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The Level of Measurement of Subjective Situation
Awareness and Its Dimensions in the Situation
Awareness Rating Technique (SART)

Matthew L. Bolton

Abstract—Situation awareness (SA), a measure of how well a
person understands the situation, is frequently used to evaluate the
safety and effectiveness of critical systems that depend on human
behavior. While there are objective ways of measuring SA, subjec-
tive assessments, such as the SA rating technique (SART), are still
widely used. However, it is not clear what the level of measurement
is for SART-measured SA or its constituent dimensions This is a
significant gap because the level of measurement determines what
mathematics and statistics can be meaningfully used to synthesize
and evaluate measures. This research uses a previously developed
method for determining the level of measurement of psychometric
ratings to evaluate the level of measurement of SART and its
elements. Results show that all of the dimensions of SA can be
treated as interval in most situations, but that each is on a separate
interval scale. This result casts doubt on the validity of the formula
SART uses to compute SA from its subcomponents. We ultimately
discuss our results and explore future research directions.

Index Terms—Human performance assessment, psychometrics
and testing, situation awareness (SA).

1. INTRODUCTION

ITUATION awareness (SA) is a psychological concept that
S represents how well a person understands what is currently
going on. More formally, SA is “the perception of the elements
in the environment within a volume of time and space, the com-
prehension of their meaning, and the projection of their status
in the near future” [1]. For systems that rely on human behavior
for correct and efficient operation, SA has become a critical
concept because a human who does not understand the current
situation will likely do things that are detrimental to safety and
performance. In scientific analyses, measurement of SA is typi-
cally performed with objective measures, such as those offered
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by SA global assessment technique (SAGAT) [2]. However, the
challenges of developing and administering SAGAT evaluations
(identifying appropriate objective questions and pausing system
operations to administer tests) can make it inconvenient in some
situations. For this reason, subjective assessments of SA, the
most popular of which is the SA rating technique (SART) [3],
[4], are still regularly used [5]-[12].

When using subjective ratings in scientific research, the scales
must be “reliable” (produce consistent results) and “valid” (cor-
related with things associated with what is being measured) [13].
They must also be handled with respect to the levels of measure-
ment [14]. This last consideration is important as it determines
what types of statistics and mathematics can be meaningfully
applied to measurements. Until recently, there was no way of
assessing the level of measurement people use for subjective
scales. This deficiency was addressed by Wei et al. [15], who
used a new method to assess the level of measurement of trust
in automation.

In this research, we used the method introduced in [15] and
[16] to assess the level of measurement of subjective SA using
the dimensions of SART .

II. BACKGROUND

A. Level of Measurement

The level of measurement of a scale determines what a
number means in relation to other numbers measured on the
same scale. Psychological measurement usually uses the four
levels originally identified by Stevens [14]. Nominal numbers
indicate category or identity (e.g., player number on a team).
Ordinal numbers only indicate order (e.g., class rank). Interval
numbers (e.g., temperature in Fahrenheit or Celsius) are the first
where the distances between numbers have meaning. However,
interval numbers have a nonmeaningful zero (a zero that does
not constitute the absence of the measured quantity) and, thus,
ratios between numbers are meaningless. Finally, ratio numbers
(e.g., distance) have a meaningful zero and, thus, ratios between
numbers have meaning.

The level of a scale determines what mathematical (and statis-
tical) operations can be meaningfully applied to values measured
on a scale [14]. Equalities, inequalities, counts, modes, set
membership, and contingency correlation can be meaningfully
computed on numbers from nominal scales. Comparisons of
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Tlustration of the relationships exploited by the method for assessing the level of measurement of psychological concepts (adapted from Wei et al. [15]).

(a) Transformations between mental state M and scales Ry and Rs. (b)—(d) If M, R;, and Ra are (b) ordinal, (c) interval, or (d) ratio, then fi2 is ordinal,

interval, or ratio, respectively. In all of these, a1, a2, b1, and ba are constants.

greater-than or less-than, percentiles, medians, rank-order statis-
tics, and all nominal operations can be meaningfully calculated
for numbers on ordinal scales. Numbers from interval scales
can be used to meaningfully compute all nominal quantities,
means, standard deviations, product moment correlations, and
most parametric statistics. Finally, percent changes, geometric
means, coefficients of variation, the full range of parametric
statistics, and operations that can be performed on all other
levels can be meaningfully calculated for numbers from ratio
scales. Clearly, it is extremely advantageous to treat measures
at the highest possible level (with ratio at the top and nominal
at the bottom) because it enables many more possibilities for
meaningful analyses.

Another important concept from level of measurement, which
is used by the method for assessing the level of psychological
qualities measured with subjective scales [15], is permissible
transformation. A permissible transformation describes how
numbers on one scale can be converted to another scale that is on
the same level of measurement, so that mathematical power is
retained. Permissible transformations on nominal scales are any
one-to-one transformation: any transformation that preserves
identity. For ordinal scales, permissible transformations are any
that are strictly increasing: any function that preserves element
order. An interval scale can be permissibly transformed into
any other interval scale via a linear transformation fiperva(X) =
a - X + b: that is, a function that scales the original number by
a positive constant a and repositions the zero with b. Finally,
permissible transformations on ratio scales are ratio transfor-
mations fraio(X) = a - X, where the original number is only
scaled by a positive constant factor.

B. Method for Assessing a Scale’s Level of Measurement

The method introduced in [15] and [16] for assessing the level
of measurement of psychometrics uses meaningful transforma-
tions as its basis. Fig. 1 illustrates the concept behind the method.
In this, assume that there are two psychometric scales R; and
Ry that both measure the same psychological quality M [see
Fig. 1(a)]. When a human is asked to transform a specific value
or state of M onto the two scales, he or she will implicitly apply

transformations f; : M — Rj and fo : M — Rs. As Fig. 1(b)—
(d) shows, as long as the fidelity of R, and Ry are sufficient to
capture the level of M, M’s level of measurement will determine
the form of f; and f; based on the permissible transformations of
the level. This, in turn, determines the form of the transformation
for converting values on Ry to values on Ry (f142), which will
assume a form of the permissible transformation as dictated by
M’s level.

The forms of f1,2 provide indirect means of determining M ’s
level of measurement. By collecting ratings of M for the same
conditions on two scales (R and R»), the level of measurement
is revealed by the transformation that converts between them
(f1t02)- In the assessment method [15], it is assumed that, as
long as observations on R; and Ry are distinct, there is enough
evidence to assume nominality. A nonparametric (Spearman’s
p) is used to assess the strength of the ordinal relationship.
Because both ratio and interval transformations are linear, linear
regression can determine if there is evidence of interval or ratio
relationships. Because error is possible in measures on both R;
and Ro, the method prescribes Deming regression [17]. The form
of the regression model, based on whether 0 is in the confidence
interval around the intercept, shows whether the relationship
indicates intervality (0 not in the interval) or ratio (0 in the
interval). Because Deming regression does not use ordinary least
squares for fitting, R? is not computed. Thus, Pearson’s correla-
tion coefficient (r) is used to assess the linear relationship (“fit”)
between the measures (the standard for Deming regression).

In this method, human judgments on only two scales are
necessary for determining the level of measurement of a psy-
chological attribute. However, by using more, the chance of
incorrect conclusions is reduced. Thus, Wei et al. [15] suggest
the use of three scales with the heuristics in Table I for assessing
the strength of evidence for each level.

C. Measuring SA With SART

While there have been multiple versions of SART (including
its original formulation with ten different dimensions [4]), the
most common form [3] (3-D SART) measures SA by having
humans subjectively assess three dimensions based on their ex-
perience: Demand on attentional resources, supply of attentional
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TABLE I
HEURISTIC FOR ASSESSING THE LEVEL OF MEASUREMENT FOR A GIVEN
PARTICIPANT’S SUBJECTIVE RESPONSES

Evidence Strength

Level Weak o Strong e

Single Model
Nominal ............ ... ... .. ... Assumed ......... .o
Ordinal  ............. ... ........ pP>00 o
Interval r>0.3 r>0.5
Ratio r>03and 0€CI r>0.5and 0 € CI and \Cl\ > 20

Across All Three Models

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

Note: p and r are Spearman’s and Pearson’s correlation coefficients, respectively. Stan-
dard methods [18] are used to assess coefficient strength. CI is a 95% confidence interval
around the intercept of the linear Deming regression model.

resources, and understanding of the situation. Overall SA is then
computed as

SA = Understanding — Demand + Supply. ()

Like with NASA Task Load Index (NASA-TLX) [19], 3-D
SART dimensions are traditionally measured by having human
participants mark a position on a 100-mm horizontal line. The
rating’s value is then measured as the mark’s distance from the
left edge of the line in millimeter. Conventional approaches
use 100 point sliders on electronic displays. Note that in 3-D
SART’s original evaluation, overall SA was also assessed on
such a scale [3]. Thus, while SART does not make explicit claims
about the level of measurement of SA or its dimensions, the
linear combination in (1) suggests that SA and the dimensions
are at least interval. Furthermore, the relationship dictated by (1)
suggests that all three SART dimensions are on the same level
and scale. Finally, because the majority of research that uses
SART analyzes results with parametric statistics (e.g., t-tests and
analyses of variance) [5]-[12], there is an implicit assumption
that SART measures are interval.

III. OBIJECTIVES

With SART being used in the evaluation of safety-critical
systems, such as aircraft [6], automobiles [8], and offshore oil
drilling platforms [7], it is critical that the level of measurement
of SA and its dimensions be well understood. This is because
it allows analysts to use the mathematics and statistics that
give them the most meaningful operations: avoiding meaning-
less conclusions and not sacrificing statistical or mathematical
power. This research specifically sought to assess the level of
measurement of SA as evaluated by SART and each of its three
subjectively assessed dimensions. To accomplish this, we con-
ducted an experiment where humans made assessments based
on an unmanned aerial system (UAS) performing search tasks
and analyzed each dimension of SART as well as overall SA
[both subjectively and computed using (1)] using the method
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developed by Wei et al. [15]. We also analyzed our results with
respect to the observed levels of measurement to ensure that (1)
was consistent with them.

IV. METHODS

This study received approval from the University at Buffalo
IRB under STUDY00002118.

A. Procedure

This experiment followed a similar procedure to the one
originally used in [15]. Participants arrived at the laboratory
and signed an informed consent document. They then observed
a PowerPoint presentation that introduced them to the experi-
mental task. Afterward, they performed the experiment, which
involved watching simulations of UASs performing search tasks.
The same simulations were observed in three blocks, where the
participants rated their SA during the simulation using three
different judgment methods.

B. Participants

We recruited 36 University at Buffalo student participants to
the study. Thirteen of these were female and 23 were male.

C. Materials and Apparatus

The experiment was run in a controlled, quiet, evenly lighted
laboratory. It was administered on three PCs, each resting on
separate computer desks. Each computer was equipped with a
21-in LCD monitor, optical mouse, and keyboard. The exper-
iment was administered on the computers using software that
was specifically created for this project.

During the experiment, the software depicted a video of a
UAS flying around a given area and performing search tasks
(see Fig. 2). The simulations were created using OpenUxAS and
OpenAMASE [20]. The UAS was depicted as a chevron shape
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 center of the camera’s view.

In simulations, the UAS performed line (the green line in
Fig. 2) and point (green squares labeled with numbers in Fig. 2)
search tasks. When all tasks were completed, the UAS flew to
an end point and loitered there. When the UAS’s planned flight
path was shown (as in Fig. 2), it was depicted as a blue line. In
some trials, the UAS would communicate its search intentions.
When this was done (as in Fig. 2), it was shown in green text
above the simulation.

During the simulation, participants were required to indicate
which of the six displayed and labeled points were searched
(using the checkboxes in the upper right of the display in Fig. 2).
The UAS could explicitly search points on its flight path (such
as points 1,4, and 5 in Fig. 2) or points that fell into the camera’s
footprint during a line search (such as point 2 in Fig. 2).

After each simulation, participants provided ratings about
their SA during simulations using 3-D SART [3], including
overall SA, using (see Fig. 3): (a) a number between 0 and 100,
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The UAS intends to in

Fig. 2. Screenshot of the UAS simulation used in the experiment.
TABLE II
INDEPENDENT VARIABLES
Variable Description Levels
Intention Whether the UAS’s intention (the green  Visible, Invisible
text that says which points will be
searched) is displayed.
Path Whether the flight path is displayed. Visible, Invisible
LineSearch ~ Whether the line search’s green line is  Visible, Invisible
displayed.
NumPoints ~ The number of points searched by the [0, 6]
UAS.
Points The points searched by the UAS. Random
Radius The size of the radius around the UAS. Small, Medium,

Large, Infinite

(b) the position of an on-screen knob (controlled using the mouse
scroll wheel), or (c) the position of an on-screen slider.

D. Independent Variables

The independent variables are all related to the experimental
trials, where trial geometry included the factors in Table II.

These factors were selected because their variation should
produce a range of SA (and subdimension) responses. Con-
sistent with SART’s dimensions [3], they either supply atten-
tional resources to humans by giving them guidance (displaying
intention, the flight path, or the line search), place additional
demands on attention (not showing intention, the flight path, or
the line search; and using smaller radii), and/or reduce human
understanding (not showing intention, the flight path, or the line
search; and using smaller radii). These factors are also related to
Endsley’s three levels of SA [1]. Thatis, they impact the ability of
the person to identify relevant objects in the environment (path
visibility, line search visibility, and radius), comprehend their

IEEE TRANSACTIONS ON HUMAN-MACHINE SYSTEMS, VOL. 52, NO. 6, DECEMBER 2022

Which points are
searched by the UAS in
the presented scenario?
o1 m mK]
mp ob5 o6
O None of these

points 1,2, 4, and 5

meaning (path visibility, line search visibility, and intention),
and project that meaning into the future (path visibility, line
search visibility, intention, and radius).

E. Dependent Measures

The dependent measures were the dimensions of 3-D SART
made using each of the three judgment modalities (see Fig. 3):
Demand represented how much demand was placed on human
attention during a simulation; Supply represented how much
spare attention and mental ability was available to the human
during the simulation; and Understanding represented how well
the human understood the situation during simulations. Because
overall SART SA can be directly subjectively measured [3],
this (SARaed) Was also collected concurrently with the other
subjective dimensions. Beyond this, we computed overall SA
using the first three dimensions in accordance with (1)

SAcomputed = Understanding — Demand + Supply.  (2)

All five of these measures were collected for each simulation
after it was shown to participants using one of the three judgment
modalities: ask, knob, and slider. For the ask judgment modality
[see Fig. 3(a)], dimensions were measured as a floating point
number between O and 100 based on the values entered by
people in text boxes. With the knob [see Fig. 3(b)], dimensions
were measured as a floating-point number from 0 to 100 (with
precision down to 0.02) based on the position of a knob between
its minimum (0°) and maximum (300°) positions. With the slider
modality [see Fig. 3(c)], each dimension was measured as a
floating-point number from 0 to 100 (with precision down to
0.05) based on the left-to-right position of a slider.

Finally, for every trial participants viewed, they indicated
which points were searched by the UAS. The identified points
along with the correct answers for each trial were recorded.

Authorized licensed use limited to: University of Virginia Libraries. Downloaded on April 10,2023 at 21:45:41 UTC from IEEE Xplore. Restrictions apply.



BOLTON et al.: LEVEL OF MEASUREMENT OF SUBJECTIVE SITUATION AWARENESS AND ITS DIMENSIONS IN THE SART

1151

Judgment

Please use the text boxes below to enter numbers between 0 (low) and 100 (high)
That best answer the following questions.

Demand on Attentional Resources

How much demand was placed on your attention during the task ?

[ 1]

Supply of Attentional Resources

How much spare attention and mental ability was available to you to accomplish the task ?

Understanding

During the task, what was your level of understanding of the stuation?

I

Sttuation Awareness

What was your overall situation awareness while performing the task?

Ok
(a)
Judgment
Please click on each of the panels below and use the scroll
wheel on the mouse to answer each of the provided questions.
Demand on Attentional Resources
How much demand was placed on your
attention during the task?
Low High
Supply of Attentional Resources
How much spare attention and mental ability
was available to you to accomplish the task?
Low High
Understanding
During the task, what was your level of
understanding of the situation?
i 3
Low High
Situation Awareness
What was your overall situation
awareness while perfforming the task ?
Low High

(b)

Fig. 3.

Judgment

Please use the sliders below to answer each of the provided questions.

Demand on Attentional Resources

How much demand was placed on your attention during the task?

[T T T T (T (T [ T Y (T I

Low High
Supply of Attentional Resources
How much spare attention and mental ability was available to you to accomplish the task ?

Low High
Understanding

During the task, what was your level of understanding of the situation?

Low High

Situation Awareness
What was your overall stuation awareness while performing the task ?

[T T I T T T T I T I A

Low High

(©)

Software dialog boxes that were used for collecting human SA ratings. (a) Participants enter numbers between 0 and 100. (b) Participants use the computer’s

mouse scroll wheel to turn an on-screen knob. (c) Participants use the computer’s mouse to move a slider.

F. Experimental Design

We created 32 trials: one for each possible combination of the
levels of Intention, Path, LineSearch, and Radius (2 -2 -2 -4 =
32). Within these, NumPoints and searched Points were assigned
randomly. Four additional training trials were also created that
exhibited variation along all independent variable dimensions.

When the experiment was run, each participant was assigned
three unique random orders of the 32 experimental trials, one for
each of the three judgment modalities. Trials for a given modal-
ity were presented in blocks. Block order, and thus judgment
modality, was counterbalanced between participants.

Training trials were presented in a consistent order. At the
beginning of the experiment, participants saw all four training

trials to introduce them to the experimental task and first judg-
ment modality. Subsequent training blocks of two trials were
presented between judgment modalities to introduce participants
to a new modality. Training trial and presentation orders were
consistent between participants regardless of the given judgment
modality order.

G. Data Analysis

Data analysis in this experiment followed the same general
process established in [15]. However, in this experiment, the
method was applied to the four measures collected from human
participants (Demand, Supply, Understand, and SAgged). AS
was done in [15], the method was applied for each individual
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participant as well as across all participants, with the heuristics
from Table I being used to determine if weak or strong evidence
was observed for each level of measurement.

Furthermore, because of the relationship predicted by (2), we
intended to determine whether this is appropriate for the level
of measurement for each of the components. We accomplished
this in three ways.

First, we calculated SAcompuea using (2) for each set of
collected ratings. We then determined its level of measurement
using the same technique used for the other measures. We
compared these results with those found for SAgyeq to see if
they were consistent.

Second, (2) suggests that Understanding, Demand, and Sup-
ply are on the same scale given that they can be combined
together without any sort of transformation. If this were true,
then we would expect the Deming regression models for con-
verting between judgment modality pairs to be the same for all
four measures. That is, the model for converting a participants
Demand from an ask judgment to a knob judgment should be
the same as converting Supply, Understanding, and SARgated
between the same judgment type pairs. To test this, we used
repeated measure analyses of variance. In these, the slopes and
intercepts from the Deming regression models were the response
variables. The measure type was the independent factor and the
combination of the participant and judgment modality pair were
the “subject” factor.

Third, if SAcompuea Were capturing SA, we would expect to
be able to scale SAggeq to the range of SAcompuea and fit a
regression that produces (2). That is, a regression model with
regression coefficients that are effectively 1 and an intercept of
0. Thus, we performed this scaling procedure and regression
fitting to perform this comparison.

V. RESULTS

A full listing of the level of measurement results using the
same conventions as the previous trust experiment [15] can be
found in this article’s supplementary materials. For the sake of
brevity, we report the overall results here. Specifically, Fig. 4
shows the total number of individual participants that exhibited
weak and strong evidence that each of the evaluated measures
was at a given level of measurement. When all of the participants
were considered together (in aggregate), strong evidence was
observed for nominal, ordinal, and interval levels for all of the
measures, but no evidence for ratio.

Based on these results, SArated and SAcomputed produced sim-
ilar results, though minor differences were seen in the number of
participants that exhibited evidence for each level (see Fig. 4).

The repeated measures ANOVA that checked whether the
slopes and intercepts were the same for converting between
the measures collected from participants (Demand, Supply, Un-
derstanding, and SAgqeq) showed that there were no signifi-
cant differences in regression model intercepts (F, 296 = 1.78,
p = 0.171) between measures. However, there was a significant
difference in model slopes (F%, 296 = 6.49, p = 0.002).

Finally, SARaed Was linearly rescaled to fit within the range
of SAcomputeds creating SAgcaiea. When Demand, Supply, and
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Ratio |

Interval [ ]

Demand

Ordinal |

Nominal |

Ratio

Interval l

Supply

Ordinal [ |

Nominal |

Ratio

Interval [ ]

Understanding

Ordinal []

Nominal |

Ratio

Interval [ ]

SARated

Ordinal [ l

Nominal |

Ratio

Interval [ ]

SA Computed

Ordinal []

Nominal |
0 6 12 18 24 28 36

Fig. 4. Stacked bar chart showing the number of participants (out of a max-
imum of 36) that showed evidence of the different levels of measurement for
each dependent measure and SAcomputed- Dark gray indicates the number of
participants with strong evidence. Light gray indicates the number with weak
evidence.

Understanding were used as independent variables to fit a re-
gression model to SAgqeq, the following was obtained:'

SAscaled = 2.6120.Understanding
+0.1412.Demand
+0.3934.Supply
—102.51.

3)

This result indicated that the three predictors explained 79% of
the variance (R? = .79, F3 3452 = 4327.37, p < 0.00), with all
predictors and the intercept being significant (p < 0.01).

VI. DISCUSSION

This work constitutes the first we know of to assess the level
of measurement of SA. Below we discuss the significance of our
findings and suggest avenues of future research.

A. Level of Measurement of SART and Its Dimensions

The results across all of our measured dimensions and across
participants (both individually and in aggregate) are fairly con-
sistent. Specifically, significant evidence exists to show that it

"'Note that because this model required multiple independent variables, Dem-
ing regression could not be used.
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is safe to treat Demand, Supply, Understanding, SARraeq, and
SAcompuied at both the ordinal and interval levels of measure-
ment. Little evidence exists that any of these measures can be
treated as ratio. This is largely an encouraging finding for the
human factors’ research given that it creates no conflict when
using parametric statistics to analyze SART results. However,
this also means that analysts need to be careful not to perform
statistical or mathematical operations on SART data that assume
a ratio level.

The results also show that there are clear individual dif-
ferences between participants. This is demonstrated by some
participants not being capable of providing evidence that they
were thinking about the measures as being interval or even
ordinal (e.g., see participants 17, 19, and 21 in the supplement).
Thus, individual results should be handled carefully so as not to
make assumptions about the level of measurement.

B. Validity of SART

Even with the encouraging results about SA’s level of mea-
surement and the similar measures observed for SAgueq and
SAcomputed, Our results provide evidence that SART may not
be an accurate measure of SA. First, the fact that we observed
significant differences in model slopes for converting between
judgment type pairs between Demand, Supply, Understanding,
and SAgraeq suggests that these measures are not on the same
scale. Second, when we scaled SAgyeq t0 SAcomputea and fitted
a regression model to it, the equation we obtained [see (3)] was
clearly different from the original SART formulation [see (2)].
This further suggests that Demand, Supply, and Understanding
are on separate interval scales that must be linearly transformed
to the scale of SAgaed- All of this provides evidence that the
standard SART formulation [see (1)] is not supported by the
levels of measurement and scales we observed.

It is important to note that, based on our results, we are not
advocating for reformulating SART around (3): this formula is
derived from only this one limited study. Rather, we feel like
our results contribute to the growing consensus that there are
problems with SART [21], [22]: that it diverges from objective
performance (this topic is explored in the next section) and that
it confounds with human confidence and mental workload. In
fact, our results provide additional evidence for the workload
confound in that they suggest that Supply and Demand are not
on the same scale as SAraeeq. Furthermore, our results highlight
a potential issue of considering elements of mental workload in
SA. This is seen in the discrepancy in the sign of the Demand
coefficient in our fitted model [see (3)] from the original one
[see (1)]. As is well known in the human factors’ community,
workload and/or demand on resource can both improve and
degrade performance [23]. Thus, even if mental workload con-
siderations should be accounted for in SA (a position we are not
advocating), the negative relationship enumerated in (1) is likely
too simplistic.

C. SART Correspondence With Object Performance

While not directly tied to project objectives, the aforemen-
tioned results made us curious about how SA scores correlated
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with human objective performance during target identification.
To investigate this post hoc consideration, we computed the
total number of errors (TargetErrors) made by a participant
for each trial based on which points were actually searched
in the trial. Errors were then counted for each trial based on
whether an unsearched point was selected or if a searched point
was not. We then compared TargetErrors to both SAryeq and
SAcomputed across all participants and trials with Spearman’s
p correlation. Ultimately, TargetErrors was significantly (p <
0.001) negatively correlated with both SAryeq and SAcomputed
with p = —0.288 and p = —0.327, respectively, suggesting
medium strength relationships between the measures [18]. Thus,
although there are many reasons to be suspicious of SART’s
computed value of SA, it does somewhat correlate with objective
measures of performance.

Because this experiment was concerned with subject SA, this
analysis should not be regarded as a comprehensive comparison
of SART to objective scales, such as SAGAT. We refer readers
to the literature Endsley et al. [21] and Endsley [22] for such
evaluations.

D. Additional Experiments

While our results are compelling, it is important to note that
they come from just one experiment. Future work should explore
whether the results can be replicated under similar conditions,
with other populations (possibly those with more domain exper-
tise), and other application domains.

E. Other Subjective Scales

As Endsley [22] notes, there are other subjective measures of
SA. Our results suggest that humans generally treat these as if
they are interval. This should be the subject of future research.
Beyond this, there are subjective measures of other phenomena
that are used to make design decisions about safety-critical
systems. For example, the NASA-TLX [19] is widely used to
assess mental workload. Future research should investigate the
level of measurement of additional subjective measures to ensure
they are being handled with mathematical meaning.

F. Level of Measurement of Subjective Dimensions

This study and the trust analysis reported in [15] and [16] are
the first to determine the level of measurement of psychological
concepts assessed using psychometrics. Given that trust and all
of the SART dimensions showed good evidence of intervality,
it may be that humans inherently think about psychological
continua that are not conceptually constrained at a lower level
(they do not represent inherent ordinal or nominal qualities) as
being interval. This may be why, for example, Jaccard et al.
[24] found that Likert scale data (which is generally thought to
be ordinal) can usually be analyzed accurately with parametric
statistics. In any case, the results presented here and in [15] and
[16] provide additional evidence that few people are capable
of thinking about concepts effectively on ratio scales. Similar
conclusions have been reached in psychophysics research [25],
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[26], where humans are actually making judgments about phys-
ical, ratio quantities. Future work should continue to explore
the level of measurement of different psychological qualities to
see if these findings holds or if there are specific features of the
quality being measured that produces variations in level.

VII. CONCLUSION

In this research, we found evidence that subjectively as-
sessed SA, demand of attentional resources, supply of attentional
resources, and understanding of the situation exhibit enough
evidence to be treated as if they are on an interval level of
measurement when performing analyses across multiple partici-
pants. However, the level of measurement analyses also revealed
problems with the equation [see (1)] SART uses to synthesize
dimensions into a single rating. Thus, if analysts plan to use
subjective SA as part of their analyses, the results of this study
suggest that it can be collected directly and not computed from
its subdimensions as is done by SART.
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