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ABSTRACT

The conventional approaches to assessing mental workload with operators are time-
consuming, and even more challenging when experienced operators are tougher to
find. Prior to an experiment involving operators, mental workload prediction meth-
ods may be useful for having a preliminary evaluation of a system or interface.
This study represented mental workload using the ratio of GOMS-based predicted
task completion time to available time. The low-version and high-version maritime
operation interfaces were compared. In the GOMS analysis, this study disassembled
task goals based on a hierarchical structure and matched each subtask goal with a
method. Given the presence of considerable repetitive GOMS operators throughout
the task execution, the idea of operator sequence block was introduced for task analy-
sis and reader comprehension. By nesting these blocks, the task was decomposed into
keystroke-level GOMS operators. By accumulating the standard times of the GOMS
operators, the time prediction results for operator sequence blocks, methods, hierar-
chical task goals, and overall task can be obtained following the bottom-up approach.
The results indicated that the number of GOMS operators and the task completion time
required for the operators significantly decreased when using the high-version inter-
face. Consequently, it was anticipated that the high-version interface could notably
reduce the operators’ mental workload. The mental workload prediction method based
on GOMS proposed in this study can be used to guide early-stage interface design to
enhance operator performance.
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INTRODUCTION

For complex systems such as nuclear power, shipping, and aerospace, predict-
ing mental workload is a critical issue (Loft et al., 2007). Mental workload
prediction model should be developed during an early design phase when
a system is only conceptualized (Mitchell and Samms, 2009; Xie and Sal-
vendy, 2000). Once a prediction model is proposed and validated, it will
reduce the cost of evaluating systems and interfaces (Kim et al., 2013). The
assessment methods for mental workload, such as subjective measurements,
physiological measurements, and performance measurements, apply only to
existing physical mock-ups of a system. However, they are not suitable for
an early design stage since empirical testing is unavailable (Jo et al., 2012).
Furthermore, the assessment methods with operator involvement can be
time-consuming, and it becomes even more challenging when experienced
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operators are scarce. Predicting mental workload before the development
of physical mock-ups without operator involvement can facilitate rapid
iteration of system designs and control operators’ mental workload.

High workload can be stressful, especially when it reaches a level that
challenges the operators’ sense of competence and confidence in achieving
the mission goals (Ferraro et al., 2022). A system design that places a high
mental workload on its operators, even if capacity is not exceeded, reduces
the available capacity for the task and becomes more difficult to use com-
pared to a system design that imposes a low mental workload (Hertzum
and Holmegaard, 2013). High mental workload can also lead to increased
operator errors. For complex systems like ships and nuclear power, the conse-
quences of operator errors can be severe. To minimize these errors, it is crucial
to prevent operators from experiencing excessively high mental workload. In
some cases, excessively low mental workload can also result in decreased per-
formance because operators struggle to maintain high levels of attention and
may lose motivation. Therefore, maintaining operators’ mental workload
within an appropriate range is essential.

Workload may be defined as the relationship between the resources
required to carry out a task and the resources available, if we consider
resources in terms of time, when the demand exceeds the availability, there is
an excessive workload (Wickens and Tsang, 2015). Hendy et al. (1997) and
Wickens (2002) predicted overall mental workload with time to perform a
task as a function of time available. In this study, we define mental workload
similarly as follows:

Time prediction based on GOMS
Time available

Mental workload =

(1)

We predict time required by GOMS (Goals, Operations, Methods, and
Selection-rule). It is one of the most widely used theoretical models in the HCI
field (Card et al., 1983). With the efforts of many scholars, more variants of
GOMS model have been developed, including KLM-GOMS, CMN-GOMS,
NGOMSL, CPM-GOMS, and so on. GOMS model can predict task comple-
tion time based on a series of GOMS operators, each with standard time or
calculation formulas. An analyst can decompose a task through methods and
selection rules to get GOMS operator sequences of the task. The predicted
value of task completion time is the cumulative time of all GOMS operators.
Gao et al. (2013) reported that GOMS was sufficient, as the R-square of
the regression analysis between GOMS time estimation and actual operation
time exceeded 0.9.

In this study, we focused on the analysis of simulated maritime tasks. Since
the operators did not engage in extensive cognitive operations during task
execution but rather followed commands to perform specific operations, the
task was suitable for analysis using the GOMS model. This study predicted
the number of GOMS operators and task completion time to compare two
interfaces, guiding the design of task interfaces.
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TASK AND INTERFACES

In the simulated maritime operation task, the operators were required to lock
onto targets following instructions and provide feedback upon completion.
The experimental task involved three steps: preprocessing target informa-
tion, calculating and selecting plans, and locking on targets. Mental workload
when using two interface versions, IA and IB, was predicted and compared.
IA represented the low-version interface, while IB was a redesigned version
based on expert comments and interface design guidelines. The task process
using IA is as follows:

Step 1 (Preprocess target information): Choose two targets, number them
as 1 and 2, input both numbers into the designated box, and sequentially
press “Prepare Response” and “Initiate Response”.

Step 2 (Calculate and select plans):

Step 2.1 (Calculate plans): Click “Calculate Plans”, choose a target from
the dropdown menu, press “Algorithm 17, select an algorithm from the drop-
down menu, click “Calculate”, and wait for stability of parameters displayed
in the “Calculation Result”. Report important parameters.

Step 2.2 (Select plans): Click “Select Plans”, choose the target (as in
Step 2.1) from the dropdown menu, select a plan from the dropdown menu,
and press “Confirm”.

Repeat Step 2 for the other target. Step 3 (Lock on targets):

Step 3.1 (Organize channels): Choose the channels corresponding to each
of the two targets from the dropdown menu and press “Confirm”.

Step 3.2 (Preparation phase 1): Pick the channel corresponding to one of
the two targets from the dropdown menu, press “Prepare Lock”, press “Start
Preparation Phase 17, and wait until a “Completed” message appears. Then
adjust the basic locking mode parameters.

Step 3.3 (Preparation phase 2): Press “Start Preparation Phase 2” and wait
for a “Completed” message to be displayed.

Step 3.4 (Lock phase): Click “Lock” and wait for the “Lock Completed”
message.

Repeat Step 3.2, 3.3, and 3.4 for the other channel. On IB, the algorithms
are automatically chosen. The operator’s task flow for IB is as follows:

Step 1’ (Preprocess target information): Select two targets in the target
information table one by one.

Step 2’ (Calculate and select plans): Choose a plan for each of the two
targets.

Step 3’ (Lock on targets):

Step 3.1’ (Preparation phase 1): Directly select the channel corresponding
to one of the two targets in the channel operation interface, press “Prepare
Lock,” press “Start Preparation Phase 1,” and wait for a message of “Com-
pleted” (or the indication turns green). Then modify the basic locking mode
parameters.

Step 3.2’ (Preparation phase 2): Press “Start Preparation Phase 2” and wait
until a message of “Completed” is displayed (or the indication turns green).

Step 3.3” (Lock phase): Press “Lock” and wait for the “Completed”
message (or green indication).

Repeat Step 3.1°, 3.2°, and 3.3’ for the other channel.
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OPERATOR SEQUENCE BLOCKS

Since there were a large number of repetitive operator sequences in the whole
task process, operator sequence blocks were introduced to facilitate task anal-
ysis and description (see Figure 1). Four operator sequence blocks A, B, C,and
D were specified in this study, namely “Press a button according to a com-
mand”, “Select a parameter according to a command”, “Input parameters
according to a command”, and “Lock a target according to a command”.
In the figure, a hexagon represents an operator sequence block, a rectangle
represents a GOMS operator and a straight line with an arrow represents
sequence. Each operator sequence block is divided into two parts by dot-
ted lines, the upper part is the task operations obtained by GOMS analysis,
and the lower part is the corresponding GOMS operators. The vertical posi-
tion represents the corresponding relationship between task operation and
GOMS operators. Taking the operator sequence block C as an example, an
operator receives instructions and, following an auditory response, translates
the auditory signal into a series of actions. The operator moves the cursor to
the input box, clicks twice to enter the pending state, shifts the hand from
the trackball to the keyboard, inputs parameters by pressing keys, verbally
confirms completion, and then moves the hand back to the trackball.

A: Press a button according to a command

Receive Move cursor Press Report the
instruction to Button Button i

Move cursor to Move cursor
drop-down to optional
menu parameter

s P K P K Report

C: Input parameters according to a command

Receive Move Press input Move to Input Report the Move to
. € cursor to " o
instruction e box twice keyboard parameters completion trackball

Divert visual
attention to the
result of preparing

Detect the
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B/C: Select
or input

Report the
completion

I
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Figure 1: Examples of operator sequence blocks.
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METHODS

The top-level goal of the task can be divided into three sub-goals, namely
preprocessing target information, calculating and selecting plans, and locking
on targets. Correspondingly, the completion of the three subgoals requires six
methods, which are denoted as Method 1, Method 2, Method 3 for IA, and
Method 1°, Method 2’, and Method 3’ for IB. An example is illustrated in
Figure 2 to compare and analyse Method 1 and Method 1°.

In Method 1, an operator is required to input target numbers as instructed
and click to select the corresponding targets. Firstly, the operator moves
the hand to the trackball, navigating the cursor to the button “Preprocess”,
and clicking the button. Following this, the operator executes the operator
sequence block A by following instructions and clicking the button “Begin”.
Commands are then given to input target numbers 1 and 2. The operator
enters target number 1 through the sequence block C, followed by moving
the cursor to another input box of target number. The operator clicks twice
to select the input box and put it in the pending mode. Moving from the
trackball to the keyboard, the operator presses the keyboard “2” to input
target number 2. After completing the keystrokes, the operator needs to
move the hand from the keyboard back to the trackball, navigate the cur-
sor to the button “Confirm”, and click the button. After completing all these
GOMS operators, the operator verbally reports that both targets have been
selected. The operator initiates Method 1’ by moving the hand to the track-
ball, subsequently executing two instances of the operator sequence block
A. Each execution involves clicking to select one target, followed by verbal
confirmation of the completion of the selections.

Figure 2: Comparison of Method 1 and Method 1".

TIME PREDICTION

Taking the operator sequence block A as an example, the process of time pre-
diction is illustrated. This block consists of five operators: auditory reaction,
simple cognition, pointing, keying, and oral reporting. Based on previous
studies, the standard times for the first four operators are 0.2 seconds,
0.07 seconds, 1.1 seconds, and 0.28 seconds respectively. For oral report-
ing, each syllable is estimated to take 0.25 seconds. Therefore, the completion
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time of the operator sequence block A is 1.65 seconds plus 0.25 seconds mul-
tiplied by the number of syllables. The number of GOMS operators and the
predicted results of task completion time in the four operator sequence blocks
are presented in Table 1, where the number of syllables was donated as x,,
the number of characters for parameter input was donated as x4, and it was
assumed that there is a need to input ys parameters and select y, parameters.

Table 1. Predicted results for operator sequence blocks.

Operator Sequence Time Number of Note
Blocks Prediction (s) Operators
A Press a button according 1.6540.25x,; 5 The number of
to a command syllables is x,;.
B Select a parameter 3.034+0.25x,; 7
according to a command
C Input parameters 2.734+0.25xy;  8+xyf The number of characters
according to a command +0.28x,¢ for parameter input is x.f.
D Lock on a target 11.14(2.73 29+(8+x,f) Assuming the need to input
according to a command +0.25xy; Yot 7Yy ¥, parameters and select y,,
+0.28x,¢)* parameters.
vs+(3.03
+0.25xy;)
Y+ 1.5%xy;

Set x,r = xy; = 2, ys = yx = 1. The number of GOMS operators and the
predicted results of task completion time in all methods and the whole task
are presented in Table 2.

Table 2. Predicted results for all methods and the whole task.

Methods Number of Predicted Task
Operators Completion Time
(s)

IA IB Diff. IA IB Diff.
Preprocess target information 26 12 14 13.84 7.70 6.14
Calculate and select plans 27 12 15 18.49 7.70  10.79
Lock on a target 107 82 25 69.16  53.20 15.96
The whole task 160 106 54 101.49 68.60 32.89

Based on the GOMS analysis results, compared to IA, IB was predicted
to reduce the number of GOMS operators for the three subgoals by 53.8%,
55.6%, and 23.4%, respectively, and reduce task completion time by 44.4%,
58.4%, and 23.1%, respectively. The total number of GOMS operators and
total completion time for the task were predicted to decrease by 33.8% and
32.4%, respectively. Therefore, under the same available time conditions,
mental workload of IB was predicted to be remarkably lower than that of IA.
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DISCUSSION

In this study, the resources supplied by operators to perform tasks were quan-
tified in terms of time. In other words, predicted mental workload can be
defined as the ratio of GOMS-based predicted task completion time to avail-
able time. Wickens (2002) proposed that a ratio greater than 1 indicates
that an operator is in a state of overload. This method, besides guiding the
design of the entire task flow, can also facilitate comparisons between differ-
ent designs for task steps. It can help identify effective designs and areas where
operator sequences can still be improved. The proposed operator sequence
blocks in this study can be applied for task analysis in similar task contexts
and can be also defined independently based on other task contexts.

A task involves multiple resources. Operators allocate resources differ-
ently across multiple channels in the same amount of time. Therefore, solely
measuring time may not provide a sufficiently comprehensive assessment.
Considering this limitation, this method is more suitable for tasks that
consume unshared resources and do not have complex cognitive activities.

CONCLUSION

This study proposes a GOMS-based method to predict mental workload
imposed on operators in a simulated maritime operation task. Mental work-
load was assessed by the ratio of predicted task time based on GOMS to
available time. The study decomposed task goals based on a hierarchical
structure, and three subgoals were obtained, corresponding to six meth-
ods. The operator sequence blocks were introduced for the sake of task
decomposition explanation and comprehension. The study illustrated the
decomposition of the six methods required to perform the task using the
two interfaces. The predictions were made for the time required for opera-
tor sequence blocks, methods, hierarchical task goals, and overall task. This
method enabled the comparison of predicted mental workload under simi-
lar or different time pressures and can be used to guide the iterative design
of systems or interfaces. It could also be utilized in the future to quantify
changes in mental workload during task execution, thereby allowing system
designers to provide more support when operators are under high workload.
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