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ABSTRACT

Embedded systems, which are safety critical, @guiently analyzed to find out whether they folldwe t
safety standards and to improve their safety. Faakt analyses enable the safety analysts to find
possible causes of a system’s failure or unsafavieh From a fault tree, minimal cut sets are categ
giving uniqgue combinations of basic events thaiseasuch a failure. Using minimal cut sets, thetgafe
analysts try to find out how to improve the safefythe system with a restricted amount of resoyrces
e.g., cost and time. The two most important rexfltsiinimal cut set analyses are the order (nurober
basic events) and the failure probability of theaimial cut sets. Small order minimal cut sets havir®)
basic events are the most important ones, becaugea single point of failure is more likely tocoir
than multiple failures at the same time. Howevherée is a lack of tools that visualize both failure
probability and order of minimal cut sets. Therefowe presented in our previous paper “Safety-
Domino” the design of a graphical metaphor for sizing the minimal cut set’s order together with i
failure probability. The design decisions were lbasa perception theory. To find the optimal color
scheme for the design, we performed an empiricaluesion with 32 participants. This paper presents
the extended version of an earlier paper [AZZD*1#th an extended analysis of the results and
additional preference tests. The statistical resoltthis evaluation are extended to show the teryde
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and relative accuracy of the participants usingdifferent color schemes. These results indicede ttie
color scheme we call “gray-opposite” performs dligbetter than the color scheme we call “black’ fo
larger problem sizes. However, from the participarfi¢edback and the additional preference tests
(monitor-based and paper based) the black colorpsaferred. Therefore, we propose to interpret the
results of any evaluation considering the feedlddke participants and including additional prefese
tests. In additional, we performed correlation sett know if the demographic features of the
participants had an effect to the results found.

KEYWORDS

Safety Visualization, Number Visualization, Basicelits, Minimal Cut Set Order, Minimal Cut Set
Failure Probability.

1. INTRODUCTION

In order to ensure that a system or an embeddednsyis operating safely, several analyses
are performed. These analyses are used to detkstand hazards, and to eliminate, to avoid,
and/or to reduce them [BV10]: p. xiii. A safetytaal system, e.g., an autonomous vehicle,
could cause different levels of harm to people,(igury, death) or to the environment (e.g.,
polluting the environment) [Sav]. Minimal Cut SMCS) analysis is used for safety analysis.
The two major metrics of MCSs used in MCS analgsis their failure probability and their
order. However, almost all tools performing safetyalysis [AZYZ*11] do not represent these
measurements graphically. CakES and ViSSaAn ardirdtevisualization tools tackling this
issue by using visualization to ease the analysisexploration of the system and its hazards.
In [AZZD*12] the safety-domino---a visual metaphior representing the MCSs order---was
presented together with the preliminary result®wf evaluation thereof. This paper presents
the results of this evaluation in detail.

1.1 Safety Analysis Techniques

We briefly introduce the most important conceptsafety analysis underlying our approach
in this section. Fault Tree Analysis is a methoelduim system safety studies [BV10] based on
so-called fault trees ([BV10]: p. 54). Tools perfong fault tree analysis should be able to
suitably display the fault tree analysis resultg.,eMinimal Cut Sets. A basic event (BE)
occurs with a certain failure probability (FP) ([BY]: p. 56ff). Minimal Cut Sets (MCSs) are
the unique combinations of basic events [BVO7] amd important indicators for safety
problems. The number of these BEs in a MCS is ti@&Shbrder. Our research is motivated
from the safety analyses domain. The safety tadk&Ss sub-tasks, and tools are discussed in
detail in [AZZD*12]. To identify hazards with higlfailure probability and the possible
combinations of components MCSs analysis is usdgk Most important metrics in this
analysis are the failure probability and the ordethe MCSs [VGRH81, KZ96]. A detailed
description is given in [AZZD*12]. A MCS with ordéf” is called a single point of failure
and has to be eliminated from the hazard and therdéfom the system.

The current tools are very powerful in modelinglfdtess and in computing additional
safety measurements. However, they lack a simpld aobmprehensible graphical
representation of those measurements supportingaske of the engineers. The reason is that
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the results are either represented as text orsdablese results are also sometimes incomplete.
Thus, the tasks are time consuming and prone toahuenror ([BV10]: p. xiii)). Examples
were presented in [AZZD*12, AZYZ*11]. From this weonclude that there is a need for
visualizations supporting the safety analysts teestheir tasks more efficiently.

In [AZKS*11, AZZD*12, AZZH11, and AZSZ*11], an MCSanalysis visualization tool
was integrated that addresses some of the safeitg ta support an efficient and effective
safety analysis of safety critical systems. In thig, the MCSs with high failure probabilities
are represented by red circles, those with modéadtege probability by yellow circles, and
those with low failure probability by green circlééhe order of the MCS was represented by
colored “dominos” (see Section 0, [AZZD*12]). Inighpaper, we report, an extended
evaluation of the color choice for the dominos (®ec2).

1.2 Techniques for Number Visualization

As described in [AZZD*12], numbers between 1 aral® the most important ones for MCSs
order. Therefore, we studied the different posisiéd for representing them. Numbers can be
represented in many ways, such as digits, textwekrs, and shapes (more details in
[AZzD*12]). However, Digits, textures, colors, astiapes are not suitable for our purpose of
representing the MCSs’ order, because of the nétrdining and the limited visual short term
memory of humans. Colors distract the user fromMi@S'’s failure probability, since people
usually focus on the things with highest luminangs.a result, we did not use them for our
representation.

For this reason, in [AZZD*12] we adapted the domimpresentation of numbers to
represent the order of the MCSs. This is in linthwhe results of [Bec66] and [War04], who
found that circles are easier to distinguish thémeioshapes and textures. We tried many
masks for positioning the dots (Figure 1). Usingd@m positions of dots is neither easy to
understand nor easy to remember. However, the dopasitioning of dots is very easy to
understand and to remember, because they are syinijéfar04]: p. 192). Therefore, we
decided to use domino positioning for representing MCSs' size (Figure 2). As we
described in Section 0, in the safety domain, tmaller the MCSs’ size, the more safety
critical the MCS. For providing the best result aadcorrect impression, we considered
different dot sizes. Using “equal size” for all davas not too good, because this gave the
opposite impression of importance (Figure 2). Usisigall size for smallest numbers” gave
the opposite impression of the importance and eépeesentation gets very crowded (Figure 3
(top)), while using “large size for smallest numdlegave the correct impression of the
importance (Figure 3 (middle)). Our final desigmg{ife 3 (bottom)), the smallest number has
the largest size and the orientation of the nuniBeiis different from that of number “2”.
Thus, they are better distinguishable from eackrothitially, all dots were colored black.
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Figure 1.Using dots with randor Figure 2. Using domino positions of
positions to represent numbers. dots to represent numbers.

Figure 3 Different sizes for the dots:
Top) opposite importance impress
Middle) direct importance impressi
Bottom) the “2” dot orientation i
reversed to ease tldistinction from
the “3” dot

In addition to the different levels of gray evakdtin |AZZD*12], three colorschemes
were evaluatedn Experiment llIto find out, which one is the most suitable for the se-
domino representatiorThe reason of this additional evaluation is to fimat if choosing
“black” and “OppositeGray” other than any color scheme in Experimentas a successful
decision in [AZZD*13.

We chose one dahe standard kncn contrasting color schemes [HO0}, p 53. This is,
because they haveigh contrast anare best for highlighting [PRI2]: p. 256, 280. The
contrasting color schemes can beegorized to three groups: complentary, split
complementary, and triadic. From the contrastirigrcechems, we chose the complement:
one, becase it has a or-to-one mapping.

We used threecomplementary color schemes: the invert (complearght the
complementary (traditional complemente-same, and thecomplementary (tradition:
complementaryppposite The invert color scheme based on Goethe’s color wheel &
called the artist's whe. In our case, the inverted colors (oéd, yellow, greenare (green,
violet, red) [wikil2]. The traditional complementary is based on Itter6QJi(see also
[War04]: p. 124f)with the harmony color wheel also called the HS\bcavhee. Here, the
opposite colors othe color wheeof (red, yellow, green) are (cyablue, magente From this
complementary color sche, we derived two color schemes: complemer-same with
complementary hue and the same saturatiand complementa-opposite with
complementary hue and opposite saturs In both cases, we kephe ightness constant
(adapting [War04]: p136, to our ituation).

2. COLOR SCHEME EVALUATI ON

In order to knowwhether the gre-opposite color scheme is better supporting the
analysis tasks (Section 1.1) than the black coldieme, we performed an empir
evaluation(Experimenal Treatment 1). To find out whether tladitional color schemes
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presented above are suitable choices, we introdweahditional experimental tasks and
preference questions (Experimental Treatment Il).

2.1 Research Methodology

In the following subsections, we present an extdndersion of the empirical evaluation
reported in [AZZD*12]. We extended the work presehin [AZZD*12] by including the
analysis of the relative accuracy as well as thalyais of the user preferences into the
evaluation scope.

2.1.1 Research Goals and Hypotheses

In general, our research goal is to compare theigfity and the accuracy achieved by safety
engineers when they analyze MCSs between using-appgsite colored dots and black
colored dots. In particular, efficiency means hiéwe time required by a safety engineer for
counting circles (i.e., MCSs) with a predefined femof dots (i.e., MCS order) in a given
visualization. Accuracy refers to the tendencyhef &ccuracy and to the relative accuracy. The
tendency of the accuracy is the difference betwhemumber of circles counted and the true
number of circles with a predefined number of datghe visualization, while the relative
accuracy is the ratio between the found circlestaadrue number of circles with a predefined
number of dots in the visualization. Consequenthe defined the following research
hypotheses:

RH1: The efficiency achieved by safety engineers usjngy-opposite colored dots in
identifying MCSs with small orders differs from tredficiency achieved by safety
engineers using black colored dots.

RH2a: Safety engineers using gray-opposite colored doltseve a better relative accuracy in
identifying MCS with small orders than safety eregrs using black colored dots.
RH2b:Safety engineers using gray-opposite colored dutkieve a better tendency of
accuracy in identifying MCS with small orders thaafety engineers using black

colored dots.

Here, a “better relative accuracy” implies a vakmual or near to 1, while a “better
tendency of accuracy” implies a value equal or iead. In addition, we also explored user
preference, i.e., “easy to count” (easy to usednifortable for the eyes” (is not tiring when
working for a long time), “appealing” (pleasant tse). Thus, we defined three additional
research hypotheses:

RH3: The complementary color schemes are preferreghéoiorming the counting (easy to
count) to the black and/or gray-opposite color s (for both environments, monitor
and paper).

RH4: The complementary color schemes are more conbflertor the eyes than the black
and/or gray-opposite color schemes.

RH5: The complementary color schemes are more appetlan black and/or gray-opposite
color schemes.

2.1.2 Research Design

For evaluating these research hypotheses, we dekigm experiment with two groups. We
used a counter-balanced within participant desigth wepeated measures to reduce the
amount of error from natural variance between pigidints and learning effects. Considering
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that not enough safety experts were available, seel @ convenient sample [ER11] including
32 professionals of the University of Kaiserslanotgrerforming abstracted and simplified
tasks. Participants were randomly assigned to groblpch participant had to independently
perform a fundamental task: Counting the circlegra specific number of dots. Thus, we
used three different orders (1, 2, and 3, i.eticaliMCSs order in a hazard), three hazard sizes
(12 (small) and 324, 540 (medium)), and two coldresnes (black and gray-opposite). The
visualizations were presented using a interactiogvgs point presentation. For avoiding
learning effects with respect to color schema, wanterbalanced our design forming two
groups being exposed to black then gray-oppositevare versa. The number of dots on each
circle was intentionally randomly changed to avard learning effects. The first part of the
experiment consisted of;
1.Agree on an informal consefdr voluntarily participating in the empirical dvation.
Theses slides informed the participant regarding rasearch purpose, procedures,
confidentiality and anonymity regarding all colledt It also informed the participant
about the use and the future analysis of the deltedata.
2.Perform a color deficiency tesfThis test supports the later analysis of possible
correlations between errors and color deficiency.
3.Introducing the experimental taskgluding an example.
4.Training: Each participant was asked to count stepwiseitisées with 1, 2, and 3 dots
in different levels in a visualization having 1Zatés (hazard size of 12 MCSs). We
used one visualization containing circles with Blagots and one visualization
containing circles with gray-opposite dots. Onef ladithe participants saw the black
dots first and the other half saw the gray-oppadites first.
5.Experimental treatment : | Each participant performed the following tasks
independently.
a.Counting stepwise circles with 1, 2, and 3, blanl gray-opposite dots in the red,
yellow, green regions (different safety levels) danproblem size of 324 circles
(hazard size of 324 MCSs).
b.Counting stepwise circles with 1, 2, and 3, blanll gray-opposite dots in the red,
yellow, green regions (different safety levels) dnproblem size of 540 circles
(hazard size of 540 MCSs).
In both cases, the number of dots was randomlyiloised over different sizes and it
was in the range of [1-13] dots. The groups oflegcincluding black and gray-
opposite dots were presented in different orders.
6.Demographic questionnairetheir age, gender, profession, and highest degere
asked for to allow finding any correlations.
The second part of the experiment focused oniglicthe user preferences. It included:
7.Experimental treatment |l: Each participant performed the following tasks
independently:
a.Monitor-based:
Seven images---one for each color scheme---wergepted on 3 slides, one for a
problem size of 12, 324, and 540 circles, respeltivl he participants were asked
to rank these images regarding their preferencesdbring the tasks introduced in
the experimental treatment I. They should use aiftf.ikert scale (1: you like
most to 7: you like least).
b.Paper-based:
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Seven images with the largest problem size (540¢ weesented on separate printed
pages to the participants in random order. Theigiaants were asked to evaluate
whether the visualizations are “easy to use” (e@sy to count), “appealing”, and
“comfortable for the eyes”. The participants shoukk a 5-point Likert scale (1:
very good, 5: very bad) for each item.

After completing these tasks, some participantsegéwir feedback regarding the
visualization and the color used independently. Wed open questions for this purpose and
wrote down all responses. During the whole expentmthe experimenter and an observer
were responsible to taking notes of the particiganbmments and questions. A detailed
description of this research design is availablRifzD*12].

2.2 Results

The empirical evaluation was performed as planmeéébruary 2011 at the University of
Kaiserslautern.

2.2.1 Sample

The empirical evaluation was conducted in Februa®i1 including 32 participants (5

females). They were in the age of 21 to 59. Ningigipants have color deficiency view. The
highest degree achieved by the participants wasc.B4), M.Sc. (23), Ph.D. (2), other (3).
The participants worked in visualization (34.4%pftware engineering---having safety
knowledge---(15.6%), other computer science (3184) other disciplines (19.0%). This data
was collected after the execution of the experinienéach participant by the last power-point
slide.

2.2.2 Data Analysis Procedure

In case, the data is normally distributed, we cotegpuhe sample meah and the standard
deviation o. In case, the data is non-normally distributece #ample media¥ and the
quartilesQ1 25%,and Q3 75%were computed. We gathered the individual res{{ltsdot, 2
dots, 3 dots}, {black, gray-opposite}, {324 circ|eS40 circles}} and used these values to
computeX and the quartiles (we transformed all data to gabamal distribution using the
functions: log10, sqrt, Reciprocal, arcsin, arctagrtsqrt, but the data distribution did not
change to a normal distribution, p < 0.0001, fortedts, an example for problem size 324, 1
dot is shown in Figure 4). The time format usedhis paper isrfinutes:secondsThe data
analysis was performed using SPSS 17, G*Power, griapand minitab.

Time: The time was automatically measured by clickingext button. The time was
always measured for all three colors (red, yellgreen; safety levels) together.

Accuracy:We first computed the sum of all results overcalors (red, yellow, green) for
each participant. This is done, because the timge avdomatically measured by clicking a
“next” button in each slide that contains theseehcolors (safety levels: (unacceptable) red,
(tolerable) yellow, and (negligible) green). Theve used this value to compute the sample
X (or X)), o (orquartiles.
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a) log10 b) sqrt c) reciprocal d) arcsin e) ardjasyrtsqrt

For the total results, {{black, gray-opposite}, {8Xircles, 540 circles}}, we summed
(tendency) the individual results of each partinipaver the dots (1 dot, 2 dots, 3 dots). We
did not use any absolute values for the tendenéipdoout if the participants tend to overlook
(negative results) or to over-count (positive reguthe number of circles with a specific
number of dots. The tendency equation is shown drl.Eln addition, we computed the
relative accuracy of the results to assess thatgudlour domino visualization representation
and to determine which color scheme provides thst mocurate results. The relative accuracy
equation is shown in Eq.2. This equation is intetgal as followed: if the relative accuracy is
1 then the quality is good and if the relative aacy is O then the quality is bad. Further, we
measured the correlation between each of colocidefiy, age, and gender, and the relative
accuracy.

Tendency = Y, #found — #correct Eq.l1

RelativeAccuracy = #found/#correct Eq.2

2.2.3 Training

In the training, we used the smallest problem ¢iZ& circles). There were 32 participants,
from which only four made one error each. All esrarere in the first slide due to counting the
number of dots in the circles instead of counting humber of circles that contain the dots,
and due to one participant missing a circle.

Time:We analyzed the time at two abstraction levaldetailed time “per dot number, i.e.,
1, 2, 3 dots”, and an overview “per color scheme, black, gray-opposite”. The results of the
descriptive analysis (Figure 5) show:
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A. The participants took less time for the black schdhan for th gray-opposite
scheme for performing the taswith 1 dot, took equal time for 2 dots, and tc
more time for 3 dot

B. The participants took overall less time for thecklacheme than for the g-
opposite scheme for performing the tas

For determiningif the participants using the blaccolor scheme perform significant
faster than the participants using gray-opposite scheme, we used Sign Test. We
selected this statistical test because the tim@ablas are asymmet (Figure 6) andnot
normaly distributed (N < 50; Shapi-Wilk normality test ¢ = 0.05): p <0.000 for all dot
numbers and its total in the black color scheme@rd0.001 for 1 dot, dots, and 3 dots i
the grayepposite, and p < 0.05 for its tc).
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Figure 6.Examples of the data distribution of the trainiimget blackcolor scheme.
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The results show nstatistica significant difference (p > 0.05, significanc-tailed = 1.0 (1
dot), 0.596 (2 dots)).584 (3 dots), 1.0 (total

Accuracy:We analyzed the accuract two abstraction levels: a detdl accuracy “per dt
number, i.e., 1, 2, 3 dotsand an overview accuracper color scheme, i.e., black, g-
opposite”. From the descriptive analysis we cone:

a. TendencyBoth the black and the gr-opposite schemes have led the participan
over-@unting, with allQ1,x, Q3 equal to 0 (Figure)7 For the tenden, no statistical
significance test is need, because the oveounting is a result of the outlie

b. Relative accurac: The median of both the black and the gopyposite schemes we
1, this means the qual of both schemes is good in the tiam (Figure 8)

Becausall relative accuracy data w asymmetric and not normallysiibuted (N < 50:
Shapiro-Wilk normality test ¢ = 0.05): p < 0.00C, for all dots and the sum, both black ¢
gray-opposite; for blgk 1 dot and 3 dots, and grapposite 1 dot, all results are consta),
the sign test was useas significance test between the color schemes to fhether the
participants using the black scheme were signiflgamore accurate than the participa
using the graypposite scheme. The results showstatisticalsignificant difference (p :
0.05, significance 2ailed = 1 (¢ dot), 1 (2 dots), - (3ots), 1 (total) We defined the
statistical null hypotheses shown Eq.3. Overall, we conclude that t participants
understood the assigned tasks and performed thémwviproblems and that the training v
successfullycompleted by all participan
Eq.3

Ho: PRetace Black = MRretace Gray—opposite
2.2.4 Experimentl Treatment |

Time: In general, the participants took more time perfagrthe tasks when using the ¢-
opposite scheme than when using the black schegerdiess the problem size and
number (Table Jand Figure 1). Since the time variables are asyetric (Figure 14) and
cannot be assumed to be normally distributed (p0®@L, Shairo-Wilk normality test,a =
0.05, p < 0.001all p values are 0, except black, 54 dot, p = 0.019, and gr-opposite, 540,
3 dots, p = 0.021and they arasymmetric we performed the sign test for identifying, iéth
is a significant difference in the time variabliecause of the dot numbdraple 2).
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Table 1.Descriptive analysis for the testing tiffor problem size824 and 540 in different abstractis

Problem size, dot numkt

Black (Q1,X, Q3)

Gray-Oppositt (Q1,X, Q3)

324, 1 dot 00:37, 00:48.5, 01:11.7 00:34, 00:50.5, 01:07
324, 2 dot 00:38.7, 00:58.5, 01:11.5 00:39.7, 00:54, 01:0¢€
324, 3 dot 00:41, 00:52.5, 01:11 00:47, 00:54.5, 01:07

Median of sum (total)

02:03,02:3¢5, 03:50

02:06.502:3¢, 03:22

540, 1 dot

00:41, 01:07, 01:34.5

00:54, 09.5, 01:4

540, 2 dot

00:52, 01:10, 01:33.5

01:01, 01:13.5, 01:42

540, 3 dot

00:55, 01:09.5, 01:25.7

01:01, 01:10.5, 01:23

Median of sum (total)

02:44.5,03:27, 04:24.5

03:07.7M03:39.5, 04:53.7

We define the statistical null hypotheses showEq.4:

Ho: Ut plack = Ut Gray—opposite

T e {timegor, tiMEgots, tiMEord

Eq.4

The results she that there are no statistical signific differences in the time for bo
schemes independeniof the dot number and d@he problem size. However, thpractical

significance“(also called effect siz§ ES = Z/\/ﬁ of the resultsare large for the totaES=

0.217) forthe problem size 5:in favor of black (taken from [Coh§9.142 the effect size is

small, wherES< 0.05,medium, wherkESe [0.05-0.15[, and large, whdfS> 0.15).
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Figure 13Box plots for the testing time of experimal treatment for the problem sizes:

Q

139

00:11:00
00:10:00+
00:09:00 @
00:08:00 . @
00:07:00+
00:06:00
00:05:00+
00:04:00+ . B . o
00:03:00- . || °
00:02:00 * é
00100 B B =
00:00:00 T T T T
o) ko] B k= o] B ke) =
= et 3 = 3 8 3 2
g = o S 3 & & =
8 & 2 E 5 & & =l
E o
<1 <] <] =
E E E @ E E 15
= = = g = = = b
- E
= 7
B

a) 3 b) 540 circles.




IADIS International Journal on Computer Science brfdrmation Systems

2

P

000°00°20°00

000's L-ZU-UD—J

000°0E00°004
000°S#:00:004
0005 L:10°004

000°00:10:00+4
000°0E:10:004

Figure 14. Example of the data distribution of thgting’s time for the problem size 324, black ssaeand 1 dot.

Table 2. Sign significance test for the testingetim value(o. = 0.05)

324 540
1dot| 0.28 0.21
2dot| 0.28 0.11
3dot| 0.59 1
Median of sum (total)| 0.86 0.21

Accuracy: Two different abstractions were measured to ifeispecial cases: a detailed
accuracy “per dot number, i.e., 1, 2, 3 dots”, andoverview “per color scheme, i.e., black,
gray-opposite”. The descriptive analysis of theuaacy shows:

a. TendencyBoth the black and the gray-opposite schemesecatlse participants to

over-look circles (negative values) independentiytte problem size (324, 540).
Table 3 and Figure 15 show this result. This resals expected, because larger data
sets cause more distraction, which leads to lesgracy. The correct number of dots
was in the range [1-13] and the dots were disteiduandomly over the visualization.

b. Relative accuracyFrom Table 4, we find that the median of theltotative accuracy

for the black was less than for the gray-oppositeme for both problem sizes. This
means that the achieved relative accuracy for thg-gpposite scheme is better than
for the black scheme. Figure 16 shows the resoittthe problem size 324 and 540.

Table 3. Descriptive analysis for the testing’steemcy in different abstractions

Black (Q1,%, Q3) Gray-opposite (Q1¥, Q3)
324, 1 dot 0,0,0 0,0,0
324, 2 dots -1,0,0 -0.75,0,0
324, 3 dots -0.75,0,0 -0.75,0,0
Total -2,-1,0 -2,0,0
540, 1 dot -1,0,0 -1,0,0
540, 2 dots -3,-1,0 0,0,1
540, 3 dots -2,0,0 -2,-1,0
Total -4.75;2, -0.25 -3,-1,0
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Table 4. scriptiveanalysis for the testing’s relative accuracy ifadéntabstraction

Black (Q1,%, Q3) Gray-opposite (Q1%, Q3)
324, 1 dot 1,1,1 1,1,1
324, 2 dots 093,1,1 0.94,1,1
324, 3 dots 0.95,1,1 1,1,1
Total 0.95,0.9¢, 1 0.95,1,1
540, 1 dot 0.96,1,1 0.96,1,1
540, 2 dots 0.88,0.96, 1 1,1,1.04
540, 3 dots 092,1,1 0.92,0.96, 1
Total 0.93,0.97, 1 0.96,0.9¢, 1
4
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Figurel€. Relative accuracy for the problem sizes: a) 32&4f)circle.

141




IADIS International Journal on Computer Science brfdrmation Systems

=

] o —

T
o7 08 09 1 1.1

Black324RelAccZDot

Figure 17: Example of the data distribution of tbsting’s relative accuracy for black 2 dots prabkze
324,

Table 5. Sign significance test for the testingetim value ¢ = 0.05)
324 540
1dot| 0.77 0.66
2dot| 0.28 0.000
3dot| 1 0.52
Median of sum (total) 1 0.06

In addition, we tested if there is a significarffetience for the relative accuracy achieved
by participants between the black color schemethadjray-opposite schemé#e defined the
null hypothesis as described by EQ.5. Because Idbok and gray-opposite data are
asymmetric (Figure 17) and are not normally disiil (N < 50: Shapiro-Wilk normality test
(o0 = 0.05): p < 0.0001, all p values are 0, excepthkl 324, median of sum (total): p = 0.003),
the sign test was used. The results (Table 5) stmwatatistical significant difference for the
problem size. Similarly, there was no statistidgghgicant difference found for the problem
size 540 for all but one case namely the 2 dotsvéver, the effect size is large$= 0.61)
for the problem size 324 in favor of the black éangie ES= 0.32) for the problem size 540 in
favor of the gray-opposite color scheme for thaltogsult.

Eq.5

HO: #RelativeAccuracy Black = #RelativeAccuracy Gray—opposite

As the median of the relative accuracy for the grpgosite scheme is closer to 1 than for
the black scheme, we conclude that the participaretde less errors for the gray-opposite
compared to the black scheme. This is an indicatiat the gray-opposite leads to more
accuracy for the larger problem size. However, frihimee of the comments written by the
participants, we found an indication that the g#stints had difficulties while using the gray-
opposite color scheme. They considered it to beldraand they preferred the black color

scheme. The comments were:

142



EVALUATION OF “SAFETY-DOMINO”: A GRAPHICAL METAPHOR FOR SUPPORTING
MINIMAL CUT SET ANALYSIS

» “The dark colors (like black) are better recognizaiBest would be a combination of a
dark color (for the dots) and a bright cylinderké iblack over white or dark blue over
white. The grey gray was difficult to see, espégiailzer a bright color.” (“Die dunklen
Farben (wie Schwwarz) sind besser zu erkennen,fstebavare die Kombination von
einer dunklen Farbe (fur die Punkte) mit einemigefl Zylinder. Wie Schwarz auf
Weil3 oder Dunkelblau auf Die Grau war schlecht ikeenen besonders , wenn es auf
heller Farbe war.Weif3.")

 “| liked the color configurations, where dots betmeneighboring levels had different
colors and where the contrast was high. | did iketdray as color for the dots, because
the contrast to the cylinders was too low.” (“Mialden die Farkkonfigurationen gut
gefallenbei denen die Punkte zwischen benachbdtemen verschiedene Farben
hatten, bei denen der Kontrast der Farben hoch @eau fand ich als Farbe fir die
Punkte nicht so gut da der Kontrast mit den Zylindau gering.”)

» “changing dot color made the counting harder for, mgpecially if the dot color
changed within the red/yellow/green area to stag Bingle circle. The better the dots
distinguish themselves from the gray on the bottord the color of the cylinder, the
better for me.”

From these comments, the accuracy and the timeltgesue conclude that these
participants may have spent more effort (more tiore}he gray-opposite scheme to focus on
the tasks and in consequence they made fewer éhigher accuracy).

Influencing factors: To find out whether the results of the relative uwacy were
influenced by the demographic variables of our ip@dnts, we conducted the following
correlation tests. Since the age is not normakritiuted and the other variables are of type
nominal, we used the Spearman correlation test.résgts are shown in Table 6. The results
indicate that there is no relation between gendeotor deficiency and the relative accuracy.
However, the age variable shows a small oppositdioa to accuracy for the gray-opposite
scheme for the problem size 324. This could bepnéted as weak vision (the higher the age
the weaker the vision).

Table 6. Correlation and significance in differebstactions.*— p < 0.05, **— p < 0.01, *— p <0.001

Problem size Color scheme | Number of| Age Gender | Color Profession
dots deficiency
324 Black 1 dot -0.25 0.05 -0.25 0.24
2 dot -0.06 -0.04 -0.31 -0.226
3 dots -0.07 0.13 0.22 -0.001
Total -0.18 0.07 -0.18 -0.141
Gray-opposite 1 dot -0.04 0.07 -0.12 0.059
2 dot -0.65* | 0.12 -0.01 0.127
3 dots -0.41* | 0.18 -0.1 0.008
Total -0.53** | 0.06 0.03 -0.19
540 Black 1 dot 0.27 -0.08 -0.02 0.178
2 dot -0.07 0.03 -0.29 0.055
3 dots -0.25 0.09 0.03 0.045
Total 0.004 0.00 -0.23 0.074
Gray-opposite 1 dot -0.15 -0.20 0.19 0.395*
2 dot -0.06 0.12 -0.02 -0.054
3 dots -0.19 -0.04 0.01 0.095
Total -0.27 -0.02 0.05 0.088
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2.2.5 Experimental Treatment |l

In the experimental treatment I, we attemptedinal fout the user preference regarding the
color scheme using a monitor and paper versiorh Betsions were used, because the colors
are perceived differently using different environse

Monitor-based preferencethe illustrations were presented and the partidgdaanswers
were collected using PowerPoint slides. We included slide per problem size (i.e., 12, 324,
and 540). The images contained the seven schertreduned in Section 0. An example is
shown in Figure 18. The participants were askeghtd the images shown from “1: you like
most” to “7: you like least” in the context of tkesks solved during the first treatment.

Ho: Heasy to use _scneme = 4 - Schemes each one of the seven schemes. Eq.6

Because our data is ordinal, not normally disteolu¢Shapiro-Wilk normality test: 0.05,
all p < 0.01, Table 7) and asymmetric (Figure 18§ used the sign significance test
(statistical null hypotheses: Eq.6) to find out,iethscheme was preferred by the participants
for performing experimental treatment |. The tesiue is the median “4” (Table 8). The best
color schemes with a statistical significant diffiece from the test value are:

» 12: the black% = 1) and the invert (3) color schemes

» 324: the black (2) and the invert (2) color schemes

» 540: the black (1), the invert (3), and the commatary-opposite (3) color

schemes.
The three schemes that are best using the Friethat(Figure 20 d, e, f):

» 12: black (1.28), invert (3.31), complementary-sai@68). Additionally, the black
color scheme is the best with a statistical sigaiit difference from all color
schemes)f (85.861), df (6), p < 0.000).

* 324: black (2.16), invert (2.39), complementary-sg®36). Additionally, the black
color scheme is the best with a statistical sigaiit difference from the gray,
gray-opposite, gray-same, and complementary-opposilor schemesy{
(82.776), df (6), p < 0.000).

e 540: black (2.08), invert (3.05), complementary-ogife scheme (3.13).
Additionally, the black colors scheme is the begthva statistical significance
difference from the gray, gray-opposite, and grams color schemesy(
(86.798), df (6), p < 0.000).

To find out, whether the best first two schemességaificantly different, we used the sign
test. For the problem sizes 12 and 540: the blackastatistical significant difference from
the invert scheme.

Table 7. Normality distribution test for monitordwa: p value of the Shapiro-Wilk normality test

0.05)
Black | Gray- Gray | Gray- Invert | Complementary-{ Complementary-
opposite same same opposite
12 | 0.000 0.006 0.006 0.006 0.004 0.027 0.000
324 | 0.000 0.000 0.004 0.069 0.000 0.025 0.035
540 | 0.000 0.000 0.000 0.001 0.032 0.039 0.006
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Figure 18. An example of the monitor-based prefegzen
slide for the problem size 12

Please order these figures by preference for performing the previous tasks
@ 4,5,6,78}.

Next

" A GRAPHICAL METAPHOR FOR SUPPORTING

MINIMAL CUT SET ANALYSIS

20

o T T
o 1

T T
2 3

T T
4 5

Figure 19. An example of the monitor-based
preference result for the problem size 12, black.

Table 8. Descriptive analysis (@1 ,and Q3) for monitor-based test; all schemessizdis.

Sign test with test value = 4% p < 0.05, *— p < 0.01, **— p <0.001.

Black Gray Gray- Gray- Invert Complementary- | Complementary-
Opposite | Same Same Opposite
12 11,10 2.25,4,5.75 | 4,5, 6** 4,5, 7+ 23, 4.75* 2,35,5.75 4,6, 7
324 1,2, 3% 14,6, 6% 56,7 |3,45,5 1,2,2.75** 12,3,5 4,4,6
540 1,1, 3** |5, 6, 7% 4,6,6%* |5 5 70 |2, 3, 4% 2,35 2,3, 4*

Paper-based preferenc&even illustrations were created for the probléze §40 using
different color schemes. Each illustration was teih as exemplified in Figure 21. All
illustrations were presented in random order toghgicipants. We asked the participants to
rank them from “1: best to 5: worst” with repetiiiallowed for their ranking, considering the
following attributes: “easy to use (count)”, “comtable for the eyes”, and “appealing”.
Because our data is ordinal, not normally disteduShapiro-Wilk normality test: 0.05, all
p < 0.01) and not symmetric (Figure 22), we used fga significance test (statistical null
hypotheses: Eq.7).

Hy: licriteria_scheme = 3

Eq.7

The test value is the median “3” (Table 9). Thetbmsdor schemes with a statistical
significant difference from the test value are:

» “Easy to use”: black (1) and complement-same (2)

» “Comfortable”: black (2) and gray-opposite (2)
» “Appealing”: There was no color scheme having a lnanedian than the test
value with statistical significant difference frdire test value.

Using the Friedman test regarding the three caitdhie three best preference ranks were
(Figure 23 d, e, f):

145




IADIS International Journal on Computer Science bridrmation Systen

* “Easy to cour/ useful”: black (rank: 2.02), complementagme (3.2), and
gray-opposite (3.48)%(100.253), df (6), p < 0.0C

« “Comfortable for the eyes' black (2.91), grappposite (3.25, and
complementary-same (3.98)%(25.680), df (6), p -

0.000.
* “Appealing”: complementary-opposite (3.247)nvert (3.56, and
complementary-same (3.61)7(19118), df (6), p <
0.005.
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Figure 20.The descriptive results of the mon-based preferame for the problem sizes: a) 12 b) 324 c)
Friedman multieomparisortest for the problem sizes: d) 12, e) 324, ar#f) circles

Thesequence of the color schemes from top to bottdntdeight is: Black, Gray, Gre-opposite, Gra-Same, Invert,
Complementary-same, and Complementary-opposite.
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Figure 21. An example of the paper-based prefertarce

the problem size 540 with the invert scheme.
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Figure 22. An example of the paper-based prefertarce

the invert scheme regarding “comfortable for thes8y

Table 9. Descriptive analysis for the paper-ba&gd £, and Q3) for all schemes and all criteria.
Sign test with test value = 3-% p < 0.05, *— p < 0.01, **— p < 0.001.

Black Gray Gray- Gray- Invert Complementary-f Complement
Opposite Same Same ary-pposite
Easy to use n, 2% 4,4,5* 12,253 4,4,5* | 2,3,3 22, 3** 2,3, 3
Comfortable 1.252,3* [ 2,3,4 2,2, 3** 2.25,4,4 2,3,4 2,3,4 2,3, 4
Appealing 23,3 2.253, 4 3,3, 3 3,4,4* 23, 2,3,3.75 23,4
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Figure 23.The descriptive results of the pa-based preference regarding for the problem ¢
a) easy to use b) comfortable c) appealing.
Friedman test mu-comparison for: d) easy to use, e) comfortabld, faappealing
The sequence of theloo schemes from top to bottaleft to right is: Black, Gray, Gragpposite, Gra-Same, Invert,
Complementary-same, and Complementary-opposite.

To find out whether the best two schemes regartiagy to count” and “comfortable fi
the eyes” are significantly different, we used #ign test. Fol‘easy to count’ the black
schemewas significantly differer from the invert scheme. Fécomfortable for the eyes
there was no significa difference between the black and the goapositc schemes. This
indicates that the black scheme seems to be theheise for coloring the do

2.2.6Participants Feedbacl

We received 14 comments from the participants. Ummary, all participants except o
preferred the less colorful color schemes with hagintrast to the circles color: e.g.
participant stated: “I prefer the dots to be bléakcontrast.”

Two participants commented on the design of thety-domino. The first commet
supports our choice of the sal-domino: “If | remember correctly, icons with a sgiec
number were always oriented in the same way. Hlikat, it made findinidentical number
much easier.” The second comment supports our bdasign, namely the safedomino on
saturated colors: “Color and value (lightness) a-attentive features. This makes it v
comp(l)icated to count the dots for example in ltig yellow field (the eye follows more tt
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change of value than the number of dots).” Whilenfaglated in a negative way, it supports our
design: we show as well the failure probability {iméocus) through color and saturation as
the size of the circles through the safety-domsexéndary focus).

2.2.7 Threats to Validity

It is important to remark that the experiment wasducted without deviations from the
design. Moreover, the statistical analysis shovet the observed effect in the dependent
variables (e.g., time and accuracy) can be atibub the experimental treatment. This
supports the conclusion validity and the interralidity. Nevertheless, we observed that the
participants became tired during experimental tneat . This can be avoided in the design of
further experiments by splitting the assigned tastesseveral laboratory sessions.

Construct and external validity are closely related this experiment. Choosing a
fundamental counting task instead of the safetyiremging tasks is a threat to the construct
validity. Moreover, we used a convenient sampléemd of safety experts, which reduces the
generalizability and thus is a threat to exterradidity. However, the observed demographic
variables did not influence the dependent variablésis, the results seem to be generalizable
to a large group of users. Further, due to the latlsafety experts available for this
experiment, the tasks and the sample allow an srsees of the influence of the independent
variables on the dependent variables. Several cafins including larger and different
samples are needed to come to more general andomockisive empirical results.

3. DISCUSSION OF THE EXPERIMENTAL RESULTS

The differences between the black and the gray-sifgoolor scheme in time and in accuracy
of the experimental treatment | are not statidjcsilgnificant (Section 2.2.4). However, there
is a strong indication of the advantages of thelbleolor scheme. Although the results in
accuracy were slightly better for gray-opposites ffarticipants took more time using this
scheme (the effect size is large in the executiore tfor black for the problem size 540
whereas it is large in the accuracy for the grapesite). Based on the participants’ remarks,
we assume that they perceived the gray-opposite scsheme as being more demanding and
therefore the participants took more time during treatment and this caused the better
accuracy.

The results of the experimental treatment are @gdimable, as the demographic variables
show no correlation to the color schemes. Espgcitiie fact that the results are independent
of the profession allows generalizing the resulta targe public.

The black color scheme was the best color schemeh® monitor based test of the
experimental treatment 1l (Section 2.2.5). It wagBicantly better than the test value, and it
was significantly better rated than the gray-opggosolor scheme. For the paper based test of
this treatment, black was ranked best for two duhree categories. Only for “Appealing”,
the invert and complementary color schemes werdepesl. In the category “easy to
count/useful” the black color scheme was signifibametter than the gray-opposite one.
Altogether, this indicates that the participantsravenost comfortable with the black color
scheme and that it appeared most suitable for tfeenthe task used in the experimental
treatment .
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Regarding the visualization, our choices were comdd. The operationalization and the
system size should be increased in forthcomingueniains to see, whether or not there is a
significant difference between black and gray-ojftpos

4. SUMMARY AND FUTURE W ORK

Contrary to the current state of the art, safetjstmeed not only to represent the minimal cut
sets’ (MCS) failure probability in a way to easedoptizing during analyses, but also to
represent their order (the number of basic evémg tontain). In this paper, we presented the
design decisions of the safety-domino and the kéetagvaluation results, extending our
previous report [AZZD*12]. The safety-domino is &uwalization representing the MCSs
order in addition of the minimal cut sets’ failypseobability, This design is also applicable to
many other representations.

After having reviewed the literature and the teghes related to representing numbers,
the domino representation for a minimal cut setsleo was selected and adapted to fit the
safety requirements (small order: more importantle safety-domino adapts the size of the
standard domino dots to directly provide the imaoce impression. Further, it reorients the
“2" dots such that it is easily distinguishablerfrdhe “3” dots. Additionally, we designed
several color schemes based on current researalt pboception. We evaluated the color
schemes with 32 participants to find the best baé ¢nables the users to get an overview over
the safety of a system. The results of this evadnathow a tendency that the gray-opposite
color scheme leads to higher accuracy but thegiaatits also spent more time compared to
the black color scheme. Moreover, while observimg participants and from their feedback,
we noticed that they needed to concentrate mortn@mray-opposite dots to get the correct
answers, which explains these results. We propmsstérpret the results of any evaluation
considering the feedback of the participants. g teason, we propose to use the largest
contrast (black dots) for this visualization.

In the future, additional experiments could be usedfind if there is a significant
difference between the black and the gray-oppasiter scheme. However, the difference
between them might be too small leading to simiéaults compared to this evaluation.
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