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TheoreTical issues in ergonomics science

The level of measurement of trust in automation

Jiajun Weia, Matthew L. Boltona and Laura Humphreyb

aDepartment of industrial and systems engineering, university at Buffalo, The state university of new York, 
Buffalo, new York, usa; bautonomous controls Branch, aerospace systems Directorate, air Force research 
laboratory, Wright-Patterson aFB, ohio, usa

ABSTRACT
Psychometrics are increasingly used to evaluate trust in the automation 
of systems, many of them safety-critical. There is no consensus on what 
the highest level of measurement is for trust. This is important as the 
level of measurement determines what mathematics and statistics can 
be meaningfully applied to ratings. In this work, we introduce a new 
method for determining what the maximum level of measurement is 
for psychometrically assessed phenomenon. We use this to determine 
the level of measurement of trust in automation using human ratings 
about the behaviour of unmanned aerial systems performing search 
tasks. Results show that trust is best represented at an ordinal level and 
that it can be treated as interval in most situations. It is unlikely that 
trust in automation can be considered ratio. We discuss these results, 
their implications, and future research.

Relevance to human factors/ergonomics theory

Treating a measure at the appropriate level of measurement is critical to performing mean-
ingful mathematical operations and comparisons on psychometric data. By presenting a 
novel method for determining what level of measurement is most appropriate for a psy-
chological concept that is being measured by a psychometric, this work is making a signif-
icant theoretical contribution to human factors and ergonomics theory. Further, by using 
this method to assess the maximum level of measurement that could be used for trust in 
automation, this work provides the human factors and ergonomics society with valuable 
information about how to model and analyze trust in automation.

1. Introduction

With the rise of autonomous systems and more sophisticated automation, researchers have 
become increasingly interested in designing automation that humans will trust. There are 
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different ways of measuring trust in automation (Hoff and Bashir 2015). Because trust is 
purely psychological (as opposed to a psychological manifestation of a physical phenome-
non), it is typically measured using psychometric rating scales. For these, humans use 
introspection to convert their psychological state into a quantifiable rating on a predeter-
mined scale. Unfortunately, it is not clear what the level of measurement is for trust.

A scale’s level of measurement defines the relative meaning of numbers measured on 
that scale. As such, the level of measurement determines what mathematical and statistical 
comparisons and operations can be meaningfully employed on measures made on the scale 
(B. H. Cohen 2013; Stevens 1946). Thus it is important that measures be handled with 
respect to the most appropriate level.

Despite this importance, there does not appear to be any work that has investigated what 
level of measurement is most appropriate for trust in automation. Furthermore, there does 
not appear to be an established method for determining what the maximum level of mea-
surement is for any given psychometric scale. In this work, we set out to fill this gap. To 
accomplish this, we introduce a new method for determining what the maximum level of 
measurement is for a psychological phenomenon measured by a psychometric. We then 
use this method to assess trust in automation. In what follows, we provide background on 
trust in automation and the levels of measurement of psychometrics. We then outline our 
method and describe how we used it to evaluate the maximum level of measurement of 
trust using a human subjects experiment with an unmanned aerial system (UAS) task. We 
report results of this analysis and discuss their implications for the measurement and mod-
elling of trust in automation.

2. Background

2.1. Levels of measurement

In psychology, there are generally four levels of measurement (Stevens 1946): nominal, 
ordinal, interval, or ratio. At the nominal level, the numbers represent mutually exclusive 
categories or identities (i.e. player number on a sports team). At the ordinal level, the num-
bers only indicate order (i.e. class rank). For the interval level, the distances between num-
bers have meaning. However, because there is no meaningful zero (zero does not mean the 
complete absence of the phenomenon being measured), ratios are meaningless (i.e. tem-
perature in Fahrenheit or Celsius). Finally, at the ratio level, ratios between numbers have 
meaning by virtue of there being a meaningful zero (i.e. distance).

The level of a given scale determines what mathematical and statistical operations can 
be meaningfully applied to numbers measured on that scale (Stevens 1946). Nominal scales 
are compatible with equalities (and inequalities), counts, modes, set membership, and con-
tingency correlation; ordinal scales support greater-than and less-than comparisons, medi-
ans, percentiles, and rank-order statistics; interval scales allow for the computation of means, 
standard deviations, product moment correlations, and most parametric statistics; and ratio 
scales are compatible with percent changes, geometric means, coefficients of variation, and 
the full range of parametric statistics.

Critical to the determination of meaningful operations is the concept of permissible 
transformations. Scales that fall within each level of measurement can be converted to other 
scales at the same level that measure the same phenomenon through these permissible 
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transformations. Nominal scales can be transformed into other nominal scales with a one-
to-one transformation: a function that preserves the identity of each element. Ordinal scales 
can be converted to other ordinal scales with a strictly increasing function: a function that 
preserves the order of the elements. An interval scale can be transformed into another 
interval scale with a linear transformation of the form y = a·x + b: a function that scales the 
measure on the original scale x to the new one y by scaling the original measure by a factor 
a and moving the position of the zero or intercept with b. Finally, ratio scales can be con-
verted to other ratio scales with a ratio transformation y = a·x, without the need to move 
the zero. These transformations determine what mathematical operations can be meaning-
fully performed on numbers. Specifically, for a comparison or mathematical operation 
between numbers on a given scale to be meaningful, it must hold when the numbers are 
permissibly transformed to different scales at the same level. Examples of this are shown 
in Table 1.

2.2. Levels of measurement and psychometrics

Trust is predominantly measured on psychometric scales. In psychometric rating scales, 
humans use introspection to convert some attribute of their psychological state or subjective 
experience into a number on a predetermined scale. These scales are used everywhere from 
review scores on Amazon, to disease diagnoses, to the engineering and design of safety-crit-
ical human-automation interaction (HAI). They are also widely used in scientific research 
in psychology, medicine, and engineering. In the latter two cases, this can include subjective 
assessment of trust in automation.

Although the full process is not always followed, psychometric scales are properly created 
and evaluated in a standardised, scientific process (Kline 1986). Most importantly, developed 
scales must be ‘valid’ and ‘reliable’ (Eignor 2013). Validity relates to the ability of the scale 
to actually measure the phenomenon it is intended to measure (Messick 1995). Practically, 
this is evaluated through subjective assessment by expert judges (face validity) or by showing 
that the measures collected on the scale correlate with things associated with the attribute 
being measured. Reliability relates to the ability of a scale to produce consistent results over 
repeated measurements and across participants (Ghiselli, Campbell, and Zedeck 1981).

Despite the rigours of scale development and evaluation, there is no clear consensus 
about the level of measurement of psychometric scales. Because of the mathematical and 
statistical power offered by the interval level’s support for means, standards deviations, and 
most parametric statistics, practitioners prefer to treat most psychometric ratings as interval 

Table 1. meaningful and meaningless expressions Based on Transformations.

expression
if X and Y are interval with
f(x) = ax + b

if X and Y are ratio with
f(x) = ax

x1 − x2 = k(x3−x4) f(x1) − f(x2) = k(f(x3) − f(x4)) f(x) = ax + b f(x1) − f(x2) = k(f(x3) − f(x4))
∴(ax1+b) − (ax2+b) = k((ax3+b) − (ax4+b)) ∴(ax1) − (ax2) = k((ax3) − (ax4))
∴x1 − x2 = k(x3−x4) ∴x1−x2 = k(x3−x4)
∴ The expression is meaningful ∴ The expression is meaningful

x1 = kx2 f(x1) = k f(x2) f(x1) = k f(x2)
∴ax1+b = k(ax2+b) ∴ax1+b = kax2
∴x1 = kx2+(k − 1)b/a ∴x1 = kx2
∴ The expression is meaningless ∴ The expression is meaningful

X and Y are numerical sets at a given level of measurement; x1…x4∈X; f(x) is a function f: X → Y; a and b 
are constants; and ∴ is ‘therefore.’ an expression is meaningful in a scale if it holds after transforming 
each x∈X with f.
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(Furr and Bacharach 2013; Guilford 1954). However, there is controversy around this sub-
ject. Most psychometrics experts do not think psychometric scales are capable of providing 
ratio measures (Furr and Bacharach 2013; Guilford 1954), yet common measures such as 
the NASA-TLX (for measuring mental workload) (Hart and Staveland 1988) and ratings 
used in predictive trust models (Lee and Moray 1992; Muir 1987) appear to treat psycho-
metrics as if they are ratio. In contrast, many researchers in ergonomics and measurement 
theory (Annett 2002; Barrett 2003; Cliff and Keats 2003; Michell 1997, 2008; Trendler 2009) 
doubt that subjective ratings can be treated as anything more than ordinal. In fact, Stevens 
(1951) himself held this view, stating that ‘as a matter of fact, most of the scales used widely 
and effectively by psychologists are ordinal scales.’

Researchers that use subjective psychometric rating scales appear to avoid these concerns 
by relying on Stevens’ (Stevens 1975) definition of psychological measurement: ‘the assign-
ment of numerals to objects and events according to a rule.’ That is, as long as the rule used 
for obtaining measures on a psychometric scale is consistent with a given level of measure-
ment, then the data can be treated as if it is on that level. For example, in the NASA-TLX 
(Hart and Staveland 1988) (or other similar rating scales), a participant gives a rating by 
marking a position on a line on a sheet of paper. An analyst then measures the position of 
the mark to obtain a rating. Because this measurement is done on a ratio scale, the data 
collected by NASA-TLX is treated as ratio in supported calculations. However, this practice 
is suspect because the rule used for assigning a number to a scale does not inherently speak 
to the level of the psychological quantity being measured. Thus, while still widely used, 
Stevens’ definition of measurement is not well accepted among measurement theorists 
(Luce 1997).

2.3. Levels of measurement and psychophysics

While we have not been able to identify any specific studies that investigate the maximum 
level of measurement of psychological phenomena that are measured with psychometrics, 
there have been such efforts within psychophysics. Psychophysics represent the human’s 
psychological representation of measurable physical quantities.

The psychophysics that have been subjected to level-of-measurement analyses relate to 
Stevens’ power law (Stevens 1956), which links physical stimulus intensity to its perceived 
intensity. To produce a power law, humans make ratio judgments about the relative mag-
nitudes of different stimuli represented on a ratio scale. Prominent researchers have 
expressed scepticism that humans are capable of making true ratio judgments (Laming 
1997). Attempts have been made to check this (Ellermeier and Faulhammer 2000; Zimmer 
2005) by assessing whether judged ratio differences between measured physical stimuli 
follow multiplicative and commutative properties. These found that judgments satisfied 
the commutative property, but not the multiplicative one. While this is sufficient to indicate 
that humans can make ratio judgments in power law experiments, it would be more con-
vincing if both properties held (Narens 1996). Further, Bolton (2008) found that psycho-
physical power laws could be fit to ordinal numbers generated in computationally simulated 
power law experiments.

This work is relevant because it shows that there are serious doubts about the level of 
measurement used for psychological phenomena, even when they are representations of 
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physical ratios. The work also shows that the level of measurement can be evaluated by 
checking for properties (i.e. multiplicativity and commutativity) between measurements. 
However, comparable evaluations of psychometrics are more challenging because, unlike 
with psychophysics, there are no physical measures that can be used as the basis for 
comparisons.

2.4. Trust in automation

Trust in automation and its measurement with psychometric rating scales has become 
increasingly important as systems become more and more automated. Accurate measures 
of human trust will be needed, for instance to identify cases in which humans have ‘mis-
calibrated’ trust in autonomy (Hoffman et al. 2013). That is, accurate measures can help 
autonomy designers identify and address issues such as under-reliance on autonomy (low 
trust in reliable autonomy) and over-reliance on autonomy (high trust in unreliable auton-
omy). Below we discuss the definition of trust in automation used in this research, the 
components of trust in automation, and the way trust measures have been treated in the 
literature.

2.4.1. Definition of trust in automation
There are many definitions of trust in the literature (Lee and See 2004). For the purpose of 
this work, we adopt the definition of Lee and See (2004) that trust is ‘the attitude that an 
agent will help achieve an individual’s goals in a situation characterised by uncertainty and 
vulnerability’ because it has been been widely adopted in the human-automation interaction 
and human factors communities.

This definition of trust as an attitude suggests that trust is a synthesis or evaluation of 
beliefs into a trust continuum on which one thing may be more trusted than another. Thus, 
trust can be at least ordinal. There is nothing in the definition to indicate whether or not 
there can be meaningful distances between levels of trust. Thus trust could be interval. If 
at least an interval level of measurement can be assumed, it is possible that trust as an atti-
tude could be ratio. This is because it is conceivable that zero trust could constitute the 
absolute minimum trust attitude a person could have about something: that no trust exists 
for the given target at all. However, it is also conceivable that no such zero exists. Given that 
the widely accepted definition of trust does not inherently suggest that trust is at a given 
level of measurement, there is a need for an empirical evaluation of this.

2.4.2. The components of trust
There are different components of trust based on who the person giving trust is and the 
trustee. For human trust in automation, performance, process and purpose have been iden-
tified as the three bases of trust in automation (Lee and Moray 1992; Lee and See 2004). 
Performance is the ‘current and historical operation of the automation and includes char-
acteristics such as reliability, predictability and ability’ (Lee and See 2004); process is the 
‘degree to which the automation’s algorithms are appropriate for the situation and able to 
achieve the operator’s goals’ (Lee and See 2004); and purpose is the ‘degree to which the 
automation is being used within the realm of the designer’s intent’ (Lee and See 2004).
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We will ultimately use these different components of trust to inform how we elicit dif-
ferent trust levels from human subjects in our planned experiment.

2.4.3. Usage of trust measures
Given that the dominant definitions of trust in automation do not precisely define its level 
of measurement, we surveyed the literature to determine what level of measurement the 
community has used for trust. Because nobody explicitly describes the level of measurement 
that they use, this had to be inferred by the statistics and model relationships that were 
employed. This has revealed that researchers treat trust as being at ordinal, interval, and 
ratio scales.

Ordinality is generally revealed through the use of non-parametric statistics (such as the 
Kruskal–Wallis test and rank order correlations) to assess or discover significant differences 
in trust ratings between experimental conditions (Clare, Cummings, and Repenning 2015; 
Cramer et al. 2009; T. A. Kazi et al. 2005; T. Kazi et al. 2007; Ma and Kaber 2007; Perkins 
et al. 2010; Wei and Bell 2012).

Intervality was assumed to be revealed through the use of parametric statistics such as 
t-test, analyses of variance, and standard deviations from means. This is by far the dom-
inant practice in the research community (see for example, Abe and Richardson 2006; 
Bagheri and Jamieson 2004; Bailey and Scerbo 2007; Bass, Baumgart, and Shepley 2013; 
Biros, Daly, and Gunsch 2004; Bisantz and Seong 2001; Davenport and Bustamante 2010; 
De Vries and Midden 2008; Dzindolet et al. 2003; Madhavan, Wiegmann, and Lacson 
2006; Manzey, Reichenbach, and Onnasch 2012; Pak et al. 2017; Rovira, McGarry, and 
Parasuraman 2007; Rovira, Pak, and McLaughlin 2017; Rovira and Parasuraman 2010; 
Seong and Bisantz 2008; Visser et al. 2012; Visser and Parasuraman 2011; Wang, Jamieson, 
and Hollands 2009).

While less common than the other two levels, there is also evidence of researchers 
treating trust at a ratio level. For example, Lee and Moray (1992) studied the dynamics of 
trust in a supervisory control simulation. They calculated percentage change as an index 
for showing the dynamics of trust. Since percentage change is a statistic that can only be 
meaningfully applied to ratio data (Stevens 1946), we infer that they assumed trust is at 
the level of ratio.

3. Objective

As the discussion above shows, the widely accepted definition of trust does not provide a 
clear view of what its level of measurement is. Furthermore, there is no definitive consensus 
about the level of measurement of trust. Because trust in automation is currently being used 
as a critical dimension for assessing and modelling human-automation interaction in emer-
gent technologies, it is critical that we understand its level of measurement. This is true for 
two reasons. First, if the level of measurement is lower than how most researchers are 
treating it, then there is a risk of analysts using meaningless statistics and models for psy-
chometric evaluations of trust. Second, if analysts are using levels of measurement below 
what trust actually is, they are missing out on powerful analysis and modelling 
possibilities.
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However, there is no established method for determining what the maximum possible 
level of measure should be for a psychometric. Thus, in this research, we set out to identify 
such a method and use it to determine the level of measurement of trust. Below we present 
our method and describe how we used it to assess the level of measurement of trust using 
a human subjects experiment.

4. Method for assessing the level of measurement of a psychometric

We have developed a method for assessing the maximum level of measurement of psycho-
metrics. To accomplish this, our method exploits meaningful transformations between 
scales at the same level of measurement. The relationship we use for this is shown in Figure 1.

In this, (Figure 1(a)) we assume two psychometric scales R1 and R2 that both measure 
the same psychological quality M without losing power by transforming M to a lower level. 
When asked to provide a rating for the same psychological quality and condition on these 
scales, we hypothesise that the human will implicitly apply transformations f1 to convert M 
to R1 and f2 to convert M to R2 respectively. While an analyst is not able to observe M, f1, or 
f2, he or she can find a model f1to 2 that converts between observed values made on R1 to 
those on R2. In this context, the form of f1to 2 gives us an indirect means of determining the 
level of measurement most appropriate for measuring M.

Figure 1. (a) shows transformations between mental state M and scales R1 and R2. (b), (c), and (d) show 
that if M, R1, and R2 are ordinal (b), interval (c), or ratio (d) then f1to 2 is ordinal, interval, or ratio respec-
tively. in all of the above, a1, a2, b1, and b2 are constants.
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Specifically, by collecting psychometric ratings of M on two different scales (R1 and R2) 
for identical conditions, the level of measurement should be revealed by the transformation 
for converting measures collected on one scale to the other (f1to 2 in Figure 1).

If M is best represented at an ordinal level (Figure 1(b)), f1 and f2 will be ordinal trans-
formations and thus f1to 2 will be ordinal. If M is best represented at an interval level (Figure 
1(c)), f1 and f2 will be linear transformations and f1to 2 will also be linear. If M is best repre-
sented at a ratio level (Figure 1(d)), f1 and f2 will be ratio transformations and f1to 2 will also 
be ratio.

Because both ratio and interval transformations are in a linear form, characterising a 
transformation between any two data series observed on two different psychometric scales 
can be accomplished through a regression analysis. Because there can be error in the obser-
vation of both the predictor and the predicted measures, our method uses Deming regres-
sion (Deming 1943): a linear regression model that is able to account for this condition. 
Given that Deming regression does not use least squares in its fitting process, R2 is not used. 
Thus, for this work, we use a Pearson’s correlation coefficient (r) as the standard, regres-
sion-model-independent measure of how linearly related two measures are.

Thus, statistics produced by analyzing the relationship between R1 and R2 will give us 
the means to identify the measurement level of M. If there is not a strong non-parametric 
correlation between R1 and R2 (if they have a low Spearman’s ρ), the data will not suggest a 
monotonically increasing relationship between measures and M will be at least nominal. 
If there is a strong non-parametric correlation between R1 and R2, the data will suggest a 
monotonically increasing relationship between measures and M will be at least ordinal. If 
there is a strong linear relationship between R1 and R2 (indicated by a Pearson’s r) and a 
Deming regression model has a significant intercept, then M will be interval. If there is a 
strong linear relationship between R1 and R2 and the regression model does not have a 
significant intercept, then M will be ratio.

In this method, human judgments on only two scales are necessary for determining the 
level of measurement of a psychological attribute. However, by using more we can reduce 
the chance that any set will have the same arbitrary zeros. Thus, we use three scales to reduce 
the risk of concluding that a psychological phenomenon is ratio when it is actually interval.

5. Methods

We used a human subjects experiment to evaluate the level of measurement of trust. This 
study received approval from the University at Buffalo IRB under STUDY00002118.

5.1. Procedure

This experiment had participants arrive at the laboratory and sign an informed consent 
document. Participants observed a PowerPoint presentation that introduced them to the 
experimental task. Note that because trust of a given system has been shown to vary as a 
function of trust at previous times (a time series; Lee and Moray 1992), participants were 
instructed to treat the UAS in each trial as a separate, independent system. They then 
performed the experiment in which they watched simulations of UASs performing search 
tasks. The same simulations were observed in three blocks, where humans rated how much 
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they would trust the automated controller they observed using three different judgment 
methods.

5.2. Participants

We recruited 36 University at Buffalo student participants. 13 were female and 23 were 
male. Their average age was 26.

5.3. Materials and apparatus

The experiment was run in a controlled, quiet, evenly-lighted laboratory. It was administered 
on desktop computers resting on a computer desk in front of which a participant would sit. 
Computers were equipped with 21 inch LCD monitors, optical mice, keyboards, and physical 
knobs (see Figure 3). The experiment was administered on the computers using software 
that was created for this project.

During the experiment, the software would depict a video of a UAS flying around a given 
area and performing search tasks (Figure 2). The simulations were created using UxAS and 
AMASE (Rasmussen, Kingston, and Humphrey 2018). This enabled simulations to represent 
realistic UAS dynamics and route planning. The UAS was depicted as a blue chevron shape 

Figure 2. a screen of the uas simulation. annotations that did not actually appear in presented simula-
tions are shown in orange.
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moving through the area. A ‘footprint’ of the UAS’s camera also showed the ground area 
the camera was capturing. A cross in the footprint indicated the centre of the camera’s view. 
The smaller the footprint, the more focussed the camera.

In simulations, the UAS always started in the upper left side of the area. The UAS was 
expected to complete three search tasks. In an area search, the UAS would search (cover) 
the space encompassed by the green circle with the camera footprint. In a point search, the 
UAS would have the footprint’s cross pass over a specific spot in the lower right of the area. 
In a path search, the UAS would have the footprint’s cross pass over the entirety of the green 
line. When all tasks were complete, the UAS would return to the starting point and loiter 
there. The UAS was expected to avoid flying into the two ‘no fly zones’ (red shapes). When 
the UAS’s planned flight path was shown (as in Figure 2), it was depicted as a blue line.

After each simulation, participants were asked to provide ratings about their trust in the 
UAS with either (Figure 3): (a) a number between 0 and 100 (note that training explicitly 
showed that decimal values could be entered), (b) the position of a physical knob, or (c) 
the position of an on-screen slider.

5.4. Independent variables

The independent variables all related to the experimental trials. Specifically, trials varied 
along dimensions that would exhibit different levels of trust. This trial geometry included 
the possibility of all the factors shown in Table 2.

These factors were selected because their variation should produce a range of trust 
responses from participants. Specifically, each related to the ‘three Ps’ (Lee and See 2004) 
of automation that influence trust: its purpose, the process it uses, and its performance. The 
variety of tasks the UAS undertakes relate to purpose. The Order, Density, and Path relate 
to process. Error, Skip, and NoFly all relate to performance.

Figure 3. software dialog boxes used for collecting human trust ratings. (a) Participants would enter a 
number between 0 and 100. (b) Participants would turn the physical knob connected to the computer. 
(c) Participants would use the computer’s mouse to move a slider.
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5.5. Dependent measures

The dependent measures were human trust ratings made using each of the three judgment 
modalities (Figure 3). With the ask modality (Figure 3(a)), human trust was measured as 
a floating-point number from 0 to 100. With the knob (Figure 3(b)), human trust was 
measured as a floating-point number from 0 to 100 based on the position of knob between 
its minimum (0°) and maximum (300°) positions. With the slider (Figure 3(c)), human 
trust was measured as a floating-point number from 0 to 100 based on the left-to-right 
position of the slider.

5.6. Experimental design

We created a set of 96 trials: for each of the six possible Error levels, we generated 16 different 
trials. These had every possible combination where Skip was or was not None, each possible 
value of Path, and each possible value of Density. For each of the trials where Skip was not 
None, one of the options for Skip (see Table 2) was randomly assigned as well as a random 
Order. In 9 trials, the UAS flew into a no fly zone. We randomly selected 30 trials for use 
in the actual experiment. In 2 of these, the UAS entered a no fly zone. It is worth noting 
that because this work was only interested in eliciting a range of trust responses from par-
ticipants (not analyzing the impact of different factors on trust), we did not employ a fac-
torial design. This is discussed in more depth in Section 7.1.

Four additional training trials were selected that exhibited variation along all the scenario 
geometry dimensions. Two additional training trials, representing best and worst perfor-
mance conditions, were also created. The best performance trial had the UAS complete all 
search tasks with no error, at the highest search density, and in the most efficient order. The 
UAS in the worst performance trial had the highest level of error and randomly flew through 
the search area, including no fly zones.

A participant was assigned three random orders of the 30 experimental trials, one for 
each of the three judgment modalities. Trials for a given modality were presented in blocks. 
Block order was counterbalanced between participants.

Training trials were presented in a consistent order. At the beginning of the experiment, 
participants saw training to introduce them to the experimental task and first judgment 

Table 2. The scenario geometry for uas simulations.
Variable Description levels

Path The uas could show or not show its 
flight path

{Visible, invisible}

Error The uas could fly its path and control 
its camera with levels of error 
(random turns and jitters)

{0, 0.2, 0.4, 0.6, 0.8, 1}

Order The uas could execute search tasks in 
any order

all of the possible orders

Skip The uas could skip up to one task or 
part of the line search

{none, area, Point, rightof line, leftof line}

Density The uas could execute area searches 
with different densities (based on 
the camera’s footprint size)

{low, medium, high, highest}

NoFly The uas could fly into ‘no fly zones’ {occurs, Doesnotoccur}

error levels are the proportion of global maximums used as local maximums for uniformly 
distributed error. For the uas, the global maximum was 0.001° for latitude and longitude and 0.2 
for rotation radians. For the footprint, the global maximum was 0.0003° for the latitude and 
longitude of each point boundary point.
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modality. In this, participants saw the ‘best’ trial, then the ‘worst’ trial, then four other trials. 
On-screen instructions introduced judgment modalities and scenario geometry features 
in each trial. Subsequent training blocks of three trials (which excluded the best and worst 
conditions) were presented between judgment modalities to introduce participants to the 
new modality. Training trial and presentation orders were consistent between participants 
regardless of the given judgment modality order.

5.7. Data analysis

For each participant, we used our new method to assess the level of measurement of trust 
by calculating non-parametric (Spearman’s ρ) and parametric correlations (Pearson’s r) and 
fitting Deming regression models between the judgments made for the different modalities. 
To determine if a regression model had a significant intercept, we used the jackknife method 
(NCSS 2016) to calculate a 95% confidence interval around the intercept and checked if it 
contained 0.

Using these statistics, we developed a heuristic to interpret results. This enabled us to 
determine if a given model provided weak or strong evidence that trust was at least at a 
given level of measurement and to synthesise evidence across a participant’s models to draw 
conclusions about the level of measurement of trust. For each model: (a) Evidence for 
nominality was assumed by default. (b) Evidence for ordinality was expressed by a weak 
Spearman’s correlation (ρ ≥ 0.1; J. Cohen 1988). (c) Weak evidence for intervality was indi-
cated by a moderate Pearson’s correlation (r ≥ 0.3). (d) Strong evidence for intervality was 
indicated by a strong Pearson’s correlation (r ≥ 0.5). (e) Weak evidence for a ratio scale was 
indicated by evidence for intervality and a non-significant intercept. (f) Strong evidence 
for a ratio scale was indicated by strong evidence for intervality, a non-significant intercept, 
and a small (20 unit) 95% confidence interval around the intercept. This heuristic is sum-
marised in Table 3.

Then, across all three models for each participant: (a) Strong evidence of normality was 
assumed. (b) Weak evidence of ordinality was assumed if one or more models provided 
evidence of ordinality. (c) Strong evidence of ordinality was assumed if two or more models 
provided evidence of ordinality. (d) Weak evidence of intervality was assumed if two or 
more models provided evidence of intervality. (e) Strong evidence of intervality was assumed 
if two or more models provided strong evidence of intervality. (f) Weak evidence of a ratio 
level was assumed if all models had weak evidence of a ratio level. Note that this required 
every model to not have a significant intercept. This is because evidence of any intercept 
would indicate non-ratio trust. (g) Strong evidence of a ratio level was assumed if all the 

Table 3. heuristic used to assess Whether a given model Provided 
Weak or strong evidence of Trust in automation Being at a given level 
of measurement.

level of 
measurement

evidence strength

Weak  strong •
nominal  ………………… assumed ……………………………

 ………… ……… ρ ≥  0.1………… ……………………ordinal
interval r ≥ 0.3 r ≥ 0.5
ratio r ≥ 0.3 and 0∈ci r ≥ 0.5 and 0∈ci and |ci| ≥ 20

entries spanning columns (using…) indicate the criteria for general evidence with 
not strong or weak designation. ci stands for confidence interval.
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models exhibited evidence of a ratio level and two or more exhibited strong evidence of 
this. See Table 4 for a summary of this.

We also analyzed our results across participants by computing Spearman ρ and Pearson 
r correlations and Deming regression models for the three judgment modality pairs. We 
analyzed these results using the same heuristics employed for the individual participant’s 
models (Table 3).

6. Results

Analysis results and the synthesis of all three models for each participant are reported in 
Table 5 and Figure 4. Analyses revealed that only one participant (participant 25) exhibited 
strong evidence of a ratio level of measure for trust. Of the remaining participants, only 
five had weak evidence of a ratio level. Conversely, only two participants (3 and 22) showed 
no evidence of an interval level. Thirty four of the 36 participants showed evidence of an 
interval level, with 19 of these having strong evidence. All but one of the participants (22) 
had evidence of an ordinal level of measurement, where all but three of them were strong.

The aggregate results across all participants are shown in Table 6 and Figure 4. These 
results show that, when all of the data are considered together, the experiment exhibits 
strong evidence for the intervality of trust in automation.

7. Discussion and conclusions

This work constitutes the first research to identify the level of measurement of trust in 
automation. There is consistency in our results. Because all but one participant showed 
evidence of ordinality, and higher levels can always be accommodated by a lower level, it 
is safest to treat trust as ordinal. However, only two participants did not exhibit evidence 
of interval-level trust and the majority of participants had strong evidence for this level. 
Thus, given the significant increase in mathematical power offered by the interval level, 
our results indicate that it is safe to treat trust as interval. Conversely, only six participants 
exhibited evidence of a ratio level, and only one had strong evidence for this. This suggests 
that while some people may think about trust at a ratio level, it is not common.

Our results do suggest that analysts should be extremely careful when handling subjective 
trust data. This is because some people are clearly only treating trust as if it is ordinal and 
some treat it as if it is ratio. Experimental results and models of trust that have processed 

Table 4. heuristic used across all of a Participant’s models to Determine if 
Weak or strong evidence of a level of measurement Was Provided.

level of 
measurement

evidence strength

Weak strong •
nominal ……………………………assumed……………………………
ordinal 1+ with evidence of ordinal 2+ with evidence of ordinal
interval 2+ with evidence of interval 2+ with strong evidence of 

interval
ratio 3 with evidence of ratio 3 with evidence of ratio, 2+ 

with strong evidence

evidence (Weak, strong, or otherwise) is based on the heurstic described in Table 3. 
entries spanning columns (using…) indicate the criteria for general evidence with no 
strong or weak designation. ci stands for confidence interval.
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Figure 4. Plots showing the data collected from participants for each pair of the three pairs of judgment 
modalities. The three plots for a given participant (the number in top left of plots) are clustered horizon-
tally. in each plot, pairs of judgment values for comparable trials are points, the fitted Deming regression 
lines are black, 95% confidence intervals are grey areas, and average values for each judgment modality 
are dotted lines. all plots go from 0 to 100 on both the x and y axes.
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trust as if it is ratio (like those in Lee and Moray 1992) should be re-examined to see if they 
still hold with trust being interval.

Despite this caveat, the results are generally positive for the research community. 
Specifically, our results suggest that it is reasonable to treat trust at the interval level of 
measurement, which is the overriding standard in the research community. Thus, our results 
do not suggest that there is a serious problem related to level of measurement with the vast 
majority of the trust research. This point is further supported by the work of Jaccard, Wan, 
and Jaccard (1996), who showed that ordinal data generally can be treated as interval without 
a significant impact on statistical outcomes.

Our conclusion is further supported by the results of our aggregate analyses. This is 
because, when all of the data are considered together, all three judgment modality pairs 
exhibit strong evidence of intervality.

It is worth noting that one of our participants (participant 5; Figure 4) appeared to have 
set levels of values that he or she used throughout the experiment. While some might be 
tempted to interpret this as indicating an ordinal level, such levels are an issue of resolution 
rather than level of measurement. In fact, this participant ultimately exhibited strong evi-
dence of treating trust as an interval level (Table 5). Such results can provide some validity 
to the practice of researchers using low resolution scales with only 5 or 7 levels (see for 
example Bass, Baumgart, and Shepley 2013) and analyzing them with interval level statistics.

We fully acknowledge that our study may not be universally generalisable to all situations 
where trust in automation is relevant given that we only tested one application domain and 
one task within that domain. As such, future work should seek to see if our results extend 
to other areas where trust in automation is important. However, even with this limitation, 
this work does show that our method can identify different levels of measurement and that 
different people can treat trust as being ordinal, interval, or ratio. The study also provides 
compelling evidence that the interval level that most researchers assume is valid. Thus, we 
think this research is significant.

Beyond these contributions, this research has a number of implications for future 
research. These are explored below.

7.1. Insights into the application of our method

Our trust experiment is the first to use our method for identifying the level of measurement 
of trust. For the most part, this experiment was successful. However, there are a few things 
that could be done differently to improve the application of the method. First, several of 
the participants exhibited very wide confidence intervals around the intercept. For some 
participants, this seemed to occur because they did not produce many ratings on the lower 

Table 6. analysis of aggregated experimental results.
at least

Judgment modalities ρ model intercept ci r n o i r

y - ask, x - Knob 0.61 y =0.74 x +15.08* [ 12.50, 17.67 ] 0.62 • • •
y - ask, x - slider 0.61 y =0.92 x + 9.14* [ 6.35, 11.92 ] 0.63 • • •
y - Knob, x - slider 0.58 y =1.25 x – 8.08* [−13.66, −2.50 ] 0.58 • • •

overall: • • •

note. see Table 5 for a description of this table’s notations.
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end of the scale (see, for example, participants 7, 9, 19, 20, 28, 29, and 36). This makes it 
difficult to determine if strong evidence of a ratio level was present. To address this, future 
work should work hard to ensure that the range of trials used in experiments will elicit a 
full range of participant responses, especially those near the lower end of the scale. Second, 
the 90 trials (30 for each of the three judgment modalities) required approximately 2 or 
more hours of participant time. This coupled with the tedious nature of the trials resulted 
in participants becoming noticeably bored. This may have impacted their ability to perform 
the experimental task with the rigour we desired. Thus, future work should work to either 
minimise the experiment’s time or make trials more engaging. Third, the independent 
variable levels in experiments were selected to elicit a range of trust values from participants 
(something that was clearly accomplished in the results; Figures 4 and 5). These were not 
selected to give us insights into the impact the different factors have on trust ratings as 
would be possible with a full or partial factorial design. This work was not specifically 
interested in investigating how the considered factors impact trust. Furthermore, a full 
factorial design would either necessitate a prohibitively large number of trials or restrict 
the number of factors that could be used to influence trust. Thus, we chose not to use a 
factorial design. However, this choice does limit the insights we can obtain from analyzing 
the impact of the experimental factors. Future use of our method should employ more 
traditional experimental designs if insights into the effects of the independent variable levels 
is of importance.

7.2. Level of Measurement of Other Psychological Phenomenon

There are many psychometrics scales used in ergonomic research for measuring things like 
workload and situation awareness. None of these have had their level of measurement 
assessed. Thus, it is possible that there are problems with the ways these measures are 
treated in the literature. In particular, the Situation Awareness Rating Technique (SART, 
which is used for measuring situation awareness) and the NASA-TLX (which is used to 
measure mental workload) both combine multiple psychometric ratings that assess different 

Figure 5. Plots showing the data collected from all participants or each pair of judgment modalities. 
Pairs of judgment values for comparable trials are points, the fitted Deming regression line is black, 95% 
confidence intervals are grey areas, and average values for each judgment modality are dotted lines. all 
plots go from 0 to 100 on both the x and y axes.
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phenomena into a single score by multiplying the other ratings by a scaling factor and 
adding them together. For SART, these are ‘Demand on Attentional Resource,’ ‘Supply of 
Attentional Resource,’ and ‘Understanding of the Situation’ (Selcon and Taylor 1990; Taylor 
1989). For NASA-TLX, these are ‘Mental Demand,’ ‘Physical Demand,’ ‘Temporal Demand,’ 
‘Performance,’ ‘Effort,’ and ‘Frustration’ (Hart and Staveland 1988). By adding these ratings 
together, the methods are assuming that they are at least interval. Further, since this process 
does not account for an intercept that would move arbitrary zeros between the different 
psychometric scales, the computation appears to assume that these values are ratio. Future 
work should adapt our method for use with these measures and assess the level of mea-
surement for both their primary psychometric as well as the scales used in their 
computation.

7.3. Negative Trust and Distrust

Our results have potential implications for the measure of distrust. In particular, it is an 
open issue whether distrust is negative trust or an orthogonal measure (Jian, Bisantz, and 
Drury 2000). From a level-of-measurement perspective, distrust being negative trust would 
imply that trust is ratio because it implies a meaningful zero (a meaningful inflection point 
where trust (positive) transitions to distrust (negative)). In other words, distrust cannot be 
negative trust if trust is interval or ordinal because this would mean that negative trust 
would simply be lower than a positive value. Because our results suggest that trust is interval, 
this would indicate that distrust is not negative trust. This should be explored in more depth 
in the future.

7.4. Limitations of Stevens’ Levels of Measurement

There are limitations with Stevens’ (1946) levels of measurement (Velleman and Wilkinson 
1993). The majority of these are based on potential deficiencies of Stevens’ topology. In 
particular, there are numbers that are not properly accounted for by Stevens’ level. For 
example, percentages constitute a scale that has a meaningful zero but does not support 
meaningful ratio transformations (Velleman and Wilkinson 1993). Because of such dis-
crepancies, researchers (Mosteller and Tukey 1977; Velleman and Wilkinson 1993) have 
proposed alternative topologies of measurement. While these are not standard and rarely 
used, future work should investigate how our results and methods could address these other 
systems.
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