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Recognizing Complexity:
Visualization for Skilled Professionalsin Complex Work
Situations

Arne W Andersson, Anders Jansson, BeSghdbladand SimonTschirner

Department of Information Technology, Uppsala University, Sweden

Abstract. In our research, we study-Bystems for highly skilled professionals

in complex and dynamic work situations. Such situations can be found in e.g.
health care, process and traffic control and in administration. The demands on
the operators/users are often very high concerning quality performanee, eff
ciency, timeliness, safety, communication and coopmratOur experience
shows that human operators can overview, interpret and in real tinam else
most unlimitedamount ofinformation, if it is relevant téhe situation and vis
alized according to human capabilities. The solution to the visualizatidm pro
lem isthereforenot to avoid or hide complexity, but twope with it, to accept

that the complexity must be there. The challenge is to develop systewigifor
alization and support, which can be used efficiently in relation to the comple
ity of the work taskWe believe irrecognizing complexity. First, we describe

the scientific foundation of such an approach. Second, we give a detaited exa
ple of a complewisualization problem, emphasizing the demanding cognitive
operations the operators have to conduct. Finally, we describe the solt®ons, t
visualizations and interactions that make it possible to support the cognitively
demandng task, taking care oféhcomplexity without losing the rich amount of
information necessary for the operators in different situations, boowitd-

ing unnecessary complexity in terms of complicated handling afigbeinte-

face and thénformation systemsSome of these visllizations now run in real
systems and have been evaluated, and we end up by suggestingnenda-
tionsfor successful visualizations in complex work tasks.

Keywords: Complex and dynamic work situations, design of operator systems,
visualization.

1 Introduction

1.1 Theresearch field

In our research we focus thedesign and use df -systems for highly skilled pr
fessionals irdifferent types oftcomplex and dynamic work situations. The demands
on such experise.g. process operatotsaffic controlles, health care staff in inte
sive careunits and professionals in more complicated administrative orgamgatio
are often very high concerning quality, efficiency, timeliness, saf@ymunication



and cooperatianOur experience show thatorganizatios and the technoldgs often
are not designed to support skilled professionals in their demanding, tas#isthat
much of the problems are relatedatbich information thais visualizedand how For
different reasons thimformation systems do na@bmply with the complexity of the
work. In (Endsley, 2003phis is formulated as:"In the face of this torrent of ‘infam
tion’, many of us feel less informed than ever before. This is becauseisheehuge
gap between the tons of data being produced and disseminated, and ouiodiility t
the bits that are needed and process them together with the other bitset@tthie
actual needed information. That is, it seems to be even harder toutingdhat we
really want or need to know”.

To our opinion, the sotion to the visualization problem i®t to avoid or hide
complexity, but to copsvith it. We believe irrecognizing complexity. The challenge
is todesign, develop and deplgystemghatcanbe used efficientlylespitethe com-
plexity of the work task& Thedesign of information and control systems, and the user
interfaces, musmatch the complexity, the needad the capabilities of the human
operators.

1.2 Contentsof the paper

This paper starts with a specificatiohthe conceptomplexityin order to be able to
explore andliscuss it in a systematic way. Tissbased omecenttheoreticabrogress

in the area of cognitive psychology and hurcamputer interactionA second co-
cept of importance in our research is dynamics. Here, we alsocagilefinition, f&
lowing modern literature on dynamic deoisimaking. An gample ofa design sal-
tion is presentedand withits help we describe why human cognition in general is
well adapted to complex and dynamic tasks, but only if the design saotonply
with the generaprinciplesidentified belowWe also preserd moredetailed example
of a complex visualization problem, emphasizing the demanding cagopierations
the operators have to conduct. Here, we describedbignsolutions, the \dualia-
tions and interactions that make it possible to support the cognitivelyndargaask
without losing the rich amount of information necessary for the opsratalifferent
situations,and without adding unnecessacpmplexity and usability probtes The
paperendswith a discussion about why recognizing complextyd understanding
the dynamics ar@mportant in relationto the operators’ understanding of the work
domain and control situation.

1.3 Earlier studiesand experiences

We base ouresults andecommendations on a number of earlier research andt deve
opment projectsExamples are train traffic control, process control in different o
ganisations, train driving, high speed ship operation, health carensysteme care
and administrative work in large organisations. Here we have baflised existing
control systems and operator interfaces and participated in desigmpieeat, @-
ployment and evaluation of new systems and interfaces. The work hagsadbeen
very user centred, involving professal operators in all phases of the projects. Our



experiences are that traditional models and methods for design of cysterins and
operator interfaces very often fail in understanding the complexity of thteoted
system and the control tasks arrbt deliver systems and interfaces that efficiently
support skilled operators. We will explain why such pitfalls oftenesrcountered and
how theycanbe overcomeThe conclusions andecommendations we preséntthis
paperare on another level gh traditional interface design heuristics in human
computer interaction and guidelines that can be found in literature or porate
guidelines Our focus is on understanding and accepting the complexitjoatesign
interfaceswhich support complex tasks and not add unnecessary usability problems.

2 Background

2.1  Separating complex tasksfrom complicated systems

Let us start with a working definition of complexityith complexty we here mean
the ricmess and propertiesf informationthat is given by the process that is to be
controlled, i.e. the essential part of the operator’s work. Thistigomby) a question
of the amount of information, but much more of the properties such asithiger of
system states, their interdependenciemlinearities, time delaysinpredictable &-
haviour and disturbancediscrete decision possibilities efour view on complexity

is in line with (Endsley et al, 2003), i.e. separating system coitplEgm opes-
tional complexity and cognitive complexity (display and task complexitgwever,
we want to separate complexity from dynamics, whiclfuither discussed below.
The richnessof information is perceived and handled, often with an astonishimg lev
of expertise, by users and operators in difiereomplex and dynamic work s#u
tions. Our own experiensén this wayrelate to train traffic dispatchers, train drivers,
high-speed ferry operators, nurses and doctors at intensive care units, ppEess
tors in nuclear power industry and paper milflsrecent literature in cognitive ps
chology, the knowledge that expert users of this Kiagle is discussed under the
heading ofintuition. For example, in the recently published and seminal booluen h
man thinking,(Kahneman 2011) suggests that therestebdio basic conditions for
being able to develop expertise and intuitive skilldifferent kind of work contexts:

1. An environment, or surrounding, that is sufficiently regular in order tprbdid-
able
2. A possibility to learn these regularities througiteasive and lorndasting practice

When both these conditions are satisfied, we can expect human operatvsltp d
intuition and expertise based on knowledge and best practice. Such precise judgments
have been studied by for exampéein and his assoaies (Klein 1993; 1998)An
experienced car drivezan normally and without high cognitive workloadhandle
intense rusthour traffic, manoeuvring the car from one location to another at the
other end of the towrandin real time monitoring what igoing on inside and outside

the car. We monitor and adjust speed and position of the car by contrgpdiarg

brake and throttle, observe the behaviour of thousands of other cacdeqipeds-



trians, traffic signals etc. We can evaluate and take atangber of decisions, s@m
times several per second. During this very dynamic and complex pragesan,
provided that we really are experienced drivers, be cognitively focused enpsdmn
lem of another kind, e.g. noerning what we are going twok for dinner orif the
newly employed cavorker really is well integrated in our work tea8killed intu-
tions, based on recognitiebased decisia) seemto develop whe theopportunities
to learnare generougkahneman & Klein, 2009Moreover,(Ericsson, etal, 2006)
have suggested a range of factors that influence the rate of skill deealogyrmong
these, the kind of learning people employ, level of engagement arnvhtioot, and
the kind of seHregulation processes people use seem to be important. Here, we find a
connection to the model for system development we have used iniagaysl e-
signing systems in the different domains mentioned above (Tsckirag013).

Instead of trying to reduce patterns that are rich of information, weldltry to
include these patterns into the design of modern information syst&mss in line
with (Norman 2010), who argues that we must learn to live with compledtyto
reduce it. But how do we do that? One problem here is that there sebensdniti-
sion almut the use of the term complexity. Many information systems are regarded as
complex because thedesignhas failed to adapt to the actuebntext But this is to
confuse things. A better term for such maladaptive desgtisat they are conipl
cated, andhat they make things more complicated than necessary. There are hume
ous xamples of complicated systems, caused bytleegorganization or the design of
the information systems. This can make the work more difficult Isectiie operator
must focus onhe wrong things, e.g. on how to interpret information or how t@- nav
gate in thehierarchy of thanformation system rather than on solving the problems
related to the control task€omplicated systems of this kind redube operatds
possibilities to cope with the fundamental complegityhe controlled process

The design challenge is to accept and not hide the complexity of the work as such
andatthe same time nab add unnecessary complexity in the interface.

When we studydifferent work settings, where skilled professionals shall kand
very dynamic and complex situations, we see that it is not alwaysteainderstand
requrements and find solutions to how the professionals must be supportedvand h
relevant informationtsould bevisualized.Onepurpose of this paper is tscuss this
problam in relation to a case studgnd we willdescribesome important aspects-r
lated to how information is visualized and usedhese situationandthe problems
and solutionsve havedentified.

2.2  Thepropertiesof dynamic systems

Dynamic should not be confused with “in movement”, i.e. the adittion to si-
tionary. Dynamic is the contradiction to static and means that the syateoefain
important characteristic&s dynamic system e.g. develops over time even if it is not
interacted with, iwill keep on developing even when the interaction is stopgedia
control action at one time wiBometimes not have an immediatiect but is only
recognizable after somanrte. In order to understand therrent and futureéehaviour

of adynamicsystem, it is necessary to know the prehistory of the system and how it



has beerlinteracted with.h order to reach certaindesiredstate in futureit is neces-
sary to know thesurrentstate of the system arbw to interact with it in a relevant
way during some time period. It is necessary to be able to observe the gsystem
enough detail includings history, the goals to be reached must be specified, a model
describing the dynamiproperties of the system must exatd therehave tobe g-
propriate possibilities to interact with the system. In the cadmuwfan control, the
model of the system is the operator's mental model. It can easily be toodetisat
much of this requiresfficient visualization of information.

In practice, most systems that we @igeng to control are dynamid.o manoeuvre
a large and heavy ship, to control a nuclear power plant or a paper miintarm
control train or air traffic, to monitor the steand give therapy to a patient in am i
tensive care unit do handle a complex electronic case imaaiministrative organés
tion are examples. In such and many other situgtimnsian operators, marine ff
cers, pilots, process or traffic controllephiysicians nurses case handlers etc have
the task to monitor, plan and control a complex and dynamic process. BEdhdlyi
requireinformation visualized in an appropriate way. Often this meaush, con-
plex and dynamic informationVhen we study operaits’ handling of dynamic sy
tems,we base this om model(Janssonet.al, 2013) that explicitly focuses on the
models humans develop and the goals they formulate as consequencehafdbtec
istics of the control systemsi.e. the controllability and the observability. Both these
properties are important for the ability to develop knowledgehow to approach a
system and how to reach desired effe€tis model is based on studies on haw h
mans managelynamic decision tasks (Brehmet992). Controllablity and ob-
servabilityare always operationadid in some way, i.e., they manifest themselves in
some kindof visualization. The visu#ation is a key factor for the abilityf a human
operatorto handle a dynamic system

2.3 Anexample

In this paper we arguthat the ontrol of complexand dynamic systemequires
complex and dynamic informatiofkilled professional operators and users must be
supported with information systems that help them to cope with ffieulties they
are facing. However, in practice vadten see that the developels, the design of
information systemften try to avoid, reduce, hide peglect this. The main reason
for this is probablyboth that the designers are nexpertenoughto understand the
complexity d the situation and the needs of the users, and that the users themselves
are not aware of the complexity and cannot express their requiremevediyvekn-
other reason can be that the developers deliberately hidetmgexity of reasons
such as “itwill be too complex fothe users to handle” or that \iill be too compl
cated to develop and maintain”. The result of not recognizing the compieiity
most often result in very poor support fbe users and that their possibilities to cope
with the chdknges in their work tasks are severely limited.

Our interpretation of thiss that if we reduceor hide the complexity and dynamics
that areneeded we cause severe problems for the skilled professiomaksy will
have problems to work efficiently ndtecause of the complexity of the work, but



because the lack of efficient suppdrt.other words, avoiding or hiding complexity
will add another type of complexity related to the user interfand, the users will
experience an unnecessary cognitive wa#loToo little information wil result in
cognitiveoverload. This is a statement that goes in the opposite direction compared
to what can be found in the major body of literature on design and zisti@di today.

In (Edsley, 2003) it is argued that “People can only pay attention to &ncamaunt

of information at once. ... A considerable amount of additional workdsired to
find what is needed and extra mental processing is required to calculateoth@inf
tion the operator really wants to knoWhis inevitably leads to higher than necessary
workload and error”. We have found that people can pay attention to extrengely lar
amounts of informatio, if relevant and visualized s way that corresponds with our
perceptual and cognitive abilities, etige Gestalt laws.

In the case of train traffic contradee kgure 1 below, the information on the large
screens forms a very complex and dynamic patfene skilled traffic controllers can
despite this have @ery good control of what is going on, without consciously focus
on the individual information elements. If something important or ure@geha-
pens, tley will immediately perceive this and turn their attention to foisfurther
analysis and actions.

Fig. 1. Theinformation ofa very complex process, heretiain traffic control in an urban area,
forms a pattern that despite its complexity can be perceivedeffiotently interpreted by
skilled professional traffic controllers.



Another aspect of this exathep which we will discuss more below, is that themeo
plexity shown here is not what they actually need for efficient cbnftee infa-
mation visualized here does not reflect the real time dynamics of thartaic sys-
tem. To visualize this, other infmation sets must be a part of the observability for
the traffic controllers.

We have found, from several case studies, that skilled professional usemn-i
plex work require systems that support them and allow them tdatbgheir a-
vancedprofessionaland their basic human cognitive skill§he users in such work
environments also have the nornmiman cognitive limitations. e design of the
system must not come in conflict with the$éis makes the design and visualization
process very difficultUsercentred design does not mean presenting users with just
the information they say they want or need at any given moment (Eri¥&8).To
understand the needs of the users and to find an appropriate visualizafiores
more tlan traditional user ggred models

3 Human cognitive skillsand limitations

Today, there is general agreement wittesearch in cognitive psychologhyat human
cognition is well adapted to a natural ecology. Our cognition is effiaiet effective
in relation to the tasks we are set to handlsuch surroundingsThis is especially
true for whatrecently hascome to be known as System 1 (Kahneman, ROlHis
system is believed to produce suggestions for interpretations aodsactintinuously
to System 2. This latter systemill only be activated if there are reasons to halie
that the normal conditions ar® longer valid, and that reflective thinking andlpro
lem solving is needed. This latter kind of thinking is constrainedinlynhy being
forced to bring all informatioo the working memory, which is known to hawery
limited capacity. Thus, when we argue that too little information wile giegnitive
overload, it is because the working memory has to continuously cheédcan a new
dialogue or a new window with inforation without being able to relate the different
presentations to each other in a semantically meaningful Weag.design solutions
are in these cases not adapted to the requirements of Systeimich immediately
activates System 2 and prompts for a stbn. System 2 reacts tihe situation in its
own way, which is considerably slowdry allocatinga lot of attention to this new
task, with the result thaither on-going cognitive processeare interfered with and
interrupted.

System 1 is associatedttvilow level processing, high parallel capacity and low
cognitive constrain, but also with rapid and efficient pattern recogngiosuse of
Gestalt laws. It has almost an unlimited capacity to overview, perceive t@nprat
information, also in redime. On the down side, System 1 comes with a number of
consequences in terms of biagégersky & Kahneman1974 Kahneman & Tversky,
1996, but as mentioned abovit,is believed that operators of the kind we stady
able to develop expertise and intuitive skills without exhibiting these biases, s
they deal with a sufficiently regular and predictable environmert are using the
possibility to learn about these regularities through extensive peaffiahneman &



Klein, 2009).However this is true if, and only if, the visualization of the information
is well adapted to the needs of the operatiénsot, the support system will bger-
ceived as making things more complicated, oftetucingthe need to call System 2
into work. System 2s limited in capacityandvery sensitive to different kind of gh
turbances. When using working memory, it is often System 2 thatohearry out
thes processes.

4 A casestudy: Train traffic control

The train traffic system of Sweden is geographically divided into eightatareas.
Train traffic in eachareais controlled from aentralizedraffic control centrg TCC).
At the TCC, information abouthe traffic process status is presented in traagrdims
on large distant panels, seiglie 1 above and/or on several cqmter screens at the
workplace, seeigure 2 below. Operatorsthe traffic controller here called disphtc
ers, monitor the traitovements and control train routes by automatic or manual
remote blockingsystems Track usage is controlled either by automatic functions or
by manuallyspecifying andexecuting interlocking routes for each track sectiam. T
day's control systems are oftdesigned to support the openesg possibilities to react
onand to solve disturbances and conflicts when they occur. In order tanwesss-
ing future demands, new principles and technical solutions are redoirefficient
train traffic control.Contollers should be able to follow the dynamic development of
the traffic system over time amdtherprevent disturbancean solving them when
they already have caused delays

This project has been a long research cooperation between our departmést and t
Swedish Transport Administration. It started with a deep analysis qfrésent sy-
tems for traffic control and the problems experienced there. Requireeethiprad-
types of new systems and interfaces were successively developed andedviauat
closecooperation with groups of experienced traffic controllers and geasaAfter
detailed laboratory experiments a full scale test systems was develepkyed and
tested in two different traffic control centres. The evaluations hbhgwrs that the
new ystems, based on the type of recommendations presented in this papéy; con
uted to radically improved performance. The professional traffic consollere
supported to move from control of the technical infrastructure to dasfttbe traffic
flow andto more optimal handling of traffic perturbations and disruptions (Sathdbla
et. al. 2010).



Fig. 2. The same control centre as inghre 3 but herere-designed fowisualization using a
number of large size screens at each individual workplace.

One main objectivdhas been to shift the control paradigm from HJewel technical
control tasks into highelevel traffic replanning taskgKauppi et. al. 2006)Re
plannirg tasks must be supported by efficient user interfaces that allow itinéréfa
fic controller to be continuously updated and abl@émntify andevaluatepresent and
future traffic conflicts so that these can be taken care of in Timetraffic contrder
must havehigh situation awareneséEndsley 1996)Improving train traffic controls
a very costeffective way to better utilization of existing infrastructureThe traffic
controller can be practive and prevent conflicts.

When the traditional tréit controlwork was analged, several interesting anehi
portant findings related to visualization were made. Some of these acdiaiérig.

Today's control systensedesigned to support the operator's possibilities to react
on disturbances and to selproblens and conflicts when theyave occurredA pa-
perbased timalistance grapis used as a tool for planning. Train dispatcherange
the traffic planby drawingnewtime table lines in the graph. The paper graph is then
used by the dispatcher to remember what needs to be done and at whichniee. S
the new traffic plan is not automatically introduced into the systeene is great risk
that the different automatic functions in the system will work regjathe new plan.
Automatic support systemseanot predictable enough to the dispatchers, because of
their internal complexity. Automates can cause automation sagply performing
control actions that contradict the dispatchers gBainbridge1983) calledhis “the
irony of automatioh, that when workload is high, automation is of the leasksassi
tance. To avoid automation surprises, train dispatchers are oftsdfto take full
control by inhibiting all automatic functions in the disturtzeda andolve the sita-



tion manually Planning isnainly a mental process and the dispatcher musensber
the plan without support and give control commands at the appropneteThis
causes a high cognitive workload and disturbs problem solving.

When decision making of the traffic controllerasanalsed we found that then
formation they base their decisions on was not directly @wailon the panels and
screens. They had to observe what was available andctiggritively generate the
information they actually need. This is an extremely complexitug taskand e-
quires advanced mental models dma experienceOne concrete probleis that the
exact position and speed of the trains are not visualized, since this inéorisatot
available from the signalling system. The only information alkélés the occupation
of a track segment, indicated as red on the panel. By obsehégnghtft from one
segment to the next, the controllers “know” the position, speed antifidation of
each train. If the train suddenly stogss is not visualizedut will after some time be
understood by the controllers since the red segdmsdnot shift as expected.

The controllers’understanding of what dynamically happens, past, presenuand f
ture, is not based on amisualization ofdynamic informationinstead the controllers
must remember what happened earlier, sometimes by writing thimgs dweasuring
time delays using a stop watch and perform control actions without apprsthat
showspredictions of future events.

To summarizethe control of this exemely complex and dynamic systentagay
not supported by relevant and usable information systems and tladizasion, &
though rather complex, dsnot show any dynamic or directly decision relevamt i
formation.

A project was initiated where researchers and a group of experienced dispatchers
worked together, in a very user centred way, to describe and analyse ®gagas
and problems, to develop a new control strategy and to design prototypes,of new
better information system# special focus wasn aspects related to complexity and
understanding of the dynamic properties of the train traffic contradrsys

The result was a completely new control principle and a completely naalizés
tion of information to tk dispatchergKauppiet.al.2006).The new control principle
means that the dispatchers, i.e. the traffic controllers, will be suppgreahipletely
new systems for rplanning, traffic control and visualization. In the new system they
are supported to monitor the dynamic movementsldfahs in their control area, to
identify disturbances and traffic conflicts and efficient toolsdlve these conflicts by
re-planning directly in the interface. The traffic plan is executed automatichkyw
the planned train movements are approaching present time. An example oéw
interface is shown below inigure 3. The replanning tools (lgure 4) and some &
tails on indication oftraffic conflicts (Hgure5) are also shown below

The new control systemnd traffc controller user interface haween fully deve
oped and evaluated in full scale operational traffic control atdentrol centres in
SwedenEvaluations have shown that the concept and design contribute to improved
support to the dispatcheradabetter planning of train traffi¢Sandblacet.al.2007).

The most important differences and improvements achieved, compares dful th
control principles and operator interfaces, are:



e The dispatchers, i.e. the traffic controllezan now focus on idéifying the distu-
bances and confliciand make appropriate changes in the traffic plan. Thispis su
ported by visualizing decision relevant information and supportingiam®ning.

The execution of control commands is completely automated, somethingrthat ea
lier wasa main task and took cognitive capacity from the problem solvingiactiv
ties.

e The interface shows history, present time and future plans. In thithe/alynamic
properties of train meements and signalling system amntinuously visualized.

e Theinterface shows all decision relevant information simultaneously angiain
time, which minimizes unnecessary cognitive workload.

e The effects of replanning actions are always directly visible, so the dispatchers
have a direct feedack on their actions.

e The traffic plan can be made available to all involved actors in the trafiiegsp
e.g. train drivers and railway companies, which minimizes the fugearal can-
munication.

Fig. 3. The new traffic controller user interface. The interface shtwvestrain traffic plan, &
viations from the original plan, the planning via a tidistance graphthe present state (train
position and speed), the history, planned maintenance work etc. Static indorimsaéi.g.the
trackstructure.



Fig. 4. The replanning taskare performed directly in the graph. A train is selected ana hig
lighted. The selected graph line can be manipdlaging the mouse scroll wheét. this way

all re-planning tasks can be performed directly in the interface and the resulting glesctly
visible. Examples of rplanning tasks are changing departure and arrival times, track usage,
train speed etc.

Fig. 5. Exampleof visualization ofdifferent types ofconflicts. Conflicts are automatically
detected and indicated. Yellow circles here mean a line conflict, e.g. twertra@t on a single
track line. A yellow square means station track conflict, i.e. two trainslaneqd to use the
same station track. During-manning the removal or appearance of a conflict is visualized in
real time.



5 Recommendations

Experiences from several applied research projects that we have been invalved in
have detailed knowledge about, together with the more theoretical bactgdeu
scribed above, allow us to make some more general conclusions anthyee-
tions.

5.1  Recognizing complexity in design of visualization

If a work situation is complex, and if the process thatastrolled is complex and
dynamic, then the human operators will depend on complex informationftomper
their tasks. It is never a good idea to hide the complexity wy to be “user friendly”
by simplifying things in a way that does not support skilled professioras.uSkillel
professionals rely on complémformation to perform their wotkTherefore, lie de-
sign of an operator system must be based on how we canrstigpoperator’s work
in an efficient way, recognizing complexity and sotythe conflict between co-
plexity and good design.

“Cognitiveoverload” most often comes from visualizing too littkeirrelevantin-
formationandof using bad coding and desighwell designed, the human operator
can overview, interpret and handle very large, almost unlimited, amduintfemna-
tion. If the information needed foh¢ complex and dynamic tasksnist visualized in
an appropriate way, the human operator mustldpvend use very advanced mental
models and the very limited capacity of the short term memory. THisauise “cg-
nitive overload”. Already very small amounts of information can be isiptesto use
if not properly designedinformation overload in a cgmex and dynamic situation
comes from showing too little, not too much!

5.2 Recognizing complexity in the systems development process

The process of analygy the control process and work situation, specifying reguir
ments, designing, developing and deploying the control systerthandsualization
and interaction in theperator interface mudte based owery detailed knowledge
about the work performed by the operatorbe processnustbe user centrednd
actively involve skilled professional user3raditional process, task analysis and
modelling methods can neither capture the complexity of the informatoopba-
tors need, nor detailsr equirements concerning visualization and interaction. It is
only using ierative user centred methods, prototyping and evaluationsahdilfil

the actual demands.

5.3 Recommendationsfor visualization

We can, based on the experiences discussed above, give some concrete practical re
ommendations concerning visualization in complex and dynamic cortratisis.



Different types of recommendations, guidelines and heuristicdefsign and vis-
alization of operator interfaces have been presented earlier. In (Endsigya2a4 of
recommendations for design of systems and intesfatb support high situation
awareness are described. Our recommendations below are to a largygedenpl-
ance with these, but are more concrete and aimed to support the actual vienalizat

We must here emphasize that it is never possible toggiveral recommendations
that can be directly applied in the design of a specific system in a speciféxtcon
The detaiéd solution will always “depend on...”. But based on the generalnmeco
mendations, together with necessary knowledge about how to intamuteapply
these the following examples can suppdine design of usable interfacks humans
in control of complex and dynamic systems

Below we present some of the most important recommendations.

Show the whole and the details simultaneoudy. Rationale:lf the user/operator has

to focus on a sific detail, it is important to show the relation of this detail to the
rest of the availablénformation. In many systems the information oaither be
shown in form of an overview dand only or)in form of a selected detaWhen a
specific detail is visualizedhe user cannot see the relation of the detail to the whole
and cannot see which other details are availabté how to find themin suchsys-
tems it iseasy to get lost and to fail to notioe consider important thinghat occur

in other parts of the systerit least it will add cognitive load that disturb the chain of
thoughts.

Example In an electronic patient reco{EPR) systemall information about one
patient is stored. Very often tH&PR contains very large amounts of informatien r
lated to different medical problems, encountegisodesnd time periods. In an old
paper based patient record the physician could hold the whole record iaraharid
turn pages with the other. The wholvas always visible when a certain page was
opened. Today the physicians often report that they lack overvieily, geslost in
the record, that they always are afraid to miss important informatbithanhthey are
slow in readingand spend most of thidime searching and navigating. If the whole is
always visiblethese problems can to a large extent be avdiskssl Figure 6 and 7).



Fig. 6. In this example an overview of the total EPR is visualized. It consists ofempetird

with important data that are always visible and four piles of documents togéthem index

of each pile. The user can choose to open one pile or select a spmuificetht from the index.
Themenuat the bottom is for navigation to other information “rooms”.
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Fig. 7. Hereone document is opened for reading. The whole record is still visible and it is easy
to identify which pile and document is opened. Reading of consecutive pages is dome by tur
ing of the pages. Links between different documents are indicated in the indexes.



Show all information needed simultaneoudly; support continuous overview of the
whole process. Rationale:Based o thefact that we humans have abhility to ove-
view, perceiveandinterpretalmost unlimited amounts of information simultaneously
and in realtime, if it is properly visualized, we have found that it is often pésdd
show very large amounts of information simultaneously. This iscésify true for
skilled professional operators in a complex work environment. When thermat
formed by theénformation is well known and relevant to the goals of the work, large
sds of information can be monitored aadalygdwith very low cognitive load. This

is not surprising since we humans are used to be and act in oamaledynamic
environments when we e.g. drive a car in rush hour traffic or walk around tiovthe
on abusy Saturday meet friend in the crowd and watch for things to buy in the shop
windows. If we do not see all information simultaneously must start to remember
things in our limited working short term memory and use cognitiveciigar nav-
gation etc

The human operator needs to be continuously aware of what is going on, in order
to be prepared to act when needed and to be able to act proactively. Evem-f the i
formation visualized is very complex, an experienced operator can, iéfigndsp-
ports this, easily scan the images whenever needed and directly without esnscio
attention identify relevant perturbations or disruptions. If not all relevanilslare
continuously availablethe operator has to actively search for relevant information,
somehing that requires high level attention, makes it easy to miss impahiags,
can lead to safety problems etc.

This also includes the informatiomeededfor development of efficient mental
models. Ifthe operata continuously can follow the dynamic behaviour of triwole
system they will learrio understand the dynamic properties of the system and how
they can and should act in different situations.

Example Figure 8 shows an example of an operator user interface from a process
industry. Here the wholprocess is visible in one single view, together with diagrams
showing the dynamic development of different process states. The degatopithe
process can be observed continuously and important changes can be iderdified an
taken care of before theyddop into something problematic. The amount of info
mation is not a problem for the operator.

This could be compared to another design, where the operator was supposed to
monitor an overview where only some states were observable, togétheventual
alarms. When needed, the operator could select a process detail showing ofe part o
the procesdn this case there were more than 20 different details available. When one
detail was selected, the whole and the other parts are not visible.
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Fig. 8. Example of an operator interface for industrial process coritha. visualization co-
tains both static information in the background aydamic information in the fogeound.
Information is coded with regard to the importance for the operator. Despitenitdexity, for
novice usersa skilled operator has no problems to overview and interfiretterface using
very low cognitive capacity.

In Figure 3 above, we can see another example. Here the whole train trafficgand si
nalling process, including history and planned futaes be displayeth one single
view. When this new traffic controller interface was presenten experienced
controllers were fist afraid that this was too much information tovien and inte-

pret in realtime. Our argument, as being the designers, was mainly that thisiis act
ally the infaomation they use today in their decision making and control tasks, but
without seeing it. If they do not see the information they must developnsaty
complex mental models to handle the situation. When implemented, nhellers
rather fast learned tase the interface efficiently and the evaluation indicated that
they developed much better understanding of the complexity and dynafmike
traffic process and could improve the control.

Show dynamic information. Rationale:Operators of dynamic systenase always
interested in the development of the system. They want to know isvigming on,
what probably will happen, how they can control the systerthat a desired beha
iour or state is reached et€.they only see the present state of the systarhabe
interested in the history, the trend how fast the state is changing, they havecto a
tively remember or even take notes in order to follow the dynamics.rFex@er-



enced process operator the key informatoathe first and second time derivags,
not (only) the present valu#f. dynamic data are visualized, the operator can by just
scanning over the image get a direct feeling for what is going on.

Example 1:

A
150 +
100 +

Temp (°C): +85 —] +85
p (°C) 0 L

| | >
-10 0 +10 min

Fig. 9. Thetemperature can be rather uninformatiwhile the history and trend ameuchmore
relevantfor the operatarlf the temperature just now is 85C, this can have a very different
meaning and require different actions, depending on if it is sinking or resiighow fast

Example 2:1n Figure8 above, the relevant dynamic information for different process
states are visualized. Tlkgnamics of the system staiean be easily observed by the
experienced operator and unwanted behaviour detected before anythingtigats cr
This supports high situation awareness andgative control.lt has shown to be a
common main task for process operators to act so thaisksefor problematic sitr
tions are reduced. To hagentinuoushigh situation awareness, and to take care of
perturbations as early as possible, reduce the risk to have to handle chaetiionsi
later.

Emphasize what isimportant. Rationale: In comgx work environment, when very
large sets of dynamic informati@revisualized, it is important to support identédic
tion of what is important in a certain situation. What is important in a givenxtonte
must be thoroughly investigated and visualizedcifitly. Static structures can be of
less importance. Data vakige.g.85) aremore important than enigiis (e.g. °C). High
values can in one context be more important tharologsetc.

Example See Hgure 8 above Here very many items are coded in rielatto their
importance. The static structure that the operator always knows is in thgrdaaak
Important process parts, states, valetesare in the foreground. Importance is coded
by e.g. contrast, font size, colour dttsing amedium grg background allows coding
using both light (whiteas background codip@nd dark (blaclas foreground coding
colours.

Time related information. Rationale It is often important for the user to relate i
formation to a time scale. The information as suahaaly be interpreted in relation



to when it was generated andradationto other data. The information must beuss
alized in a form that the user/operator easily can relate to a time scale.

Examplel: In train traffic control, the traditional way to ggent informabn was
by track diagrams (seddure 1 above. If a certain track section was occupied by a
train, the section was coloured red. But it was not indicated Wigesection became
occupied and when is can be expected to be free dgditgure 3abovean altera-
tive visualzation is used. All trairmovements are visualized in form of lines in a
time-distance graph. This allows the traffic controller to see the dynamib® cfg-
tem and relate track occupation to time. The information canmabity énterpreted
even for large train traffic regions.

Example 2:n the patient record system it can be important for the user, physician
or nurse, to be able to relate e.g. laboratory findings, patient eecgutents of
medical relevancetc to a tne scaleWhen such presentations are not shown, the
uses often complain that they “do not see the process and cannot relate diffatent
to each other”. This can e.g. be shown by the option to select a view wheratreleva
data are visualized alondime axis.

Show effects of alternative decisions. Rationale In the control of complex andyd
namic systems the operator often hagvaluate complex situatiorend decide on
what to do and when. Often it is also difficult to predict thesjids outcomespn
short and long term, of alternative decisions. One solution can beto thk opea-
tor to try different alternative solution to the present problem and ecthjirvisualize
the result of thee solutions.This requires that it is possible to sepatht decision
from the execution, so that the operatare given the possibilities to “play around”
before making the final decision.

Example One example can be seen iigufe 4. Here the train traffic controller is
allowedto try different alternativefor re-planning of the traffic before selecting one.
When a certain decision is tried, all consequences such as upcoming conflits, del
of trains etc. are directly visualized.

Support development of mental models. Rationale Normally the operator’s user
interface is designed to support control tasks. We know that an imippasdrof the
work of the controller is to continuously furthéevelopingther mental model bthe
controlled system. Even if certain dynamic properties are not dimetigled focon-
trol, they are essential for development of the mental model.

Example: Show dynamic information continuouslhllow the operator to “play
around” and see the effeatBmanipulationsSee Figurel above

Efficient coding of information. Rationale:Visualizing large sets of dynamic dat
requires efficient coding. Based on theory of perception (propertiesecdfitnan
sight/view/eye system) and cognition, many heuristic rules for efficdioding can be
derived. What is a good solution must be evadidn each specific context.



Example:Different coding mechanisms can be used. Examples angrast, use of
colours, foregroundbackground, patterns instead of text, fixed positions, consistency
etc.

Visualization of automatic systems. Rationale:Automaion very often adds eo-
plexity to the operator’'s workif automatic systems are autonomoius. do not only
execute the operatorintention butmake decisions according to thewn alg-
rithms, it becomes difficulfor the human operator to predict whiaé automatic st
tems will do, when and whyThis will cause “automation surprisés(Bainbridge,
1983)and other problem®ne common result is the “tuitroff” syndrome i.e. the
operatos turn the automatic system off in order to be in full control.

Example: One solution can be to only use-aatonomous automatic systems, so
that they only execute the operator’'s plans. If autonomgsteras are used, iteb
comes important to visualize what the automatic systems will do, whentgnd his
can in manycases be extremely difficult.

6 Discussion

We have argued that skilled human operators, in complex and dynankicsitver
tions, must be efficiently supported. This requires that they arédgbwith systems,
interfaces and visualization that helpem to cope with the challenges. The solution is
not tohide, avoid or neglect the complexity, but to accept it and find approprgte

to support the skilled professional users. We have found, with supportHemmes
and from a number of case stesli that skilled human operators can handle extremely
complex and dynamic situations without cognitive overload. On the cpnliraiting

the complexity and showing adittle informationcan oftencausecognitive overload
since thiswill causdack of the information the operatoreed for understanding and
deciding on control actions. Here the visualization is a real chall&viganust eff
ciently visualize very large, complex and dynamic information patt@&me informa-
tion presented to the operato#rsmust be designed to support human and profe
sional skills, without interfering with our inherited limitatioos adding unnecessary
workload

Classical heuristics of HGIre too general to guide design of control systems and
operator interfaces in wercomplex and dynamic work situatiorhe recommenat
tions presented in this paper try to complement traditional design krgaviadhis
respect.

When we base #design of operator interfaces on the recommendations aleve,
have found that the operatbrgork is better supportedndthatacceptance from the
operators is high. They report that they now “have an overview and what is
going on”. They can be continuoushrthelloop, havehigh situation awareness and
develop a preactive behaviour.
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