since the

subjects needed extra time to locate the target nodes

first. The Wilcoxon signed rank test revealed that this

time difference was marginally significant (p=0.046).

This means that statistically the extra component of

node locating in Node+Path task resulted in only a

trivial increase in response time.

With regard to the error rate, the average error rate

for Path task was 8.33%, while the average error rate for



12 Weidong Huang

Node+Path task was 11.46%. This indicated that when

no nodes were highlighted, more errors were made.

4.9 Discussion

The results of this experiment indicated that the eye

movements of node locating for both Node task and

Node+Path task were largely independent of crossings.

This is in good agreement with the finding of Korner [18]

that in searching for target nodes, the information pro-

vided by crossings was ignored: “After all, the presence

or absence of crossed lines does not constrain the posi-

tion of nodes in the graph”.

In this particular study, the extra component of lo-

cating nodes in Node+Path task only led to a marginal

increase in response time, compared to Path task. This

seemed unusual at first. However, it is in fact reason-

able since research has shown that the human visual

system can be effective in searching for a target ob-

ject among similar distractors [9,18]. In addition, node

locating might have helped the subjects to get ideas

about the target path through their peripheral vision.

This in turn helped to reduce the time for path search-

ing, thus compensating for the time needed for locat-

ing nodes. However, the subjects did make more errors

for Node+Path task. One possible explanation could be

that when no nodes were highlighted, the target path

became less visible, and thus relatively harder for the

viewer to detect. This also partially explains the dif-

ference between the findings of Korner and Albert and

Ware et al.: when nodes were highlighted, subjects were

able to focus their attentions on relevant paths, in which

only local crossings were involved, making crossings on

the shortest path more important. On the other hand,

when no nodes were highlighted, the visual aid for node

locating was lost. Subjects had to remember or consis-

tently verify the locations of the target nodes during

the search, in which crossings beyond local ones were

involved, making the global effect of crossings more

salient.

Regarding the effect of crossing angles with set 1

drawings, subjects spent significantly more time with

c3 than with c2. The eye movement data and user com-

ments had made it clear that the longer time with c3

was caused by the slower eye movements and the extra

back-forth moves at and around the crossing points,

which in turn was caused by the sharp crossing angles.

In summary, how crossings affected eye movements

can be summarized as follows:

1. When there were no crossings, eye movements were

smooth and fast.

2. When edges crossed with large angles, eye move-

ments were slower, but remained smooth.

3. When edges crossed with small angles, eye move-

ments were very slow, and no longer smooth (back-

forth moves at the crossing points).

Fig. 8 Geodesic path tendency suggests that the path be-
tween nodes 1 and 2 on the left drawing is easier to detect
than that on the right.

The existence of geodesic path tendency was ob-

served in set 2 drawings. This tendency indicates that

when there are branch edges pointing to the target

nodes on the path that is being searched, human eyes

can easily slip into those branches, causing delays in

response time. The effect of this tendency can be il-

lustrated in Figure 8. Given the drawing on the left,

by changing the positions of the unlabeled nodes, the

branch edges are made to go toward the labeled nodes,

as shown in the right drawing. As a result of this, the

path between nodes 1 and 2 becomes harder to follow.

5 General Discussion

Our research presented in this paper demonstrates the

importance and feasibility of establishing aesthetics based

on human graph reading behavior. In the first experi-

ment, if we measured only task performance, we would

not be able to observe that crossings actually contributed

little to the time difference between crossing and non-

crossing drawings. This observation has resulted in two

important findings: the new aesthetic of crossing an-

gles and the graph reading behavior of geodesic path

tendency. The qualitative observations about crossing

angles and the tendency have been validated in sepa-

rate studies by Huang et al. [13,16], with quantitative

evidence of rigorous controlled experiments.

Further, the establishment of the aesthetic of cross-

ing angles has led to a new theoretic research area:

drawing graphs with large crossing angles, which was
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initiated by Didimo et al. [6] and has attracted immedi-

ate attention from the research community (e.g., [1,2,8,

11,24]). Practically, it is well known that crossing mini-

mization is computationally difficult to achieve [5], and

in many real world graphs, crossings cannot be com-

pletely removed. The aesthetic of crossing angles helps

to improve the situation: we may draw graphs with a

few more crossings, but achieve the same level of ef-

fectiveness by maximizing crossing angles. The finding

of geodesic path tendency enriches our limited knowl-

edge of how people read node-link diagrams. The knowl-

edge of this behavior is useful for us to design more

human-centered graph visualizations: an immediate im-

plication is that paths between important nodes or be-

tween nodes of interests should be laid out close to the

geodesic path, while irrelevant branches or paths should

be put further away.

This paper also demonstrates the usefulness of eye

tracking in understanding the cognitive process of hu-

mans in reading graphs. From a broader perspective,

since people read graphs through their eyes, the use of

eye tracking should hold great promise for the evalua-

tion of graph visualizations.

Fig. 9 Illustration of usefulness of eye tracking for the de-
velopment of theories of how people read graphs.

More specifically, eye tracking can be used to obtain

valuable insights beyond performance. As illustrated in

Figure 9, eye tracking assists the development of hu-

man graph reading theories in both bottom-up and

top-down fashions. In some cases, theories may be pro-

posed based on performance data first. These theories

can then be refined and proved based on eye movement

behavior. For example, the aesthetic of crossings was

first established based on performance data [29], then

it was found that in our eye tracking studies that its im-

pact can be moderated by changing the size of crossing

angles. In other cases, theories may be proposed based

on eye movement behavior and verified in controlled

experiments based on performance data. For example,

the behavior of geodesic path tendency was observed

in our eye tracking studies. Then this tendency was

confirmed through performance-based controlled exper-

iments [13].

On the methodological perspective, we did not use

traditional eye movement measures due to their limita-

tions specific to our experimental purposes. Instead, eye

movement videos were used, which has proved to be an

effective approach in establishing aesthetics based on

human graph reading behavior. Our approach can be

summarized as follows:

1. Measure performance and record eye movements at

the same time and analyzed them in relation to each

other to answer what and how.

2. Use questionnaires and interviews while asking users

to reflect and explain their eye movement strategies

to answer why.
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