
Physica A 415 (2014) 503–513

Contents lists available at ScienceDirect

Physica A

journal homepage: www.elsevier.com/locate/physa

Quantitative projections of a quality measure: Performance
of a complex task
K. Christensen a,b, Gisle Kleppe c, Martin Vold d, Vidar Frette c,∗

a Blackett Laboratory, Imperial College London, Prince Consort Road, London SW7 2AZ, United Kingdom
b Complexity & Networks Group, Electrical & Electronic Engineering Building, Imperial College London, London SW7 2AZ,
United Kingdom
c Department of Engineering, Stord/Haugesund College, Bjørnsonsgt. 45, N-5528 Haugesund, Norway
d Simsea as, Karmsundgata 72, N-5529 Haugesund, Norway

h i g h l i g h t s

• Quantitative measures as approximations to qualitative concept: quality in task performance.
• Ship-bridge simulator as laboratory for humans interacting with advanced technology.
• The same simulator exercise recorded for several crews under identical conditions.
• Quantitative measures of task performance have been constructed.
• The crews differ significantly under these measures.
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a b s t r a c t

Complex data series that arise during interaction between humans (operators) and ad-
vanced technology in a controlled and realistic setting have been explored. The purpose
is to obtain quantitative measures that reflect quality in task performance: on a ship simu-
lator, nine crews have solved the same exercise, and detailed maneuvering histories have
been logged. There are many degrees of freedom, some of them connected to the fact that
the vessels may be freely moved in any direction. To compare maneuvering histories, sev-
eralmeasureswere used: the time needed to reach the position of operation, the integrated
angle between the hull direction and the direction of motion, and the extent of movement
when the vessel is to be manually kept in a fixed position. These measures are expected
to reflect quality in performance. We have also obtained expert quality evaluations of the
crews. The quantitativemeasures and the expert evaluations, taken together, allow a rank-
ing of crew performance. However, except for time and integrated angle, there is no cor-
relation between the individual measures. This may indicate that complex situations with
social and man–machine interactions need complex measures of quality in task perfor-
mance. In general terms, we have established a context-dependent and flexible framework
with quantitative measures in contact with a social-science concept that is hard to define.
This approach may be useful for other (qualitative) concepts in social science that contain
important information on the society.
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1. Introduction

Spatial and temporal structures that intuitively are referred to as complex arise in many fields of science [1,2]. Growth
processes leading to fractal patterns [3,4], solutions to NP-complete problems [5], and the many geometrical conformations
ofmacromolecules like DNA [6] are but a few examples. In some cases, simple quantitativemeasures can be found that allow
characterization and comparison of structures. An example is the fractal dimension, a single numerical value calculated from
complex geometries that allows sorting into universality classes [7].

Complex patterns are also generated from man–machine interactions, during operation of advanced technology. Such
patterns reflect both strategic choices, in their large-scale features, and standard modes of operation, on a more detailed
(small-scale) level. Analysis of these patterns is useful from a safety perspective, for training, and for technology develop-
ment. In addition, it may serve as a laboratory for exploring new concepts and measures for complex structures. The data is
qualitatively different fromwhat one obtains from purely natural systems and frommany-agent systems like the stockmar-
ket. The differences apply to both large-scale features and the small-scale (noise) level. In the present contribution, wemake
some modest steps in characterizing geometrical structures generated from human interaction with advanced technology.
The aim is to investigate whether these simple quantitative measures reflect quality in task performance.

On the methodological side, there may be two long-term benefits from the strategy we establish in this paper. Firstly,
as suggested above, new tools for quantitative analysis may be developed as new types of quantitative data are analyzed.
Secondly, and most important, implicit in our approach is an attempt to build bridges between ‘classical’ social science and
statistical physics. Classical social science is very different from the studies published as sociophysics in statistical-physics
journals. Much of classical social science is qualitative, and proceeds by using deep and complex concepts like intention,
culture, group interest, collaboration, alienation, and solidarity. Concepts like these are not easy to define, but convey deep
insight into social structure. Our approach is to explore such concepts by their reflections (or projections) on quantitative
measures. In this paper the concept is quality in task performance. Note that in our approach, quantitative measures are
used as tentative approximations to the concept under study, and are not of fundamental interest as such. Indeed, the main
point of our approach is that we focus not so much on the representations (projections) themselves, but on the process of
establishing, changing and adjusting them.

A ship bridge simulator is used as laboratory. Simulators allow man–man and man–machine interactions to be studied
repeatedly under near identical conditions. The development of simulators as such (modeling of forces, display technology)
and their use (didactic, integration into regulations from the authorities) have been extensively researched [8]. However, we
are not aware of previous studies where the data logged by the simulator software has been analyzed quantitatively from a
statistical-physics point of view.

We analyze complex maneuvering histories of ships obtained from training sessions on bridge simulators. The partici-
pants are professional seamen, and not students (that too often have been used in social-science studies). We suggest and
develop measures that characterize variations in the way a task is solved by different crews, and, possibly, quality in per-
formance. An improved understanding of man–machine interactions may be obtained through such quantitative measures.
Recently, quantitative methods have been successfully used on social interactions of humans—temporal patterns in com-
munication is one example [9].

The quantitative measures of task performance during maneuvering are compared to expert evaluations from experi-
enced instructors. Expert evaluations are intuitive, integrating assessments of complex situations, based on extensive ex-
perience. They cannot always, at least not easily, be broken down to a series of parameter values. Thus, expert evaluations
represent an alternative to purely quantitative measures of maneuvering histories seen as geometrical objects.

In many contexts, quality in task performance is a concept that is hard to define and hard to quantify. Similarly, there
are many other concepts used in social science that are hard to quantify such as culture (specifically: the safety culture
of a company) or alienation (classically split into the chain: alienated product, alienated process, alienated self, alienated
relations). Still, such concepts convey important, integrated insights into social systems. In our approach, the quantitative
measures are approximations to the basic quality concept. Thus, the main interest is not in the quantitative results as such,
but in the tentative interpretations of the concept they offer. The choice of quantitativemeasuresmay be varied as the quality
concept is explored. Assessment of validity is then not primarily based on quantitative consistency but on the depiction of
the concept brought forward by the quantitativemeasures in combination.We develop this approach below using relatively
simple quantitative measures. However, it should be possible to apply our context-dependent framework for other social-
science concepts using more advanced quantitative measures from the statistical-physics toolbox.

Advanced ships are used in fields like offshore oil exploration: dive support vessels, supply vessels, anchor handling ves-
sels, tugs, cable layers, andmulti-purpose vessels. Due to high demands from the operations carried out, these ships need to
have very highmaneuverability. This is achieved through a propulsion systemwith several thrusters, water jets, and rudders
in addition to standard propellers. For some operations, like maintenance of subsea installations, it is crucial that the ship
accurately keeps a fixed position. Therefore, bridge systems usually incorporate equipment for Dynamic Positioning (DP).

DP is a method to automatically keep ships and semi submersible rigs in a fixed position using the propulsion systems
instead of anchors. It may also be used for sailing a vessel from one position to another along a predefined route and, like
an autopilot on an airplane, DP may operate without human involvement. The method relies on accurate determination
of position from external reference systems like GPS, as well as a continuously adjusted mathematical model of the ship
and external forces fromwind, waves and currents. There are six degrees of freedom associated with the motion of a vessel:
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translation along and rotation about each of three perpendicular axes. There is active regulation for three of these (translation
along two perpendicular horizontal axes, rotation around the vertical axis), while for the other three degrees of freedom one
needs accurate measurements to have a correct interpretation of external position information.

This paper is organized as follows. The data obtained from simulator sessions is described in Section 2 and some quanti-
tative measures extracted from the data in Section 3. A discussion and summary is given in Section 4.

2. Maneuvering data

The simulator software allows logging of a significant number of observables during a training session. A typical data set
consists of observables related to vessel position, to the status of the propulsion machinery, and to external conditions like
wind and current. Typical behavior of the selection of observables we have concentrated on is given in Figs. 1 and 2.

2.1. Maneuvering task

Fig. 1 showsmaneuvering during a simulator exercise, as solved by three different offshore crews. In this exercise, a ship
is to be taken up to an installation consisting of three nearby platforms connected by bridges, where a subsea inspection is
to be carried out. The installation used in the simulator exercise is an accurate mapping from the Frigg gas field, located at
the border between the British and Norwegian sectors in the North Sea. However, this part of the offshore field is no longer
in operation, and the installation has been dismantled.

The task consists of three phases: I, taking the vessel up to a position close to the inner corner of the platform installation,
and, II, keeping the vessel in this position until a subsea operation (using an unmanned submarine, a so-called Remotely
Operated Vehicle (ROV)) has been completed.When the position of operation has been reached and the submarine launched,
all DP systems that yield external position references are disabled by the instructor. Thus phase III of the task is to maintain
the vessel in position manually, without (full) support of the automation system (DP). The way the crew handles this
(unexpected) loss of external reference is one component in an accompanying study based on interviews and observations.
Here we concentrate on a quantitative description of the maneuvering histories, taken as geometrical objects.

2.2. Data processing

The data consists of observables recorded at different times ti given in whole seconds. Measurements are triggered by a
minimum change in one ormore of the observables. Therefore, the time difference between two consecutivemeasurements
1t = ti+1−ti is not constant; it has a distributionwith a strong peak at 2 s and a tail extending at least up to 20 s. In addition,
a small 1t introduces quantization effects on the small scale.

Both effects are undesirable for our investigation. To minimize their effect, we apply the technique of coarse graining,
well known from statistical physics. The original data (oi, ti), where oi is an observable recorded at time ti, is coarse grained
such that 1t is as close as possible to 20 s.

Hence, starting with i = 1, find the index j such that tj − ti is as close as possible to 1t = 20 s. Then

onew =
1

tj − ti

j−1
k=i

ok(tk+1 − tk), (1)

tnew =
1
2


ti + tj


, (2)

where the observable ok has beenweighted by the time to the next measurement. This represents an average value, because
the observable ok has not changed by more than a (set) threshold value between two consecutive measurements. Now let
i = j and repeat the coarse graining.

2.3. Maneuvering characteristics

Due to the many options, including partly or full use of DP, as well as variations in offshore experience and collaboration
in the crews, the chosen routes vary significantly. We take the chosen routes as given, basic data. Thus, we will make no
attempt to correlate the details of the routes to parameters characterizing the crews.

In Fig. 1, full maneuvering histories are shown in the left column. For crew C1, the vessel is reversed into position, after
a period of sideways motion. When the operation has been concluded, the vessel leaves through forward motion. On the
other hand, for crews C2 and C3, the vessel is taken into position through forwardmotion. For crew C2 it is slow, while crew
C3 had a relatively fast motion. In both these cases, the vessels leave through backwards motion.

In the right columnof Fig. 1, the later phases II and III of the samemaneuvering histories are shown inmore detail. There is
first a period (phase II) where the vessel is kept in position using the automation system (DP) (indicated by black color). After
the (imposed) failure of the external position references, the vessel has to be kept in position manually (phase III, indicated
by magenta color). These two phases can be characterized by circles indicating the radius of gyration for each phase. For all
crews, the position is much better kept when automation (DP) is used than for manual maneuvering, which is no surprise.
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Fig. 1. Three maneuvering histories, for crews C1, C2, and C3, are shown (top to bottom). In the left column, the trace shows the motion of the vessel
from an initial position in the upper right corner to a position near three platforms connected by bridges (in gray). The center of gravity is shown at a
series of times, with arrows that indicate the direction of the hull. The points (and arrows) shown are separated by 20 s. Note that the direction of the
hull often differs significantly from the direction of motion. The vessel was 100 m long, thus, maneuvering close to the platforms was demanding. Red
indicates motion in the reverse direction, which corresponds to a negative value for the dot product between hull direction and vessel velocity. In the right
column, details on the maneuvering close to the platforms are given. The regions shown have equal area and they are blown-up versions of the dashed
regions in the left-column figures. The smaller (black) circle indicates the radius of gyration of the trace for phase II wheremaneuvering is still controlled by
the automation system (DP), the large circle (magenta) manual maneuvering after loss of external position information (phase III). The large (blue) arrow
indicates the wind direction, and wind velocities are specified. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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Fig. 2. (Color online) Data extracted from the maneuvering histories shown in Fig. 1. In the left column is shown the total distance the vessel has covered
(curve) as well as its speed (spikes) as a function of time. In the right column, the absolute value of the smallest angle between the line given by the hull of
the vessel and its instantaneous velocity is shown versus time. The color coding is the same as in Fig. 1. The three vertical lines indicate the end of phases
I, II, and III, respectively.

We will have more to say about the radius of gyration in Sections 3.3–3.4. Note that in all cases, the direction of the hull
(indicated by arrows) is almost constant while the position of the center of gravity of the vessel varies in an erratic way.

Fig. 2 shows twoquantities extracted from the data in Fig. 1. In the left columnof Fig. 2, the distance the vessel has covered
along its trajectory is displayed, as a function of time (curve). The instantaneous speed is also shown (spikes). Obviously, the
distance curve is obtained from the speed data by integration. Note the differences in the distance curves for the three cases,
resulting from the speed profiles. There is a lot of fine structure in the speed data, including alternation between motion
primarily forward and backwards. There are high velocities when leaving the position near the platforms at the end of the
operation, this is in particular the case for crews C1 and C3. Note also the difference in duration of these three maneuvering
histories.

In the right column of Fig. 2, the absolute angle between the direction of the hull of the vessel and its velocity (direction
of motion) is shown as a function of time for the three crews. During maneuvering of a ship with a simple propeller–rudder
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Table 1
Expert evaluation of total task performance, for all nine crews C1–C9. Three independent expert evaluations were averaged to obtain a final ranking of the
crews. For the two-way tie 8 and 8, we assign the ranking 8.5 to both. For the three-way tie 6, 6, and 6, we assign the ranking 7 to all. This applies in a
similar way for rankings below.

Crew C1 C2 C3 C4 C5 C6 C7 C8 C9

Expert 1 8.5 5 2 3 1 8.5 5 5 7
Expert 2 1 3 9 7 2 6 4 5 8
Expert 3 5 9 4 3 1 7 8 6 2

Final ranking 3 7 4 2 1 9 7 5 7

design, this angle will be close to 0° most of the time. The vessel used in the simulator exercise we consider, on the other
hand, has high maneuverability and is easily moved in any direction relative to the hull direction. The plots in the right
column of Fig. 2 show that the crews use these options to a large extent. The pattern in angle variations differs between the
three crews, with a more persistent signal for crew C2.

2.4. Data sets

We have recorded data for maneuvering carried out by nine crews while solving the exercise described in Section 2.1.
There are significant variations between these nine cases for all representations used in Figs. 1 and 2. In addition to the
maneuvering data, we have for each case a detailed record of observations made during the training sessions as well as
post-session interviews. However, such qualitative data is not used in the analysis that follows below.

2.5. Crews

The exercise was carried out during DP courses for professional seamen. Many of the participants had significant expe-
rience at sea, but not with DP. The simulator courses we have analyzed are parts of the requirements to be certificated as a
DP operator. Two seamen worked together during the exercise described above. The teamwork in these two-person crews
varied much, from close collaboration, via one participant carrying out all tasks, to direct conflict.

2.6. Expert evaluations

In Section 3, we will consider quantitative measures of the maneuvering carried out by different crews. Expert eval-
uations, on the other hand, are qualitative assessments of performance. It is challenging to collect such evaluations in a
systematic way. In the literature, there is not even a consensus on what an expert is.

We have used experienced instructors at the simulator as experts. They know well both the navigation trade and the
training situation at the simulator. The ranking of the crews is based on input from three instructors, see Table 1.We decided
to base these rankings solely on plots shown in Fig. 1, and the experts were given these plots a long time after the training
sessions were carried out. This ensured that the rankings were established under identical conditions. We have additional,
richer material relevant for quality in task performance through comments given during the training session, post-session
interviews with instructors, and observations on communication, special events and similar that the plots do not reveal. To
obtain transparent rankings, this additional material has not been used in the present context.

The assessments differ between our experts. It seems clear that they do not use the same references. These variations, as
well as the arguments behind, are as such an interesting topic that will not be further pursued here.

3. Measures of performance

In the previous section, we emphasized the variations between the maneuvering histories for several features. The vari-
ability reflects differences in the strategic choices of the crews. We have characterized some of the features quantitatively,
that is, we have constructed measures that extract parts of the information contained in structures (maneuvering histories)
like those shown in Figs. 1 and 2.

These quantitative measures have been constructed in such a way that they, possibly, reflect quality in the performance
of each crew. Three of these measures will be described below. We compare these measures to expert evaluations from
experienced instructors, see Section 2.6.

Qualitatively, there are striking differences between the maneuvering histories in Figs. 1 and 2. Under the measures
below, the crews also clearly differ. We take this as a first indication that the measures may be useful.

3.1. Phase I: Time spent

A very simple criterion is the time spent, during the first phase of the operation, to reach the position for the subsea in-
spection. The hypothesis is that a short time reflects quality in task performance. The times varied significantly: The shortest
time spent was 30 min, the longest 73 min, see Table 2.
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The assumption that the time spent on phase I of the task (reaching the position of operation) is an indication of quality
is questionable. Obviously, a ‘the-faster-the-better’ approach may compromise safety. The high day rates paid for these
vessels inevitably pushes towards fast operations. On the other hand, a more detailed and strict regulatory regime has been
established in recent years, and fast operations have less emphasis than earlier.

3.2. Phase I: Integrated absolute angle

We consider now the angle between the hull direction and the direction of motion. As mentioned above, the vessel has
high maneuverability and is easily moved in any direction relative to the hull direction. However, the options for sideways
motion should not be used needlessly: First, fuel consumption is significantly higher during sideways motion. Second,
extensive use of sideways motion necessitates more frequent maintenance. Therefore, the hypothesis is that low use of
sideways motion reflects quality in task performance. In this quantitative measure, the absolute angle between the hull
direction and the direction of motion is integrated along the trajectory.

Results for the nine crews are shown in Fig. 3(a). Here, the integrated angle is shown as a function of time. Note that the
integrated angle is meaningful as a measure of quality in task performance only until the position of operation is reached,
and this is how far each curve has been drawn. For each crew the value of the integral at the end point is taken as the mea-
sure. Values are given in Table 2, and they reflect the accumulated costs of sidewards motion. The crews differ under this
measure: there is a factor 3.6 between the lowest (best) and highest (worst) value.

One may argue that this measure gives too much weight on the time spent to reach the position of operation: Fig. 3(a)
shows that for all crews the integrated angle increases steadily. Thus, a crew that spends a long time, will also have a large
value for the integrated angle, and one would expect time and integrated angle performance indicators to be highly corre-
lated.

To mitigate for such an effect, one may divide the integral by the integration interval. This quantity is shown in Fig. 3(b),
as a function of time. This quantity reflects the slopes in Fig. 3(a), which differ. However, it is difficult to obtain a unique
ranking of the crews from the curves in Fig. 3(b).

3.3. Phase II: Radius of gyration with DP

The second and third phases of the task consist of keeping the vessel in a fixed position near the inner corner formed by
the three platforms, see Section 2.1. During the second phase, this is achieved with the support of the automation system
(DP), during the third phase without.

We have used the radius of gyration to quantify the linear extent of the irregular motion of the vessel during the second
and the third phase of the operation. The radius of gyration Rg is the rootmean square distance of the trajectory r1, r2, . . . , rN
measured from its center of mass rcm [10], that is,

Rg =

 1
N

N
i=1

(ri − rcm)2, (3)

rcm =
1
N

N
i=1

ri. (4)

The number of points N in the trajectory increases with time, so effectively Rg and rcm are functions of time. The radius of
gyration while the vessel is kept in position using DP (referred to as the second phase) is shown in Fig. 4, as a function of
time. Note that for most of the crews, Rg saturates at a value of (1 ± 0.5) m. This is the characteristic size of the random
motion of the center of mass. Relative to the size of the vessel (which is 100 m long), DP keeps position extremely well.

The behavior of Rg during the second phase (under automation) is hardly a measure of quality in task performance. It
will be used instead as a reference for the third phase of the operation.

3.4. Phase III: Radius of gyration without DP

The samemeasure, the radius of gyration, for the third phase of the operation (keeping the vessel in position without full
support of the automation system) is shown in Fig. 5(a). One notes that Rg has gone up by a factor of ten compared with the
value observed with DP (Fig. 4). This is not surprising, obviously, the automation system keeps the position better than can
be done manually. It is also clear from Fig. 5(a) that there are significant differences between the crews.

Consider now three hypothetical but extreme cases where (1) the ship drifts off along a given direction (e.g. due to wind
or current), (2) the ship initially drifts off but the crewmanage to limit the trajectory to randommotion within a given area,
or (3) the ship initially drifts off but the crew manage to maneuver the ship back to the working position and stabilize it
there. This would result in (1) Rg(t) increasing linearly with time, (2) Rg(t) initially increaseswith time but then crosses over
to a constant value, or (3) Rg(t) initially increases with time but then decreases again and goes towards zero. Hence, in order
to evaluate the crew’s performance, it makes sense to take notice of the history of the radius of gyration as a function of
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a

b

Fig. 3. (Color online) Angle between hull and velocity. (a) The integrated absolute angle between the direction of the hull and the direction of motion,
versus time. Results for each of the 9 crews aremarked and shown using different colors (the same color codingwill be used in later figures). For each crew,
the curve is drawn up to the time where the position of operation (close to the platforms) is reached. (b) Mean angle, obtained as the integrated absolute
angle between the direction of the hull and the direction of motion (shown in the upper plot), divided by the integration time, as a function of time.

Fig. 4. (Color online) Radius of gyration, phase II. Radius of gyration versus time for the vessel trajectory for the second phase, where a fixed position is to
be kept using DP. The radius of gyration remains bounded at a relatively small value of (1 ± 0.5) m for all crews.
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Table 2
Values for each crew, for the three quantitative measures of performance: Time is the time used to reach the position of operation (phase I), angle is the
integrated absolute angle between the direction of the hull and the direction of motion (phase I), and radius is the integrated radius of gyration after loss
of position reference systems (phase III). The values for radius were taken at time 7.5 min in Fig. 5(b), that is, shortly before the C6 curve ended. For crew
C8, the third phase was too short for a radius value to be obtained.

Crew C1 C2 C3 C4 C5 C6 C7 C8 C9

Time (min) 42 41 30 30 49 73 47 54 54
Angle (π rad · min) 10.5 7.0 5.0 6.2 8.7 18.2 7.3 7.1 11.5
Radius (m · min) 67 75 47 8.5 23 16 55 19

a

b

Fig. 5. (Color online) Radius of gyration, phase III. (a) Radius of gyration versus time for the vessel trajectory for the third phase of the operation, where
the vessel is to be kept in a fixed position manually, without the use of DP. (b) The integrated radius of gyration

 t
0 Rg (τ )dτ versus time. The intersections

of the vertical dashed line placed at 7.5 min and the curves yield the values given in Table 2 for the radius. Note that the rank is almost independent of
when it is measured.

time. The simplest way to implement such a measure would be to integrate the radius of gyration
 t
0 Rg(τ )dτ as a function

of time t .
A reasonable hypothesis is that a lowvalue of

 t
0 Rg(τ )dτ is an indicator for highquality in task performance. Thismeasure

is shown in Fig. 5(b) and demonstrates significant differences in the quality of task performance. The values given in Table 2
were read off from Fig. 5(b) at 7.5 min, indicated by the dashed vertical line.

4. Discussion and summary

The data shown in Figs. 1 and 2 may be analyzed without much reference to how it was generated, for instance using
concepts like interacting spins on clusters, persistence, and probability distributions. We have not used such an approach,
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Fig. 6. (Color online) Rankings for the nine crews, in the order: time, angle, radius, expert. Note that time and angle both refer to phase I, radius to phase
III while experts’ ranking is based on phases I–III. The time, angle, and radius rankings were based on Table 2 while the expert ranking is the final ranking
from Table 1. In each case, the best crew is given ranking 1, the worst ranking 9. Note that crew 8 has not been ranked under radius, since the third phase
was very short in this case, see Fig. 5.

which would focus merely on abstract geometrical entities. In our opinion, an analysis should reflect the fact that the data is
generated by humans interactingwith advanced technology. Moreover, the datawas generated as certain taskswere carried
out, and we have incorporated quality in task performance in the analysis. While such a concept fits the data well, it is de-
manding to find an objective standard tomeasure against. Purely geometricalmeasures are easy to interpret, but it is difficult
to find a basis for measuring quality in task performance. Expert evaluations do not provide such a basis, as discussed below.

Two perspectives on the performance of the nine crews have been discussed above. Expert evaluations were discussed in
Section 2.6, with results in Table 1—and in Section 3, three quantitativemeasures were considered, with the values obtained
for each crew given in Table 2. The results are summarized in Fig. 6, where the quantitativemeasures have been transformed
to rankings. In all cases, 1 is the highest quality in the set, 9 the lowest.

Fig. 6 displays a reasonable coherence in the ranking of the crews along the dimensions time, angle, radius, and expert. If
one simply averages ranking over these four dimensions for each crew one obtains an overall ranking: C4, C3, C5, C1 and C2,
C8, C7, C9, C6.

However, on a more detailed level, there is a low degree of correlation between rankings under the four dimensions.
Assuming linear relationships, we find support for a correlation only between time and angle (R2

= 0.73) [11]. This is
reasonable, since time is one component in the angle measure, see discussion in Section 3.2. All other combinations are
dominated by outliers, and there are no correlations between the data sets (over the nine crews).

Thus, our data does not support definite functional relationships between the four dimensions or groups thereof (with
one exception, as mentioned above). We do not believe this is merely a matter of obtaining larger data sets, but connected
to fundamental differences between measures.

The expert evaluations were in principle based on all three phases of the exercise, taking into consideration any aspect of
the task performance the expert found to be of importance. The experts had access to both types of plots shown in Fig. 1, but
in effect based their evaluations only on plots like the ones in the left column. These plots are easily interpreted based on
previous experiencewithmaps, while plots like the ones in the right column in Fig. 1 aremore unfamiliar. The orientation of
the vessel seemed to be an important ingredient in the expert evaluations: one viewwas that it should be towards the wind,
another that it should be in the direction of easy escape (in case of emergency), which means that the vessel should be re-
versed into position. We do not believe that a more coherent set of expert rankings would have emergedwithmore experts.

Time rank, angle rank, and radius rank all relate to only one of the phases and themeasureswere based on one observable
expected to reflect quality. Time rank and angle rank are related to phase I and the integrated radius of gyration to phase
III. One may speculate that quality in performance during phase I of the operation should be correlated with quality during
phase III, but our data do not support such a conclusion.

In summary, we have analyzed detailed maneuvering histories obtained from simulator training sessions. This is a
promising type of socio-physical data that allows detailed quantitative analysis and reflect strategic choices. Simulators
are excellent environments for exploring complex situations that combine social interactions and man–machine interac-
tions. Participants in the training sessions we followed were professional seamen, thus there was a high level of realism on
the crew side. Experiments with different crews under close to identical conditions are easily carried out.

We have studied a simulator exercise that is relatively open, and thus allows the crews to pursue different strategies.
Such an open design is interesting from a scientific point of view. On the other hand, educationally, challenges at several
levels are required, from the training of elementary operations, where trainee actions are strongly prescribed, to more
open situations. Should quantitative comparison between the performances of various crews be desirable in an educational
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setting, we suggest that the instructors apply a protocol for the training sessions that would ensure approximately equal
duration of phase II for all crews and equal duration of phase III for all crews.

Using both quantitative measures and expert evaluations, we have ranked the performance of nine crews. There is a
reasonable coherence in the rankings along the four dimensions, when taken together. However, there are no detailed cor-
relations, the rankings along eachdimension are not simple functions of each other, except for the case of time and integrated
angle. Had there been simple functional relationships between time, angle, radius, and expert rankings, one of them would
have been sufficient to characterize performance.

This may indicate that complex situations like the one we have studied necessitate complex measures of quality in task
performance. Phrased differently, this concept could to some extent be approximated by the quantitative measures dis-
cussed above. However, there seems to be more to quality in task performance than these measures reveal. Thus, additional
measures should be sought for the present or similar cases. It would be very interesting to study different, but open and
complex, situations during simulator training.
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