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Abstract

Mixed Reality (MR) is a technique to blend together the real life with vir-
tual reality. Using this technique it is, for instance, possible for experts to
assist persons several miles away to perform tasks by talking and visually
aid them. In this thesis the main issue is to see how the delay in such a
system for remote assistance effects the users.

A controlled test was carried out with 20 test persons of different back-
grounds. The study shows that it is very likely to be able to use an MR
system for remote assistance even if there is a delay between the user and
the expert. As long as they both are aware of the problem and are able to
take it easy and do not have to move around too much it is still possible
to work with delays to up to 4000 ms.

Furthermore, the average time of completion for a task did not increase
with the added delay. It was linear, i.e. the task is not more difficult to
perform when the instructions are delayed.

Keywords : Augmented Reality, Mixed Reality, Delay, Latency, Col-
laboration, Distance
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Chapter 1

Introduction

Mixed reality (MR) is a way to blend together the real world with a virtual
world, the real world is mixed with a virtual world. MR is a wide continuum
between real world and a completely computer generated virtual world.
Mixed Reality is getting more and more popular and especially in mobile
phones. Layar is probably the most known application at the moment and
is used to get more information about the real world. The phone is held in
the direction you want to look and the display shows the picture from the
camera. On top of that information from stores, sights, restaurants and so
on can be added to make the user aware of where to go and what to find
around the users particular position. When the user moves the camera, the
information follows and updates depending on the direction the camera is
held. In figure 1.1 the picture shows a mobile phone using Layar. The
phone is aimed at a bridge which is shown in the display along with an
overlay with dots and icons. The dot on the bridge is selected by the user,
therefor information about the bridge is shown under the image.
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Figure 1.1: Layar, an application using Mixed Reality to add
information to the real world.

One interesting field is collaboration with an MR system, and specif-
ically, to assist in complicated situations without being able to meet in
person. Imagine yourself being on a boat in the middle of the ocean when
the engine suddenly breaks down. You have no idea how to fix the engine
and there are no other boats around that will reach you in time. With
a MR equipment, like the one used in this study, you can connect to the
Internet via satellite and thereafter contact the engine manufacturer office
enabling you to talk and show the problem live to a professional expert.
The expert is then able to talk back and, with his own hands, show the
user how to solve the problem by pointing at it and by showing how to
solve it.

MR equipment is something that can improve collaborate work and be
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used in addition to the real world [1]. Assume that the MR equipment can
help in some situations, will it still be beneficial if the signal between the
expert and the user is delayed? Or will the delay cause more problem and
misunderstandings than it will help. Does it matter if the experts hands
move somewhat later, from the users perspective, than he actually moves
them? Even though the signals travel in the speed of light, the delay will
be noticeable when communication goes around the world or via satellites.
But the distance is probably not the biggest issue. When sending signals
from one place to another it goes through several switches. In every switch
the signal is stored in a buffer before it is transfered away to the next sta-
tion. These buffers hold up the signal for a few milliseconds which can add
up to a pretty long delay.

Will it still be possible to communicate and assist each other even if the
information is delayed for a few milliseconds or even seconds? If it is pos-
sible, are there going to be any problems for the users or experts using this
system with a long delay? To answer this I will create a test where a num-
ber of people will try to accomplish a series of tasks using MR equipment
with different time delays. Observations and structured interviews will be
used to collect data about how the users perceives the different delays. I
will also see if there are any connections between their performance and
the users background information, such as age, computer skills, gender and
their visual defects.
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Chapter 2

Background

To understand the problem with MR equipment and how it can be used,
the following pages will describe more closely what MR really is and why
delay using this kind of system can be a problem.

2.1 Mixed Reality

Mixed Reality (MR) is a technique to mix virtual reality with the real
world. There are some different types of MR, for example Augmented
Reality (AR) and Augmented Virtuality (AV) [2].

5



6 2.1. Mixed Reality

Figure 2.1: The continuum between the real world and a virtual
world called Mixed Reality.

To the left in figure 2.1 there is the real environment and to the right
is pure virtual reality where everything is computer generated. The area
between these two is what we call Mixed Reality. For example, AR can
be everything from the simplest example of a guided audio-tour around a
museum to an operation where the surgeon is able to see vital information
about the patient in his view [3]. The reality can be enhanced in five dif-
ferent ways, our five senses. The most common of the five is where we add
information to our vision. The system is often setup, like in this study, by
a camera, a display and a computer. The recorded image from the camera
is sent trough the computer to add the extra information. To know where
to put the added info, either image recognition or gyros and compasses can
be used. The easies and most accurate way is to use markers which can
be placed in the real word with a specific pattern printed on it to help the
computer find it. When the computer finds these markers it can calculate
where in 3D-space the camera is located and in what angle, six different
degrees of freedom; x, y, z, roll, pitch and yaw. When the extra information
is added to the camera image, the image is sent to the display to let the
user show the enhanced reality. To be able to do this without holding a
camera and having to look at a fixed monitor it is common to use a head
mounted display (HMD) like done in this study. A HMD is a device you
put on your head with a camera on the front and a display in front of your
eyes. Looking at the world through these displays is almost like normal
except for the added virtual information.
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The second most used technique is adding sound to the environment. The
three other senses; smell, taste, and touch are more difficult to implement
and is not as commonly used as the others.

Because the image is sent through a computer making a lot of calcula-
tions, it takes some time to process the image. This time is called latency.
If this time is to long, the virtual information will not match the real world
and it will start to be confusing for the user when looking around.

2.2 Latency Effects

Studies of latency effects over a network is not something new. Several
experiments have been done regarding latencies in online games such as
World of Warcraft and Unreal Tournament 2003 [4]. In the paper about
Unreal Tournament 2003 [5], which is an online first person shooter game,
the authors claim that the latency issues and package loss is not a problem
when using the normal game servers, but with longer delay you can see a
significant effect. The area which is most effected is fast movements and
high-precision weapons. With a delay of less then 50 ms the gamers had a
hit rate of about 50%, but with a delay of between 100-200 ms the hit rate
went down to approximatly 30%. With even longer latency the hit rate
dropped to 20% when the delay was about 300 ms.

In the other report about World of Warcraft [6], which is an online real
time strategy game, the authors found that the latency had almost no ef-
fect on the player. Because the game focuses on the strategy part more
than the real time part, there is no need for fast communication between
the computers to make the game playable.

Latency between two people in a collaborate AR environment is still an
unknown area. Will it be possible to perform a task using a MR system.
Does gender, age, visual defects or computer skills matter? Because AR is
something new to most people and this collaborate AR method is almost
unexplored, there are no papers or articles written about it. The problem
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however, is something that is mentioned in several papers. In the paper
Collaborative mixed reality [7], Billinghurst and Kato describes the problem
of latency in collaborate environments and refers to it as something that
needs to be tested. In another report A survey of augmented reality [8] the
author discusses the use and problems of AR systems, and that the delay
of using these systems is something that is a problem. These are just two
examples of papers which mention the latency as a problem in AR appli-
cations, so the need of research when it comes to this is of importance.



Chapter 3

System

To be able to perform this study a specially developed software is used
among with some special hardware. Because the systems delay in this
study is of most importance it is crucial to understand it and why it exists.

3.1 Setup

The application used for this test is made by XM Reality Research AB and
developed in collaboration with me to fit this particular test. There are
two parts in this system, the expert side and the user side shown in figure
3.1. On the expert side the images from the users camera are shown on a
big screen in front of the expert. Over the experts head is a camera which
records the experts hands as they are pointing on the screen, holding tools
or making signs. The system takes the recorded images and masks out
everything except the image on the screen which afterwards is sent to the
user side.

9
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Figure 3.1: The system with the expert side on the left and the
user side on the right.

On the user side, the camera mounted at the head mounted display
(HMD) is recording everything the user looks at. The recorded video is
shown in the HMD along with the masked experts hand as seen in figure
3.2. The recorded video is also sent to the expert to give her a live view of
the users situation.

The expert and user can also talk to each other through the system using
a built-in microphone in the HMD. This enables the expert to communi-
cate with the user using both images and his voice, and for the user to
ask questions back and to show the problem just by looking in the right
direction.

3.2 Hardware

A number of technical products is needed to be able to do this test. This
is the equipment used for this test:

• Two Dell Precision M2400 Laptops, each with a Intel(R) Core(TM)2
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Duo CPU T9400 @ 2.53GHz, 4 GB of RAM and Microsoft Windows
Vista 32-bit.

• Head Mounted Display - eMagin Z800 3D Visor, for the user to make
it possible to add things in her view and make the expert see what
the user sees.

• Dell E2009W 20” FlatPanel Wide screen Monitor, for the expert to
view the image from the user and as a surface to point into the users
view.

• Netgear Gigabit Ethernet Switch 5-port GS605 for connecting the
two computers together with a high speed connection.

• Two Headsets Cosonic CD-930, both for the user and the expert to
enable them to talk to each other.
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Figure 3.2: The users view of the control panel with his own
hand touching the switch and the experts hand pointing at it.

3.3 Delay

Since this study is about the effects of latency using an AR system to
remotely assist, the delay is an important factor which needs to be under-
stood. The systems delay in this test is divided into three different parts
(figure 3.3). First of all, the latency in the hardware and software which
is constant delay depending on the components of the equipment and how
well the software is constructed. We call this delay t1. The delay in the
user system is probably not exactly the same as the delay in the expert’s
system, but to simplify the system they are treated as one. The second
delay is the transfer time between the two computers, here called t2. This
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part, is in this test, as low as possible because of the Gigabit Ethernet con-
nection, but it is this delay that will be the problem when using this system
in real world applications with wireless connections, satellite transmission
and slow modems. The last part of the delay chain is the added delay t3
which is controlled in this test. Every package sent from one computer to
another will be stacked instead of being directly transmitted. The height
of the stack is controlled by the expert to be able to set the right amount
of delay for each set of the test. When a package has reached the top of
the pile, the system will accept it and use it as normal.

Figure 3.3: The different delays in the system. Internal delay t1,
transfer delay t2 and extra delay t3.

To calculate the latency of the system (t1 + t2) a camcorder is rigged
covering the experts monitor as it interacts with the user. To be able
to see the total delay, from that the expert is pointing in the screen till
the reaction of the user is seen on the expert’s screen a loop is created.
The users HMD is pointed at its own computers monitor. The image seen
in the HMD is therefor recorded by the HMD’s camera and sent back to
the expert. When something moves in front of the experts camera the
movement will be processed, sent, shown, recorded processed and shown
again on the experts monitor. After having done this three times with
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different added delays (t3) the recorded video is viewed and the number of
frames are counted. The counting starts when I move my hand and stops
when the movement is shown in the display. The number of frames is then
divided by 25 (the number of frames per second of the camera) giving the
value 280 ms. The one way latency of the system is therefore approximately
140ms.
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Method

Because the main focus in this study is the delay, that is the only parameter
I am interested in studying. Therefore the other variables are kept as equal
as possible during the whole test. A controlled task will be performed at a
certain control panel in the same location for every test person. The task
will be almost the same for every user with only the order of commands
varying. Because of the controlled environment the user will not be sub-
jected to any types of external circumstances such as stress, uncomfortable
posturing or weather.

4.1 Pilot Studies

Pilot studies were performed before the real test began to help designing
the final task. The first pilot study had a task where users were to pick
LEGO pieces from different parts of the room and then putting them to-
gether in a specific way. It turned out that this task was not something
that could be taken from real life and therefor not useful. The idea was
to navigate the users around with only the help of voice and finger signs
without giving them any fixed references such as “look at the bookshelf” or
“turn 90 degrees to the left”. The reason for doing like that was to clearly
see the disadvantages of the delay with this system. This would probably

15



16 4.1. Pilot Studies

have made the users stray around as the delay increases leading to longer
completion time and more misunderstandings. To get the most out of the
study, the task should be as close to a real scenario as possible. The task
which was used for the test is something that is more likely to be a scenario
in real life.

The experiment is a simulation of fixing a problem on a control panel from
the Swedish fighter jet JAS39 Gripen (see figure 4.1). The task is to turn
on and press different switches and buttons in a certain order. To really
see the test from both views, me and my supervisor took turns both being
the user and the expert. At the user-side I observed the expert to see if
something could be done better and vice versa. With other people taking
the role as a user, I could ask what the difficult parts were afterwards, what
was simple, what could be done different and so on. When everything was
ready to go, two actual pilot studies were performed with the right gear
and randomized tasks as described below. Because everything went as ex-
pected and no corrections or changes had to be made to the task, these two
persons are included in the data as test persons.



Method 17

Figure 4.1: A control panel from the Swedish fighter jet JAS39
Gripen used in this test to turn on switches in a particular order.

4.2 The Experiment

The total number of participants in this test is 20 people with mixed ages
between 18 and 59 years old. 15 of the participants were men and 5 were
female. Each test was completed in about 45 minutes. After having looked
at the result from each of these users, one of them were excluded. The
person had problems performing the test and was very uncertain of which
button or switch to press. Before doing anything, the person always waited
for the experts approval to preform the current action which resulted some-
times twice as long completion times as the rest of the users. Because this
persons different approach to the task, the person was removed from the
test group so the others values would not be effected by the extreme values.
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Every person in the test is performing eight different sets of instructions
(A-H) and is subject to four different added delays; 0, 500, 1000 and 2000
ms. These delay times is chosen according to the delay we can expect when
sending via satellite. An ordinary geosynchronous satellite is places 72.000
km above the sea which results in a delay of about 240 ms one way. If the
user and the expert are on different sides of the planet the signal must then
travel between a few satellites before going back to earth, plus the delays
in the switches along the way. In excess of the added delay the system has
its constant latency of 140 ms, as calculated in the previous chapter. Both
of these delays are added to the transfer between the computers, therefore
the experienced delay will be twice as long: 280, 1280, 2280, and 4280 ms.
The order of the sets and delay is randomly chosen so every set (A-H) is
used one time and every delay is used twice. All the users will be having
different orders. Some may start with the longest delay and others with
the shortest. Everything is randomized to be able to compare the sets and
delay times against each other. If every person start, for example, with set
A, it is possible the mean completion time of set A will be much longer than
the other sets because of the unknown learning effect. The test persons are
aware that the delay will change between each set, but does not know the
exact length of the delays or in which order the delays will come. Because
of using different sets of instruction every time, they can not memorize
which button or switches to press.

To be able to perform the test several times on each person, the order
of commands was randomized and set to eight different sets of tasks. If the
same set was used every time, the user could learn the pattern ant therefore
complete the task faster and without the help of the expert. Each of the
eight tasks included asking the user to do something while pointing at the
right place to do it.

• Press this button (pointing at a specific button)

• Turn on this switch (pointing at a specific switch)

• Press this switch upwards (pointing at a specific switch)

• Press this button (pointing at a specific button)
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• Set this switch to number 4 (pointing at the rotary switch)

• Press this button (pointing at a specific button)

• Turn on this switch (pointing at a specific switch)

• Turn on this switch (pointing at a specific switch)

To verify that the eight combinations were equally difficult in time, the
average time of each set was recorded. This is crucial for the other results
in the study. If one of the sets A-H is a bit more difficult and takes longer
time to perform, there is a chance that the other results will be incorrect.
With unequal difficulties and unfortunate randomizing of the sets, there is
a risk the completion time for a certain delay will be much longer or shorter
it should.

Figure 4.2: The average, max, min, time of completion for each
of the eight sets A-H with the extra delay.
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Figure 4.3: The average completion time for each of the eight
sets separated by the added delay.

The first figure 4.2 shows the average time of completion regardless of
the delay for each series. Because every user experience each extra delay
exactly two times it will not effect the comparison of each set. The second
figure (4.3) shows the times with every delay separated.

As seen in figure 4.2, the average time does not differ much between the
sets which indicates that the sets are equally difficult. Figure 4.3 confirms
this result that the different sets are of equal difficult. There is not a single
set where the value is either higher or lower in all delays. For example,
there may be a risk that set B is somewhat easier as it takes less time to
complete, as seen in figure 4.2, but looking at figure 4.3 we see that with a
delay of both 500 ms and 0 ms the line does not dip at all. The variation
between the time of completion, in each of the eight sets, is random and
will probably flatten out with a larger set of samples.
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After each of the eight sets a structured interview is carried out with five
questions1 about their performance and how they perceive the delay. The
number of errors the person makes during each run and additional com-
ments about the run were written down, if they had some particular prob-
lems or if they were disturbed by something. The first three questions used
a six-point Likert scale (Q1-Q3, Table 4.1). The other two questions, Q4
and Q5 ask for estimations of the delay and a Yes/No question if the user
can accept working like this. When the user estimates the delay they only
use their own comprehension because of their unawareness of the actual
delay.

Table 4.1: The five questions asked after each set of the test.

# Question Possible answers
Q1 It was in general very disturb-

ing to work with this delay
1 = Did not notice any de-
lay, 6 = The delay had an
extreme effect

Q2 It was difficult because of the
sound delay

1 = Did not notice any de-
lay, 6 = The delay had an
extreme effect

Q3 The delay made me unsure
which switch/button to press

1 = No problem, 6 = Un-
sure all the time

Q4 How long do you think the de-
lay was?

Time in ms

Q5 Do you think it is possible to
work like this?

Yes or No

After the eight sets a semi-structured interview was done with each
person to hear more about what they think of the test and the delay.
Basic facts such as, gender, vision, computer and gaming skills where also
recorded. Table 4.2 shows the questions asked2.

1The questions were asked in Swedish but translated to English in this report
2The questions were asked in Swedish but translated to English in this report
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Table 4.2: The five interview questions asked after the whole test
is done.

# Question
1 What did you think about the system?
2 Do you think you could use this system in a prob-

lematic situation?
3 How do you think you could improve the commu-

nication between the expert and the user?
4 How was the equipment to use?
5 Do you think there is a maximum limit for the

delay when it become impossible to use.
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Results

The plot in figure 5.1 shows the values from table 5.1 which shows average
time of completion depending on added delay. To capture the learning
effect the plot is split up into two; the first time each user tried a particular
delay and the second time. As you can see in the figure, the lines are almost
linear.

Table 5.1: The average completion time for each added delay
separated by the first and second run. The result is in seconds

Added Delay First Run Second Run
0 ms 48.4211 40.7368
500 ms 64.4737 53.7368
1000 ms 75.4737 64.7895
2000 ms 96.5263 87.3684

23
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Figure 5.1: The average completion time for each added delay
separated by the first and the second run.

One of the five questions after each run is how long the user thinks the
delay was. The following plot in figure 5.2 shows the perceived delay, the
first and the second time, against the actual one way delay. The values are
found in table 5.2. As seen in the figure, the perceived delay increased the
second run.
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Table 5.2: The perceived delay for each delay split up by first
and second run. All the values are in milliseconds.

Actual Delay First Run Second Run
280 ms 681.5789 665.7895
1280 ms 1171.0526 1155.2632
2280 ms 1618.4211 1973.6842
4280 ms 2676.3158 3368.4211

Figure 5.2: The perceived delay split up by first and second run.

The three first questions after each set in the test was constructed with
the 6-point Likert scale. They did not know how long the added delay
was at any stage. With this information table 5.3 and figure 5.3 shows
the average score in each question for each particular delay, as well as
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the standard deviation for each question per delay. The values show no
significants in the answers although it is possible to see an up going trend
as the delay increases.

Table 5.3: The answers to the three first questions Q1-Q3
separated by the delay. Q1: It was in general very disturbing to
work with this delay. Q2: It was difficult because of the sound
delay. Q3: The delay made me unsure which switch/button to

press

Added Delay Q1 Q2 Q3
0 ms 1.42 1.16 1.63
500 ms 1.95 1.47 2.21
1000 ms 2.50 1.74 2.37
2000 ms 3.16 2.39 2.84



Results 27

Figure 5.3: The answers to the three first questions Q1-Q3
separated by the delay.

The fifth question Q5 was if the user think it is possible to work with
the system with the particular delay. Most of the users thought it was no
problem to work with the delay, but some did. As seen in figure 5.4 the
number of negative answers increased with longer delay.

Table 5.4: The number of negative answers on Q5 for each added
delay.

Added Delay Negative answers
0 ms 0
500 ms 1
1000 ms 2
2000 ms 4
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Figure 5.4: The number of negative answers in question 5; Do
you think it is possible to work like this?

On the interview questions some answers came back more frequently
than others as seen in table 5.5;
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Table 5.5: Some frequent answers to the interview questions after
each session.

# Answer
I1 15 out of 19 users said specific that it works good

as long as you do not move your head.
I2 14 out of 19 think the system will work with at

least 5 seconds of delay if you are able to hold
your head still.

I3 7 out of 19 users wanted the pointing hand to be
locked to the panel instead of their view.

I found no significant relations between the user performance and their
background information. Neither the users age, visual defects, gender or
computer or gaming skills.
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Discussion

The results from this study shows in several ways that it is possible to
work with this MR system performing this particular task even if there is
an added delay. Figure 5.4 shows that most user did not had any problems
with working with the added delay.

The question if it will be possible to communicate and assist someone with
a delay is not an easy question to answer. In this specific test the answer
is yes, it is possible since the user do not have to move their head during
the test. This was something almost every person figured out after a while
which led to reduced time and fewer number of errors. As one of the most
common answers, 15 out of 19 users said specifically that it is possible to
do the task as long as you do not move your head.

“It is crucially how one move ones head”

Because almost every user had their heads still during the test the time
to complete the test did not increase much between the different delays.
As can be seen in figure 5.1 the time to complete each set on the different
delays is like a linear graph, if it would have been more difficult to per-
form with high delay the graph would have been more like an exponential
function. The reason it takes longer to complete a set with longer delay

30
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is simply because it takes time to communicate and the user have to wait
longer for instructions between each operation.

Because many of the users held their head still during the test, they did
not notice the delay at all the first times they ran the test. As you can see
in figure 5.2, most of the users guessed the delay to be longer the second
time they ran a specific delay. Many of the users did not distinguish the
difference between the actual delay and me just being slow in my response.
After a few sets though, when the users had tried both the long and short
delay, their guesses about the delay were a bit more accurate.

“As long as you are aware of the delay there is no problem”

As the sets passed by, the users became more and more used to the delay
and understood what the delay caused and not just the expert to be slow
and lazy. Because the delay changed from each set to another the user did
not have a chance to familiarize with a certain delay. In a real situation,
when the delay is fixed according to the prescribed circumstances it is likely
the users adopts better to the delay.

“It would have been good to have the same delay all the time to learn
how to operate”

Another interesting thing about the second time the users did the same
delays is that it took less time completing each set. In figure 5.1 there is a
pretty large difference between the first and the second time delay. There
are several reasons for this; almost none of the users had any experience
using a HMD and therefore were a bit careful in the beginning. Because I
wanted to document this learning curve, the users were not able to test the
equipment much before the test begun. Another reason why the second run
was faster was mainly because the users had figured out that they ought
to hold their head still, backing off a bit to see the whole panel at once.

“It takes a minute or two to learn the system, you must be patient.”

In figure 5.3, which shows the average answer and standard deviation of
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the three first questions, there are some useful results to study. If you just
look at the bars in each question there is a clear trend that longer delays
leads to a higher grade, which is the same as a more difficult run. Because
there were pretty few test persons and they interpreted the questions a bit
different from each other, the standard deviation is not as narrow as one
could hope. According to the standard deviation, there are no significance
in the data that any of the three questions follows a ricing trend but it is
likely.

To be able to draw any conclusions about the connection with age, height,
eye-sight or computer skills the number of participants need to be much
larger. With only 19 persons in this test, other variables makes it very
difficult to prove anything.

6.1 Further research

There are many things which are not taken into consideration in this test
and is therefore an interesting area of further studies. First of all it would
be interesting to see the difference between the task I used in these tests
and another task where the test person is forced to look in a wider area.
As my test shows from the user comments, moving the head is something
that really makes the delay become more obvious and therefore increases
the chances of making mistakes. What if the user really is on a boat in the
middle of the ocean, what will the motion of the sea do to the result.

Another area of further studies could be to test the communication be-
tween the user and the expert. In this test the images and sound was
delayed equally, but what if the sound reaches the other person earlier
than the image?

With a lot of head motion and long delays, navigating in the AR envi-
ronment will be fairly difficult. A further research in this area could be to
analyze different methods on how to communicate with each other. Should
the expert point where the user shall look or is it better to describe by
word? Why not use relative descriptions where to turn, for example “turn
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90 degrees to your left” or “Look at eight o-clock”.
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