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Abstract

As agricultural machines become more complex, it is increasingly critical that
special attention be directed to the design of the user interface to ensure that
the operator will have an adequate understanding of the status of the machine
at all times. A user-centred design focus was employed to develop two con-
ceptual designs (UCD1 & UCD?2) for a user interface for an agricultural air
seeder. The two concepts were compared against an existing user interface
(baseline condition) using the metrics of situation awareness (Situation Aware-
ness Global Assessment Technique), mental workload (Integrated Workload
Scale), reaction time, and subjective feedback. There were no statistically sig-
nificant differences among the three user interfaces based on the metric of
situation awareness; however, UCD2 was deemed to be significantly better
than either UCD1 or the baseline interface on the basis of mental workload,
reaction time and subjective feedback. The research has demonstrated that a
user-centred design focus will generate a better user interface for an agricul-
tural machine.

Keywords
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1. Introduction

A user interface is a means by which the user interacts with the target system. It
is an important facet that helps the user to monitor, control and alter the target
task environment [1]. The efficiency and effectiveness of the operation, as well as
the workload and safety of the operator, depends on the information displayed
to the user. Designers and researchers recommend that the typical user interface
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should encapsulate and emphasize the critical features of the target environment
[1] [2] [3] [4]. Using the paradigm of situation awareness, [5] proposed the
goal-directed task analysis to determine the critical information needs of the us-
er. Based on the situation awareness information needs of the operator, design-
ers and engineers can design the user interface by focusing on the essential in-
terface elements to accomplish operational goals of the operator.

There are two important considerations for designing a user interface: 1) in-
formation requirements of the user, and 2) information presentation to the user.
Information requirements of the user specify the quantity, type or variety of the
information deemed necessary for the user to achieve job-related goals. For ex-
ample, a car driver requires knowledge of the current speed of the car; without
the knowledge of this critical information, it would be difficult to drive safely
and lawfully. Information presentation demonstrates the form, look, feel and
mode of the information communicated to the user so that the processing and
utilization of the information can be efficient. Referring back to the previous
example, the current speed of a car can be presented to the driver in many
forms: using numeric text, by showing the movement of a needle on a dial
gauge, using a combination of both numeric text and animated needle, or by any
other means based upon the imagination and resourcefulness of the designer.

In this study, we have designed and evaluated a driver interface for a tractor
air seeder system. This work was accomplished in two phases. During the first
phase, individual elements of the driver interface were designed and evaluated
on the basis of mental workload invoked and level of situation awareness that
was enabled. Experimental results confirmed that the metrics of mental work-
load and situation awareness can be used by the designer to select individual in-
terface elements [6]. During the second phase of the study, individual elements
of the tractor air seeder interface were further modified based on knowledge
gained in the first phase of the study and then integrated into a complex inter-
face. Two versions of a user interface were developed and evaluated against a
pre-existing interface that had been used previously as part of a tractor-air seed-
er simulator. This manuscript discusses the findings of the second phase of the

study.

2. Background Information Relevant to User Interfaces
2.1. Evaluating User Interfaces

Design of a user interface according to the user’s goals and information re-
quirements is half the battle towards building an effective interface. Although
designers apply many interface design guidelines based on human factors prin-
ciples, it is still common that certain aspects of the interface may not work as in-
tended. Evaluation of a user interface helps designers to identify ineffective fea-
tures and other issues to further improve the interface. Commonly recom-
mended interface evaluation methods include heuristic evaluation, cognitive

walk-through, usability testing, and guidelines/standard inspection [7] [8]. Heu-
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ristic evaluation and usability testing are considered the most effective methods
for improving user interfaces [7]. Heuristic evaluation requires many experts to
evaluate the interface based on expertise gained over many years of professional
practice. Usability testing yields data based on both objective and subjective
evaluations which makes it more suitable for research and scientific studies.

Multiple metrics can be used for usability testing. Situation awareness may be
considered as a primary means for evaluation, as this metric is a widely accepted
criterion of evaluation in many domains [9]. Reference [10] defined situation
awareness as “the perception of the elements of the environment within a vo-
lume of time and space, the comprehension of their meaning, and the projection
of their status in the near future”. From this definition, we can see that situation
awareness consists of perception, comprehension, and projection. These are re-
ferred to as the three levels of situation awareness. Poor situation awareness
could lead to ineffective, inadequate operational outcomes (perhaps leading to
dangerous conditions). Reference [11] described several catastrophic airline crashes
(Northwest Airlines MD-80 in 1987, US Air B-737 in 1989, or Korean Airlines
Flight in 1983) which were directly or indirectly related to poor situation aware-
ness of the operators of the automated flight system. A common reason for poor
situation awareness relates to the presence of automation in the system. Auto-
mation may shift the role of the operator from “active participant” to “passive
user or supervisor” [12]. In partially automated driving scenarios, adequate situ-
ation awareness is essential for the safety of the driver. During partially auto-
mated driving scenarios, human drivers are expected to take control of the situa-
tion whenever the situation demands attention (z.e. due to technology failure or
technology limitation). This can be problematic as the driver has not likely been
actively involved in decision-making leading up to the point of technology fail-
ure, and therefore, lacks complete understanding of the situation. It is for such
reasons that it is critical to design a user interface that adequately supports the
situation awareness of the user. Reference [13] developed and evaluated three
interfaces for regenerative life support systems using the “ecological interface
design” which considers the user-centered approach to better support the situa-
tion awareness of the operators. Results of the study have indicated that the in-
terfaces which presented “situation-rich” information helped in better decision
making.

Mental workload is another evaluation metric that has been used widely in
human factors studies [14]. Mental workload can be defined as “the amount of
cognitive capacity required to perform a given task” [15]. Evaluation of mental
workload provides critical insights into design considerations and operational
outcomes. As described by [14], most mental workload evaluation techniques
can be categorized as analytical or empirical. The primary premise for this divi-
sion is that analytical techniques (such as mathematical models and simulation
models) do not require the operator to perform the task under investigation,
while empirical techniques require the operator to perform the task under inves-

tigation. We can categorize empirical techniques into four divisions: primary task
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performance (e.g. time or error related), secondary task techniques (e.g. loading
or subsidiary task), physiological or psychophysiological techniques (such as car-
diac or brain activity, eye function), and operator opinion or subjective tech-
niques. Further details about all these techniques can be read in [14]. Subjective
techniques (self-reports by the operators) are more “sensitive” and “accurate”
[16] and operators show better judgment about their workload among varied
task conditions [17]. Reference [16] developed and tested a unidimensional
mental workload scale called the Integrated Workload Scale (IWS). This scale
has shown advantages such as simplicity, ease of administration, speed of use,
and minimal obstruction with the task.

A simple characterstic such as response time can also be used to evaluate a
user interface. Reference [18] (cited by [19]) used the user’s response time in
answering the questions related to information presented on an interface as a
means for inferring the situation awareness attained by the user. Higher re-
sponse time was associated with lower situation awareness. In another study re-
lated to workload, [20] reported that “accuracy decreased and reaction time in-
creased as the difficulty of information processing requirements was increased”.
Higher levels of subjective workload were associated with a lower level of per-
formance and increased reaction time. In a study comparing two interfaces in an
intensive care unit [21], lower response time and higher situation awareness was
observed for an “integrated” display compared to the traditional display. Refer-
ence [22] mentioned that “an increase in task load led to lower situation aware-
ness and higher mental workload, reduced mission success and increased mis-
sion times”. Overall, it can be concluded that higher response time can be asso-
ciated with lower situation awareness, higher mental workload, or lower perfor-

mance.

2.2. Interface Design Considerations Associated with Automation

The current trend is for automation to be incorporated into agricultural ma-
chines. Engineers are using sensor technology, combined with control systems,
to automate various tasks that were previously completed manually. Although
the operator may not be responsible for completing these automated tasks, the
operator is still responsible for the overall operation of the machine. This implies
that the operator should be provided with information that will enable him/her to
fully understand the status of the machine—including the status of tasks that were
completed autonomously. Therefore, the designer of a user interface should not
forget to incorporate status information on tasks completed autonomously. If not,
there is a chance that the operator will suffer from the so-called “out-of-the-loop”

syndrome [5].

3. Research Method
3.1. Research Objective

There is a wealth of information that has been published in numerous textbooks
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on the design of information displays. In-depth review of several different design
principles was conducted by [23]. From this base of knowledge, an experimental
study was completed in a controlled laboratory environment in which multiple
versions of display elements (pictorials/symbols) relevant to the monitoring of
an agricultural air seeder were evaluated [6]. Using metrics of situation aware-
ness and mental workload [6], we were able to identify preferred display ele-
ments. The objective of this research, therefore, is to investigate the potential
benefit to the operator associated with using a display interface designed from a

user-centred perspective.

3.2. Design of an Air Seeder User Interface

Reference [6] identified 12 elements or functions that are most vital to the effi-
cient operation of an air seeder. These elements were: seed level status (tank le-
vels), fertilizer level status (tank levels), fan RPM, seed application rate, seed
depth (tool depth), fertilizer application rate, fertilizer depth (tool depth), tool
pressure, blockage status, desired path of the unit, desired location of the unit,
and current speed of the unit. In an earlier study completed in the Agricultural
Ergonomics Laboratory, the interface shown in Figure 1 was developed for use
with a tractor-air seeder simulator that was being developed for research pur-
poses. At that time, minimal attention was given to the design of the symbols or
pictorials chosen to represent the air seeder functions as the researchers were
focused on development of a functioning simulator. Thus, the interface shown in

Figure 1 will be used as the baseline interface for purposes of comparison.
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Figure 1. Air seeder interface originally developed for tractor-air seeder simulator in the
Agricultural Ergonomics Laboratory at the University of Manitoba. This interface will
serve as the baseline for comparison.
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The individual elements that were compared in the experimental study by [6]
are displayed in Figure 2. For the ease of presentation in this manuscript, the
elements are displayed together.

To be able to achieve the objective of the current study, it was necessary to
develop an integrated air seeder interface to compare against the baseline inter-
face from the simulator (depicted in Figure 1). Individual elements from the
study completed by [6] were used as the starting point. The first version of the
interface designed according to user-centred design principles, hereafter referred
to as UCDI, essentially consisted of the individual elements evaluated by [6], but
with minor modifications to the elements used to display tool pressure, tool
depth, and blockage (Figure 3). Furthermore, an element was added in the cen-
tre of the interface to provide guidance information.

A second version of an interface, hereafter referred to as UCD2, was devel-
oped based on the results and feedback from the work reported by [6] (Figure
4). The specific modifications are:

1) Tool Depth element: Some participants had difficulty making sense of a
stationary tool with soil levels changing because this does not realistically reflect
what would be happening with the machine. Participants also indicated a prefe-
rence for the scale starting from the top to the bottom for the tool depth ele-
ment. This feedback was used to develop an alternate element for depicting tool
depth.

2) Blockage element: Most of the participants indicated a preference for green
color over light blue color as an indication of the correct state (Z.e. non-blockage

state). Therefore, the color of the blockage elements was changed from blue to

green.
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Figure 2. Air seeder monitoring elements that were evaluated in the study conducted by

[6].
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Figure 3. Version 1 of the air seeder interface, referred to as UCD1, designed from a us-

er-centred perspective.
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Figure 4. Version 2 of the air seeder interface, referred to as UCD2, designed from a us-

er-centred perspective.
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3) Tool Pressure element: Results from [6] indicated that the tool pressure
element caused high mental workload—approximately 25% more than baseline
conditions. Many study participants indicated difficulty in inferring information
from the tool pressure element. Accordingly, changes have been made in the tool
pressure element.

4) The coloring of the scales was modified to grayscale from red/green.

5) Marks on the scales were removed.

6) In the seed application rate, an additional animation showing the falling of
the seeds was removed.

7) In fertilizer application rate, only one animation representing the falling
fertilizer was displayed, instead of the four animations.

8) Another significant change regarding the placement of numeric readings
was made; readings were moved from the bottom of each element to the middle
of the scale.

3.3. Evaluation of Interfaces

Three interfaces (Old, UCDI, and UCD2) were compared using the metrics of
situation awareness (levels 1 - 3), mental workload, and response time in the lab
environment. A simulation was developed in the Visual Basic programming
language using Microsoft Visual Studio Express 2013. The simulation was con-
structed in such a way that values on the user interface fluctuated at random in-
tervals while the participants monitored the values on the interface. When the
simulation stopped, queries were presented to the participant on the screen to
assess the participant’s recall of the status of the various parameters and to de-
termine the perceived level of mental workload. This study was completed in the
Agricultural Ergonomics Laboratory in the Department of Biosystems Engi-
neering at the University of Manitoba. The experimental protocol received hu-
man ethics approval from the University of Manitoba Education/Nursing Re-
search Ethics Board. Participants were also asked to provide subjective feedback.

Thirty individuals (20 male, 10 female) were recruited to participate in the
study. For convenience, recruitment was focused on the University of Manitoba
campus, with the majority of the participants being University of Manitoba stu-
dents. Ages ranged from 19 to 52 years with a mean age of 28.4 years. Only 10
participants had prior driving experience and most of the participants (29 out of
30) had no previous experience with agricultural machines. We did not screen
participants using any eligibility criteria—all respondents were considered eligi-
ble to participate in the study.

The full experiment was divided into two sessions: low-level automation, and
high-level automation sessions. Automation level and interface type were consi-
dered as independent variables while situation awareness, mental workload and
response time were considered as dependent variables. In the low-level automa-
tion session, the user was responsible for both observing and correcting the situ-
ation. To correct the situation, the user was required to click on the incorrect

(out-of-range) parameter on the interface (e.g. see the seed application rate, block-
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age, and tool depth in Figure 3, and seed application rate, fan rpm and blockage
in Figure 4). Response time is defined as the amount of time between the ap-
pearance of the error and correction of the error by the participant. During the
high-level automation session, the user was only responsible for observing the
situation; the user was not allowed to correct the situation by clicking on the in-
terface. Half of the participants completed the low-level automation session first,
and other half of the participants completed the high-level automation session
first. After every simulation, study participants were asked questions related to
situation awareness and mental workload (see Figure 5). The responses used to
assess both situation awareness and mental workload were recorded by the si-
mulation program during the experiment.

As recommended in the Situation Awareness Global Assessment Technique
(SAGAT) [5], the questions asked were related to three levels of situation aware-
ness. Responses received under “VALUE”, “STATUS”, and “FUTURE STATUS”
headings were correlated to level 1 (perception), level 2 (comprehension) and
level 3 (projection) situation awareness, respectively [5]. The degree of situation
awareness attained by the participant was inferred based on the proportion of
correct responses entered by the participant.

Participants reported their mental workload on a nine-point Integrated Work-
load Scale [16]. User’s mental workload was inferred based on the user’s selec-
tion on the nine-point integrated workload scale varying from “Not Demanding”
to “Work Too Demanding”. The numerical equivalent value of mental workload
can vary from 1 to 9, where 1 represents “Not Demanding” and 9 represents
“Work Too Demanding”.

Subjective feedback regarding the three interfaces was collected after each ex-
perimental session using a paper form. Users were required to rate the three in-

terfaces regarding the various criteria mentioned in the questionnaire (Table 1).

SA Evaluation
Please respond appropriately for each of the parameters mentioned below:
VALUE TREND STATUS FUTURE STATUS (After 1 min)
Seed Application I < e . - ~ ~
Rate (kigha) ] Olncreasing ODecreasing O Constant OAcceptable ONot Acceptable OAcceptable ONot Acceptable
Tank Levels (%) O Increasing O Decreasing O Constant O Acceptable O Not Acceptable OAceeptable ONot Acceptable
Fertilizer Application ,, , , - - = =
Rate (kg/ha) | Olncreasing ODecreasing O Constant O Acceptable ONot Acceptable OAceeptable ONot Acceptable
Speed (km/h) Olncreasing ODecreasing O Constant OAcceptable ONot Acceptable OAcceptable ONot Acceptable
Fan RPM (rpm) Olncreasing ODecreasing () Constant O Acceptable O Not Acceptable OAcceptable ONot Acceptable
Tool Pressure (N) OncreasingO Decreasing O Constant OAcceptable ONot Acceptable OAcceptable ONot Acceptable
Blockage ONo OYes NA OAcceptable ONot Acceptable OAcceptable ONot Acceptable
Tool Depth (cm) Olncreasing(O Decreasing O Constant (OAcceptable ONot Acceptable OAceeptable ONot Acceptable
H | |
Mental Workload (] C O O _ O C O o)
Not  Minimal SomeSpare Moderate Moderate ~ Very  Extreeme Struggling Work Too
Demanding ~ Effort Time Effort  Pressure  Busy Effort  toKeep Up Demanding Next

Figure 5. Screen shot of the form used to collect participant responses after every simula-
tion.
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Table 1. Questions asked of the participants at the end of every experimental session to
rate the three interfaces.

No. Criteria
1 Rate the interfaces in terms of perception of the information.
2 Rate the interfaces in terms of recalling (or remembering) of the information.
3 Rate the interfaces in terms of understanding or comprehension of the situation.
4 Rate the interfaces in terms of trend identification.
5 Rate the interfaces in terms of prediction of the future situation.

3.4. Research Hypothesis

As the factors being evaluated involved the respective levels of situation aware-
ness, mental workload and reaction time for different interfaces, the hypotheses
should be constructed with these parameters in mind. Consequently, the means
of each respective interface form the most reasonable base for comparison, pro-
vided that potential random variations across factors for individuals is later ac-
knowledged and accounted for during the analysis.

H,: Null Hypothesis: On the basis of situation awareness, mental workload
and reaction time, neither of UCD1 or UCD2 will be superior in these categories
to the original interface. The old model will have a larger or equal average degree
of situation awareness, an average reduction in mental workload for the user and
an average reduction in reaction time.

Hsa-od) Z Hsa-uepi) and tsa uepa)

Horwr-ola) S Houwr-ucpiyz and Honwi-uean)

lu (Reaction Time-Old) < /'I(Reaction Time-UCD1/2) and /'I(Reaction Time-UCD2/1)

H,: Alternative Hypothesis: Either UCD1 or UCD2 will be superior in terms
of situation awareness, mental workload or reaction time to their alternate

counterpart and to the original interface design.

Hsa-ucoi) > Hsauepany A0d fisa oi)
Horwr-ucpiz) < Haawir-ucpas) and HorwL-old)

lu(Reaction Time-UCD1/2) < lu(Reaction Time-UCD2/1) and lu(Reaction Time-Old)
As the dataset is heavily predicated on questionnaire responses from individ-

ual participants, accounting for the possibility of random variation was impera-
tive. Linear mixed effect models were generated for each output parameter ac-
counting for the input factors and the potential random variation per participant
of each factor. Means were examined for each parameter in relation to their do-
minant factor using the emmeans() function in RMarkdown. Generated random
effect models were used to predict values which were subsequently graphically
and analytically compared to the originally measured values before being tested

for the significance of random and fixed effects.

4. Results and Discussion

4.1. Situation Awareness

Examination of the boxplots for level 1 situation awareness (SA) showed consis-
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tent variance across the three interfaces (Figure 6). Level 2 SA boxplots indi-
cated a heavy skew towards the higher threshold values, particularly in the case
of low automation. The spread of variance was larger for higher automation in
both interfaces UCD1 and UCD2 than in the original interface. Variance distri-
bution was somewhat more even in level 3 SA, increasing slightly from the orig-
inal design to UCD1 and UCD2, but remaining within similar relative ranges.
Examination of the histograms shows a normal distribution for level 1 SA
(perception) across all interfaces (Figure 7). The distributions for SA levels of
comprehension (level 2) and projection (level 3) show a significantly uneven
distribution, with values being weighted very heavily towards the upper end of
the range of values. In the case of level 2 SA, the majority of samples fall at the
highest possible value. The lack of additional degrees of stratification for the data
may play a role in this distribution being so skewed, particularly in the case of
level 2 where the majority of responses indicated the maximum possible value.
Little difference was found to exist in each level of SA across all interfaces for
all levels (Table 2), such that no meaningful distinction can be drawn from that
factor. While no strong association was derived from the SA parameters, there
was a correlation present with the level of automation used during the trial. Sig-
nificant variation does exist in levels 2 and 3 SA, when considering the factor of
automation and how it contributes to the output variables. There is a distinct
decrease in comprehension (level 2 SA), and conversely a significant increase in

Situation Awareness vs. Automation

Grouped by Interface Design for Level 1, 2, and 3 Situation Awareness Values

ou ucot ucoz ucot ueoz

oa
N | = BE= - | |
| I i S |
: , . T
o \ -
[ .

Steer Type
B ovo
B monval

High High Low High Low High Low High Low High
Automation ‘Automation

Figure 6. Box-plot of level 1, 2 and 3 situation awareness vs automation for each group, with steer types shown in red and blue.

o uept

count

025 050 0
Level 1 Situation Awareness.

025

ucp2

)

50

075

Histograms
For Level 1, 2 and 3 Situation Awareness
o ucot ucoz o et ucoz

2 20 I i I I | i
o — 0
1 025 05 075 100 0. 50 075 100

08 08 10 025 050 75 100 025 O,
Level 3 Situation Awareness

count
count

08 08
Level 2 Situation Awareness

Figure 7. Histograms for level 1, 2 and 3 SA across all interfaces.
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Table 2. Comparison of means by level for all interfaces across automation, showing
marginal changes across interface, but more pronounced changes when moving by auto-
mation for level 2 and 3 SA.

Automation Level Level 1 SA Level 2 SA Level 3 SA Overall SA
Low Old Interface 0.49 0.96 0.76 0.74
Low UCD1 0.52 0.96 0.76 0.75
Low UCD2 0.51 0.97 0.75 0.75
High Old Interface 0.51 0.92 0.82 0.75
High UCD1 0.50 0.89 0.80 0.73
High UCD2 0.52 0.90 0.83 0.75
Low Overall 0.51 0.96 0.76 0.74
High Overall 0.51 0.90 0.82 0.74
Aggregate 0.51 0.93 0.79 0.74

projection (level 3 SA) when moving from low to high automation levels in the
experiment, across all forms of interface. Analysis of the p-values for the gener-
ated linear models indicate a reasonably high level of significance for these asso-
ciations (level 2 p-value = 1.578e—15, level 3 p-value = 0.01162). Overall, the in-
fluence from automation level was seen to have a more significant influence on
variations in level 1 SA (p = 0.004643) than variations in the interface design (p
=0.783680).

Automation proved to be the most significant contributor when an analysis of
variance was carried out, with a sum of squares of 0.321 (p = 1.58e—15). Predic-
tion of level 2 SA values based solely on automation failed to generate values re-
sembling the originally collected data, with an R? of 0.448 (Figure 8). This sug-
gests the presence of random variation significantly influenced the data col-
lected, and the model created does not accurately capture the behavior of the
experiment. It should be acknowledged that the predictions generated for all SA
scenarios were over a continuous spectrum as opposed to discrete values, but
this is unlikely to impact the obtained result and remediation through discrete
conversion may distort the outcome. The largest source of random effects for
level 2 SA came from per-participant variation (p = 1.59e—20).

Prediction of values for level 3 SA appeared somewhat stronger in the case of
low automation, although values were still clustered closer together than what
might be expected of a more accurate relationship. Analysis of variance testing
confirmed that low automation was the primary contributor to a reasonably sig-
nificant degree, with an estimated decrease of —0.0625 as a result (p = 0.012),
while the largest component of random variation came from automation varia-
tions per participant (p = 9.64e—11). R* was measured to be 0.538 for the pre-
dicted values, shown in Figure 9, indicating the model does not strongly con-

form to the data.
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Graph of Predictive Model Fitness for Level 2 SA Against Automation
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Figure 8. Graph of level 2 situation awareness vs. automation for both experimental and
predicted values.

Graph of Predictive Model Fitness for Level 3 SA Against Automation
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Figure 9. Graph showing predicted level 3 SA vs. automation.

4.2. Mental Workload

The mental workload values for each respective interface were separated and
sorted by interface, level of automation and steer type. The resulting measure-
ments were arranged into a comparative boxplot, shown in Figure 10.

Examination of the mental workload shows that there is a reduction in mental
workload for UCD2 when compared with the original interface and UCDI1 (p =
0.000797) (Table 3 & Table 4). It is interesting to note that there is an apparent
and unexpected slight increase in mean mental workload when comparing UCD1
to the original interface.

Prediction of the values proved to be more reasonable, with a larger distribu-
tion of values found compared to the previous predictions for SA, as shown in
Figure 11. R* was measured to be 0.823, indicating a reasonably significant ap-

proximation for the data.
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Mental Workload vs. Automation
Grouped by Interface Design
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Figure 10. Box-plot of mental workload vs interface design for each group, with steer
types shown in red and blue.

Graph of Predictive Model Fitness for Mental Workload Against Interface Design
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Figure 11. Graph comparing original and predicted mental workload vs. interface design.

Table 3. Mean mental workload vs. interface.

Interface Mean Mental Workload SE df lower.CL upper.CL
Oold 4.86 0.1870 29 4.48 5.24
UCD1 4.92 0.2011 29 4.51 5.33
UCD2 4.44 0.1793 29 4.07 4.80
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Table 4. Summary of mental workload random analysis of variance model showing esti-
mated change and p-values.

Element Estimate Standard Error df p

Intercept 4.858 0.182 29 2e-16
UCD1 0.063 0.103 29 0.549
UCD2 -0.421 0.113 29 0.000841

4.3. Response Time

A significant decrease in mean reaction time is observed across interfaces as
shown (Table 5). Reaction times are only listed for low automation, as that was
the only experimental scenario where a response was required from participants.
Analysis of the model indicated this difference was distinctively tied to the re-
spective interface to a significant degree (p = 9.232e—08) (Table 6). Fixed effects
anova testing for mental workload gave a sum of squares value of 6.72 for inter-
face design, indicating significant contribution to the variance (p = 0.000797),
while anova testing for random effects indicated both interface design and au-
tomation to be significant contributors (p = 4.49e—03 and 4.93e—24, respective-
ly).

Attempting to predict the reaction time based on the generated linear model
was successful, as the predicted values appeared to closely resemble the original-
ly measured reaction times (Figure 12). R*> was measured as 0.790, indicating the
predicted model is reasonable. Anova tests confirmed the interface design to be
the primary source of variation for reaction times, with a sum of squares value of
5.04 (p = 9.23e—8). Random effects testing indicated the dominant contribution
being as a result of interface design for individual participants, to a significant
degree (p = 0.0101).

4.4. Subjective Feedback

At the end of each session (high-automation or low-automation), subjective
feedback was collected. Participants were asked to rate the three interfaces as
best, average or worst based on their experience during the experiment and were
required to evaluate the three interfaces using five questions related to the per-
ception of the information, recall, comprehension, trend, and prediction of the
future state. Data were evaluated by performing Ordinal Logistics Regression of
Interface-Ranking versus Interface-Design in Minitab (Table 7) to understand
and quantify the participant’s responses to the three interfaces. Interface-Ranking
was a categorical response variable with three outcomes having an order (best,
average and worst). Interface-Design was a categorical predictor variable having
three levels (A, B, C). Level A represents the Old (baseline) design, level B
represents UCD1, and level C represents UCD?2.

Results from the Ordinal Logistics Regression (Table 7) indicate that the rela-

tionship between predictor and response variables is significant (G = 244.062,
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Graph of Predictive Model Fitness for Reaction Time Against Interface Design
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Figure 12. Reaction time vs. interface design for the original experiment and generated

prediction values.

Table 5. Means for reaction time relative to the interface used.

Interface Mean Reaction Time (s) SE df lower.CL upper.CL
Old 1.73 0.0913 29 1.55 1.92
UCD1 1.40 0.0898 29 1.21 1.58
UCD2 1.19 0.0707 29 1.04 1.33

Table 6. Summary of reaction time model showing estimated decrease and p-values.

Element Estimate Standard Error df p

Intercept 1.7325 0.0896 29 2e-16
UCD1 —-0.334 0.0946 29 0.0014
UCD2 —-0.545 0.0811 29 1.2e-07

Table 7. Ordinal Logistics Regression output of Interface-Ranking (best, average, worst,
with a total count of 900) as dependent (response) variable versus Interface-Design (A-Old,
B-UCD1 & C-UCD2) as independent (predictor) variable.

Predictor varial.)le— . SE of Odds 95% CI
Interface-Design ~ Coefficient i Z-value  p-Value e
Coefficient Ratio
(3 levels—A, B, C) Lower Upper
B (UCD1) 1.0425 0.1587 6.57 0.000 2.84 2.08 3.87
C (UCD2) 2.5589 0.1751 14.61 0.000 12.92 9.17 18.21

*Results of the test that all slopes are zero: G = 244.062, df = 2, p-Value = 0.000

Goodness-of-Fit Tests

Method Chi-Square df p-Value
Pearson 2.0687 2 0.355
Deviance 2.0497 2 0.359
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p = 0.000). From the Goodness-of-Fit Tests, we have observed p-values as 0.355
and 0.359 based on the Pearson and Deviance method. This high p-value does
not provide evidence that the model is inadequate. Most importantly, it has been
observed that both design B (UCD1) and C (UCD?2) are significantly different
from Design A (Old). For design B in comparison to A, we found p = 0.000,
Odds ratio = 2.844 and Coefficient = 1.04251. A positive coefficient and greater
than 1 odds ratio indicate that B has been rated significantly higher than A.
Odds of being rated higher for B are 2.8 more than that of A. Similarly, odds for
being ranked high for C are 12.9 times more than A. The high odds ratio of C
indicates that subjects have placed very high confidence in the UCD?2 interface.

5. Conclusions

Based on the analysis performed on the data obtained, UCD2 was found to be
superior to both UCD1 and the original interface across the assessed parameters.
Situation awareness changes were marginal between interfaces, and were more
closely correlated to the type of automation being used in the experiment than
the interface design used. While the means for perception (level 1 SA), compre-
hension (level 2 SA) and projection (level 3 SA) were not found to have any sig-
nificant distinction across interfaces, UCD2 was shown to have lower average
levels of both participant mental workload and response time than either UCD1
or the original interface. The null hypothesis can be said to have been rejected
for both mental workload and reaction time. The decrease in mental workload
and response time, coupled with the relative parity of all interfaces for situation
awareness provide sufficient grounds to state that the second alternate interface
(ie. UCD2) shows general improvement when situation awareness, mental
workload and reaction time are the focus of assessment.

There are two important limitations to be noted with this research. First, the
research was conducted on a user interface for an agricultural air seeder. Al-
though the results might be generalizable to other agricultural machines, we do
not have any experimental evidence to confirm that these results can be applied
to the user interface for other types of agricultural machines. Second, the re-
search results are based on the perceptions of participants with limited expe-
rience using agricultural machines. It is unknown whether the results would dif-
fer if participants would have been recruited from the population of experienced

air seeder users.
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