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Abstract We discuss the human role in hydropower
system control, noting how it is different from other
supervisory control environments and noting the
typical shortcomings in current displays provided to
hydropower system controllers. We describe steps to-
wards evaluating proposed functional displays with
industry hydropower controllers whose time with us
was limited to a few hours. This involves selecting test
scenarios that may maximally demonstrate advantages,
if any, of the functional displays. Here we propose a
scenario design approach based on a simplified human-
control loop model. Starting from a basic human con-
trol cycle: detect — analyse — act — evaluate, we
identify scenarios in which the functional displays are
expected to provide information in a more effective
way than current displays. Based on this approach, the
prototype of new functional display was tested with
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industry controllers. The experimental method and
subjective results are reported, and the lessons we
learned are discussed.
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1 Introduction

Designing displays for hydropower system controllers
is a particularly challenging undertaking. This is be-
cause the hydropower system controller’s role encom-
passes many different kinds of systems that have to
work together, and many different timeframes in which
activity takes place. However no studies related to this
have been done. Most display design work in power
systems has been done on transmission network con-
trollers (Overbye et al. 2002; Wiegmann et al. 2005) or
on nuclear power plant controllers (O’Hara et al. 2004;
Roth and Woods 1988; Vicente et al. 2004; Woods and
Roth 1988). Neither of these is relevant for the
hydropower plant operator, who must monitor and
analyse vast amounts of data from diverse domains and
on different time frames to control the energy source,
to generate electricity, and to meet economic dispatch
targets while keeping an eye on transmission status and
constraints, and on changes in the market. Demands on
the controller are exacerbated by the fact that hydro-
power companies often serve peak load, which is highly
driven by dynamic market forces.

In this paper we describe the complexity of the
hydropower system controller’s work and outline
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Fig. 2 Role of the human
controller in the deregulated
electricity market (adapted
from Sheridan 1987).
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Trader at Company X

prepares his generators in time to make the electricity
requested. The Automatic Generation Control (AGC)
driven centrally by NEMMCO controls all generator
units inside the market, keeping the frequency of the
power system around the nominal value to maintain
the stability of the whole electricity network.

The human controller’s role is to monitor this pro-
cess to ensure it is done successfully. The controller
intervenes where necessary to ensure an unbroken
supply of the electricity the company has been dis-
patched to make for the market and to avoid penalties.
The dynamic nature of the electricity market has led to
profoundly different patterns of generation than be-
fore, and a need to respond to contingencies and
opportunities much faster than before the market ex-
isted.

Given this environment, the human controller’s
work is a mixture of reactive and proactive control. The
process of monitoring for failures and intervening is
reactive. However monitoring also involves a proactive
search for situations that might become problematic if
not handled early. When detected, such problems lead
to discussion, decision making and planning of future
action, which often takes the form of changing when
and from where electricity will be made.

2.3 Relationship between human supervisor
and automation

The above description focuses mainly on generation
and trading. As indicated in Fig. 1, hydropower system
operations also cover the management of water storage
and water diversions. In the longer term, there are also
irrigation requirements to be met.

The levels of automation that support the above
functions are vastly different. Because electricity trav-
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Dispatch
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Realtime
dispatch

Generator data
Electricity market
management company

Controller at Company X

els at the speed of light, a high level of automation is
needed to maintain power system stability because the
human controller simply cannot respond quickly en-
ough. The decision about which generating units will
run within each ‘“‘aggregate unit” of power stations is
driven by attempts to optimise water use. This decision
is also automated because of its complexity and be-
cause of the short timeframe in which it sometimes has
to be made.

In contrast, water storage management takes place
over hours and days in the shorter term and up to
months and years in the longer term. Here the human
controller makes decisions with the help of off-the-
shelf software tools that help him predict future water
levels. In particular, water surge is controlled by
automation.

Finally, decisions about participation in the elec-
tricity market are determined strategically by company
traders in consultation with controllers for input
relating to plant safety and availability of resources.
Controllers have to follow transmission constraints
provided by NEMMCO on the basis of overall system
stability and security concerns.

The current displays in the hydropower company
control room extract data from SCADA and AGC
systems. The displays present scheme status in separate
physical systems such as the hydraulic network, gen-
eration, the electricity market and the transmission
network. For example, to monitor water, controllers
use a hydraulic overview display that lets them navi-
gate information related to the water network and drill
down to specific components such as gates and valves.
However, the current displays do not provide infor-
mation that integrates past, present, and future views,
or that integrates the different subsystems shown in
Fig. 1 in a way that allows higher-level properties to be
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seen. Decision making often depends upon such inte-
grated views. Hollnagel has noted that a control room
should be a “room with a view” of past, present, and
future states (Hollnagel and Woods 2005). To achieve
views that integrate information across the right time-
frames, companies either buy further off-the-shelf
applications or develop their own tools in house. Even
so, it is seldom that the kind of integration is provided
that allows controllers to assess consequences across
the different subsystems shown in Fig. 1.

3 Functional displays

Figures 3 and 4 show two displays conceived by
Memisevic in an attempt to overcome the above
problems. The displays are the outcome of an analysis
of the work domain and its temporal characteristics
that is discussed in Memisevic et al. (2005) and San-
derson (2005). The displays are intended to provide an
integrated view of past, present, and future, and in
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Fig. 3 Energy flow (EF) display (Memisevic et al. 2005)
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particular to provide a view of the future across time-
frames appropriate for different kind of information,
and to support controllers’ awareness of operational
constraints and boundaries. Detailed descriptions and
a rationale for the display are forthcoming; here we
provide enough detail to understand our description of
the scenario design for a first evaluation of the displays.

The energy flow (EF) display in Fig. 3 is intended to
support short-term (5-30 min) coordination of real
time energy production. In the five general areas that
run counter-clockwise from top right to bottom right,
the display shows (1) information about weather, (2)
information about the energy source (hydraulic net-
work), (3) energy generation against targets (presented
across the centre as generation within aggregate units
of power stations), (4) energy distribution (transmis-
sion network), and (5) power quality.

The hydraulic network provides information about
storage levels, whether they are increasing or
decreasing, and time at which the level will reach a
limit. Generation within each aggregate unit of power
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Fig. 4 Water efficiency (WE) .
display (Memisevic et al.
2005)

stations for 25 min is shown in each tall rectangular
shape in the centre of the display. The functions across
each aggregate unit represent 5 min energy targets
from NEMMCO for each aggregate unit of the
scheme. The actual output (green) of the aggregate
unit is plotted across the horizontal dimension. Current
constraints on generation are reflected in the different
background greyscale values, which let controllers see
the range of generation they have available for that
aggregate unit, whether it could be immediately
available from the generating units currently operating
(black) or would require generating units being turned
on or off (dark grey). Unavailable capacity is shown at
top of an aggregate unit (medium grey). The maximum
amount of generation that can come from an aggregate
unit is limited by any temporary constraints in the
transmission network. This maximum, the transmission
constraint, is represented by a horizontal red line with
red circles at its ends that sits across the aggregate unit
affected. For example, in Fig. 3 there are transmission
constraints on the first, fourth and fifth aggregate units.
Further problems in the transmission network to the
major regions are signalled in the network display at
bottom left. At right two graphs indicate how the
hydropower scheme’s reserve generation is being used
to contribute to the control of frequency in the net-
work. Thus an integrated overall snapshot of scheme
status is available for the controller.

The water efficiency (WE) display in Fig. 4 is one of
several displays that show longer term information
about a single storage across a day. The vertical axis
represents water storage level (shown via a blue func-

isega

o

tion across the display that is marked off into 30 min
market intervals), inflow (a dark purple function), and
efficiency (an orange function). The horizontal axis
represents 24 h, running from left to right. A vertical
green bar down the centre indicates the present mo-
ment. Therefore the past, present and future state of
the water storage is evident, with future states based on
the present and planned use of water through genera-
tion and any other water diversions. In addition, the
maximum and minimum storage constraints are red
horizontal lines at the top and bottom of the display.
The target storage level according to the scheme daily
operational plan is shown as a green horizontal line
across the middle. Similar displays are available for all
storages. They can all be viewed singly or can be col-
lected into an integrated overview of smaller versions
of Fig. 4.

A further display (not illustrated here) provides
financial data over the same time frame as the WE
display and in a similar 24 h display format. This dis-
play, the Revenue (RE) display, shows all gains and
losses of the hydropower company for a whole day.
The Revenue display supports a better understanding
of the potential economic impact of scheme configu-
ration.

4 Model-based scenario design
The goal of our research was to perform an initial

evaluation of the functional displays described above.
The evaluation was done at a participating hydropower
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company with industry controllers whose time with was
limited to around 5 h only. For the evaluation, the
controllers were to operate the scheme with a subset of
the current displays (Current interface) or with the
current displays supplemented with the new functional
displays (Functional interface). Several scenarios were
to be used, each around 30 min. A key concern was the
scenarios to present in the experiment.

To achieve a thorough evaluation of novel display
concepts, scenarios should capture any potential
advantage of new displays as much as possible. Ideally,
in our case, this would include most representative
financial and operational risks that a generating com-
pany might face. The conflict between the ideal
requirements for the evaluation and the limited time-
frame imposed created a challenge for our design of
the evaluation experiment and the scenarios within it.

4.1 Approach

Given the above challenge, we focused on two con-
siderations. The first consideration was to identify
emergencies occurring in the hydropower system that
would be more effectively represented with the Func-
tional displays than the Current displays. The second
consideration was to identify how human controllers
might interact with the displays.

Eight fundamental contingencies, listed in the left
column of Table 1, were selected to cover the most
typical financial or operational risks of a hydropower
company as well as to highlight the anticipated
advantages of the new displays. A simplified human
control model was developed to capture information
that the human controller would need for (1) detection,
(2) analysis (understanding and projection), (3) deter-

mination of possible actions, and (4) evaluation of
impact of action.

Most models of human-in-the-loop behaviour have
similar phases relating to observation, selection of ac-
tion, and action execution. For example, Boyd’s well-
known OODA loop (Observe — Orient — Decide

— Act) breaks selection of action into two parts,
orient and decide. In contrast, in our proposed model,
we divided observation into two parts, observation
focused on detecting problems and observation fo-
cused on evaluating the results of actions, for the fol-
lowing reason. As noted, hydropower systems are
highly automatic, so human controllers only intervene
when necessary. In contrast to an automatic control
loop that is tightly coupled to changes in the external
world, the human control loop is only loosely coupled
to such changes. Therefore a key issue for successful
human control is when the controller should intervene
and when he should leave control with the automation
or hand control back to the automation. The human-in-
the-loop model used in our case should highlight the
above. As a result, detection is general observation
that helps controllers notice any contingency and
evaluation is a more focused purposive observation to
assess whether the system has recovered to normal
after an intervention. This leaves us with a
Detect —» Analyse — Act — Evaluate model. This
made it much easier for us to identify the details of the
process by which a controller would respond to a
contingency.

4.2 Proof of principle study

For each of the contingencies shown in Table 1, a
domain expert performed a walkthrough to identify

Table 1 Contingency events proposed for scenarios with some advantages of the Functional displays for handling each contingency

that emerged from the walkthrough

Contingency

Advantage of Functional display(s)

1. Failure of a transmission line within the HPS region
2. Failure of a generator belonging to HPS

3. Change in forecast inflow of rain and water runoff
4. Change in energy demand for some hours ahead

5. Change of bid from a participant in another region
6. Change in transmission constraint

7. Change in market target for pumping

8. Change in demand (sudden) that changes frequency

EF display shows immediate impact and participation
of different aggregate units in the consequences

EF display immediately shows whether dispatch target
can still be met and supports immediate responding

WE display indicates whether a spill or low storage
level will result and whether daily water target is met

WE shows impact on water use and storage; RE
display shows impact on earnings

WE shows impact on water use and storage; RE
display shows impact on earnings

EF display shows change immediately and indicates
whether generation can be moved elsewhere

EF display will show change for next dispatch interval
and how reserve is affected

EF display will show deviation in frequency and the
scheme’s recovery process

@ Springer



Cogn Tech Work (2006) 8:269-282 275

Table 2 Walkthrough table for evaluating how effectively the Current versus Functional displays support human controllers during
the contingency ‘““‘Change of Transmission Constraint” (contingency 6)

Detection Analysis Possible action Evaluation
Current 1. Detect “‘price 1. Identify the cause or type of 1. Follow the updated 1. Assess the deviation between
displays separation” on Energy  contingency from market energy target target and current generation
Dispatch display operator’s report and offline immediately on on Energy Target display to see
software Unit Auto Control ~ whether target is recovered
display
2. When in peak demand, might 2. Possible rebid to 2. Watch rebidding result on
consider shifting generation to NEMMCO on AUPAB display
recover generation profile, such Merit Order
as browsing Hydraulic overview display
display
Functional 1. See the loss of 1. Immediately identify the type of 1. Same as above 1. Assess the target deviation and
displays transmission capacity contingency and the affected unit next target on Energy Flow
on the affected on Energy Flow display display
aggregate unit in
Energy Flow display
2. Visually determine the possible 2. Same as above 2. Same as above

places for shifting generation,
further refer to Water Efficiency
display etc. to develop strategy
for re-bidding and preparing for

reorganising generation

3. Monitor the impact on market
income on Revenue display

4. Examine storage configuration
in terms of constraints and
daily operational plan

exactly what information the Current display and the
Functional display would each provide. The goal was to
elicit any potential benefits from the WE and EF dis-
plays within each stage of the human control loop:
Detect —» Analyse — Act — Evaluate.

Table 2 provides results for a walkthrough of a sin-
gle contingency called ‘“‘change of transmission line
constraint” under the two display conditions. The first
row illustrates the Detect — Analyse — Act — Eval-
uate loop with the Current displays and the second row
with the Functional displays. The Current displays re-
ferred to, and the order in which they were considered,
is illustrated in Fig. 5. When using the Current displays,
controllers must look across several displays from dif-
ferent subsystems to gain an overall picture and in
addition would use separate software tools to calculate
the potential impact or imposed constraints for pre-
paring future actions. However, with the Functional
displays there would be far less need to seek infor-
mation across several displays or to use separate tools
to perform integration. In what follows we provide
more detailed information about how the displays
would be used for the ‘“change of transmission line
constraint’” example.

Detection The transmission contingency cannot be
directly observed in the Current displays. Only the

consequence of the contingency can be seen in the
current NEMMCO Energy Dispatch tabular display
as a so-called ‘‘price separation”, where prices
increase rapidly and the dispatch target drops in the
region affected by the constraint. In contrast, with the
new EF display, transmission capacity associated with
each aggregate level is represented as a red horizontal
line. When the line moves down from the top it
indicates the presence of an active constraint, as
shown in Fig. 3.

Analysis After detecting the contingency, the
controller has to identify the cause from NEMMCO’s
Energy Dispatch display and plan possible
interventions. If demand for generation is at a peak,
then it may be necessary to shift generation to other
units so that energy demand can continue to be met.
The controller will look for information about storage
levels, inflow, weather and the availability of
generating units in order to develop a strategy for
reorganising energy production across the scheme and
re-bidding into the market. In the Current displays
such as Hydraulic Overview, Transmission Network
and so on the information provided is insufficient to
support such planning. For example, the controller has
to use a separate software tool to estimate how much
capacity was lost with the transmission constraint. In
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Possible Action Evaluation
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1). Energy Dispatch 1).Transmission Network

1).Unit Auto Control 1). Energy Target

2).Hydraulic Overview

2).Merit Order 2). AUPAB

Fig. 5 The Current displays that controllers would walk through for handling contingency ‘‘change of transmission constraint”

contrast, with the new EF display, with a single glance
the controller can see how much capacity was lost and
can see whether generation can be moved elsewhere in
the scheme. For example, Fig.3 shows that the
leftmost aggregate unit still has a lot of reserve
generating capacity. Furthermore, when planning to
reorganise generation with the Current display the
controller must use separate software to predicate what
the storage levels will be at a fixed moment in the
future. In contrast, the new WE display lets the
controller see not only what the storage levels will
be, but also whether future storage levels will fall
outside the desired operational boundary and, if so,
when. When such information is available for all
storages, alternative plans can be drawn up much
more easily. For example, Fig. 4 indicates that there
will be excess storage levels under present conditions,
so it is better to move generation to this power station
right now.

Possible action The controller’s first response will
be to adjust generation to follow the dropped target
immediately to avoid a costly market penalty.
Afterwards, he might change the company’s bid to
try to restore the initial amount of generation being
sold to the market. The displays used in this phase are
all panels on which control actions are taken, which we
have not redesigned. Therefore there is no difference
between testing conditions in how control is exercised.

Evaluation To evaluate whether the generation
profile is recovering as desired, with the Current
displays the controller reads out the deviation of the
target and actual output from an Energy Target
display. However, with the Functional displays the
EF display includes such information as well. If
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rebidding is needed, controllers using the Current
display can only see the result of the new dispatch
schedule for the rest of the day on a so-called AUPAB
display, whereas with the new Revenue display (not
shown here) controllers can visualise the financial
impact of their new configuration for the rest of the
day.

4.3 Scenarios

After the walkthrough, a table was created that sum-
marised some of the ways that the Functional display
may provide unique assistance to the controller when
he handles each contingency (see Table 1). As illus-
trated above, the assistance involves either providing
an integrated view of past, present, and future, allow-
ing the controller to see the impact of the current
conditions, or providing an integrated view of the
interplay between different subsystems at present,
allowing the controller to see immediate possibilities
for actions.

The scenarios we used for the evaluation were
constructed by combining one or more of the above
contingencies into a coherent stream of events (see
Table 3). The first criterion for selecting contingencies
was that they could be plausibly combined with others.
For instance, pumping is hard to integrate with many
other contingencies, because a hydropower company
does not pump when the price is high—instead, it
generates. In contrast, a frequency deviation can occur
at any time in the network. Frequency deviation is
usually handled by automation so that such a contin-
gency can be easily integrated with others. The second
criterion for selecting contingencies was to see whether
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Table 3 Profile of the final four scenarios used in the experiment

Scenario Contingency Season Inflow Peak de- Description

20% increase in long term demand in Vic and NSW, ancillary service increase,

transmission line 65 failure

Transmission capacity from HPS to NSW dropped 90%, change in short-term

demand, change in forecast inflow

mand
1 1,48 Summer Low  Yes
3 6,83 Winter High Yes
4 2,3 Winter High Yes
5 7.8 Summer Low No

Generation taken off in one aggregate unit, change in forecast inflow
Change of pumping target, frequency deviation

Note For details of each contingency, see Table 1

any two contingencies might have a common or similar
human response. For instance, controllers would re-
spond similarly to contingencies such as changes in the
bid of other region and changes in energy demand.
Therefore we only used one of the above in con-
structing the final scenario.

Based on the above approach, the four complex
scenarios in Table 3 were created. As well as distrib-
uting seven of the contingencies across the four sce-
narios, we had to set up profiles for weather, inflow and
demand for each scenario. For example, the first sce-
nario is that during peak demand, the current and
forecast demand in two regions keep increasing, which
provides a good opportunity to increase generation,
but the inflow is so low that only a limited amount of
water is available to the controller for generation. The
only option is to operate the scheme on the boundary.
In contrast, in the third scenario one aggregate unit
fails in the peak demand period. However the inflow is
high, so that the controller has plenty of water to use
but the energy target is low. The controller must try to
pick up generation by re-bidding into the market.

In summary, the overall rationale is not only to try
to create a good range of scenarios, but also to increase
the challenges facing the controller by creating con-
flicts that might require them to control the scheme on
an operational boundary or to rebid into the market to
try to recover profitability. The expected benefits of the
new displays are most likely to be realised in such
challenging situations where the direct perception of
operational boundaries or constraints and the integra-
tion of high level properties would be very useful.

5 Measures of performance

The goal of measurement was to capture changes due
to the new Functional displays in the most sensitive
way. Both subjective and objective measures were used
in the experiment. In this section we describe the
subjective measures which tested how effective the

new Functional displays were in the following areas (1)
capturing the problem solving time frame as intended,
(2) supporting situation awareness, (3) promoting trust
and self-confidence.

Whether the intended time frame was accurately
captured in each display was tested by asking partici-
pants to rate the time frame in which each display would
be most helpful for understanding scheme status. Par-
ticipants could select one or more of the following op-
tions: real time, next 5 min, next half hour, time until
load changes significantly, rest of the trading day. One of
our intentions with the Functional displays was to pro-
vide support for thinking effectively within and across
timeframes. This is because hydropower systems have
constraints operating in different timeframes (Memis-
evic et al. 2004; Memisevic et al. 2005; Sanderson 2005).

Situation awareness (SA) is a construct that
encompasses awareness of system information (SAl),
awareness of system state (SA2), and ability to project
future states (SA3) (Endsley 2000). Gathering con-
trollers’ subjective opinion of how well the Functional
displays improved their SA1, SA2 and SA3 allowed us
to test how well they thought the displays conveyed
scheme status and oriented them to the future, in
particular.

Trust and Confidence questions tested controllers’
views of how well the displays had helped them in each
particular situation (Lee and Moray 1994; Lee and See
2004). Li et al. (2005) noted that to support controllers’
trust that they are getting an accurate picture of
scheme status, displays should represent information
about system performance, underlying processes and
high level purposes, which is what we aimed to achieve
in the Functional displays. We also asked controllers
about their confidence in their ability to control the
scheme with the help of the displays.

Besides the above subjective measures, objective
measures were also collected to systematically analyse
participants’ performance. Data logs were collected of
scheme status, system events and controller actions and
video was collected from freestanding camcorders as
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well as from a head-mounted camera on the controller.
The objective data are still being analysed and will be
discussed in future work.

6 Experiment
6.1 Goal

The goal of the experiment was to see whether the new
Functional displays would lead to better controller SA,
trust and confidence, and whether the intended time-
frames represented in the new displays would be suc-
cessfully conveyed to controllers. The details of the
experiment are given below.

6.2 Method
6.2.1 Participants

Consistently with the way roles are allocated in a real
hydropower system control room, each run of the
experiment included two participants—a controller
and a coordinator. There is some overlap between
controller and coordinator roles, but, in general, con-
trollers are in charge of hydropower scheme operation
whereas coordinators assist controllers and handle
market changes. Controllers generally serve as coor-
dinators before becoming controllers. Similarly, coor-
dinators have generally had experience in engineering
and technical aspects of scheme operations before
becoming coordinators.

The study reported here involved four controller-
coordinator pairs. The participants were all experi-
enced professionals who had worked in a large
hydropower system control room for a period from
around 1 year (the most junior coordinator) to over
10 years (the most senior controller).

6.2.2 Apparatus and simulation

Figure 6 illustrates our experimental configuration. It
is relatively unusual for hydropower companies to have
full-scale training simulators (unlike the nuclear power
industry). Because our industry partner did not have
their own simulator we developed a medium fidelity
simulator in MATLAB® that simulated hydropower
scheme operation, including the water network and
storages, generating units, the external market envi-
ronment and the electricity network (Memisevic et al.
2004).

The simulation ran on two connected laptop com-
puters (3.05 GHz CPU processor, 992 Mb memory,
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15” screen and 1,280 by 1,024 pixel display resolution).
As seen in Fig. 6, each laptop drove two large (19”)
additional screens through a Digital Tiger video
extension card. The laptop screens showed displays
used to make control actions, and screens that sup-
ported rapid navigation across the different displays.
The large screens showed displays used for monitoring
only, including the new Functional displays. Partici-
pants could rearrange screens as they wished.

The controller used one laptop and the coordinator
used the other. The functions in each laptop were
allocated according to the principal responsibilities of
the controller and the coordinator in the control room.
The simulation ran on Windows 2000 and had 36 dis-
play pages in total to represent the “‘existing’ interface
and all pages mimicked the functionality of the ones in
the real control room.

The simulation had an embedded data capture
program that captured over 7,000 variables every 4 s
about the simulated hydropower system status and
about the displays accessed. The data were stored in a
MATLAB® matrix file on each laptop and are the
source for objective measures of control performance.
In addition, two video cameras captured the use of the
different displays and comments from participants. As
shown in Fig. 6, the controller also wore a small head-
mounted camera to track the general direction of gaze
during the scenario (Omodei et al. 1997).

6.2.3 Experimental design

A within-subjects design was used in the experiment.
Each controller-coordinator pair experienced the four
test scenarios shown in Table 3, each around 30 min in
length. The order of scenarios was counter-balanced

Fig. 6 Experimental setup showing controller (foreground) and
coordinator (background at right)
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across participant pairs by using a Latin Square. The
counterbalancing was arranged so that for each sce-
nario, two participant pairs ran the scenario with the
Current displays and the other two participant pairs
ran the scenario with the additional Functional dis-
plays. The Current display condition was always used
in the first two scenarios and the Functional displays in
the last two scenarios. The reason for not counterbal-
ancing the order of displays was our limited time with
controllers. Our goal was to give participants as much
time as possible to become familiar with the simula-
tor’s instantiation of the Current displays, and how to
make control actions with the control screens, before
adding the less-familiar Functional displays. This is a
potential confound from the purely experimental point
of view but we opted for it in order to acquire as much
valid information about performance with, and opinion
about, the Functional displays as possible.

6.2.4 Procedure

The experiment ran for around 5 h for each participant
pair and involved five phases: (1) introduction, (2) fa-
miliarisation, (3) scenarios, (4) post-scenario ques-
tionnaire, and (5) post-experiment questionnaire.
These are described in more detail below.

Introduction In the first 30 min, participants were
presented with some sample snapshots of the simulator
screens and the new Functional displays. The rationale
and a full description for each new display were
provided and participants’ questions were answered.

Familiarisation This section was about 45 min.
With the experimenter’s assistance participants
worked through a sample scenario to learn some
basic operations for running the simulation, such as
how to use menus or toolbars to navigate through
displays, how to activate a monitor display and move it
to a certain position, how to start/stop generation in a
generating unit, how to adjust the voltage levels and so
on. In almost all cases the procedures were the same as
in the real control room, but because there were fewer
screens than in the control room participants required
some time to review screen navigation and learn
idiosyncrasies of the simulator environment.

Scenario The details of the scenarios are given in
Table 3. Prior to running each new scenario,
participants were given a daily operational plan and
an inflow forecast report for reference. These are tools
that are provided at the start of a shift in the real
control room and they act as orientation to the goals
and areas requiring close attention. Participants were
also encouraged to communicate as they would in the
control room, in a natural task-related conversation.

Post-scenario questionnaire  When each scenario
was over, there were two phases of questioning. First,
the participants worked as a team to answer specific
questions about the scenario they had just experienced.
The questions focused on whether and when
participants recognise the approaching constraints or
contingency, how they evaluate the situation and what
the consequent control options would be, and what the
future scheme status would be like, so exploring their
SA status in detail. Second, participants completed a
written questionnaire individually and independently
of the other participant. They were asked to rate each
overview monitor display for which time frames it
supported, and to rate their overall trust and self-
confidence level and so on. The post-scenario
questionnaire took around 25 min.

Post-experiment questionnaires At the end of
the experiment, participants individually and
independently answered a written questionnaire in
which they self-reported their overall SA, trust and
self-confidence level on 7-point Likert scales. They
were also asked to select their five preferred displays
to go on the wallboard in the control room from a
set of nine overview displays that included the
principal Current and Functional displays. Finally,
participants gave open-ended comments on the
Functional display as well as on the scenarios and
the experiment itself.

6.3 Results

Because of a last-minute shortage of available coordi-
nators, in one experimental session a coordinator who
had run in a previous session stood in for a missing
coordinator. As a result of his own caution, due to his
prior knowledge of the scenario, and a misguided hint
from an experimenter intended to prevent the coordi-
nator acting on prior knowledge of the scenarios, the
coordinator behaved more passively and did not re-
spond to the controller’s clear need for help as effec-
tively as he had done in his previous session. For this
reason, we judged that this particular participant pair
did not experience the experiment as intended, and
that as a result the teamwork between controller and
coordinator was not representative of normal team-
work in the control room. Hence we were compelled to
drop that participant pair in the data analysis. As a
result there are 4 (scenarios) x 3 (participant pair) = 12
valid trials in the experiment.

As noted, in this paper we focus on participants’
subjective responses. Participants’ answers on post-
scenario as well as on post-experiment questionnaires
are analysed as discussed in the sections below.
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6.3.1 Post-scenario questionnaire results

Intended time frame. Most participants agreed on the
time frames for which the new displays were created
(see Table 4 for results). For example, 100 and 83%
participants reported using EF display for real-time
and short-term control, respectively. Participants re-
ported using the WE display more broadly; with 50%
participants using it for planning short-term bidding
and 50% for developing a rebid for the rest of day
when a contingency occurs. In their free-form com-
ments, two controllers commented that they needed
more time to evaluate the WE display, mainly because
the WE display was implemented on the coordinator’s
laptop and so was less directly accessible to the con-
trollers, although quite visible.

Trust/confidence. On a 7-point Likert scale (1 =
much less; 7 = much more) in which 4.0 indicated
indifference between the two display conditions, par-
ticipants reported a better overall trust in getting a
more complete and accurate picture of the Scheme
when the new Functional displays were added (mean
rating = 4.83) compared to just with Current displays
(mean rating = 4.08); #(5) = -2.09, P = 0.09 (one-tailed
tests are used as we have a directional hypothesis).
Participants also had better self-confidence in their
ability to control the scheme with the Functional dis-
plays (mean rating = 5.25) than with the Current dis-
plays (mean rating = 4.33); #(5) = -2.2, P = 0.08.

6.3.2 Post-experiment questionnaire results

Situation awareness. A 7-point Likert scale was used
with the mid-point rating again indicating indifference
with respect to each display condition. Ratings signifi-
cantly higher than 4.0 were not found for SA1, but
were found in favour of the Functional displays for
SA2 (mean rating = 4.83); #«(5) = 2.19, P = 0.08; and
SA3 (mean rating = 5.3); #(5) = 6.5, P = 0.003. Thus,

Table 4 Percentage of participants allocating each of the
Functional displays to the timeframe indicated at left

Time frame EF (%) WE (%)
Real time 100* 33

Next 5 min 83? 50?
Next half hour 33 50?
Time until load changes significantly 0 33°
Rest of the trading day 13 50*

Note Multiple choices were allowed
“The time frame that each display was intended to support

"The timeframe in question may not have been relevant for
scenarios selected

@ Springer

participants considered that the Functional displays
had a greater effect on their comprehension of system
state and on their ability to predict future states than
on straightforward perception of system information.

However the post-experiment questionnaire did not
reveal any differences between displays in overall trust
and self-confidence among participants. From partici-
pants’ comments, this may be due to some anomalies in
the simulation data compared with real scheme data,
caused by some of the approximation techniques used
and our limited access to more commercially sensitive
scheme data for use in the simulator.

Wallboard display preferences. Five of the six par-
ticipants selected the EF display for use in an ideal
wallboard, and four of the six participants selected the
WE display for use in the ideal wallboard. These rat-
ings were the second and third highest ratings respec-
tively out of the nine possible displays listed. The
highest rating was for the existing hydraulic overview
(HO) display. These results suggest that (1) the
Functional displays successfully complement the Cur-
rent displays and (2) there may be room for further
enhancements of the EF display to provide hydraulic
information.

In their comments, most participants agreed that
both Functional displays had potential and that they
could see their advantages. However, they commented
that because the evaluation time was so compressed it
was hard for them to “‘set up their direction” (of con-
trol), incorporate the new displays into their routines,
and fully test their potential advantages. The partici-
pants felt they needed more time and greater realism
to fully evaluate the value of new displays. In addition,
many participants commented that they also needed to
test the displays on the equivalent of a normal day,
rather than a highly abnormal day, to see how the
displays indicate where they are and where they going.

7 Discussion

Overall, the questionnaire results indicate that the new
Functional displays are starting to work as intended.
The expected advantages of the Functional displays are
evident in the subjective reports. Evident in the par-
ticipants’ subjective reports are comments about the
benefits of providing an integrated scheme view of
past, present and future, revealing the imposed con-
straints and the consequent impact of current situa-
tions, providing an integrated view of the interplay
between different subsystems, and visualising possible
action spaces. Participants using the Functional dis-
plays reported a better awareness of the significance of
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current scheme state, a better projection of the future
status in terms of planned goals, a greater trust in
getting a complete and accurate picture of the scheme,
and a greater self-confidence in their ability to control
the scheme. Moreover, the intended time frames for
which new displays were created were successfully
conveyed to controllers.

Given the above, the scenarios that we used in the
experiment have clearly gone some way towards
achieving the goal of highlighting expected advantages
of the new displays. The fact that controllers’ opinion
of the Functional displays was generally positive is in
contrast to many such evaluations, where initial con-
troller reaction to new advanced displays can be neg-
ative, even when the new displays reveal performance
benefits (Vicente et al. 1996).

However, our experiment had limitations that we
hope to correct in future research. First, our scenarios
may have “over-exercised” the displays. In order to
create situations in which the effectiveness of the dis-
plays would be tested in a way that created data, we
compressed several contingencies into scenarios of
30 min. Therefore, what would normally be considered
major contingencies or even major system accidents
could occur in relatively close succession, which is
certainly not usually experienced. As a result, partici-
pants found it difficult to set up their direction. If
possible, the follow-on evaluation should have longer
scenarios and should include some relatively unevent-
ful scenarios.

Second, although we took pains to introduce par-
ticipants to the displays and to help them become
familiar with navigating the simulation, our time was
still too short. Most participants noted that they did not
have enough time to become familiar with displays and
the navigation, which made the events in the scenarios
even more daunting to handle. Although the Func-
tional displays were intended in particular to support
controller adaptation to abnormal situations (Ras-
mussen et al. 1994) a phased evaluation moving from
normal situations to abnormal situations would be
preferable. In addition, limitations of the simulator in
some places had a negative influence on participants’
performance and on their trust that they were getting
an accurate picture, and therefore on their ability to
draw conclusions about the displays.

7.1 Future work

Our remaining work is to complete a systematic anal-
ysis of the objective simulation data and the video data.
The objective measures to be used are (1) control
quality, (2) activity measures, and (3) measures of

control adaptation. The results of the objective mea-
sures are expected to reveal more about the effec-
tiveness of the Functional displays, despite the noisy
data.

Control quality includes proactive measures of how
well the controller configures the plant to meet
incoming demands. Figures of merit will be revenue,
water efficiency and ability to meet daily water goals.
Figures of merit will also include how well the target is
followed in real time, as reflected in the deviation of
actual energy output from the dispatch target, and the
application of any market penalties.

Activity measures include simple observables such
as the time to detect a problem, time after detection to
act, and time for action to take effect.

Control adaptation measures explore patterns of
variability in controllers’ responses. As discussed
elsewhere (Hajdukiewicz and Vicente 2005) small
variability within or between participants in achieving
high level system goals combined with full use of the
discretion available in actual control actions may
indicate good human-system coupling; the opposite can
be interpreted as poor human-system coupling.

Finally, we hope to run a follow on evaluation using
an updated version of the simulation and displays, but
with different scenarios. Test scenarios would be much
longer and would be phased, starting with scenarios
that represent more normal kinds of operation and
then proceeding to abnormal situations.

7.2 Summary

Hydropower system controllers work across multiple
domains with different properties and constraints, and
they monitor and control processes whose time con-
stants range from being instantaneous to running over
minutes, hours, and days. If controllers are to maintain
effective situation awareness and exercise effective
control, their displays must integrate their problem
solving across domains and time frames. The Func-
tional displays we have developed and are evaluating
are a first step towards this goal.

Evaluation with industry controllers familiar with
conventional displays must be carefully designed so as
to give novel display concepts the best possible
opportunity to reveal their advantages. The proposed
model-based steps towards designing scenarios proved
to have some effectiveness because participants re-
ported some benefits of using the Functional displays.

However the scenarios used may not have tested the
displays as sensitively as they might, due to the short
exposure time, the density of unusual events, and
perceived anomalies in the simulator. The “‘ecological
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validity”” of any evaluation is a function of the match
between the expertise of the participants, the realism
of the work situations simulated and the fidelity of the
work tools, rather than just one of those elements
(Rasmussen et al. 1994). Getting the balance right is
the major challenge for evaluation of new display
concepts.
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