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Abstract

This master’s thesis is part of the research pré@@phical visualization of process status for
thermal power plants” performed by the Human-MaeHiystem Research Group at Chalmers
University of Technology. The aim of this projesto support proactive work in control rooms of
thermal power plants by improving the visualizatadrpower plant status. New screen images for
monitoring displays were developed in order tolfate rapid perception of deviations from a normal
state and to support a more proactive behavior.ovkeall purpose is to help the plant operators and
engineers to maintain optimal operational condgionthe power plant over a prolonged period of
time.

The main subject of this master’s thesis was tth&urevaluate the developed screen images in a
follow-up empirical study. More specifically, it wanvestigated whether a more graphical
representation of process values supports a pveaathavior, which implies that the user acts leefor
alarms appear and thus maintains a prolonged, aptiperation status of the system.

The working procedure of this study is divided ititcee phases:

1. Prototyping — creating an interactive interface prototypetfar usability evaluation

2. Pilot study — conducting a feasibility study to test the ptgpe and to refine the test
procedure

3. Usability evaluation — conducting usability tests with the prototypetdiect data about user
behavior and experience

The usability evaluation was carried out on anrfatee prototype built on the basis of the screen
images of a feed water system in a thermal povatplhe formulated research questions addressed
the user’s interaction experience and the cognidem@and to accomplish certain tasks. Three usabilit
methods were applied in this study for answerimgrédsearch questions: logging the task
performance, post-test questionnaires and inteszi@Wwe combination of the different data collection
methods was aimed at gathering subjective infoomatf the user satisfaction and objective data
about the task performance.

In general, it could be determined that the majaftthe test participants used the graphical
representation as basis for decision-making inritezaction with the prototype. According to the
guestionnaire responses and comments in the iatesyithe process conditions presented graphically
contributed to a better understanding of the systetatus. This resulted in a better task perfogaan
because the participants were able to maintaimapiperating conditions for a longer period of
time.

Keywords: human-computer interaction, control rosoreen image






Table of contents

3 1 0 T (3T 1o o P 1
0 R = = od (o |0 11 o 1
I U011 PSP 2
IR T o - | PP PPPPPR 2
S I 11 = (o] 3PP PPSUPRRTRP 2
I O 101 [ T= o 1 U= £ o T o PR 2

P2 I £ =0 ] Y2 4
2.1 Thermal power plant OPEIrAtiON ... ieeeiiee i ee e e 4
2.2 Interfaces for industrial CONLIOL ... 5
2.3 Screen images for thermal POWEr PIANTS ..ceeeeriiviiiiiiii e 6
P S o 1= T o o (1S o I o) o[ =T o APPSR 6
2.5 Usability @Valuation..........coooiii oot e e e e e e raaeaaaaaaaas 7

P T A e (0] (0] 1Y o] 1 1 o PP PP PPRRPPR 8
2.5.2 USADIItY tESHING ..eeeeiieeeieeeeieee e 8
2.5.3 LOQQING the USE ...eeiiiiieiiiiiiiiieiie ettt e e e e e e e e e 8
2.5.4 Post-test questionnaires and INtEIVIEWS .........ccciuvviirriiimiiiiiiiiese e sanees 8
2.5.5 POt STUAY ... annnaa 9
2.5.6 Techniques for data analysSiS............oos oo 9

G T Y/ =1 T T PP 10

R 70 R 11 (= = Lo =T o] (0] (0] 1Y/ 1= 10
3.1.1 Functionality of the prototyPe ........coo oo 11
3.1.2 USer iNteracCtion SCENAIIOS ........uuuuuuunncmmmmeenntnnnnnnnnnnnnaaaaaaaaeaaaseaessaaaeannsnnnes 13

T =T o ] - L o OO PP POPPPPPPPPPPRI 13
G770 R |V 1= 1 o o [0 [ Yo ) 14
A =1 o (0Tt (1] - S 15
3.2.3 Participants and l0CatioN ... 16
I R I 1 PP 16
3.2.5 DaAta [0QQING «eeveeeeiieeiiiiiiiiiii it e e 16
3.2.6 Post-test questionnaires and INtEIVIEWS .........cciuuriiniiiiiiiiiiieic e 17

3.3 DAta @NAIYSIS. . uuuuiiiiiiiiiiiiiiiiiitcmmmmmm e e e r—————————— 17

A RESUILS ..ttt e e et anaaaaaaaaaeaaaaaeeaeeeaaaraa——_ 19
g R 1 (o] =3 (T PSSP PRPRPPPRPN 19
VN B T - W [0 To |1 T PSPPSRt 20

4.2.1 Alarms at tanks, pumps and ValVes ..o 20
A 1 (=T =0 I Y= (= PP 22
4.2.3 DraiN@d WALET ......eeiiiiieiiiiiiiiiie et ee ettt e e et e e e e e e e s s s bbb e e e e e s s anbbreeees 23
4.3 POSt-tESt QUESTIONNAIIES ...t oot e e e e e e e e e e e 23

R o 1) B (ST [ (=T RV (SN AP T 24



5 ANAIYSIS ..ttt ettt ettt e ———————a b e aaaaaas 29
5.1 RESEAICN QUESTIONS .....uiiiiiiei e eemmmim ettt e e e e e e e e e e e e e e e e e e e e e e e e e e e 29
5.2 INTErfAce PrOtOLYPE ....uiiieiiiieieii ittt e e e e e e e e e e e e e e e e e e e e e anne 32

5.2.1 BUEI TANK...eiiiiiii i emmmmm ettt 32
5.2.2 ProOCESS VAIUES........eooiiiiiiiiiiii it 33
5.2.3 Water [evel INdICALOrS .........ooviiiiiiiiiiceeeeeiiiiiii e 33
5.2.4 BalAnCe UNITS......uuiiiiiiiiiieiii ittt eeem sttt e e e e e s st e e e e e s seenn e e e e e e e e e aaaa 34
SIS 1 (= PRSP PPPPPP 34
B5.2.6 MINitreNAS ..o e e eeeeees 35
B DISCUSSION....ceiiiiiiieiee e e e e et e e e e e mmmmma bbbttt et ettt e e e e e e e e eeeees s s e e e nnnneeeeeeaaaeeeeaaaaasaaaanns 36
8.1 MEENOUS ... e e 36
L0 N R 10 (=T = ot o 0] (0] 1 1= PSSR 37
ST 02 1o = (0T | RO 37
6.2 Usability @ValuatioN.............oooi ittt ee e eaarrerrrra b 38
LSRG B 7= T T W oto ] o =T o A 39
6.4 FULUIE WOTK ...t sttt ettt mmeee e e eeeeeeesseesssenssnnnnnnnnnen 39

A O o] Tox 11153 o] o PP 40

ACKNOWIEAGEMENLS ... e e et s e e e e e e e e e e e e e aeaaeeeeaeeeeeeesesnnnnnns 41

R (=] (=T o OO UUPPUPPRPPPPRRTP 42

Appendix A — Interface prototype, normal State ..............oevvveviiiiiiiiiee e, 44

Appendix B — Interface prototype, alarm State...........ccoeeeiiiiiiiiiiiiiiii e, 45

Appendix C — POSt-teSt QUESTIONNAITE ..........ceeeeeeeeeeiiiiiie e e e e e e e e e e ee e enaaeeeeennne 46



1 Introduction

The first chapter in this report introduces thedezao the subject of this master’s thesis. A gainer
background to human-machine interfaces in industaatrol is presented, including a review of
previous research conducted at Chalmers Univassityechnology. Furthermore, the purpose and
the goal of the study are specified followed byrmearch questions which state what the study
specifically investigated. Finally, the limitation§this master’s thesis are determined.

1.1 Background

In many industrial control systems, the human-maelterface is the operator’'s window to
highly complex mechanical and physical processetegendent of the context of use, two
fundamental tasks are accomplished by the humamimamterface: communicating information
from the machine to the user, and delivering infation from the user to the machine. In a
complex control system, the specific challengenefliuman-machine interface is to enable the
users to perceive and manipulate huge quantitied¥aimnation. Therefore, a user friendly screen
design and effective visualization of processeafeidsive to minimize the cognitive effort and
support the operator even under resource congrsuich as time and cognitive workload
(Zhang, 2008).

A central issue in operational work is automatioat transforms the user’s role from actively
controlling the system to passive monitoring. Noas®] control systems autonomously execute
long sequences of actions without any interferdryctihe user. Often a more economical and
accurate system performance is intended to be\ahigy replacing human work. Although
automation decreases the user’'s mental workload ener potential is created at the same time. If
the complexity of automated behavior is hidden,dheger is that the system becomes hard to
direct and to observe because the representatithe @rocesses is not sufficient anymore. The
additional task of collecting data about the sysstate may even increase the mental workload.
Therefore, it is important that human-machine fiaiegs of autonomous systems present most
salient process changes and events in an appepréatin order to be quickly perceived and
correctly interpreted (Dekker, 2004).

A recent study by the Human-Machine System Resdarobp at Chalmers University of
Technology has focused on improving the visualkwatf operational status in control rooms of
thermal power plants. The study was part of a larggearch project financed by the Thermal
Engineering Research Institute (Varmeforsk) in SsmedVith the aim to support proactive work in
control rooms, new screen images were developegi@santed to operators and plant engineers.
An interface supports proactive behavior, if it idgs the users in the choice of attentional focus”
(Ghaoui, 2006), which means that it suggests diligigts what is expected to be useful for an
efficient task completion. In this case, the ovdealout of the developed screen images was
designed to facilitate pattern recognition so iratess information can be interpreted faster and
easier. For example, a reappearing element and oarotyject on several screen images is the
trend curve that provides a historical view of meg values. The so-called mini trends are created
to facilitate early and quick detection of deviasdrom the normal state by showing different
shaded alarm levels. Consequently, the operateralde to perceive the current status at a glance
on the screen which also allows a quick handlingr@nticipated situations. The most positive
feedback from the users concerned the more grdpkjaeesentation of information and the
structuring of data which was experienced to cbuate to a clearer and faster perception of current
plant status (Bligard et al, 2009).



The evaluation of these screen designs was coatediton gathering subjective, qualitative data
by individual feedback from operators on statidynies. The statements of the interviewees
confirmed that the main objectives in developing shreen images have been met. However,
before the implementation of some of the propasadsreal environment, it was of interest to
investigate if the screen designs facilitate akjdietection of deviations from a normal state and
thus support a more proactive way of working. Thaster's thesis addresses this issue and builds
upon the previous research by conducting a follpveanpirical study.

1.2 Purpose

The purpose of this master’s thesis was to invatid the screen images, developed by the
Human-Machine System Research Group, cause a mlbiaisated, proactive behavior. This
behavior involves that the user causes changé®rrtan just react to changes with the aim to
maintain a prolonged, optimal operation of the poplant.

1.3 Goal

The goal of this master’s thesis was to furthetuata the existing screen images by studying the
user’s behavior and reaction to an animated amdaative prototype. The main goal of the study
was to address the following research questions:

Question 1: How did the test subjects feel durivegytests?

Question 2: How well did the test subjects undexdtine interface prototype?
Question 3: How well did the test subjects cardatthe tasks?

Question 4: How well did the test subjects thindytiearried out the tasks?
Question 5: How easy was it to accomplish the tasks

Question 6: Which strategy was pursued to accomiie tasks?

1.4 Limitations

The usability evaluation is laboratory based whiedans that the participants acted under
controlled experimental conditions. Their attentioass focused on the computer screen while
scenarios were simulated in fast motion sequerchigyher level of concentration was required
than under real operating conditions in thermal gropéants; first of all, due to more rapid
processes within a short period of time and segopetause no automation was provided which
would have supported the participants in carryingtbe tasks. Furthermore, it must be noted that
this approach does not consider uncontrollablereatdéactors, like noise or time constrains, that
may influence the plant operators’ capability tbiaageal working situations.

1.5 Outline of the report

After this introduction to the master’s thesis,eme@ral theoretical background of thermal power
plant operation and human-machine interfaces itrabrooms is presented. Furthermore, the
design concept and the screen images developdtkyuman-Machine System Research Group
are introduced to the reader. The theory chapteclades with describing the relevant data
collection methods of the empirical study.

The next chapter presents the way in which the oasthhave been applied for the purpose of this
master’s thesis. At first, type and functionalifytioe interface prototype are described followed by
a detailed test plan for the usability evaluatiginally, the analysis plan outlines the way how the
collected data was compiled and summarized andeatethe type of data used to address each
research question.



Key findings of objective and subjective data gegdeduring the tests are summarized in the
results chapter. At the beginning, the result efghot study is shown followed by the quantitative
data on the participants’ task performance. Aftedsasignificant findings from the post-test
guestionnaires and interviews are presented toetider.

The results from the different data collection neeihwere used for answering the research
guestions in the analysis chapter of this repodrddver, different design elements of the interface
prototype are analyzed based on the comments frertest participants during the interviews.

This report concludes with a discussion of the datkection methods applied in this thesis project
and a review of the pilot study and usability eadilon. Furthermore, it is discussed if the restilt o
the present study supports the aim of the designeq which was basis for the development of
the screen images. The conclusion finally summarize main inferences drawn from the most
significant findings of the study.



2 Theory

This chapter first presents an overview of how leeatrgy is converted into electrical energy and
describes the role of the feed water system irctimelensing cycle. Furthermore, it is described
how human-machine interfaces in control rooms armected to mechanical and physical
processes in power plants. The screen imagesesdaviater system which were basis for the
creation of an interface prototype are presenteckttfter. The chapter concludes with a theoretical
background of the data collection methods applhettiis project.

2.1 Thermal power plant operation

The conversion of water to steam plays a centtfalinothe cyclic processes of thermal power
plants. In a closed loop the steam is recycledn fsteam to water and back to steam again
(Woodruff, 2005). Different energy sources are usedbtaining heat and generating steam, for
example fossil fuels like coal, oil and gas or otbmurces like bark and wood. The central part of
the system, the boiler or steam generator, heatiseuwater until it changes its form and reaches
the desired temperature and pressure. The stearagahsough a turbine which drives an electric
generator. In the final stage of the turbine tleast is exhausted and pumped through a condenser
where it is cooled down and converted back to wdtee water leaving the condenser contains
dissolved gases which are removed by a dearedtnelieis reused again as feed water for the
boiler (Lindsley, 2000).

The processes in a feed water system take plasedetthe turbine and the boiler where exhausted
steam is returned to the boiler in form of feederat he system collects the condensate and passes
it through a filtration process before feed pumpssfer the water back to the boiler. The purpose

of feed-regulating valves in the system is to naimthe water level in the boiler.

The schematic presentation of Figure 2.1 showsyhkc processes in the heating and power plant
Riskulla operated by Mélndal Energi near Gothenbhigat obtained by burning biomass fuel is
used for the steam generation in the boiler. Sisamed for producing electricity on the one hand
and on the other for supplying hot water to thérdisheating network. Finally, the condenser
removes the heat and the water is reused agaivilas feed water.

Boiler

Turbin Generator

Cold water

District heating

Pump Condenser

Figure 2.1 Schematic view of the energy production in a mgatind power plant (adapted from Mdélndal Energl, (0



2.2 Interfaces for industrial control

The human-machine interface (HMI) connects the atpeto the control system. The process
controller as the heart of the control system oistaaformation about the physical plant status and
compares the actual state of the system to theediestate. The graphical user interface (GUI) of a
supervisory software provides animated picturehefprocesses and enables the operators to
manipulate and control them with interactive graphBesides the representation of the current
status, alarms are activated on the screen if mtitlmv from the standard value is registered.
Sensors detect the process conditions, converhéfobanical and physical properties into signals
and transmit them to the central processor unit{)CPhe signals are converted to numeric values
and analyzed in terms of deviations from the ddgim®cess conditions. The process controller
obtains constantly feedback from the sensors wdiiolws a rapid updating of the control room
screen contents (Whitt, 2004).

The graphical interfaces nowadays provide imagaisrtiay look like process flow diagrams, often
fully animated and interactive. Figure 2.2 is aaraple of such a graphical user interface
displaying the process conditions of the feed waystem in the thermal power plant at Chalmers
(Johanneberg campus). As can be seen, this secnage icontains different graphical elements like
tanks, pumps and valves as well as process vahaesavigation buttons. According to Whitt
(2004), a GUI database configures each elemertteographic screen so that it is linked to the
outside world. These so-called action and animdiiiks establish a connection between front-end
and the control system. Action links actuated l®ydperators initiate processes like changing the
screen or manipulating local parameters on the Hivlimation links, on the other hand, give the
operator a quick overview of the process conditams change the appearance according to
predefined conditions, for instance a tank thanhglea to red if the normal tank level is exceeded.

The alarm manager, a standard feature of the Hbfiticuously monitors for alarm conditions. It
logs and prioritizes alarm events and alerts tleraiprs. Another standard utility program on a

HMI system is the historian which records procestad in the background for later retrieval.
Historical trends access the log files collectedh®yhistorian and display data based on a
predefined frequency. The time scale of the tramaglyis configurable and can be adjusted by
changing the start time. For monitoring purposeal-time trends are used which are updated much
faster than historical trends. Both, the time gxeaxis) as well as the magnitude (y-axis) scale of
the real-time trend graphs can be adjusted (\\20Q4).
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Figure 2.2 Screen image of a feed water system from Chalrhersnal power plant



2.3 Screen images for thermal power plants

Increasing automation minimizes the workload far fihant operators but raises new challenges for
human factors engineers in control system desigitorAation narrows the plant operator's manual
involvement with the processes and shifts the scbperk rather on cognitive tasks. Depending
on the level of automation the remaining monitottiagk mainly comprises the interpretation of
process states and the planning of overall goalsgerational activities in the system. An
increasing amount of information on the monitoritigplays therefore demands for more quality in
the visualization of the processes (Hollnagel, 2004

The Human-Machine System Research Group at Chableesdoped new screen images with the
goal to improve the visualization of processesarinal power plants. In the first place, graphical
user interfaces from other process domains wethestuRelevant research work in the domain of
nuclear power plants was found in the Halden Redutgject. In this project, displays for
monitoring and controlling a nuclear power plargdevater system were created, based on a
design framework called Ecological Interface DegMyelch et al, 2005). In a comparative study it
was identified which design guidelines are traradiér to the thermal power plants. In the next
step, operators and process engineers were intexgtisn order to investigate the needs for an
improved visualization of plant status. The resigltilesign principles were basis to create new
screen images with the purpose to “clarify the enirstatus, facilitate process understanding for
novice users and shorten the learning time andgpat handling of unanticipated situations”
(Bligard, 2009). The fundamental idea was to ghitfocus from numeric process values to a
graphic representation of the plant status in oraenable plant operators and engineers to work
more proactively. A proactive way of working invelracting before alarms appears, rather than
just reacting. The desired result is increasedieficy and productivity in maintaining the optimal
state in the system.

2.4 Screen design concept

This master’s thesis focuses on the screen imagedaped for a feed water subsystem in a
thermal power plant. As can be seen in FiguretBe8lower part of the screen images shows
standard graphic symbols for pumps, valves andstaiich are commonly used on displays for
process monitoring and control by plant operatadengineers. The upper part of the images
visualizes the water flow with elements that suppgsroactive detection of deviations: mini
trends, balance units and level indicators.
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Figure 2.3 Two screen images in normal and alarm state fragégi (2009)



Mini trends are graphic elements that provide gohisal view of process values and disturbances.
The different shaded areas in the trend boxesseptan optimum level in the middle and two
alarm levels in the outermost areas; alarm levelisiindicated in yellow and alarm level two in
red. The white areas provide the maximum contadiie red alert phase as shown in Figure 2.4.
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Figure 2.4 Mini trends from Bligard (2009)

Another graphic element in the upper part of theestc image is the balance unit, indicating the
inflow and outflow at the tanks. As demonstrateéigure 2.5, irregularities can easily be detected
by the slope of the balance line which reveals idrethe inflow is higher or the outflow.

Mava 1 Mava 1 “;HM

Figure 2.5Balance units in different stages from Bligard (2009

The increasing and decreasing level indicators ghevehanging volume in the tanks and trigger
alarm by turning yellow in alarm level one and nedevel two. As shown in Figure 2.3, alarm
messages are displayed at several places on gendanages: at the tanks, pumps, valves and mini
trends.

2.5 Usability evaluation

Usability evaluation techniques are important rede#ools in the development of interactive
systems. They range from complex test designslaije sample sizes to informal qualitative
studies with only a few participants. Differenttieg approaches require different time effort and
expenses depending on the objectives of the usadlaluation (Rubin, 2008).

Nielsen (1993) distinguishes between formative wat&dn and summative evaluation. Formative
evaluation identifies usability problems and pr@ddlesigners guidance how to improve the
design during the design process. In contrast, aatmenevaluation often takes place at the end of
the design process in order to assess the oves@ltyjof a system and to investigate whether the
usability objectives have been met.

In summative and formative evaluations, researcameasure factors which are dependent from the
user’s behavior. Lazar et al (2010) categorizedesgly measured dependent variables into five
groups:

» efficiency and accuracy

» subjective satisfaction

» ease of learning and retention rate
» physical or cognitive demand

Experimenters specify how dependent variables aasuared in the study and may choose several
of them in order to examine a broad range of ushabior.



2.5.1 Prototyping

User interface prototypes are partial implementestiof a design and used to explore design ideas
and to discover or refine user requirements. Itbilisaengineering it is most common to use
prototypes for gathering test data in order to @glsability issues during the development of a
system. User interface prototypes vary in fidelityst and effort to create them. Selecting thetrigh
prototyping technique depends on the goals andiress of the project and the potential users or
other stakeholders the prototype is presented tough and sketchy prototype is fast to create and
can provide important and useful input for redesigtivities. Moreover, low-fidelity prototypes
demand smaller investments and have a flexibledomich can easily be adapted to changing
situations. On the other hand, more realistic pyptes provide sufficient functionality so that
potential users interact in a relatively unhinderey. Hi-fidelity prototypes are considered to be
useful to get feedback on the system performaneesthetic characteristics of a visual design
(Rosson and Carroll, 2001).

2.5.2 Usability testing

In usability tests, representative users are agkederact with prototypes in order to study their
subjective reactions. A usability evaluation exagsithe user’s performance or satisfaction with
the current version of the system or prototype cardtake place at different stages in the
development process of a system. The goal is mifgespects of the design that can be improved
or to explore if usability objectives have been (f&sson and Carroll, 2001).

The way in which participants are exposed to tkertg condition is described in between- and
within-subject testing. In the latter, also caltegeated measures, each participant completes the
same tasks under multiple test conditions. Them@tdga of this method is that observing the same
participants in all kinds of situations allows direomparison of the performance. Additionally, a
smaller size of participants is needed for thestestmpared to between-subject tests. However, the
disadvantage is the possible impact of learningot$fon the test results. The participants learn
from experience how to use the interface protose may get better at completing the tasks. On
the other hand, in between-subject tests eaclcipattit is exposed to one test condition which
allows for more original experience and reducedithe for the experiment (Lazar et al, 2010).

2.5.3 Logging the use

Logging as supplementary method during usabiliying is used to collect information about the
detailed use of the system. An interface log shetatistics about the frequency in which events,
for example alarm or error messages, occur. Basekeoautomatically collected data, it is
possible to explore which system features are &nthyior rarely used. This may be relevant for
further improvements, for instance to make featumese accessible or remove them completely
from the system. Combining logging data with questaires and follow-up interviews has the
advantage to investigate not only the actual uskeofystem, but also the users’ motivation to
interact with the prototype in a certain way (Néxls1993).

2.5.4 Post-test questionnaires and interviews

Subjective satisfaction, opinions and feelings alloe system’s ease of use and ease of learning
can be assessed with questionnaires and interviggsrding to Nielsen (1993), these data
collection methods are considered to be indirephfa usability point of view because they do not
study the user interface itself, but rather the’asenderstanding of the product’s strength and
weaknesses.

The most efficient way to capture preference datguestionnaire is using a rating scale to state
the opinion. Semantic differential scales presquainof opposite adjectives, like weak and strong
or beautiful and ugly, on a 5-point or 7-point gcah the Likert scale technique, the level of
agreement from “strongly disagree” to “stronglyesjrto a positive or negative formulated
statement is rated. Collecting this data is recontiad at the end of each task or at the end of the
entire session.



Quick post-task ratings can help to pinpoint asgpetthe design or tasks which are found to be
problematic. Post-study questions on the other baménswered with a better understanding of
the system which may provide a more effective divexaluation (Tullis, 2008).

Interviews are a frequently used technique to gatker requirements. Conducting interviews
allows for collecting data which cannot be capturgagurveys because follow-up questions to
clarify the participant’s opinion are not possilitawever, one-to-one interviews can be very time-
consuming and they are not suitable to cover afaggographic region or to obtain information
from a large sample of population.

Courage et al (2005) distinguish three types @riniéws: unstructured, structured and semi-
structured interviews. In an unstructured interyitve questions to be discussed are open-ended
and the interviewee is free to talk and do not reembver certain topics. A structured interview
consists mainly of closed-ended questions andntieeviewee has to choose from the provided
options. The topics for discussion are predefinbtiwvmeans that the interviewer does not ask
more questions as listed in the script. Semi-stireck interviews are a combination of both,
structured and unstructured interviews. The ineweir covers a set of open-ended and closed-
ended questions but also encourages the respaodatit freely.

2.5.5 Pilot study

A pilot or feasibility study should be performedidre the actual usability tests are conducted in
order to refine the experimental procedure. Usuailpt tests can be carried out quite informal

with people who are easily available. Colleaguegkample can act as test users in a pilot study to
find out severe problems in the test plan. Thelfael of only a few pilot subjects can be valuable
to modify materials and procedures (Nielsen, 1993).

During a pilot study, the experimenter exploreseéwample if the instructions or questionnaires are
comprehensible for the pilot subjects in ordertoiéh misunderstandings beforehand. It may also
happen that the planned time for the test sessibbavexceeded. In this case, either the time-
frame for the test or the tasks need to be charfgexlexperimenter may also find that the tasks are
too difficult or easy than expected so that a iewief them is necessary before the usability test.
All these measures based on the feedback of toetedts help to improve the quality and
efficiency of the usability study.

2.5.6 Techniques for data analysis

The collected data must be compiled and summantedr form that enables to see patterns. Two
techniques are common for analyzing data from gadtales in questionnaires. In the first one, the
average of the numeric values are calculated wdnietassigned to each scale position. For
example, on a 5-point Likert scale the value Issgned to “strongly disagree” and the value 5 to
“strongly agree”. The other technique is to lookhet top-2 and bottom-2 scores and to present the
amount or percentage of participants who somewhstirongly agree or disagree.

Summarizing the responses from open-ended questidnierviews or questionnaires is more
challenging. One technique is to collect all thepanses in a document and to group similar
comments together. It must be considered, howévatr participants express similar opinions and
suggestions in various ways. Therefore, a logioaliging performed by more than one rater is
recommended in order to increase the reliabiliyll{§, 2008).

For analyzing the user’s performance, the experiensrdefine activities for measuring
guantifiable data, for example the time taken tmplete specific tasks or to recover from errors.
The experimenters decide when to start and stopriiee and they choose the timing precision.
Other typical measurements are for instance theoeuwf completed tasks within a certain period
of time and the number of user errors (Nielsen3).99



3 Method

This chapter presents the methods applied in thisten's thesis for evaluating the screen images
of the feed water system. In the first step, amated interface prototype was built based on the
screen images. The aim was to simulate procesgls Bystem and to run pre-defined scenarios
that require interaction between the prototypethrdest participants. The first section in this
chapter informs about the type and fidelity of ithterface prototype and the used technology.
Moreover, the scenarios are presented that motivhtetest participants to interact with the
prototype. The second section contains a testfplathe usability evaluation of the interface
prototype covering the methodology used, the textqrure and details about the test participants.

3.1 Interface prototype

In this thesis project, a prototype of a simpliffeedd water system was needed, which was able to
run several pre-defined scenarios. It must be noted the actual physical reality and the realisti
manipulation of the processes in the system wearerstary for this study. The purpose of this
interface prototype was to enable the test paditigpto act freely within predetermined
parameters. The interaction with the prototype keast simple and efficient because the focus
should remain on the visualization of the procesEhs result was an interface prototype reduced
in the number of features and with no underlyingsptal processes.

Adobe Flash CS 4 was chosen to be an approprialtéotocreating the interface prototype and to
run more or less challenging scenarios. The origiogen images presented in chapter two had to
be slightly modified to adjust them to the purpoféhe test setup (3.3 Test plan). It was planned
to conduct two usability tests with each participémone of the tests, the whole screen image was
shown and in the other one the flow visualizatiothie upper part of the image was removed. In
the following, the two parts of the screen imageraamed differently: flow visualization (upper
part), schematic diagram (lower part). In ordeprtovide sufficient information in each of the tests
it was necessary to make modifications in bothspastlisted below.

Schematic diagram:
* Values were added to show the amount of liters mdprough the system.
* A small volume bar in the tank symbols was includedvater level indication.
» Sliders as control elements were attached to thgpwand valves. The sliders at the
pumps show the amount of water (in liter) pumpetoduhe Kondensat tank whereas the
sliders at the valves indicate as a percentagenhioeh they are open.

Flow visualization:
» Unfiltered and drained water was colored in blugetoto highlight the difference to
filtered water.
* The alarm zones in the outermost areas of the trerds were downscaled in order to
provide more room for adjusting the water flow witkthe alarm limits.
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The following figure presents the interface propatyafter the modifications mentioned on the
previous page. The elements of the static images been transferred to vector based objects
animated in 2D. These objects were drawn and diedrdynamically at runtime using
ActionScript 3.0 as programming language.
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Figure 3.1Interface prototype based on the screen imagd®dted water system (Appendix A and B)
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3.1.1 Functionality of the prototype

The overall purpose in the tests was to ensurdhidated water tanks Mava 1 and Mava 2 are
supplied with sufficient quantities of water frohetKondensat tank. The test participants were
able to control the amount of water by adjusting pumps (pump one and two in Figure 3.2).
Furthermore, seven valves could be opened anddcfoseegulating the water flow within the
system. As shown in Figure 3.2, valve number onddcle opened to let water run out of the
system. Valve two and three were used to regulaterhuch water flows through the filter and
how much is bypassed which means that the watesflmcleaned to Mava 1 and 2. The water
inflow to the feed water tanks was controlled biveanumber four and five. If needed, buffered
water could be added to the tanks by opening \&lvand seven. The water supply for the
Kondensat tank (“Inflow” in Figure 3.2) and the ambof water flowing out of Mava 1 and 2
(“Outflow” in Figure 3.2) were pre-determined paeters which could not be changed by the test
participants.
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Flow visualization

Schematic diagram
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Figure 3.2Valves and pumps in the schematic diagram

The interface prototype generated alarm messages thie water level in the tanks was getting too
high or too low. The volume bars in both partshef screen image turned yellow when reaching
the first alarm limit and red if the second limiasvexceeded. The limits were indicated as lines in
the schematic diagram and as grey-shaded arelas flotv visualization (Figure 3.3).

r Mava 1 Mava 1 Mava 1 Mava 1 Mava 1

| e e R e ()

Figure 3.3 Yellow and red alarms at the tanks

Since the valves regulate the water flow withinslgstem, alarms at the pumps occurred if too
much water was pumped out of the Kondensat tattkeEihe valves had to be opened more so
that the pumped water could unhindered flow throtinghsystem, or the pumps had to be adjusted
accordingly. The alarm messages appeared as yetlosd frames around the pumps, depending
on how critical the situation was. Examples forlsatarm situations at the pumps are illustrated in
Figure 3.4.
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Figure 3.4Yellow and red alarms at pumps and valves
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Occasionally, alarms at the valves appeared ifottme of yellow or red marked values (Figure
3.4). If the water flow passed 70 liters, the valurmed yellow and changed to red if the amount of
water exceeded the limit of 75 liters. Yellow aed mlarms occurred also if the water flows
decreased to 10 liters and below. The only valvekvbould be closed completely without
initiating alarm was the bypass valve, highlightadvalve number two in Figure 3.2. Closing this
valve allows to filter the maximum amount of walbeffore it flows to the feed water tanks.

3.1.2 User interaction scenarios

As mentioned previously, the water inflow to thendensat tank and the outflow of Mava 1 and 2
were controlled by the interface prototype (FigBi2). A sequence of events was created where
inflow and outflow parameters were updated everg&fbnds. One test run with these changing
events lasted for 14 minutes and included an intctdn (two minutes) and three scenarios (four
minutes each). During the first two minutes, théanvaupply was quite balanced before scenarios
started where inflow and outflow parameters chardy#éerently so that more water was
accumulated in the system than at other times.€elbleallenging scenarios were developed in
order encourage the participants to interact wighgdrototype and to vary their mental workloads.

Figure 3.5 illustrates the changes of the totdbmfand outflow of the system in one test run. As
shown in the line diagram, the inflow and outflaquite balanced during the intro. In the first
scenarios, there is a sharp increase of watemirdlcthe Kondensat tank whereas the outflow
shows only a slight upward trend. The second seepauses a situation with the reversed effect.
Within the next four minutes the inflow is contirusdy lower than the outflow. In the last scenario,
the total outflow is nearly as high as the infldwf there are very unbalanced and unsteady
fluctuations in the outflow of the feed water tamkava 1 and Mava 2 which are not visible in the
diagram.

Scenarios
fliter]
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== |nflow

600 = Qutflow

Amount of water
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200

0
Intro Scenario 1 Scenario 2 Scenario 3

Figure 3.5 Test scenarios with an overall duration of 14 resu

The interface prototype generated log files ascarckof the participants’ interactions during the
tests. Every second, the dynamic parameters iaythtem were logged in a database, for instance
the amount of filtered and unfiltered water, voluleeels in the tanks, the amount of water pumped
out of the Kondensat tank, etc. Within 14 minutke,overall duration of one test run, 840 data sets
were stored. This data allowed to assess the ohtiviperformance of each test participant and to
compare the result with others.

3.2 Testplan

In this master’s thesis, empirical methods werdiagpn form of usability tests, post-test
guestionnaires and interviews. The combinatiohe$¢ data collection methods was aimed at
gathering subjective and objective data: user isiatés towards the interface prototype in the
interviews, questionnaire responses and task pedioce during the usability tests.
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The test plan includefllowing three stages:

1. Pilottests with six studer
2. Usability tests with six studer
3. Usability tests with six plant operat

In the first stageinformal pilot tests were conducted with six stuefirstly, to work through th
tasks, instructions and questionnaires, secoru determine how much time is reced from each
user and thidly to test the correct operation of the flashtptype and the databa After the pilot
tests, the actual usabiligvaluation of thdnterface prototypevas carried out with studel and
plant operators. Ae number of plant operas available was lifted to six in total. For that reasc
also six students werhosen in order to meet the number of plant opes who acted a
participants in the usability te.

3.2.1 Methodology

For this study, a withisubject tes setup was chosen to be appropriate simtg a smalnumber
of power plant engineers weagailable for the entire evaluation. This means thah gacticipan
was exposed to two tests, one with the flow vigadgilon and one with trschematic diagra only.
With this test setup it was also ier to detect significant differences in the penfance of the
same participant in both tests.

The three scenarios which generated different diesbf water in the system (3.4.1 U:

interaction scenarios) were shuffled in each t@st To achievehe required number of 12 tes
the sequence of the scenarios was repeated a s@oerds illustrated in Figure 3.
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Figure 3.6 General test setup

In the next step it was ensured that no participanorms two tests with the same sequelf
scenarios. As can be seen in the Figur on the next pagehe test participants were divided il
pairs, one student and one plant operator eachcatned out the same te butlocally and
temporally independent from each oi. Additionally, twogroups were formedoth exposed to
two different test procedure&roup A started with the test that containedstitieematic diagral
only, whereas in Group B the water flow visualization whewn in the first test. The reason
changing the order ohe tests was tdistribute a possible learning effestross both tes. The
participants were placed randomly in Group A andit® the coistraint that each group consis
of three students and three plant opere
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Figure 3.7 Test setup Group A and Grou

3.2.2 Test procedure

In total, 12 individual usability ssions were conducted. Figure 3f&ws the test procedure
each session with a duration of approximately ang.hrhe first 10 minutes were used for
introduction to the interfagerototype and for explaining some background informati
Afterwards the test participant performed two tiragnscenarios of 7 minutes each. The first
with the schematic diagram was presented to ppaints of Group A whereas Group Brted with
the additional water flow visualization. The tes¢sarios ended after 14 minutes and
participants were asked to fill out the first quesbaire. Group A continued with the test t
contained the supplementing flow visualization &rdupB performed the test with the schem:
diagram only. After 14 minutes the test scenariesainished and the second questionnaire
handed over to the test participants. The wholsisesoncluded with an interview of about
minutes which was audiecorded for a later revie

Intro

T e Training 1: With water flow visualization (7 minutes)
ralnlng ® Training 2: With schematic diagram only (7 minutes)

* Group A: Test 1 - With schematic diagram only (14 minutes)
e Group B: Test 1 - With water flow visualization (14 minutes)

Test 1

Questionnaire 1 ’

T t 2 * Group A: Test 2 - With water flow visualization (14 minutes)
€s e Group B: Test 2 - With schematic diagram only (14 minutes)

Y [t

Questionnaire 2 ’

Interview ’

Figure 3.8 Test proceduréor the usability evaluatic
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3.2.3 Participants and location

As representative users, six plant operators waweean to act as test participants in this usability
study. The test sessions were performed at thekplaxce in the thermal energy plants Savenas in
Gothenburg and Fortum in Stockholm. Furthermosesgidents without relevant qualifications
participated in the study. The intention was tdhgafeedback from unbiased participants and to
compare the test results of the student group thidbe of the plant operators. The usability tests
with the students took place at Chalmers Universityechnology.

Participant type Characteristic Number of Participants

. - 2 service technicians
Plant operators at Savenas . 3
1 plant engineer

2 service technicians

Plant operators at Fortum 1 shift leader 3
Students at Chalmers S Englneerlng sclence 6

1 Natural science

Total number of participants 12

Table 3.1Participants in the study

3.2.4 Tasks

The test participants were told to balance the miat@l in the tanks at an optimum level, thus
within the alarm limits. This was presented asfits¢ and most important task. The second one
was to avoid alarms at the pumps and valves dtinedgest scenarios. As third task, most of the
water should be filtered before it flows to thedeeater tanks. The last one was to drain as less
water as possible. If too much water was alreadlgcted in the Kondensat tank, the drain valve
could be used to let water flow out of the systelmwever, it was not intended leave the valve
constantly open. For this reason, a fourth taskfaamsulated so that the drain valve was used only
if necessary.

The following list that summarizes the tasks acoaydo their priorities was created for the test
participants as a reminder:

1. Keep the volume in the tanks within the alarm Ignit
2. Keep the valves and pumps within the alarm limits
High high [l
High
Low
Lowlow |08
3. Filter as much water as possible
4. Dump as little water as possible

The reminder with the tasks and their priorities\wlaced near to the test participants on the table
or was displayed on another computer screen. Tigiand test scenarios were played as Adobe
Flash animation in a standalone player on a LaptdpC.

3.2.5 Datalogging
During the usability tests, logs of selected patansevere generated as a record of the
participants’ interactions with the interface ptgfme. The automatically collected statistics
included following data:

»  Time of activation and duration of alarms

« Red and yellow alarms at the tanks (Kondensat, Maaad 2)

* Red and yellow alarms at the pumps and valves

e Amount of filtered and unfiltered water

*  Amount of drained water
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3.2.6 Post-test questionnaires and interviews

To complement the data logging of the user perfageait was decided to gather preference
information from the participants after the profmyevaluation. For that purpose questionnaires
were created to collect opinions about differepieass of the design. Furthermore, interviews were
carried out after each session to better understanigsues raised during the usability tests.

Two questionnaires with 5-point rating scales waseeloped for measuring the participants’
feelings and experience after each test. Thedirsstionnaire included 10 questions which are
repeated in the second one as well. Six additiqnestions were added to the second questionnaire
for an overall evaluation of both tests (Append)x C

In general, the questionnaires covered four topiush are listed below:

Emotional state

The first three questions captured the feelingh®fparticipants. Specifically, it was asked
to which degree they felt confident, stressed atidfsed during the test. The rating scale
was labeled with “not at all” to “very much”.

Understanding
In the following three questions the participarted the understanding of the interface
prototype from “difficult” to “easy”.

Task performance
Four questions related to the given tasks andestepirticipants were asked to evaluate how
difficult or easy it was to accomplish them.

Comparison of test one and two
Six multiple choice questions after the seconddsked for an overall evaluation of the first
and second test.

The interviews at the end of each session were-segattured and based on the individual ratings
in the questionnaires. To identify the reason bekine ratings, the interviewees were encouraged
to clarify their opinions about the interface ptgfe.

Mainly following issues were covered in the intews:

* Feelings during the tests

¢ Understanding of the interface prototype

« Key events or critical incidents that happenedrduthe tests

«  Parts of the interface prototype which were paldidy helpful in both tests
« Aspects of the design the participants liked olildid in both tests

3.3 Data analysis

In the first step, the collected data during thahilgy tests was compiled and summarized.
Handwritten notes and interview responses wereafeared to a master sheet on the computer
which was kept as a running summary during the caltaction process. The transcript of the
interviews was used to group similar responsesaategories which helped to scan the results
more quickly. Furthermore, the questionnaire respsmwere summarized to identify the number of
participants who selected each possible choice.t@tlee small amount of test participants it was
not necessary to calculate average scores in twdkstect trends. Therefore, the focus was more
on significant differences in the top-2 and bottdreeores on the 5-point rating scales.
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The log files of the test participants already led summaries of the interaction with the
interface prototype. The data sets were separeddiiscted in tables according to following
criteria:

1. Performance of group A and B

2. Performance of students and plant operators

3. Performance of the tests that contained the schediagram only and performance of the
tests with the supplementing flow visualization

These statistical summaries enabled to see ditfeseim the performance of the groups, but also
differences in the overall performance of the testd.

In the second step, the data was analyzed an@skanch questions introduced in the first chapter
of this thesis report were answered. The type td daed to address each of the questions is
presented below.

Question 1: How did the test subjects feel during the tests?
The participants described their experience andhfgein the interviews and commented the
answers from the questionnaires.

Question 2: How well did the test subjects understood the interface prototype?

How quickly and easily the individual participamtderstood the interface prototype was discussed
in interviews based on the questionnaire respofi$edog files additionally provided information
about a possible learning effect in the second test

Question 3: How well did the test subjects carried out the tasks?

The recorded data during the tests was used tesslthis research question. The analysis of the
data was based on certain criteria: number andidaoraf all alarm events, number and duration of
yellow and red alarms, amount of filtered and dzdiwater.

Question 4: How well did the test subjects think they carried out the tasks?

The participants assessed their own individual peskormance in the questionnaires and their
statements and opinions were further discussdtkeimterviews. Additionally, the recorded data
allowed to objectively evaluate the task perforngaand to compare the results with the answers
from the test participants.

Question 5: How easy was it to accomplish the tasks?

The questionnaire responses and the statementgtimterviews were used to answer this
research question. The test participants evalubgethsks in the questionnaires and discussed their
opinions in the interviews.

Question 6: Which strategy was pursued to accomplish the tasks?

This question was answered based on the commeriitg) diae interviews. The participants talked
about the strategies they developed to accompiiskeisks and how they implemented them during
the tests.
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4 Results

This chapter highlights key findings from objectiamed subjective data gathered during the test
sessions with the students and plant operatorrsta small-scale pilot study was conducted in
order to identify potential problems with the irfsere prototype and the planned test procedure.
Based on the feedback from this study, parts ofabtprocedure and scenarios were modified.
These changes are described at the beginningsofliapter followed by the results of the

empirical study. The results include quantitatiagadirom the log files for an objective assessment
of the participants’ task performance and signifidindings from the evaluation of the
guestionnaires. Moreover, comments from the ingsvees about their feelings during the tests and
their understanding of the system are summarizled.pfesented results from the different data
collection methods were basis for the analysisénrtext chapter.

4.1 Pilot study

The feedback in the pilot study conducted withssudents was basis for changing the initial length
of the training and test scenarios. It was fourad the training scenarios with an overall duratibn
four minutes were too short. In the next step pifaetice time was increased to 10 minutes and
later on to 14 minutes in total. At the same tithe,test scenarios were reduced to a total lerfgth o
28 minutes in order to keep the whole test proadocluding questionnaires and interviews,
within an acceptable time frame for the particigant

The test scenarios with different fluctuationshie tvater flow were found to be occasionally
challenging, but the participants were absolutele & cope with these kinds of situations which
means that no changes had to be made in the szenBhie test procedure, however, was modified
during the pilot study. In some pre-tests, thentrej and test sessions were not separated instead
the procedure began with a training unit, continwéd the first test and started again with tragnin
as introduction for the second test. This procedammed to confuse some participants which
resulted in more questions during the actual t&gten they finally talked about their experiences
during the interviews it turned out, that they stimes mixed together training units and test
scenarios. For these reasons, it was decided tiodgtarticipants complete the training scenarios
first, before they start with the two tests.

A recurring issue in the pre-study was the usagetlas positioning of the sliders. The sliders
caused problems when participants wanted to siticemlues by dragging the slider up and down
because of the relatively small slider area. Addgily, the positioning of the sliders was critexz

in the test with the flow visualization. Some peiggants found the placement not to be optimal
because adjusting the sliders and monitoring tfexsf of the input happened for them in two parts
of the interface.

Difficulties in monitoring the increasing and desang volume values could be reduced to a
certain degree by slowing down the changing ratbefalues. Changes every second were easier
to perceive and helped the participants underdtsidr if the volume in the tank was increasing or
decreasing.

The amount of information given by moderator haseéased steadily during the pilot study. It has
become clear that the interface cannot be opecategletely intuitively especially if background
information is missing. Moreover, the understanding correct interpretation of the different
interface elements was required in order to accisimpihe tasks.
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Every misunderstanding would have had consideiaipact on the individual and overall result.
Therefore, the moderator tried to cover most ofisbaes beforehand in the introductory talk to
avoid misunderstandings. Additional questions leygharticipants and experiencing the system
prototype in the training scenarios helped to dgvel basic understanding for the test session.

As a result of a more extensive introduction atlibginning, the participants began to forget about
details regarding the tasks and priorities. In ncases the moderator had to remind them to filter
the water and to drain as less water as possibleséfjuently, a to-do list was created presenting
the tasks in the order of their priorities. Thimneder was placed on the table or displayed on an
additional screen next to the test subjects.

4.2 Datalogging

This section presents the results of the data declin each test based on the in chapter two
defined criteria: number and duration of all alarmsmber and duration of yellow and red alarms,
amount of filtered and drained water. Accordingh® test plan, every test participant was exposed
to two tests for evaluating two interface prototypBoth displayed a schematic view of the feed
water system but one of them included the additieisaalization of the water flow. In the
following, the tests are named differently to makeear distinction between the interface
prototypes to be evaluated. Therefore, “test withftow visualization” describes the evaluation of
interface prototype with the schematic view andgiygplementing visualization whereas “test with
the schematic diagram” simply refers to the praietthat displays the schematic view only.

4.2.1 Alarms at tanks, pumps and valves

The participants kept in all the tests the thredgawithin the red alarm zone. Only the yellow
upper limits triggered alarms, which means thattrobghe participants had more water in the
system than required. In both tests, two studerdswso plant operators were able to balance the
water inflow and outflow at the tanks so that rerial appeared at all. Eight participants in total
kept the tank volumes within the alarm limits ie tiest with the flow visualization. Only four test
subjects were able to avoid alarms at the tanksarest with the schematic diagram. Regarding
pumps and valves, nearly all participants causednel yellow alarms in both tests. Only one plant
operator managed it to avoid red alarm at the puangsvalves in the test with the flow
visualization.

As can be seen in Table 4.1, the plant operatarergeed almost twice as many alarms at the
tanks. Consequently they spent a longer perioavaf in the yellow alarm zone compared to the
student group. The opposite is the case when Igakithe alarms at the pumps and valves. Here, a
considerably higher number of red and yellow alawas recorded in the student group. With 377
registered alarms the students remained more wiaa &s long (63 min 20 sec) in alarm state
compared to the plant operators (29 min 40 sec).

Tanks Pumps and valve$

6 Students 9 08:23 377 63:20
6 Plant operators 16 13:46 248 29:40
25 22:09 625 93:00

Yyellow alarms only
2Yellow and red alarms

Table 4.1Alarms caused by students and plan operators

Table 4.2 on the next page shows the recorded slirthe test group A and B. Both groups
consisted of three operators and three studerttghédirst test in group A included the schematic
diagram only and group B started with test thataioed the additional flow visualization. As can
be seen in this table, a significant improvemeaoktplace in the second tests of Group A.
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In these tests they were able to reduce the nuamzkthe duration of alarms at the tanks to a great
extent. Group A generated six alarms less in thergktry with the flow visualization and
decreased the alarm duration by more than five te@m slight improvement can also be
determined in the number and duration of alarntikeapumps and valves. Group B on the contrary
caused more alarms at the tanks, pumps and valibe second tests that contained the schematic
diagram only.

Comparing the data from group A and B, it can lemeined that the highest number of alarms at
pumps and valves was recorded in the first tesggafp A (182), however, the longest alarm
duration appeared in the second tests of grouBB62. In both groups, these peak values
emerged in the tests with the schematic diagram onl

Group A' Tanks’ Pumps and valves
Number of . Number of .
Alarm duration Alarm duration
alarms alarms
Test 1 — schematic diagram 8 07:50 182 20:55
Test 2 — water flow visualization 2 02:43 171 20:23
10 10:33 353 41:18
Group B* Tanks’ Pumps and valves
Number of Alarm duration Number of Alarm duration
alarms alarms
Test 1 — water flow visualization 7 05:43 113 23:06
Test 2 — schematic diagram 8 05:53 159 28:36
15 11:36 272 51:42

'Each group consisted of three students and threetaps
2Yellow alarms only
3yellow and red alarms

Table 4.2Number of alarms and alarm duration (mm:ss) withrioup A and B

Table 4.3 illustrates that in the tests with theéew#ow visualization, considerably fewer alarms a
the tanks, pumps and valves were generated. Margieeparticipants reduced the duration of all
alarms by 11 minutes and 30 seconds regardlessaribe flow visualization was presented in
the first or second test.

Group A and B' Tanks’ Pumps and valves
Number of Alarm duration Number of alarms Alarm duration
alarms
Water flow visualization 9 08:26 284 43:29
Schematic diagram 16 13:43 341 49:31
25 22:09 625 93:00

'Each group consisted of three students and threetaps
2yellow alarms only
3yellow and red alarms

Table 4.3Number of alarms and alarm duration (mm:ss)
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The alarms generated by all participants in badtstare presented as bar diagram in Figure 4.1.
The diagram gives an overview of red and yellowralmessages in the duration of their
occurrence. As can be seen, yellow alarms causggit@larm states in both tests than red alarms.
In the test with the water flow visualization, edeht subject generated alarms of 4 minutes and 19
seconds at an average. In comparison to that, 6tesirand 16 seconds is the average duration of
yellow and red alarms in the test with the scheerdiigram only.

Alarms at tanks, pumps and valves
[mm:ss]

70:00

60:00 58:23

48:29
50:00

40:00
30:00

B Red Alarm
O vellow Alarm

20:00

10:00 03:26 04:51
. [
00:00

Water flow visualisation Process based image

Alarm duration

Figure 4.1 Duration of yellow and red alarms at the tanksnps and valves

4.2.2 Filtered water

Table 4.4 presents the total amount of filteredewat both tests. As shown in this table, less wate
was cleaned in test with the water flow visuali@atiNo significant difference, however, can be
determined when comparing the amount of filteretewhy the students and plant operators.

Group A and B* Water filtered Water not filtered

Water flow visualization 589,385 39,470

Schematic diagram 600,284 32,198
1,189,669 71,668

'Each group consisted of three students and threetmps

Table 4.4Total amount of filtered and unfiltered water it tests

More prominent is the increase of cleaned waténérsecond tests in group A and B (Table 4.5 on
the next page). Regardless whether the seconcctestsined the schematic diagram only or the
supplementing flow visualization, an increase @51% in group A and 4.7 % in group B was
recorded. Moreover, most of the water in the systas filtered by group B in the second tests
with the schematic diagram only.
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Group A* Water filtered Water not filtered

Test 1 — schematic diagram 291,007 16,390
Test 2 — water flow visualization 294,704 13,197
585,711 29,587
Group B! Water filtered Water not filtered
Test 1 — water flow visualization 294,681 26,273
Test 2 — schematic diagram 309,277 15,808
603,958 42,081

'Each group consisted of three students and threetmps

Table 4.5Amount of filtered and unfiltered water (liter)tin group A and B

4.2.3 Drained water

As can be seen in Table 4.6, less water was drainedg the tests with the schematic diagram
only. Comparing the amount of water dumped by sttgland plant operators a contrary result was
obtained. The students drained less water in 8is w@th the flow visualization. The least amount
of water, however, was drained by plant operatothe tests that contained the schematic diagram
only.

Water flow visualization ~ Schematic diagram

6 Students 67,588 70,033
6 Plant operators 71,997 50,957
139,585 120,990

Table 4.6Amount of water (liter) drained by students anchplaperators

Taking a closer look at the two groups, it can éednined that most water in the system was
dumped in the first tests (Table 4.7). The maxinamount of water that ran through the drain
valve was achieved in the first tests with the stdic diagram only by the participants in group A.

Group A” Drained Group B* Drained
water water
Test 1 — schematic diagram 74,577 Test 1 — water flow visualization 73,263
Test 2 — water flow visualization 66,322 Test 2 — schematic diagram 46,413
140,899 119,676

'Each group consisted of three students and threetmps

Table 4.7 Amount of drained water (liter) within group A aBd

4.3 Post-test questionnaires

The majority of the test subjects (10 out of 1Xvaered that they felt quite or very confident
during both tests. Though, more students than plpatators felt confident during the tests with

the flow visualization. Furthermore, the stres®levas rated by three respondents to be quite high
in the tests that contained the schematic diagmagn blowever, just one participant felt quite a lot
of stress in the test with the additional flow \d@Bmation. In the ratings about feeling stress, no
significant differences can be found between stisgdand operators.

The overall understanding of the processes wad tatbe almost equally good in both tests.
However, it can be determined that the currentistanhd the effects in the system were more
intelligible in the tests with the flow visualizati. In this case, more plant operators than stedent
found it easier to understand the current stattisaéniests with the flow visualization.
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Some more respondents found the tasks of keepenitiks, pumps and valves within the alarm
limits to be easier in the tests with the flow dBzation. Especially avoiding alarms at the pumps
and valves was rated to be more difficult in tregavith the schematic diagram only. Recovering
from critical alarm states and developing a straiegs evaluated to be almost equally easy in both
tests. Though, twice as many students as planatgpsrfound it easier to develop a strategy in the
tests with the flow visualization.

The majority of the respondents (10 out of 12) eatdd the overall experience to be best in the
tests with the flow visualization. The overviewtbé running processes and controlling them was
also found to be better in these tests by the sammer of respondents. Furthermore, most of the
participants (8 out of 12) thought that they hawrked more proactive in the tests with the flow
visualization.

The question in which of the two tests the partioig think they had a better task performance was
answered as follows: seven evaluated their ovpesfbrmance to be better in the tests with the
additional flow visualization, four participantsotiigh they performed better in the tests with the
schematic diagram only and one expected no difter@mthe results. As can be seen in Table 4.8,
there is no considerable difference between stgdand plant operators in the answers.

In which of the two simulations do you think was yar task performance better?

Water flow visualization Schematic diagram Equalbpd in both
6 Students 3 2 1
6 Plant operators 4 2
7 4 1

Table 4.8Performance evaluation of students and plant ¢pesra

Comparing the answers within the two test groupgdésult becomes clearer. As presented in
Table 4.9, almost all participants in group A andvBluated their performance to be better in the
second test. In group A, the second test contalmeddditional water flow visualization and in
group B this test displayed the schematic diagraiy.o

In which of the two simulations do you think was gur task performance better?

Water flow visualization Schematic diagram Equaibod in both
'Group A 5 1
*Group B 0 5 1
5 6 1

'Group A (3 students, 3 plant operators): Test thematic diagram; Test 2 — water flow visualization
2Group B (3 students, 3 plant operators): Test 2 temftow visualization; Test 2 — schematic diagram

Table 4.9Performance evaluation within group A and B

4.4 Post-test interviews

Based on the transcript of the semi-structuredvige/s, categories were identified for grouping
similar responses together. This categorizatiomledao scan the result quicker in the further
analysis. The following tables contain illustratipgotes that represent each category of response
which should give the reader an overview of theyeaof comments. However ntust be

noted that for a holistic view not only this sumgnarmas used for answering the research questions
but the whole transcript of the interviews.
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The first Table (4.10) summarizes the comments ttheuparticipants’ feelings during the tests.
The majority of the test participants felt lesessed during the second tests because their
understanding of how to control the processesérsiistem was perceived to be better. Other ones
stated that they felt either less stressed or mamédent in the test with the supplementing flow
visualization because the overview was better &iatgiges in the system were discovered faster.
When asked what has caused stress in each ofstsettee opinions of the interviewees were
divided. However, the permanent changes of theniaflew and outflow, as well as the appearing
alarm messages, were stressful to a greater @rlesgent for many participants. In this context,
four participants reported in the interviews abchdllenging situations during the tests and a
couple mentioned that they missed a kind of sigmaidicate when the parameters have changed.
Especially monitoring the process values and reg@ctcordingly was perceived to be stressful
during the tests.

Feelings during the tests Reasons Stress factors

bit less stressed in th&°2est | knew how | can get out of stressed when alarm appeared
critical situations

bit less stressed in th&°2est overall understanding was bett:

less stressed in th&2est get more used tthe system

less stressful in the"2test better control over the processt

less stressed with the flow | could immediately see what is stressed when inflow and

visualization going on everywhere outflow changed rapidly

more stressed in th&Zest the numbers were not so clear difficult to see if the volume is
about the water level in the increasing or decreasing
tanks

more confident in the"2test fixed number of situations; eacHooking at the volume numbers

time you encounter a new one stressed me most
you learn what you have to do
felt more confident in the test with thi noticed changes very quickly  if much more water flows in

flow visualization and easily in the flow than out
visualization

quite stressed in the'test | felt I had no overview

equally stressed in both tests you know that alarms pop out il stressed when alarm appeared;
both tests you always try to avoid this

did not feel stressed at all in both tests  usetktd with these kinds of very unusual to do so much
situations manually; in reality a lot is

controlled automatically
frustrated in the trainings scenario  had to sit and wait and to watct had to focus really hard to get to
without the visualization the volume numbers know if the volume was

increasing or decreasing

Table 4.10Interview comments about feelings during the test
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The following Table 4.11 summarizes comments apaus of the interface prototype which
caused confusions during the tests. The incidezgsribed by the interviewees were mainly
individual cases. Nevertheless they are presenttteifollowing in order to provide a basis for
further analysis.

Key events/critical incidents Reasons

did not realize at the beginning that | can opemtho 100%
without having alarms; confusing liter and percgeta
graphic translation of the flow valve closed but a green area visible, value wes ze
pumping water out of the Kondensat
tank

buffer tank did not tell me how much
water flows out

how fast the tank volume is approachingt was not so clear where the alarm limits are laow long | can
the alarm levels continue until alarms appear

looking at the visualization takes away the attamfrom the
alarms at the pumps and valves

confused about the alarms at the valves

never really got the effect | wanted

| guessed and watched the volume values.

missed alarms at the pumps

at the beginning | thought it is good to
have blue water
did not understand the height of the filtc feel that you can just continue to raise the level

blue water is very pure and very clean

Table 4.11Interview comments about key events or criticaldents during the test

The interviewees were asked which strategy thegysd to accomplish the tasks and which
aspects of the interface helped particularly tabeé the water level. As can be seen in Table 4.12,
the balance units and the water level indicatoteetanks were found to be most useful during the
tests with the supplementing flow visualizationthie tests with the schematic diagram only, the
focus was mainly on the volume numbers at the tankisthe changing inflow and outflow values.
Three test participants used the process valuemimssource of information in both tests. The
following quote illustrates the reason for theihaeior: “If you know how to run things, why

should you suddenly begin to change your behavibe?e is no reason for that.” After they had
established a strategy, they kept it until the efnithe test sessions without considering altereativ

Test with supplementing flow visualization Test with schematic diagram only

changes of the volume numbers and counted
inflow and outflow numbers

looked at the volume numbers and checked if the
balance line was helpful and | liked the volumesbar  inflow and outflow values were increasing or

could easily adjust the pumps to the balance line

decreasing
focused a lot on inflow and outflow bars and time i volume numbers were most helpful and | looked
between at inflow and outflow numbers
inflow and outflow numbers at MAVA 1 and 2 were  increasing or decreasing volume numbers were
more direct information main source of information
the balance line gave quick idea what is going on ookéd very much on the volume bars

. looked at the volume numbers and how fast or

balance lines at the tanks helped me a lot : . .
slow they are increasing or decreasing

the volume bars showed how fast the volumes are
increasing and decreasing
orientation of the balance line; you can directg & the mainly looked at the volume numbers, compared
volume is increasing or decreasing the inflow and outflow numbers
looked at the volume bar; calculated inflow and

outflow values and looked at the volume numbers

sum up the numbers and subtract

balance lines and inflow and outflow bars helpédok a

balance line helped me to see the trend of the; floas
direct information and the best source
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Continued from page 26 - Both tests

focus was on the inflow and outflow values
sum up the values because they were very easycuaaia
looked preliminary at the volume values; also coraganflow and outflow numbers at the tanks

Table 4.12Parts of the interface prototype which were pataidy helpful

Table 4.13 shows different opinions of the parcits about proactive working during the tests.
The participants who thought that they worked dguabactive in both tests found on the one
hand that they have reacted faster in the teststhé additional flow visualization but on the athe
hand they assumed that quicker responses to chhagesot led to better results in their task
performance. Several other participants statedttiegtworked more proactive in the second tests;
either they thought this was connected to moretipeand a better understanding in the second try
or they stated that the flow visualization was dieei for more proactive working.

Proactivity Reasons

equally proactive flow visualization made me react faster; easieset® when
things were changing; no difference in the results

equally proactive in both tests probably acted faster in the test with the flowuaikzation

equally proactive in both tests probably actedefasiith the flow visualization; found it
less demanding than looking at the values

more proactive in the"2test proactive working was not connected to flow viszition;
felt more confident in the second try

reacted more proactive in th& 2est had a better understanding

more proactive in the"2test (test with the saw quicker if the flow was balanced without loakat the

flow visualization) numbers

more proactive in the"2test (test with the reacted better and faster; felt easier althougtmela

flow visualization) appeared as well

reacted more proactive in the test with the acted much more in advance; easier to see whetbaeare

flow visualization problems

reacted faster and more proactive in thiéebt in the second one the volume level went quite high
more proactive in the test without the flow  paid more attention; at the line you can’t see sofenges
visualization easier with numbers

Table 4.130pinions about proactive working during the tests
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As can be seen in Table 4.14, the majority of drti@pants assessed their task performance to be
better in the second tests, mainly because oftartmterall understanding due to more training.
Others mentioned that the visual representatidgheprocesses was decisive since they were able
to detect problems faster. Two participants expkethteir task performance to be better in the tests
with the schematic diagram only. One of them fothvad the interface with the supplementing flow
visualization contained too many parameters to ol he other participant assumed that he
missed alarms at pumps and valves because he axctsed on the graphical elements in the

upper part of the screen.

Overall performance

Reasons

performed better in thé"2test

(with flow visualization)

2" one was better

performed better in the 2nd test
better in the ¥ test

better in the % test (with flow visualization)
end result better in thé2test

easier to control the flow in thé%est
was better in the"2test

was better in the"2test

performed a bit better in thé“Zest
(with schematic diagram only)
performed a bit better in thé' fest
(with schematic diagram only)
result is the same in both tests

took a few seconds to look and understand whatirsggon

had more training
easier to implémgnstrategy

had more training

visual input is wedirect
got more used to the system

better understood the system and had training
had more training

had more control over the water flow

in the T'test I lost the focus and certainly missed alarms

too many parameters in th&'@ne

more satisfying when you had the flow to look at

Table 4.140pinions about overall performance
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5 Analysis

In this chapter, the research questions for thidysare answered individually based on the results
of the data logging and post-test questionnairesgmted in the previous chapter. Moreover, the
comments from the interviews were used to provida@rmation why the participants chose their
answers in the questionnaires on the one handyratite other and to understand their individual
behavior during the tests. This chapter concludésanalyzing the different design elements of
the interface prototype discussed in the interviews

5.1 Research questions

Each research question is stated again and in@dildaddressed based on the results of the data
collection methods and according to the analysia pi chapter three.

Question 1: How did the test subjects feel during the tests?

The ratings in the questionnaire showed that mioibteotest subjects felt quite or very confident in
both tests. A bigger difference could be determimnettie ratings about feeling stress during the
tests. More respondents felt quite a lot of stregle tests with the schematic diagram only. Iswa
mentioned in the interviews that observing the tamtyy changing inflow and outflow values and
acting accordingly was a decisive stress factomiypaecause the test participants had no control
over these parameters. Some participants staaethity had to be less concentrated in managing
challenging situations in the tests with the sup@eting flow visualization. The better overview

of the running processes made them feel either omwréident or less stressed. Most participants,
however, believed that the better overall undedstanof the prototype in the second tests was the
decisive factor that reduced stress and enhanc#ttlence in completing the tasks.

Plant operators tended to transfer the interfaoctofype to their working environment and
discovered that the processes in the system were unsteady than in reality. The inconsistent
water flow and the absence of automation were densd as (minor) stress factors. Some
participants felt stressed when certain action® mot led to the desired effects or if aspecthef t
system were misinterpreted. In these cases theofaadntrol and understanding were decisive
factors that caused uncertainty, confusion and é&ustration. The reported incidents are presented
in detail later in this chapter, when the differpatts of the interface prototype are analyzedhén
present study it could not be determined to whietirde the identified problems diminished the
task performance but it is most likely that they lam impact on the level of mental workload.

Question 2: How well did the test subjects understood the interface prototype?

The test participants used the training sessiodgstmver the scope of functions provided by the
interface prototype. They activated pumps, opemeldcéosed valves and watched the effects of
their actions. In the interviews, the majority bétparticipants stated that they acquired a general
understanding of the prototype during the trairdegsion and started to develop and implement
strategies in the beginning or middle of the fiestt.

The biggest difference between plant operatorsstudents was that the latter required more
detailed information and asked questions more &etiy during the training sessions. The plant
operators needed fewer explanations, most liketabse their professional background helped
them to understand the fundamental functionalitthefinterface prototype. Nevertheless, this does
not mean that they automatically required lessitngi Interacting with the prototype helped both,
students and plant operators, to learn how to respto the certain events in the simulation. The
basic understanding obtained in the training saessias further developed each time they
encountered new situations and learnt how to dehlthem.
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The majority of the participants stated in the goesaires that they understood the processes in
both tests almost equally good. However, more gipgints evaluated the effects of their actions
and the current status to be more comprehensibleitest with the supplementing flow
visualization. The reasons given in the intervievese that the graphical representation of the
water flow provided a better overview over the rimgrprocesses. Changes could immediately be
recognized because the visual feedback to the imgsitperceived to be direct and unambiguous.
According to the interviews, these statements sgorethe opinion of the majority of the
participants.

Question 3: How well did the test subjects carried out the tasks?

Summarizing the data from the log files, it cardie&rmined that less alarms at the tanks, pumps
and valves were generated during the tests witBupplementing flow visualization. Moreover,
twice as many participants were able to keep thie talumes within the alarm limits compared to
the tests with the schematic diagram only. Addaibn it was found that the students caused in
total more alarms and remained longer in alarnegtetn the plant operators. However, students
and plant operators filtered and drained approxefgahe same amount of water in both tests
which implies that they basically worked under shene conditions.

In group A and B, two peak values occurred in #s<g that contained the schematic diagram only.
In the first tests of group A, the highest numbleslarms at the pumps and valves was recorded.
Group B, on the other hand, registered the lorgjestn duration in the second test caused by
alarms at the pumps and valves.

The results from the data logging suggest thagthphical representation of the water flow as
additional source of information supported theipgrénts to maintain an optimal operation status
for a longer period of time. Taking a closer lodklee groups, it is remarkable that peak values of
the recorded alarm messages appear only in theviéiktthe schematic diagram. Comparing
students and plant operators, it can be statedhbadatter were more successful in keeping the
water level within the alarm limits. However, duethe rather small amount of students and plant
operators as test participants, the overall pedimica could significantly be influenced by each
individual.

Question 4: How well did the test subjects think they carried out the tasks?

In the interviews and questionnaires, the majaritthe test participants (10 out of 12) evaluated
their overall performance to be better in the sddests. The main reasons given were more
training and experience in interacting with thetptgpe. However, this self-assessment could only
be confirmed by the data logging of the particigantgroup A. In total, they caused less alarms
and remained a shorter period of time in alarmesdating the second tests. According to the
guestionnaire responses, more participants irgtioisp found it easier to understand the current
status of the system and the effects of their astauring these tests. By contrast, in group B no
improvement regarding the number and durationarhas could be determined in the second try.
The learning effect therefore was particularly @stimated by the participants in the group B. This
allows the conclusion that more practice in therattion with the interface prototype did not
automatically lead to an improved task performashagng the second tests. On the other hand, it
was found, that most tests with an improvementimimer and duration of alarms contained the
supplementing flow visualization. Thus, it appetia the graphical representation of the processes
was the decisive factor for a better task perforean the second tests.

According to the questionnaire responses, eighitggaants felt they reacted more proactive in the

test with the flow visualization. The opinions bétinterviewees about the reasons for their
proactive behavior in the tests were divided.
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In the interviews, three test subjects relatedoaqive way of working to the learning effect and
thus a better understanding of the interface pyptoin the second tests. Other three participants
stated that the graphical representation of themfiiw made them acting more in advance
because they had a better overview of the curtahiss Two participants believed that faster
reactions in the tests with the flow visualizatisas connected to a more proactive behavior, while
others felt that they probably reacted quicker vooitked equally proactive in both tests. The latter
thought that quicker responses in a matter of s¥scdid not significantly influence the overall
result.

One participant with a different opinion statedtttie test with the schematic diagram only caused
automatically a more proactive working. He was anhat he had to be more concentrated to
follow the continuous changes in the system anr@dot accordingly. This was the reason for him
to evaluate his behavior to be more proactive hagerformance to be better in the test with the
schematic diagram only. Contrary to his opiniomwdealarm messages with a shorter duration
were registered in the test with the additionaifidsualization. Although he made greater efforts
in maintaining an effective task performance, hiedain achieving an optimal system status for a
longer period of time. It is likely that the mentabrkload was basically higher during the test with
the schematic diagram only and the tasks demandeg attentional resources than he expected.

Question 5: How easy was it to accomplish the tasks?

According to some patrticipants, they actually hagtbeen in really critical situations during both
tests. Although yellow alarms occurred at the tankstest subject reached the red alarm zone.
Moreover, the water flow could be adjusted easiljw a few seconds to let alarms at pumps and
valves disappear. In the questionnaires, mosteofabpondents therefore stated that recovering
from critical alarm states was equally easy in lieits. However, more participants evaluated the
task of keeping the tanks, pumps and valves witieralarm limits to be easier in the second tests.
During the interviews, some participants mentiothed especially the balance units helped them to
monitor the changes in system and to adjust theppuand valves accordingly. Others stated that
the better understanding of the system in the sbtasis facilitated completing the tasks.

Question 6: Which strategy was pursued to accomplish the tasks?

The basic strategy to accomplish the tasks waséime for nearly all participants. Based on

the prioritization it was intended to keep tanksnps and valves within the alarm limits and to
filter 100 % of the water. In most situations thygpéiss valve stayed closed or was occasionally
opened while excess water was directed througdrdia valve. Only one student did not drain any
water at all which resulted in exceptionally lorgting alarms at the pumps and valves compared
to the other participants.

The test participants performed different individsteategies to control the water level during the
first and second tests. Based on the commentstirerimterviews, the following paragraphs give
an overview of which kind of information was used dlecision-making.

Strategy 1 - test with the additional flow visuatian

In the test with the water flow visualization, ttmajority of the test participants (9 out of
12) found the balance lines most helpful for cdlitrg the water level in the system. The
main reason given in the interviews was that thediwere perceived as clear and direct
source of information which helped to observe thanging water levels in the tanks.

Most of these participants found the way of repnéag the inflow and outflow to be very
intuitive and used them right from the beginningskles the orientation of the balance
lines, the increasing and decreasing volume bars eansidered to be important water
level indicators. Two participants additionally aloed more accurate information from the
values that displayed the water quantities in ytstesn.
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Strategy 2 - test with the schematic diagram only

In the tests without the flow visualization, 8 @itl2 test participants used the volume
numbers as main source of information whereby thpnty of them additionally looked

at the inflow and outflow values in order to adjpatps and valves accordingly. Only two
participants, one student and one plant operased the increasing and decreasing volume
values as the only information source for decisimaking.

Strategy 3 - both tests

Two students and one plan operator (3 out of 1@ndt look much at the flow
visualization, but rather compared the inflow antflow values at the tanks. One of these
participants watched additionally the volume nurelsard the changing rate to get to know
how fast the water level was increasing and deitrgaghis strategy was basis for
decision-making in both tests. Asking for the reasbthis practice, all three answered that
after once they had developed a strategy thegdgpitured in their behavior pattern during
the entire test session. Regardless of whethagrtphical flow visualization was shown in
the first or second test, there was no reasorh@mtto consider other information sources
than the values.

Two plan operators reported that they used thegsoealues as basis for decision-making in the
training sessions but began to pay more attentidhe balance units during the tests. After awhile
they understood how to use this information andcedtthat it was easier for them to react on the
basis of the graphical representation than on thegss values. The comments from these
participants suggest that the mental effort to gacze the trend of the water flow was lower when
using the graphical representation of the watev s main source of information.

In general, it can be said that the professionpéggnce of the plant operators did not lead to a
uniform approach for accomplishing the tasks. Gnabintrary, they developed and implemented
different strategies during the tests just like shedents. It appeared, however, that the partitipa
tended to stick to their initial strategies whigesed to work for both tests. Those who considered
other alternatives and rethought their actions siones changed their behavior and positively
reflected on it in the interviews.

5.2 Interface prototype

In the interviews, the participants were encouragedlk about the overall experience with the
prototype and the user interface elements in pdaticin the following paragraphs, the comments
about the different parts of the interface protetgpe summarized and analyzed.

5.2.1 Buffer tank

Additional water from the buffer tank was used wiféerent degree by each participant. The
difficulty in adding water from the buffer was that value indicated the quantity of water supplied
to the tanks. Test participants who used the wattire buffer tank mainly guessed and watched
the volume values, if they were increasing or desireg and how fast. In the test with the flow
visualization, the graphical representation ofwlaer flow made it possible to see more accurately
how much water was added to the tanks. It is liklet some participants deliberately left out the
buffer tank in their strategies because the usaggenet intelligible for them. Other interviewees
reported that they completely forgot about thisdeaduring the test session because they were too
focused on other information presented. It is réwaale that none of the plant operators used the
buffer tank although additional water would havépbd to cope with some of the challenging
situations they encountered. However, the plantaipes generated fewer alarms in the system and
remained a shorter period of time in alarm statécivmeans that using this feature did not
automatically provide an advantage in accomplishiiregtasks successfully.
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5.2.2 Process values

The rapid changes of the increasing and decreasingne values at the tanks required a high
degree of attention. A test participant, who usex$é¢ numbers as main source of information in the
schematic diagram, reported that watching the nantis changes at the tanks was the main stress
factor for him during the tests. In contrast, tloavfvisualization showed him a better overall

picture of the running processes which enabledekgletection of fluctuations in the water
guantities.

One test participant decided to calculate and coeniee process values in both tests in order to get
an accurate basis for decision making. The systamfaund to be very simple so that comparing
the values during the tests was an easy and singydor him to balance the water level in the
system. Although the flow visualization was consadito be useful to get an overview of the
current status, a precise calculation was fourizetdecisive for adjusting pumps and valves.
Another test subject just did not consider oth&rimation sources as basis for further actions than
the process values. Although the permanent calonktvas perceived as an additional mental
effort and a considerable stress factor, no ottifermation was found to be equally or even more
helpful than the process values. After a shoreribn in the interview, however, he realized ihat
might have helped to look at the balance unitses w

The usage of different units for activating pumlters) and opening and closing valves
(percentage) raised several questions. A testatit reported that once he opened a valve to
100 %, the displayed value turned yellow. Lateherhad never fully opened this valve again until
he realized in the second test that he misundetdtealarm mechanism caused by the different
units of percentage and liters.

5.2.3 Water level indicators

The majority of the participants considered theuawd bars in the schematic diagram as not being
accurate enough to control the constantly changaigr levels in the tanks. For most participants,
they primarily showed an overview of the tank lswehereas the process values were used as main
source of information for adjusting pumps and valv&dditionally, it was reported that these

rather small level indicators caused uncertaingabee they provided for a couple of participants
insufficient information about the remaining timetibalarms occur. It is likely that this was onie o
the reasons that a higher number of alarms andggetalarm duration were generated during the
tests that contained the schematic diagram only.

On the other hand, one test participant foundsib alard to identify the critical stages of the much
larger level indicators integrated in the watemflasualization. The alarm levels shown as grey-
shaded areas were not prominent enough for hinsuiggested using red and yellow colors in the
alarm scale for a more salient alarm indicationweteer, there is a danger that a lot of vibrant
colors hide the key information so that one mayggite to find the needed information. This is
taken into account in the design concept of theestimages since only alarm messages pop out of
the background whereas the basic color scheméhisrrialand. Difficulties in recognizing the

alarm zones could be eliminated by adjusting simeantrast of the grey-shaded areas. It must be
noted that the interface prototype was presentéiaetplant operators on a Laptop with poor
contrast and a smaller screen size compared tmonéors used during the tests with the students.
It is likely that none of the students found itréfere difficult to recognize the alarm limits dret
screen.
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5.2.4 Balance units

The balance units, especially the lines betwedavindnd outflow at the tanks, were highlighted as
most valuable source of information by the majooityhe test participants. During the interviews,
it was frequently mentioned that watching the lihefped to control the water flow in the system
because changes at the tanks could easily be elétdtany participants used the balance units and
the water level indicator as only information s@ufor adjusting pumps and valves. Some others
combined the information from the process valudh e graphical representation of the system
status. For example, a plant operator considetalance line to be “the most direct and
interesting information”. This test participantther noticed that the flow visualization was usefu
to get an overall picture. However, he obtainedentwtailed information from the values in the
schematic diagram which was basis for further astio

5.2.5 Filter

The graphic translation of the water flow was petee to be confusing in the situation where the
bypass valve was completely closed. In this cageean area was still visible, starting from the
trend graph and pointing to the figure of the filfgigure 4.1). One participant remarked that at a
first glance he assumed that there is still wataning through an alleged closed valve. It became
clear that there was no water flow when he chetiedalues in the trend box and the valve.

Another test participant interpreted the blue ctddoe an indicator of clean water. However, the
opposite is the case, since the amount of waterewlin blue flows unfiltered to the feed water
tanks as shown in Figure 4.2. This misunderstandiudd be cleared up at an early stage during
the training scenario and did not appear agairthieresessions. Furthermore, the size of the bar
that gives an overview of filtered, unfiltered asrdined water caused a misinterpretation as well.
The height of the bar was designed in such a wayittieould display the maximum amount of
water in the system. Since it was intended to kkkepvater flow at an optimal level, the illustratio
gave the impression that just half of the capawsig used the whole time. This invited one test
subject initially to let more water run through fiieer until he realized the negative effectslie t
appearing alarm messages.

M Filter

o

I

40

M

a

Figure 4.1 Closed bypass valve Figure 4.2 Filtered and unfiltered water
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5.2.6 Mini trends

All test subjects considered the mini trends aadpabt helpful during tests. They basically
understood that the trend curves displayed the atajwater in the system over a period of time.
However, this additional data was ignored becausddcus was on other, for the participants more
important information. The values in the trend liwat turned yellow or red in critical alarm
situations were not noticed at all. Since the sxtBon with the pumps and valves took place in the
schematic diagram, the alarms were primarily recghin this part of the interface prototype.

In the interviews, the students and plant operaepsesented different opinions about the mini
trends. A plant operator did not pay any attentmthe trend curves because “it was too much
information to look at” and “they were too smalldee something”. Another one remarked that
“the curves are not direct information which yowedehe whole time.” He explained that he
occasionally uses trend diagrams in his work tcagedverall picture of the processes during the
last 12 hours or a shorter period of time. It is surprising that the students on the other hand
could not see any usefulness in showing a histiorieav at all. As a result, two of them suggested
to remove the trend boxes completely and to puerearphasis on the visualization of the water
flow within the system.
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6 Discussion

Within this chapter, the advantages and disadvastafjthe data collection methods applied in this
project are discussed. Furthermore, issues witinteeface prototype are briefly addressed
followed by a review of the pilot study and usdbikvaluation. Finally, the design concept of the
screen images is discussed under consideratidreo€sults presented in the previous chapter.

6.1 Methods

The combination of three usability methods, logdimg actual use, post-test questionnaires and
interviews, enabled to obtain a good overall pietnirthe user behavior and experience. Based on
the data logging, it was possible to review anacibjely assess the participants’ task
performance. It must be noted that there was it dgwrong way to control the water level in the
system, neither was a time specified when to aetilet pumps or valves. The task performance
refers only to the number and duration of alarnmtevit identifying individual responses to
particular events. With this method, it could bédmined how successful the participants were to
keep the water level within the alarm limits.

The focus in the post-test interviews and questors was rather on the subjective user
experience and level of understanding. Subjectata therefore provided explanations for the
behavior and a basis for a reasonable interpretafithe objective performance data. In the
interviews, the test participants were encouragedlk freely about their reactions towards the
interface prototype. The post-test questionnaireewelpful tool to start a conversation with the
participants. However, due to the small amountasfigipants the questionnaire responses were
often spread on the 5-point scales. Thereforead difficult to make clear statements about the
answers on the rating scales. On the other haade#ults of the multiple choice questions, with
only three possible answers, were clear and prdvedgood basis for further reasoning.

Rosson et al (2001) state that the combinatiombjestive and objective data collection methods
also raises a challenging aspect of usabilityrigstthen subjective opinions do not correspond to
the performance data. In the present study, néatfyof the participants wrongly assessed their
own task performance. The learning effect was @algirly overestimated in the second tests which
caused this controversial result of objective angjective data. On the other hand this finding
suggests that not only experience and trainingritnried to a better task performance, but also a
better information representation in form of thagrical representation of the water flow.

The attention of most participants was focusecdherstreen and the tasks were carried out without
communicating actively with the moderator. One sthudand one plant operator were thinking
aloud while interacting with the interface protatydo verbalize the behavior seemed to help them
in managing the constantly changing situations obreging other participants to think aloud

would probably have helped to receive clues abmfepence and performance information at the
same time. On the other hand, forcing a thinkimgidltechnique could have been distracted in
completing the tasks as well.

During the usability tests, it was optional for theticipants to use the graphical representation o
the water flow. The flow visualization suggests aighlights what is expected to be useful to the
test participants. However, some parts of the fatey;, designed for improving efficiency, were not
recognized or considered to be helpful by soméefparticipants. Choosing which sources of
information, process values or graphics, are useddcision-making was influenced by the
individual preference of the test subjects. It barassumed that the educational or professional
background of the participants was reflected indbeision-making process. However, the aim of
the present study was not to investigate the reafewra certain preference. But to control the
effect of individual variability, a within-subjetést setup was chosen so that each participant was
exposed to two different experimental conditions.
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Furthermore, a distinction must be drawn betweeagiive and reactive actions by the test
participants and it needs to be clarified what imasstigated in the present study. Insulated from
normal work distractions, the participants focusaty on the interface prototype and the tasks
presented. The simulated fluctuations of the watezl motivated the participants to intervene in
the processes. Under these experimental conditilbasnteractions with the interface prototype
involved to a great extend reactive actions: wgitor changes and reacting with the aim to adjust
to new situations. However, it was not intendetest the responsiveness of the participants to
different visual stimuli. The speed of reactioraimatter of seconds did not lead to a significant
difference in the results of the two tests, buteathe overall strategy of self-initiated and guaid
actions supported by the interface design.

6.1.1 Interface prototype

Building the interface prototype at the beginnirfighis thesis work became a major programming
effort itself. It was required to provide enougindtionality so that the participants were able to
intervene freely within predefined parameters. Mwgg, a certain dynamic of the processes and
complex interactions within the system had to beutated in order to create conditions that
motivate the test participants to interact with phetotype as much as possible within a short
period of time. Therefore, the processes in theegysvere simulated faster and more unsteady
than under realistic conditions in a thermal poplant. Additionally, no automation that facilitates
the work was attached to the interface prototyperdter to challenge the test participants. The
plant operators were confronted with unusual secesand the fact that any change in the system
had to be done manually and very quickly. The sitglen the contrary seemed to experience the
interface prototype more as a computer game réttheran interface of a real system.

Another issue was that different computer monitoesited different opinions about the interface
prototype. The Adobe Flash animations were displayea laptop and PC with screens of
different size and contrast. On the laptop, thdemmnwvas smaller and the grey-shaded areas were
harder to recognize. Both issues were addressaddplant operators independently of each
other. The students did not mentioned any of tHewever, it could not be determined that these
factors significantly influenced the task perforroan

6.1.2 Pilot study

Overall, it can be determined that the small m@tody was very useful to identify potential
problems with the interface prototype, the questires and the test procedure. The difficulty in
this phase of the project was to find out how muahing is required by the test participants in
order to address the individual learning abilityiring the pilot tests, the training sessions stgadi
increased from initially 4 minutes to 10 minutesl &inally to 14 minutes. On the one hand, the
participants should have enough time to get uséldetanterface prototypes and on the other, the
whole usability evaluation should not be extrentiehgthy so that the participants may become
fatigue. A compromise was found which takes in aotdoth issues and resulted in 14 minutes
training at the beginning and a duration of 28 résuor the test scenarios. Including the time for
the introduction, the post-test questionnairesiatetviews, the usability evaluation took
approximately one hour for each participant. Therall duration was found to be appropriate, but
the individual time necessary to achieve the sawel lof knowledge could not be provided. It
must be noted that dealing with variability is aatissue of especially this study, but of all
empirical work in Human-Computer Interaction. Lagaal (2010) state that the major issue of
empirical studies is to create exactly the samdlitions for each experiment in order to control all
potential factors that may influence the validifytie results. In this present study, it was intshd
to reduce the influential factors as far as poedilyl placing the participants randomly into two
groups. This random assignment is an effective atktb distribute variables such as background
or general motivation across the experimental ¢andi (Rosson and Carroll, 2001).
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The pilot-tests were also useful to experiment wifferent test procedures. Completing the
training session with the two interface prototypest, provided in most cases enough time to clear
up misunderstandings and to answer unresolvedigasstght at the beginning. Since a lot of
information was given in the introduction, the toidt as reminder for the tasks was appreciated
and occasionally used from all participants dutheytest session.

Not all suggestions from the pilot tests, espegilbse concerning the positioning of the sliders,
were implemented in the actual study. The decigqguiace the sliders in the schematic diagram
was made because this image was used in bothaogeptrototypes. Moreover, the visualization of
the water flow was intended to be an additionate®wof information in one of the tests without
any interactivity attached to it. The sliders beean issue for discussions with some participants
who felt that they missed alarm messages at thgppamd valves while they were monitoring the
processes in the upper part of the interface.dt) fowever, these participants caused less alarms
and remained a shorter period of time in alarmeddating the tests with the supplementing flow
visualization. This implies that the positioningtbé sliders in the schematic diagram has not
significantly influenced the results as one migiduane. During the tests they have proven to be an
appropriate tool for the purpose of adjusting takves and pumps quickly within a finite range.

6.2 Usability evaluation

The test participants identified aspects of theqtype that caused uncertainty in accomplishing
the tasks. Although they addressed specific interidements, the problems found do not
fundamentally conflict with the design conceptsithiai trends, level indicators and balance units,
are based on. For example, the water level indisatbthe tanks were considered to be too small
and the alarm limits were not clearly recognizablgs problem could simply be resolved by
displaying the images on a larger monitoring digpléth better contrast or by increasing the size
of the different elements. The presence of the tnémids was of secondary importance during the
tests. Therefore, the usage of these interfaceeglienshould be reviewed under conditions where
the information presented is necessary and impiidamhe users. Significant problems with the
balance units, on the other hand, could not betifilsh On the contrary, the processes displayed
were considered to be unambiguous and easy tdseti majority of the users. However, the
visual feedback when closing a valve could be imgdoby reconsidering the graphic translation of
the water flow. For instance, the green area agseptation of the water flow could completely be
eliminated in order to prevent the misleading insgren that water is still flowing through a closed
valve. Furthermore, the graphical representatiathefilter needs to be reviewed in detalil
especially its size and the color scheme of umétlavater. It is likely, however, that a
representation of a more realistic and complex mfated system would demand for other solutions
of displaying the processes at the filter units.

The problems identified in the schematic diagraenadrimportance if this image is used for further
research activities. In this case, it is recommdrtdeslow down the change rate of the volume
values and to display the amount of water flowingaf the buffer tank. Additionally, for
improving the visual clarity of the schematic diugy, the size of the water level indicators and
alarm limits at the tanks should be reconsidetemtight be useful to display the schematic
diagram and the flow visualization on two differenteens in order to reduce the information
density and to provide more space for designingaarahging the individual interface elements.
However, under realistic conditions most of thei¢ssdiscussed in the interviews would probably
not occur, for example the usage of percentagdit@nsl at the tanks and valves which caused
confusions among some of the students. Plant apsrate used to deal with much more values
that show not only proportionality but also diffetg@hysical units defining temperature, mass,
time, pressure, etc.
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6.3 Design concept

In the present study the participants’ task pertoroe was assessed in a different ways based on
the data logging, post-test questionnaires anadvietes. It could be determined how successful the
participants were in keeping the water flow wittie alarm limits and it was investigated what
initiated their actions in the tests.

The results of the data collection methods sughesthe flow visualization guided most of the
participants’ attention and supported their decigitaking to a great extent. This implies that the
main purpose of the design concept, to facilitafiak detection of deviations from the normal
state and to support handling of unanticipatedhitas, was fulfilled. Additionally, it can be statt
that the graphical representation of the processthe system caused a better task performance
and thus supported a more proactive way of working.

It can be concluded that an interface design basdte developed design concept can help to
balance the mental workload by making the procesgbm the system more visible. According to
Stanton et al (2010), mental workload plays an irtgmt role in designing human-machine
interfaces for control rooms of power plants. Inappiate workload levels, caused either by
excessive or low task demands, diminish the ugperormance. On the one hand, operators
become mentally underloaded if automation redusesituational awareness and consequently
slows down the operators’ responsiveness. On ther biand, operators experience mental
overload if the given tasks exceed their attentioapacity. Good interface design is therefore a
“key element in the safety, reliability and effioiy of complex systems” (Stanton et al, 2010).

6.4 Future work

This thesis report concludes with two suggestiongurther research. At first, the parts of the
interface prototype which caused confusions ambadest participants need to be revised.
Secondly, it would be interesting to analyze ther'ssbehavior in a more realistic setting with a
realistic imitation of the controls. A simulatomtirepresents processes of a shift period would
allow to study user behavior and experience indomxperimental sessions with extended training
periods. As a first step, some of the design prajgasould also be implemented in the control
systems to evaluate them under real operationalitons in control rooms of thermal power
plants. The usage on a daily basis would be sufieéollow-up studies with plant operators and
engineers.
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7 Conclusion

In this study, research questions were formulatezl/aluate the screen images of the feed water
system developed by the Human-Machine System Ras&apup at Chalmers University of
Technology. The aim was to investigate if the gregllrepresentation of the system’s status
facilitates a fast detection of deviations from tteemal state and supports handling of
unanticipated situations. The intended proactiveakm®r involves to think ahead and to initiate
changes in the system before alarms appear.

Overall, it can be confirmed that the flow visuatibn changed the behavior of the majority of the
participant so that less alarms were generatede oecifically, it was found that not only the
learning effect contributed to a better task pernfmmce, but also the graphical elements, designed
to support a more effective decision-making. Tt participants identified the balance units and
level indicators as valuable sources of informafmrcontrolling the water level. Furthermore, the
statistics confirmed that the participants caused hlarm messages and remained a shorter time in
alarm state during the tests with the supplemeritivg visualization. These findings suggest that
the graphical representation of the system’s psaseguided most of the participants’ attention and
choices and thus supported a more proactive behavio

The complex working environment of plant operatomd engineers in control rooms requires an
intuitive screen design that provides an effectiggialization of information. With increasing
automation, the operators need to perceive andpulaté large amounts of data under constraints
such as time and cognitive workload (Zhang, 200Bjs raises new challenges for human factors
engineers which makes further research on impraiagisualization of information in the
process industry necessary and important.
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Appendix A - Interface prototype, normal state
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Appendix B - Interface prototype, alarm state
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Appendix C - Post-test questionnaire

Feelings during the test

1. |felt confident during the test.
1 2 3 4 5

Notatall ¢ o o o ¢ Very much

2. | felt stressed during the test.
1 2 3 4 5

Notatall ¢« < o o ¢ Very much

3. | am satisfied how | completed the tasks.
1 2 3 4 5

Notatall ¢ o o o ¢ Very much

Understanding of the processes

4. How easy was it to understand the processes isytem?
1 2 3 4 5

Difficult ¢ ¢ © o ¢ Easy

5. How easy was it to understand the system's custahts?
1 2 3 4 5

Difficult ¢ © © © ¢ Easy

6. How easy was it to understand what the effectshwlin the system?
1 2 3 4 5

Difficult ¢ ¢ © © ¢ Easy

Self-assessment of the task performance

7. How easy was it to keep the volumes in the tankiimthe alarm limits?
1 2 3 4 5

Difficult ¢ © © © ¢ Easy

8. How easy was it to keep the pumps and valves witieralarm limits?
1 2 3 4 5

Difficult ¢ © © © ¢ Easy
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9. How easy was it to recover from critical alarm as&t
1 2 3 4 5

10. How easy was it to develop a strategy to accomphistiasks?
1 2 3 4 5

Difficult O © © © ¢ Easy

Preference questions (additional questions after thsecond test)

11. In which of the two simulations was the overall esipnce best?

[]1 Simulationwithout flow visualization
[ 1 Simulationwith flow visualization
] Equally good in both simulations

12. In which of the two simulations to you think wasuydask performance better?
[]1 Simulationwithout flow visualization
[ 1 Simulationwith flow visualization
] Equally good in both simulations
13. Which of the two simulations provided the best @@ about the running processes?
[]1 Simulationwithout flow visualization
[ 1 Simulationwith flow visualization
] Equally good in both simulations
14. In which of the two simulations did you better ursland the effects of your input?
[] Simulationwithout flow visualization

[] Simulationwith flow visualization
[] Equally good in both simulations

15. In which of the two simulations did you have bettentrol over the running processes?

[] Simulationwithout flow visualization
[] Simulationwith flow visualization
[] Equally good in both simulations

16. In which of the two simulations do you think younked more proactive (acted in advance before
alarms appeared, rather than just reacted)?

[] Simulationwithout flow visualization
[] Simulationwith flow visualization
[] Equally good in both simulations
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