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Abstract

It is commonly accepted that designers of supervisory control systems cannot comprehensively anticipate operators’ information

needs. In order to compensate the lack between the information presented by the supervisory control system and the information needed,

operators tailor the information presentation.

Currently, there is a lack of theoretical understanding of tailoring activities and hence fundamental principles for the design of

supervisory control systems that support tailoring activities in a systematic manner.

Any data being presented to the operator is on one of the four different scale types proposed by Stevens. The scale type of data is

determined by how values are assigned to the dimensions of the system being supervised and each scale type specifies a set of operations

that can be legitimately applied to data on this scale type.

Based on the concept of scale transformation the paper proposes systematic principles for operator-initiated adaptation of the

interpretation of system properties as presented by the supervisory control system. The value of the approach is illustrated by means of

examples.

r 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

For successful supervisory control it is important that
the human operators can make sense of the state of the
system being supervised based on the information pre-
sented by the supervisory control system. When designing
supervisory control systems for complex systems it is not
sufficient to ask operators what they wish to see on the
interface. Information requirements should be captured on
the basis of an analysis of the specific work domain in
question (see, e.g. Vicente and Rasmussen, 1992). It is
characteristic that operators need information not only
about the basic physical plant functioning that instrumen-
tation usually senses, but also higher-order properties of
e front matter r 2005 Elsevier Ltd. All rights reserved.
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the plant functioning, e.g. progress towards goals and
functional abstractions such as heat exchange, and mass
and energy transfer. Such higher-order properties are
usually not directly sensed, but may instead be derived
from multiple sensed values combined mathematically with
constants such as density and specific heat (Reising and
Sanderson, 2002).
Apart from the need to comply with the basic informa-

tion requirements it is important that the supervisory
control systems are capable of presenting the information
to the operator in an appropriate manner. The information
presentation is crucial with respect to how well operators
can perform their tasks (Woods, 1991).
It is commonly accepted that designers of supervisory

control systems cannot comprehensively anticipate opera-
tors’ information needs at design time and therefore
operators will need to perform tailoring activities. Cook
and Woods (1996) made an important distinction between

www.elsevier.com/locater/ijhcs
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1The term ‘‘dimension’’ is used to refer to relations defined for objects.

Unary dimensions correspond to properties of individual objects (property

dimensions), and binary dimensions correspond to properties of ordered

pairs of objects. See, e.g. Palmer (1978).
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system tailoring (modifications of the system made by the
practitioners to make it support the cognitive tasks that
they face) and task tailoring (adaptations of the practi-
tioners strategies for carrying out tasks, to accommodate
constraints imposed by the system). In this paper we are
primarily concerned with system tailoring. Field studies of
how operators monitor a nuclear power plant have shown
that operators tailor the information presentation in order
to reduce their cognitive demands in particular task
situations (Vicente et al., 2001). Some of these tailoring
activities are directly supported by the interface while
others are performed by workarounds using facilities in an
unintended manner or by adding post-its, tags and paper
messages. Vicente (1999) has argued that it is preferable to
create supervisory control systems that support tailoring
activities in a systematic manner.

The present paper argues that scale types and scale
transformation are fundamental concepts for an under-
standing of tailoring activities (or at least a subset of these).
Any system data is on a specific type of scale determined by
the rules according to which values (numeric or symbolic)
are assigned to specific system properties. Stevens (1946)
makes a distinction between four types of scales: (1)
nominal, (2) ordinal, (3) interval, and (4) ratio. The
operations that can be legitimately applied to data, i.e.
the operations that lead to meaningful statements about
the property it is referring to, determines the scale type of
data. The ratio scale is the strongest scale as it allows the
entire set of operations, i.e. determination of equality,
determination of greater or less, determination of equality
of differences, and determination of equality of ratios. The
nominal scale (the weakest scale), on the other hand, only
allows the determination of equality.

Data can be transformed from one scale type to another
weaker scale type. Such scale transformations leave
invariant the relation between data and the particular
property that data is referring to, but change the set of
operations that can be legitimately applied to data. In that
sense scale transformations are orthogonal to those data
transformations that aim at deriving higher-order proper-
ties from properties that are directly sensed. Different types
of scale transformations involve different types of trans-

formation frames that specify the actual transformation
of data.

In order to counteract an increase in the cognitive
demands of operators supervising complex systems it is
desirable to enable operator-initiated adaptations of the
presented data to the current information needs of the
operator. The basic hypothesis put forward in the paper
is that scale transformations can be used to systematize
an important subset of such tailoring activities. We are
focusing particularly on tailoring activities aimed at
adapting the interpretation of system properties, as
presented by the supervisory control system, to the
information needs of the operator.

The paper discusses different ways of tailoring the
information presentation by scale transformation. A
distinction is made between scale transformation per-
formed within the same media and scale transformations
performed across different media (e.g. from the graphical
to the acoustic media).
The paper is structured in the following way. Section 2

discusses the semantic content and the scaling of plant
data. Furthermore it describes a two-dimensional space of
data (abstraction and scaling). Section 3 describes different
types of data transformations (derivation and scale
transformation) and illustrates how these can be plotted
in the abstraction–scaling space of data. The relation
between scale types and information presentation is
described in Section 4, and in Section 5 the relation
between scale transformations and information value of
data is discussed. Finally, Section 6 describes systematic
principles for tailoring activities based on scale trans-
formations.
2. Plant data

In a supervision system one has a dynamic database
containing data of different dimensions1 of the system
being supervised. Below we will address two important
aspects of data: its content and its scale type.
2.1. The content of plant data

Several authors have argued that it is necessary to supply
the operators supervising a complex system with informa-
tion about properties at different levels of abstraction
(Rasmussen and Lind, 1981; Rasmussen, 1986; Woods,
1988; Vicente and Rasmussen, 1992).
In order to determine the information requirements of

the operator it is argued that there is need for a thorough
analysis and representation of the system being supervised.
The representation is supposed to provide a description of
the system being supervised along two dimensions; means-

end (different levels of abstraction) and part-whole (differ-
ent levels of decomposition).
The supervisory control system is supposed to commu-

nicate information related to the different levels of
abstraction and decomposition to the operator. For this
purpose, data of systems dimensions on different levels of
abstraction has to be acquired. This often requires
derivation of data of higher-level dimensions (dimensions
associated with higher levels of abstraction) based on data
of lower-level dimensions (dimensions associated with
lower levels of abstraction). See Reising and Sanderson
(2002) for a detailed discussion of the role of measurements
in relation to means-end and part-whole descriptions of
complex systems.
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Table 1

The empirical operations associated with the different scale types

Empirical operations Examples

Nominal Determination of equality (classification) The assignment of a failure state of a component (failed, ok);

numbers assigned to the operational state of a valve (closed,

open)

Ordinal Determination of greater or less (rank-order) The assignment of alarm states to some material or energy flow

(very high, high, normal, low, and very low)

Interval Determination of equality of intervals or differences. Temperatures in degrees Fahrenheit or Celcius; calender date

Ratio Determination of equality of ratios Flow in kg/s; duration in seconds; temperature in degrees

Kelvin
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2.2. The scale type of plant data

Data consists of symbols or numbers assigned to real-
world dimensions. The rule according to which symbols or
numbers are assigned to a dimension determines the scale
type of data. Stevens (1946) has proposed four types of
scales: nominal, ordinal, interval and ratio.2 Table 1
indicates the type of empirical operations that are needed
to create each scale type. Note, that the list is cumulative,
i.e. that to the operations of a particular scale must be
added all those preceding it. The ordinal scale, for example,
has two types of empirical operations: (1) determination of
equality and (2) determination of greater or less.

For the number system, which is often used to represent
real-world dimensions, a set of formal mathematical
operations is defined. Most of these operations reflect
empirical operations that have been performed prior to
the invention of formal systems. Typically only a subset of
the operations that formally can be applied to data leads to
meaningful statements about the property dimension to
which data values have been assigned. This subset defines
the so-called legitimate operations. The more legitimate
operations that are applicable for data the stronger
its scale.

For data on a ratio scale, for example, operations
determining equality of ratios and equality of differences
are legitimate, whereas for data on an ordinal scale, only
operations determining the rank order and equality lead to
meaningful statements about the dimension to which data
refer.

There may or may not be a correspondence between the
set of formal operations that can be legitimately applied to
data and the operations which are, in principle, meaningful
for the specific dimension. In the case of temperature, data
can be on an interval scale (when measured in degrees
Celcius or Fahrenheit), or on a ratio scale (when measured
in degrees Kelvin). The determination of equality of
different temperature ratios is only legitimate for tempera-
2Originally, Stevens proposed the scale types in order to distinguish

between the types of statistics that are permissible for measurements with

different levels of correspondence to the properties they refer to.
ture measured in degrees Kelvin (ratio scale). Hence, it is
not meaningful to state that 80 degrees is twice as hot as 40
degrees when temperature is measured in degrees Celcius,
whereas this is perfectly meaningful for a temperature data
on a Kelvin scale. In other words, temperature data on a
ratio scale preserves the number of empirical operations
that are in principle meaningful for the temperature
dimension.
The set of operations that are in principle meaningful for

a dimension defines an ideal scale of the dimension. The
ideal scale is the strongest scale that data of a dimension
can in principle have (independent of whether data of that
dimension actually exists or not). The actual scale type of
data of a given dimension may be equal to or weaker than
the ideal scale of the dimension. A deviation between the
ideal scale and the actual scale provides an objective
measure of the quality of the mapping between real-world
dimensions and some formal relational system.
Note that only data on a ratio and an interval scale are

quantitative in the ordinary sense of the word, whereas
data on an ordinal or nominal scale are qualitative. The
ordinal scale implies a rank ordering and numbers can be
substituted by symbols preserving the ordering relation. On
a nominal scale numbers are used only as labels or type
numbers, and words or letters would serve as well.
2.3. The abstraction– scaling space of plant data

Above it has been argued that any data, whether it is
directly sensed or derived from other data, is on a specific
level of abstraction (given by the level of abstraction of the
dimension that it refers to) and on a specific scale type.
Fig. 1 shows the abstraction–scaling space of data.
This also means that any data can be characterized in

terms of a mapping between a real-world dimension and
some formal relational system (typically the number
system). Fig. 2 illustrates the measurement mapping from
the represented world to some formal system. The figure
indicates that only a subset of the entire set of dimensions
in the represented world is measured while only a subset of
the formal objects is used to represent measurement values.
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Fig. 1. The abstraction–scaling space of data.
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Fig. 2. The measurement mapping from the represented world to a formal

system.
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3. Two types of data transformations

It is useful to make a distinction between two types of
data transformation:

1. Derivation.3 Transformations that uses data already in
the database to produce data about other dimensions.

2. Scale transformation. Transformations of data that
change the scale of data, while leaving invariant the
relation to the specific dimension that data refers to.
Scale type Possible data values Scale transformation  
Ratio x   [0,1,2, ... ,100 m] none 
Interval x  ́  [-20, ... ,-2,-1,0,1,2, ... ,20 m] x´ = x + a  

if x =< 20 then x´ = shallow Water
3.1. Derivation of data

Often data of dimensions at lower levels of abstraction
are constructed directly by sensing, whereas data of higher
dimensions are derived by data transformation. Such
derivations are based on knowledge of the system being
supervised, given in terms of mathematical functions or
logical rules and is also known as feature extraction, data
integration, data interpretation, or sensor fusion.

In some cases, however, data of lower-level dimensions
are derived from data of higher-level dimensions. This is
for example the case when one is inferring the state of
3A more comprehensive account of the different kinds of inferences

involved in data integration and interpretation requires more detailed

account of the link between different types of representations of the system

being supervised. See, Petersen (2004).
system components from data about the functional
properties of the system of which they are part (diagnosis).
Consequently, derivation can proceed in both directions:
from data of lower-level dimensions to data of higher-level
dimensions and vice versa.

3.2. Scale transformation of data

Data about a dimension can be transformed from one
scale type to another, while leaving invariant the reference
to the specific dimension. We will refer to this type of data
transformation as scale transformation.

Normally, it is only possible to transform data from a
stronger to a weaker scale but in practice it may be possible
to reverse a scale transformation of data and thereby
resume the original data. This is due to the fact that a scale
transformation does not necessarily imply a substitution of
the original data by the transformed data. Actually, the
original data will usually still be part of the database since
it is required to determine the transformed data. This
makes it relatively straight-forward to reverse a scale
transformation.
In order to illustrate the concept of scale transformations

consider an example of different scale types of water depth
data of a ship, measured by an echo sounder. Fig. 3 shows
the possible values of water depth data on different scales.
Furthermore, it indicates the scale transformations that are
performed in order to obtain the data on different scale
types. Note that it is presumed that water depth data is
initially given on a ratio scale.
When water depth data is given on a ratio scale all the

operations described above (cf. Table 1) can be legitimately
applied to data. That is, one can judge whether two water
depth indications are equal and which one is greater (less).
Furthermore, one can make judgments of equality of water
depth differences and water depth ratios. When transform-
ing data from a stronger to a weaker scale, the number of
operations that can be legitimately applied to data
decreases.
When transformed to an interval scale water depth data

reflects the difference between the actual water depth and
some arbitrary reference value a, that is different from
zero. Based on data on this scale one can judge whether
two water depth indications are equal and which one is
greater (less). Furthermore, one can make judgments about
the equality of water depth differences.
Data on an ordinal scale indicates a classification of the

original water depth data (ratio scale) with respect to
Ordinal x  ́  [shallow,normal,deep] if 20 < x < 40 then x´ = normal  
if x >= 40 then x´ = deep  

Nominal x  ́  [ok, ~ok] 
if 30 < x < 40 then x´ = ok 
else x´ = ~ok 

depth

Fig. 3. Possible values of water depth data on different scale types.
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discrete orderable categories (shallow, normal, and deep).
Based on data on this scale it is possible to judge whether
two indications are equal (e.g. both are normal) and which
one is greater (less).

Finally, data on a nominal scale indicates a classification
of the original data with respect to discrete non-orderable
categories or labels (e.g. ok and �ok). Note, that data on
this scale carries only indirect information about the water
depth because values (labels) are assigned by convention.
However, since the assignment is still according to a rule,
Stevens (1959) insisted to refer to data on a nominal scale
as measurements. On this scale one can judge only whether
two indications are equal.

It is important to emphasize that each of the scale
transformations described above impose different kinds of
transformation frames on the original ratio data. For
example, when data on a ratio scale is transformed into
data on an interval scale a new arbitrary zero value is
added. From ratio to ordinal a set of discrete orderable
categories is imposed, whereas from ratio to nominal a set
of discrete non-orderable categories is imposed.

In the example above only static transformation frames

have been considered. It is possible, however, to have
dynamic transformation frames that are a function of other
data in the database. In this case data obtained by scale
transformation may change dynamically.
3.3. Plotting derivations and scale transformations in the

abstraction– scaling space

Above it was argued that data can be plotted in an
abstraction–scaling space. Furthermore it is possible to
plot the different types of data transformation, discussed in
the previous sections, in the abstraction–scaling space. In
order to illustrate this we focus on the derivation and scale
transformation of data about heat transfer rate H, (a
common property of interest in process plants). The
formula for the heat transfer rate H is given by the
formula.

H ¼ specific heat � density � R � DT , (1)

where R is the volume flow rate and DT is the temperature
difference. H (a higher-order property) can be derived from
R and DT (lower-order properties) and two constants.
Both R and DT are on a ratio scale and so is H. The
derivation of H is plotted as a transformation (1), in the
abstraction–scaling space in Fig. 4—a transformation from
data about lower-order properties (R and DT) to data
about a higher-order property (H).

Suppose that a distinction is made between high, low,
and normal heat transfer rate based on rules such as: if
H4x then H 0 ¼ high, etc. Transformations based on such
rules correspond to a transformation of data of the heat
transfer rate on a ratio scale to data of heat transfer rate on
an ordinal scale (see also Fig. 3). This scale transformation
(2) is also plotted in the abstraction–scaling space in Fig. 4.
Note that derivation may imply a shift in scale so that
the input and output data of a derivation are on different
scales.

4. Scales and information presentation

Any presentation of data about some dimension will be
dependent upon some physical dimensions in a perceivable
channel of communication (graphical, acoustic, haptic, etc.)
to instantiate the presentation for an observer (e.g. a human
operator). The set of physical dimensions available for
presentation is sometimes called the ‘‘representing world’’
and the domain being represented (here also referred to as
the system) is called the ‘‘represented world’’. In the above
we have considered the assignment of data values to the
represented dimensions of the represented world (the
measurement mapping). Now we want to consider the
mapping between data and the representing dimensions of
the representing world (the presentation mapping). The
presentation mapping is illustrated in Fig. 5, which extends
Fig. 2. Fig. 5 indicates that the data is mapped into a subset
of the physical dimensions of the representing world—the
so-called representing dimensions. The remaining dimen-
sions of the representing world are not presenting data.
Originally such dimensions have been referred to as ‘‘free
dimensions’’ or ‘‘free channels’’ (Arens et al., 1993). Free
channels are described in more detail later.
When presenting information to the human operator it is

important to ensure an appropriate mapping between data
and the representing dimensions of the presentation media.
In the following it is described how the concept of scale can
be used to characterize the quality of this mapping.
Furthermore a discussion of the notion of free channels
and emergent properties will be provided.

4.1. A simple example

Let us consider a simple example. Fig. 6 shows a sketch
of an alarm-list display for water depth. The display has
four dimensions with data assigned to them:
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Fig. 5. The mapping of data into a subset of the physical dimensions of the representing world.

Criticality level Time Name State 
P 23:11:13 Water depth normal 
W 23:11:15 Water depth shallow 
A 23:11:18 Water depth shallow 
W 23:11:19 Water depth shallow 
P 23:11:21 Water depth normal 

Fig. 6. A sketch of an alarm-list display.
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Criticality level (P (pre-warning), W (warning), A (alarm))
Time (23:11:13, 23:11:15, 23:11:18, 23:11:19, 23:11:21)
Name (water depth)
State (shallow, normal)
Alarm-list is a relation on the four dimensions:
Alarm-list ¼ ((P, 23:11:13, water depth, normal),

(W, 23:11:15, water depth, shallow),
(A, 23:11:18, water depth, shallow),
(W, 23:11:19, water depth, shallow),
(P, 23:11:21, water depth, normal)).

In addition to the tabular display shown in Fig. 6, other
types of tabular displays and a variety of graphic displays
can represent the same relational information as Alarm-
list. Fig. 7 shows one example of a graphic display
that shows the same information as the tabular display in
Fig. 6.

Let us consider the scale types of data of the four
dimensions in the alarm-list example. The name of an
alarm is on a nominal scale. It is only possible to
distinguish between different names (equality). Data about
the criticality level is on an ordinal scale. A pre-warning is
different from a warning (equality) and a warning is less
critical than an alarm (rank-order). The criticality levels tell
us nothing about the interval differences and the ratios
between criticality levels. Data about the alarm state is on
an ordinal scale and data about time is on an interval scale.
23:11:13 is different from 23:11:15 (equality) and 23:11:18
is later than 23:11:15 (rank-order), and the difference
between 23:11:15 and 23:11:18 is the same as the difference
between 23:11:18 and 23:11:21 (equal interval). Time
however, does no have an absolute zero and thus we
cannot say that 20:00:00 is twice as late as 10:00:00.

The represented dimensions are the dimensions of the
original domain that have to be presented by physical
dimensions of the display, the representing dimensions. In
Fig. 6 the represented dimensions are: criticality level, time,
name, and state, which are the dimensions of alarm-list (the
represented world). The corresponding representing dimen-
sions (cf. Fig. 7) are density, position, text, and cell-
position. Fig. 8 illustrates the mapping between the
represented and the representing dimensions.

4.2. The representational efficiency of a presentation

Zhang (1996) has formulated a basic principle for
efficient presentation. It states that in order for a
representation to be accurate and efficient the representing
dimensions and the represented dimensions should match
in scale types. In the following we will attempt to explain
this principle in view of the extended model of the mapping
between represented and representing dimensions (Fig. 5).
As described above we prefer to divide the mapping
between represented and representing dimensions, into two
sub-mappings: (1) A measurement mapping: concerned with
the assignment of data values to the represented dimen-
sions, and (2) A presentation mapping: concerned with the
mapping between data and the representing dimensions of
the media channel.
Our approach is slightly different from Zhang’s. In

agreement with Stevens (1946) we argue that a scale type is
not an intrinsic property of a dimension but rather a
feature of the (measurement) mapping between a dimen-
sion and some formal relational system (number systems or
another formal symbolic system). That is, instead of
referring to the scale type of a represented dimension, as
done by Zhang, we prefer to refer to the scale type of the
data assigned to the dimension. As mentioned earlier the
scale type of data may differ from the ideal scale type of
the dimension, i.e. the strongest scale type that data about
a dimension can, in principle, have.
When Zhang speaks about a scale type of a representing

dimension he seems to imply that the specific physical
dimension affords, for a human agent (e.g. an operator), a
limited set of perceptual operations (operations that are
performed very efficiently by the human perceptual
system). These operations correspond to the operations
defining the scale types (determination of equality,
determination of greater or less, etc.). The set of operations
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Fig. 8. The mapping between represented and representing dimensions.

4This is in contrast to Zhang (1996). According to Zhang the result of

the mappings above the diagonal is that the representing dimensions have

too much information. We prefer to use ‘‘information’’ as a concept that is

relative to the task of an agent. That is, data that is not relevant for an

agent does not have any information value although it is meaningful. See

Section 5 for further discussions of the concept of information.
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that a representing dimension affords determines its
scale type.

Here we are dealing with a somewhat different ‘‘map-
ping’’—a mapping between some physical dimensions of
the presentation and the percepts constructed by the
human operator perceiving the dimensions. In opposition
to the measurement mapping, the mapping between
representing dimensions and the percepts is invariant
across different individual human observers. Therefore, it
is reasonable to assign the scale type of this kind of
mapping directly to the representing dimensions.

Accordingly Zhang’s efficient representation principle
can be explained in the following way: the representing
dimensions used to present data must afford a set of
perceptual operations that correspond to the set of
operations that can be legitimately applied to the data
being presented. In other words the representing dimen-
sions and data of the represented dimensions should match
in scale type.

In the above example the representing dimensions and
the data about the represented dimensions match in scale
types (see Fig. 9).

Fig. 9 shows the mapping between data and different
kinds of representing dimensions of the graphical media.
The representing dimensions are categorized with respect
to their scale type.

A match between the scale types of data and the
representing dimensions corresponds to the mappings
described by the diagonal in Fig. 9. The same figure also
characterizes two other types of mappings, below and
above the diagonal. In the former case the scale type of
data is stronger than the scale type of the physical
dimension presenting it, i.e. not all the operations that
can be legitimately applied to data are preserved by the
representing dimension (as perceptual operations).4 The
missing scale information is either lost or represented
internally by the operator (Zhang, 1996). The latter type of
mapping occurs when the scale type of data is weaker than
the scale of the physical dimension used to represent it. In
this case the representing dimension preserves all the
operations that can be legitimately applied to data. But in
addition the representing dimension affords a set of
(perceptual) operations that are not legitimate for data.
This may lead to misperception and interpretation of the
represented data.
4.3. Free channels

In the discussion above we have focused on how well the
representing dimensions preserve the legitimate operations
of data. Another aspect that influences the effectiveness of
a physical presentation is whether the operator is aware of
which of the physical dimensions of the presentation are
actually presenting data of real-world dimensions. That is,
which of the physical dimensions of the presentation are
actually representing dimensions.
Any presentation of data will have to rely on a

perceivable media of communication such as the graphical

media or the acoustic media. Generally, the data will be
presented by a subset of the physical dimensions offered by
the representing world. The rest are so to speak ‘‘free
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channels’’ (Arens et al., 1993) that can be used to optimize
the ergonomic and aesthetic properties of the presentation.

This is where the maxims of communication put forward
by Grice become important for design of information
displays. The philosopher H.P. Grice proposed a set of
pragmatic rules collectively referred to as ‘‘the principle of
cooperation and its maxims’’ and they were supposed to
explain how mutual understanding can arise in (linguistic)
communication. The first two principles are: (1) ‘‘make
your contribution as informative as is required (for the
current purposes of the exchange)’’, and (2) ‘‘Do not make
your contribution more informative than is required’’
(Grice, 1975). Violations of these rules are related to the
problem of free channels: if for example a presentation in
the graphical media in the form of a set of graphs
introduced a colour separation between the graphs,
rendering one of the graphs red and the rest default black,
we would assume this to be a colour coding carrying some
extra information. If this was actually not the case, we
would have been misinformed by the presentation. In most
cases, however, the free channels do not lead to mis-
information, because it is implied by the context of use and
by the intended interpretation, how the different dimensions
should be separated.
4.4. Representing emergent properties

Some presentations may show emergent properties that
are not explicitly expressed in data. This could, for
instance, be metadata (e.g. min and max values in a time
series) or relations between individual dimensions.
Take for instance a collection of city positions with the

two dimensions: longitude and latitude (both on a ratio
scale). When the city positions are plotted onto a map,
information about the distance between cities emerges. The
scale type of the distance between the cities is determined
by the kind of map being used. This is an example of how
information, that is implicit in data, is made explicit as a
result of the way one chooses to present data.

5. Scale transformations and information value

In the previous section the focus has been on principles
for presentation of data using physical dimensions in some
perceivable channel of communication. More specifically,
we have focused on the correspondence between operations
that can be legitimately applied to data and the (percep-
tual) operations that can be performed when attending to
the physical dimension presenting data. When the data and
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the physical dimensions match in scale type the presenta-
tion mapping preserves the legitimate operations.

This principle can help to ensure that a representation is
direct, efficient, and accurate but it is not sufficient to
ensure that the representation is actually useful for a
human operator performing a specific activity. In order to
be useful for a human operator performing a specific
activity the representation is supposed to carry relevant
information about some domain.

Actually, the notion of an ‘‘information carrier’’ is
somewhat misleading, because it seems to imply that
information is a fixed ‘‘content’’ that is transferred like a
package from a ‘‘sender’’ to a ‘‘receiver’’. We will prefer to
reserve the concept of (qualitative) information to designate
the active meaningful interpretation of an internal structure
in the physical presentation as a re-presentation of the data

obtained from a selected part of a domain (through a
measurement for instance). See Fig. 10.

Defined in this way, information is a relational concept
that necessarily implies a cognitive agent, i.e. an agent with
inferential cognitive powers that can interpret the pre-
sentation as referring to the represented world in some
respect. In addition information will also be contextual
because any actual interpretation will be motivated and
influenced by the current goals and background knowledge
of the situated cognitive agent.

Data can have more or less information value for a
cognitive agent. For data to have information value, it at
least has to be potentially relevant (if not actually relevant)
for the agent in some past, present or future situation.
More specifically, data can be said to have information
value if the cognitive agent’s interpretation of the physical
presentation of data is relevant for some situated activity
(task).
As described earlier in the paper, data can be trans-

formed from one scale type to another. When transformed
to a weaker scale the set of operations that can be
legitimately applied to data is reduced. For instance, a
transformation of data on a ratio scale (e.g. the water
depth in meters) to data on an ordinal scale implies that it
is no longer legitimate to apply the operations that define
the ratio scale and the interval scale.
This reduction of legitimate operations, by scale

transformation, does not necessarily imply a loss of the
information value of data. The information value of data is
dependent on how well data fits with information needs of
a specific agent performing a specific activity. In the
following we focus on scale transformations as a mechan-
ism for changing the information value of data.
Earlier in the paper it was discussed how scale

transformations from a ratio scale to a weaker scale type
impose different kinds of transformation frames on the
given data (summarized in Table 2). The specific transfor-
mation frame imposed on the data being transformed
determines the outcome of a scale transformation.
If the transformation frame of a scale transformation

reflects the information needs of the agent using the data,
the particular scale transformation actually corresponds to
an externalization of a relevant interpretation of a specific
dimension. In this case the information value of data
increases, although the number of legitimate operations is
reduced.
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Table 2

Different types of transformation frames

Types of scale transformation Transformation frame

Ratio-Interval An arbitrary zero

Ratio-Ordinal A set of discrete orderable categories

Ratio-Nominal A set of discrete nonorderable categories
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Suppose, for example, that the navigating crew on a ship,
in a specific situation, is particularly interested in the rank-
order of water depth indications according to some specific
discrete orderable categories (which may be predefined or
specified by the crew in the situation) and not in the exact
ratios and differences among water depth indications. If
this is the case, transforming data about water depth from
a ratio scale to an ordinal scale can increase the
information value of data, provided that the imposed
transformation frame reflects the current information
needs of the crew.

There might be several reasons why a crew, in some
situations, would prefer to have data about the water depth
of the ship on an ordinal scale instead of a ratio scale. In
some phases of a voyage, e.g. when sailing in open sea, the
crew is mainly interested in significant changes in the water
depth instead of exact indications of the water depth. In
such situations the information value of data about the
water depth on an ordinal scale (low, normal, high) would
be higher than the information value of water depth data
on a ratio scale.

Here we want to describe different ways of adapting the
information about a specific property dimension P by
transforming data on a ratio scale to data on weaker scales.
Note that a desired change in the scale of data may not
always imply an actual substitution of the given scale with
another weaker scale. In some cases, an addition or
superimposition of another weaker scale would be prefer-
able. Some concrete ways of implementing scale transfor-
mations will be discussed later.
�
 From ratio to interval: Ratio information about P is lost.
Data indicates explicitly the deviations from an arbi-
trary reference value. If the agent needs a direct
indication of the deviation of the value of P from a
specific reference value (e.g. an error signal) this type of
scale transformation may increase the information value
of data.

�
 From ratio to ordinal: Ratio and interval information

about P is lost. Data indicates explicitly the membership
with respect to a set of discrete orderable categories
(denoted by numbers or symbols). If the agent needs a
direct indication of the qualitative property value with
respect to specific discrete orderable categories this type
of scale transformation may increase the information
value of data.

�
 From ratio to nominal: Ratio, interval and ordinal

information about P is lost. Data indicates the member-
ship with respect to discrete non-orderable categories
(denoted by arbitrary labels). If the agent needs a direct
indication of different kinds of modes or states (having
different labels) this type of scale transformation may
increase the information value of data. As mentioned
earlier, the nominal scale is somewhat special as data on
this type of scale carries only indirect information about
the dimension it is referring to. It provides information
about the membership in relation to discrete non-
orderable modes.

Above it has been presumed that the starting point was
data on a ratio scale. Suppose that one has data on an
interval scale one could also transform this data to an
ordinal and a nominal scale in order to increase the
information value of data.
Recall that the dimension referred to by data is invariant

when performing scale transformations. In this section we
have focused exclusively on scale transformations of data
and disregarded other types of transformations such as
derivations that uses a combination of data already in the
database to produce data about other properties (refer to
the distinction between scale transformations and deriva-
tion made earlier in this paper).

6. Tailoring based on scale transformation

In this section we exploit the link between scale
transformations and information value of data, as dis-
cussed in the previous section, to illustrate how scale
transformations might serve as a systematic basis for the
tailoring of information presentations.
The tailoring of the information presentation to the needs

of particular tasks is crucial for operators supervising complex
dynamic systems. Field studies of how operators monitor a
nuclear power plant indicate that operators are engaged in
facilitating activities in order to reduce the cognitive demands
imposed by monitoring tasks (Vicente et al., 2001). Examples
of such activities are (Vicente et al., 2001):
1.
 Reducing noise.

2.
 Enhancing a signal. Magnifying small changes in the

state of a variable by reducing the range of the y-axis.

3.
 Document baseline or trend.

4.
 Creating new indicators or alarms.

(a) Tightening up alarm limits on a particular value to
achieve an ‘‘early warning’’ alarm.

(b) Shifting alarm limits in order to detect further
increases in a variable.

(c) Using alarms as indicators (cues) for when to stop
an activity (e.g. the draining of a pressurizer).
5.
 Create external reminder for monitoring.

6.
 Create external cues for action or inaction.

7.
 Employ additional operators.

Previously we have argued that scale transformations
provide basic mechanisms for how to change the informa-
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tion value of data of a specific property dimension. Since
the actual purpose of tailoring activities is to increase the
information value of the presented data, given a specific
task situation, it is believed that scale transformations can
be used to systematize an important subset of the tailoring
activities that operators need to perform.

It should be emphasized that we do not claim that all
types of tailoring activities can be explained in terms of
scale transformations of data. For instance, only some of
the activities listed above (4, 5, and 6) correspond to scale
transformations of the presented data, while others
correspond to mere adjustments of the current scale.
How powerful the concept of scale transformations is for
the understanding and systematization of tailoring activ-
ities will have to be decided on the basis of experiments.

In order to facilitate tailoring activities the supervision
system should offer flexibility with respect to the scale type
of data being presented to the operator. More specifically it
should be possible for the operator to perform scale
transformations of the presented data based on user-
defined transformation frames. This would enable different
kinds of externalized interpretations of a specific system
dimension that fits his or her information needs in a given
situation.

Flexibility with respect to the scale type of data requires
a flexible information presentation. Scale transformations
of presented data will always require a modification of the
presentation and in some cases also the underlying data
need to undergo a scale transformation in order to match
the scale type of the representing dimensions. Whether a
scale transformation of the underlying data is needed
depends on whether the existing scale of the presented data
is substituted by another scale type or just superimposed by
another scale type. In the following a distinction is made
between tailoring by substitution and tailoring by super-

imposition of scale.

6.1. Tailoring by substitution of scale

When the operator wants to substitute the existing scale
of some data being presented, i.e. removing the existing
scale S1 and adding a new (weaker) scale S2, a scale
transformation of the underlying data is necessary in order
to obtain data on a scale type equal to S2.

The supervision system should facilitate a scale trans-
formation of the underlying data from S1 to S2 based on a
transformation frame applied by the operator. Further-
more, the supervision system should be capable of assisting
the operator in choosing an alternative representation with
a representing dimension on the new scale type S2.

Presume, for example, that data about water depth is
given on a ratio scale and that the data is presented to the
operator by means of a dial instrument. The dial
instrument uses length (the length from zero to where the
needle is pointing) to represent water depth to the operator.
Since length is on a ratio scale the data and the
representing dimension match in scale type, i.e. all the
operations that can be legitimately applied to the under-
lying water depth data are preserved by the presentation.
Suppose that the operator wants to substitute the current

presentation with a presentation of the water depth on an
ordinal scale in order to obtain a direct indication of the
water depth in terms of three discrete orderable categories
(e.g. shallow, normal, and deep). In this case the original
ratio data need to be transformed into ordinal data (based
on some transformation frame). Furthermore, the pre-
sentation needs to be substituted with a presentation on an
ordinal scale (the current dial is only appropriate for
presentation of data on a ratio scale). An example of a
presentation on an ordinal scale could be three cells
indicating shallow, normal, and deep, respectively. Fig. 11
illustrates the tailoring example just described.
6.2. Tailoring by superimposition of scales

Sometimes a weaker scale S2 can be superimposed on the
existing presentation so that it shows data on two scale
types at the same time. This only requires a modification of
the presentation (e.g. a change in graphics) leaving the
underlying data untransformed.
The supervision system should assist the operator in

choosing among the possible ways of superimposing a new
scale. Furthermore, it should facilitate the adjustment of
the new scale based on some transformation frame.
A typical example is where an ordinal scale is super-

imposed on a ratio scale. Returning to the above example
the operator might want to superimpose an ordinal scale
on the existing ratio scaled representation of the water
depth. One possible solution would be to overlay the scale
of the dial instrument with cells that indicate the different
orderable categories of the ordinal scale (e.g. shallow,
normal, and deep). If the operator is capable of adjusting
the boundaries of the cells corresponding to some
transformation frame it is not necessary to transform the
water depth data from the ratio scale to an ordinal scale. In
the tailored instrument the pointer indicates directly the
membership with respect to different ordinal categories
imposed and the ratio scale is preserved. Fig. 12 illustrates
this tailoring example.
6.3. Tailoring the presentation media

Tailoring can be further supported by changes in the
media (e.g. graphical or acoustic) or changes in the type of
representation (for instance from symbolic numerical to
graph representation; see May, 2001). In some cases such
changes will also imply a transformation of scale.
As mentioned earlier any choice of presentation media

will impose a set of physical dimensions on the presenta-
tion. The representing dimensions, i.e. the dimensions
actually presenting data, corresponds to a subset of these
physical dimensions. In the case of the acoustic media the
primary representing dimensions of tonal sound are pitch,
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intensity, duration, and timbre. The scales of these
representing dimensions are indicated in Table 3.

Although we can measure the frequencies of sound wave
oscillations on a ratio scale, human pitch perception is
based on ‘‘pitch fusion’’ within frequency intervals result-
ing in equivalence classes of pitch (‘‘pitch classes’’). The
phenomena of pitch fusion itself only works within a subset
of the frequency range of hearing: approaching the upper
limit of hearing sound is heard as ‘‘brighter’’ rather than
with a higher pitch, and approaching the lower limit of
hearing, we hear a ‘‘buzzing’’ sound that eventually
disintegrates into separate sound events. Only a subset of
audible pitch classes is actually utilized by the tonal
systems and scales of music, i.e. the number of perceptual

pitch intervals we can discriminate is much larger that the
number of conceptual pitch intervals that ‘‘makes sense’’ in
music. Furthermore, in listening to music, pitch classes
become organized schematically according to the octave

and this results in the apparent similarity of tones within a
melodic context (as when we can recognize the tone ‘‘C’’
with different pitch height on the musical scale; Snyder,
2000). The organization of the perceptual dimension of
pitch within music cognition in general is however quite
complex in its relations to other musical phenomena
(Cross, 1997).
Sound intensity (‘‘loudness’’) and duration of sounds

can only be identified on an ordinal scale (although
we again could measure intensity and duration on a
ratio scale). With timbre (the ‘‘quality’’ of tonal sounds)
we can only utilize a nominal scale, where human
beings will typically be able to identify sound qualities of
different sound sources even when similar pitch tones are
presented (but originating from a violin, a bell, a human
voice, etc.).
Because of the differentiation between major forms of

representation made possible by the acoustic media—such
as tonal sound, music and speech—there is a series of
secondary representing dimensions that can only be used by
some forms of representation (sign types). Examples of
these are voice qualities (of human speech), the language
used (in human speech), the meter, pulse and rhythm
(of music), the melody and harmonic scale (of music).
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Table 3

The scale type of different representing dimensions in the acoustic media

Representing dimension Scale

Pitch Interval

Intensity Ordinal

Duration Ordinal

Timbre Nominal
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In our example with representation of water depth, we
will give an example of tailoring involving a change of
presentation media by departing from the example of
superimposition of ratio and ordinal scales (Fig. 12).
Suppose that the operator wants an acoustic representation
of the water depth that indicates the water depth with
respect to the three ordinal values. Utilizing tonal sound
this could be done using intensity or duration as
representing dimensions. More specifically, three different
intensities or durations could be used to represent the three
different values of water depth. Note that, in this case, it is
necessary to perform a transformation of the underlying
water depth data.
Although this tailoring example is certainly possible it

might not be rational to have continuous intrusive tonal
sounds on the command bridge of a ship indicating the
current water depth of the ship. Due to the intrusive nature
of the acoustic media it is well suited to indicate significant
changes or transitions of system properties.
The typical use of the acoustic media in supervisory

control is warnings. A warning is on a nominal scale (it is
either given or not), but as we saw before the representing
dimensions of sound actually allows for information given
on an ordinal or even an interval scale, and warnings could
utilize the representational forms of speech or music rather
than just tonal sound or noise. This does not mean,
however, that it automatically would be a good idea to
utilize these dimensions, but in some cases it might be
helpful to let the acoustic media carry more information
than simple alarms (refer to the example above). Warnings
and alarms are pragmatic functions and just by indicating a
tailoring of the presentation media we have not decided on
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the representational form we are going to use (a traditional
alarm is a symbol, but we could use language instead as in
spoken warnings, or even acoustic graphs or acoustics
images if we wanted to convey more information about the
situation).

Typically navigators are not looking at the graphical
depth indicator constantly, but only repetitively in phases
of work where this particular information is made relevant
by the situation. In the following we want to extend the
example shown in Fig. 12 and add information about the
transitions between the ordinal states in the acoustic media.
The purpose is to direct the attention of the navigator to
the information about water depth presented graphically
on the ordinal and the ratio scale when transitions occur.

Actually transitions are comprised of two types of data:
(1) data that indicates which one of the thresholds
(corresponding to the boundaries of the ordinal categories)
is crossed (ordinal scale), and (2) data that indicates the
direction of the transition (nominal scale). These data have
to be produced by scale transformation and derivation.
More specifically, data about the threshold level is
obtained by a scale transformation of water depth data
on a ratio scale to water depth data on an ordinal scale
having three values, whereas the direction could be
obtained by taking the derivative of the water depth on
the ratio scale and transforming this data to a nominal
scale (negative, zero, and positive).

On the presentation side we could utilize intensity to
represent the threshold of water depth level and modula-
tion to represent the direction of the transition. Based on
the intensity the operator is capable of determining which
one of the thresholds is being crossed (the higher the
intensity the deeper the water) whereas the modulation
reveals the direction of the transition (one type of
modulation for each of the two types of directions: positive
and negative).

7. Conclusions

Based on the concept of scale transformation, this paper
has proposed systematic principles for an important subset
of operator-initiated adaptations of the information pre-
sentation in supervisory control.

It has been argued that scale transformations of data
provide a set of basic mechanisms for how to change the
information value of data for an agent using the data.
More specifically, a scale transformation based on a
transformation frame that reflects the information needs
of the agent using the data corresponds to an externaliza-
tion of a relevant interpretation of a specific dimension. In
this case the information value of data increases, although
the number of operations that can be legitimately applied
to data is reduced.

A scale transformation of the presented data requires a
change of the physical dimensions used to present data and
sometimes also a transformation of the underlying data
being presented. Alternative ways of performing scale
transformations of the presented data have been described.
This includes both scale transformations within the same
media (e.g. the graphical media) and across different media
(e.g. from the graphical to the acoustic media).
It has been justified, by example, that the concept of

scale transformations provides a promising principle for
flexible supervision systems that enable operators to tailor
the information presentation to their particular informa-
tion needs in different task situations.
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