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Due to safety and productivity concerns, there are newer cranes that can be operated remotely from a
control room. As operators and their cranes are located separately, the communication between operators
and their cranes is not free from time delay or latency. The presence of high latency could not only affect
operators’ capability to work productively and safely, but could also affect their wellbeing due to the feeling
of discomfort. In this paper, we propose two types of graphical user interfaces (GUIs) that could support
operators to perform their work in the presence of latency. The first GUI visualizes how the crane will move
based on the user’s input as if the latency is not present, while the second GUI visualizes what kind of inputs
that are being executed. We involved 20 participants in an experiment, where they had to move containers
under conditions with three latency rates: 0 ms, 500 ms, and 800 ms, while using either of the proposed GUIs
and without having any additional support. However, the results suggest that none of the proposed GUIs
were significantly better in terms of performance and user experience than the condition without having any
additional support.
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acceptable latency is crucial in any kind of remote

Rubber-tired gantry (RTG) cranes or also known
as yard cranes (see the left image in Figure (1] for
an example) play an important role in the shipping
industry, as they are needed for efficient container
handling. Although the majority of RTG cranes is
still controlled by operators who work on-site from
inside the crane’s cabin, there are newer RTG cranes
that can be operated remotely by operators working
from a control room (Koskinen et al.|2013) (see
the right image in Figure [1| for an example of the
remote control station). The shift from on-site to
remote operation has been driven by the call for
higher safety and productivity, as working from the
control room protects operators from accidents that
may happen and they can also control any cranes
within the port from the same control room (Sitompul
2022b).

Despite its apparent benefits, remote crane oper-
ation also produces new challenges that do not
exist when operators work from inside the crane’s
cabin (Sitompul|[2022a). One of the new challenges
is the presence of time delay or latency due to data
transmission between operators and their remote
cranes (Vaughan and Singhose| 2014). Having an
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operation, since high latency could affect operators’
capability to perform their work productively (Chen
et al.| [2007). The presence of high latency could
increase the time needed to complete a task due to
the "move-and-wait” situation, in which the operator
makes one input, and then wait for the feedback to
be visible before making another input (Bidwell et al.
2014). The presence of high latency could also affect
operators’ capability to work safely. For example,
Neumeier et al.| (2019) reported that people’s capa-
bility to drive a car remotely started to deteriorate
when the latency reached 300 ms, as the deviation
from the planned path also increased. Moreover, the
presence of high latency could also harm operators’
wellbeing. In the study of remote operation of forest
machinery, Brunnstrom et al.| (2019) reported that
the feeling of discomfort started appearing when the
latency exceeded 400 ms.

This paper proposes two graphical user interfaces
(GUIs) that could be used for operating remote RTG
cranes in the presence of latency. Since operators
are separated from their cranes, they have to rely
on the video stream and the GUIs shown on their
monitors (see the right image of Figure [1| for an
example) to perform their work (Karvonen et al.
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Figure 1: The left image shows the example of RTG cranes that can be operated remotely. The right image shows the remote
control station used by the operator to operate any RTG cranes within one port.

2012). Note that none of the GUI elements shown
in the right image of Figure were designed
for handling latency. Considering this situation, we
assumed that it would be bene cial to have GUIs that
could help operators do their work in the presence of
latency.

2. RELATED WORK

As mentioned in Section[1} the data transmission be-
tween operators and their remote cranes produces
latency (Vaughan and Singhose||2014). There are
few prior studies that attempt to mitigate the pres-
ence of latency in remote crane operations (see [Sit-
ompul (20223a) for the complete review). Since video
transmission usually consumes the highest network
bandwidth, |Villaverde et al.| (2012) and Major et al.
(2021) proposed to use virtual replicas (or digital
twins) of the remote cranes reconstructed based
on real-time data from on-site sensors, instead of
transmitting the videos. However, both studies did
not evaluate how the interaction with the digital twins
would support operators' capability to perform their
work in the presence of high latency.|He et al.| (2021)
also proposed using a digital twin of a tower crane
reconstructed based on real-time data from on-site
sensors as an alternative to transmitting the videos.
However, the proposed digital twin was designed for
monitoring rather than active remote operations. The
results of their study suggest that the digital twin
enabled their participants to have a shorter response
time when detecting hazardous situations, but it is
unclear how the digital twin was applicable to active
remote operations.

Looking at the studies from other domains, GUIs
are typically used for handling the presence of
latency by either visualizing the prediction of the
near-future state or exposing the latency (Liu et al.
2022). A notable example of predictive GUIs was

the "phantom robot” proposed by Bejczy et al.
(1990), which visualizes the near-future position of
the robotic hand based on the latency. The phantom
robot was available in two versions: (1) shaped
with solid lines and (2) shaped with dotted lines.
In the context of virtual collaborative environments,
Chen et al| (2007) proposed the "echo” concept,
which visualizes a copy of the object of interest and
the distance between the copy and the real object
indicates the magnitude of the latency. In the context
of lunar-roving vehicles, Matheson et al| (2013)
proposed to overlay graphical elements onto the
video stream to indicate the position of the vehicle
three seconds ahead in the future. In the context
of drone operations, Wilde et al.| (2020) proposed
to overlay information about the drone's ight path
and altitude onto the video stream. The overlaid
visual information was color-coded, where the green
one indicates the current position, while the red one
indicates the predicted position.

As mentioned earlier, GUIs can also be used
for handling the presence of latency by exposing
the latency. In the context of collaborative virtual
environments, Gutwin et al.| (2004) proposed two
approaches to reveal the magnitude of the latency:
(1) changing the color gradually and (2) having a
"halo effect”. In the rst approach, the color of the
pointer changes gradually from white to black as the
latency increases, while the halo effect is visualized
with a circle underneath the pointer and the size
of the circle gets bigger or smaller depending
on the latency. Similar to |Gutwin et al. (2004),
Shirmohammadi et al. (2005) also proposed two
approaches that use different colors to visualize the
magnitude of the latency. The rst approach was a
2-color scheme of red or black, which is respectively
shown whether the latency is present or absent. The
second approach was a multi-color approach, which
uses different colors ranging from green to red to
indicate low to high latency. In the context of virtual
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Figure 2: An example of the default GUI shown in the simulator. There are four camera views that show different parts of
the crane, which also show an indicator of where the container should be stacked (only visible if the target location is within
the camera views). The bottom-left part visualizes the crane's current position and the location where the container should
be stacked in the storage yard. The top-right part contains information about the buttons used for controlling the crane. The

default GUI is also referred to as the blank interface in this paper.

reality, Fraser et al. (2000) proposed to use a sphere
that surrounds the avatar to visualize the magnitude
of the latency. The size of the sphere increases as
the latency increases, and vice versa.

3. METHOD

This section describes the crane simulator that we
used to evaluate the proposed GUIs, the design
rationales behind the proposed GUIs, and the
procedure that we used for the experiment.

3.1. Overview of the Crane Simulator

The crane simulator used in this study was initially
a port simulator developed by Fahlén et al. (2022)
using the Unity game engine. The main function
of the port simulator was to simulate the work ow
of containers based on different port layouts. We
modi ed the port simulator, so that its main function
was to simulate the operation of an RTG crane
only. The simulator was programmed to simulate
the work ow of stacking containers in the yard, as
described below:

1. The trucks brought the containers to the yard,
one by one, and automatically stopped at the
designated place.

2. The user moved the RTG crane so that it
could grab and lift the container from the truck.
The truck immediately left the yard, and then
another truck would come automatically.

3. The user lifted and moved the container across
the yard, and stacked it at the designated
place.

4. After arriving at the designated place, the user
released the container and moved toward the
next truck.

5. The process was then repeated until the user
had lifted and stacked ten containers in the
yard. The simulator automatically stopped after
the tenth container has been stacked in the
yard.

We also modi ed the simulator to simulate three
different rates of latency: 0 ms (no latency), 500 ms,
and 800 ms. We simulated the latency by delaying
the execution of each input based on the latency
duration, since the outcome was the same as if we
delay the view of the camera.

The RTG crane in the simulator was controlled by
pressing seven different buttons on the keyboard.
The user could move the entire crane left and right by
respectively pressing the left and right buttons on the
keyboard. The user could move the crane's spreader
forward and backward by respectively pressing the
up and down buttons on the keyboard. The user
could also raise and lower the crane's spreader by
respectively pressing the "W” and ”S” buttons on the
keyboard. Finally, the user could grab and release
the container by pressing the space bar on the
keyboard. To help the user remember the controls of
the crane, we also overlaid this information on the
user interface (see the top-right part in Figure 2).
Note that, to replicate the safety feature of real RTG
cranes, the simulator accepted only one input at a
time.

3.2. The Graphical User Interfaces

This section describes the three different GUIs that
we used in this study.

3.2.1. Blank Interface

The rst GUI was also the default GUI shown
in the simulator (see Figure 2). The default GUI
showed four camera views that show different parts
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