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Sammanfattning 
I framtiden kommer användare att titta på videosekvenser i trådlösa apparater, 
exempelvis mobiltelefoner. På grund av tekniska faktorer som störningar och på 
grund av kostnaden för det kommer den kvalitet som de erhåller inte att vara 
jämförbar med till exempel den kvalitet som kan erhållas när man tittar på tv. 
Trots det kan man anta att sådan video kan vara intressant och upplysande. 

I avhandlingen introduceras och används begreppet Cognitive Quality of 
Service (CQoS) – kognitiv servicekvalitet. Begreppet definieras av att den över-
föring som ger den bästa förståelsen och känslomässiga reaktionen också har bäst 
CQoS. För att mäta CQoS bör man följa vissa riktlinjer, särskilt som det är svårt 
att mäta förståelse i samband med att man tittar på video. 

Författaren har tillsammans med medarbetare tittat på hur man kan förbättra 
förhållandena för själva radioöverföringen (studie I). Genom en algoritm som ger 
multicast-paket bättre skydd mot kollisioner visas att man kan erhålla förbättrad 
överföringskapacitet för strömmande video i ett trådlöst nätverk. 

Animeringar är ett alternativ till video som kräver låg bandbredd. I ett experi-
ment har man undersökt hur väl animeringar står sig mot video av olika kvalitet 
när det gäller att upplysa användaren och ge en bra upplevelse (studie II). Det 
visade sig att animeringar var bättre för förståelsen medan video gav en bättre 
känslomässig upplevelse. Vanare åskådare föredrog videon medan ovanare åskå-
dare föredrog animeringarna. 

Frågan som ställdes var då hur man kunde kombinera respektive mediums 
fördelar för att få en så bra blandning som möjligt. Å ena sidan var animeringarna 
billiga och lätta att förstå medan videon var dyrare och mer intressant. Ett 
prototypgränssnitt skapades. Där kunde användaren själv välja vilken mix mellan 
de två alternativen som skulle visas (studie III). Det visade sig att försökspanelen 
föredrog video och dessutom ville ha mer information om spelare och match. 

Trots animationernas förträfflighet kan man anta att det ändå är video som 
kommer att dominera i framtiden. En sista studie genomfördes för att se om man 
kunde finna liknande resultat vid olika kvalitetsgrader i video som man tidigare 
hade funnit mellan video och animeringar (studie IV). Det visade sig att så länge 
man höll sig till ett format var sambanden enklare. Mer var helt enkelt bättre upp 
till en viss gräns där det inte tillförde mer att öka överföringsresurserna för 
videon. 

Sammanfattningsvis visar studierna att CQoS kan ge värdefull designkunskap. 
I synnerhet när man jämför olika presentationsformer som i det här fallet 
animeringar och video. Nästa steg blir att gå vidare med att applicera CQoS i 
tvåvägskommunikation, särskilt i Conversational Multimedia (CMM) – ungefär 
bildtelefoni – där det är särskilt goda möjligheter att sammanställa en för 
omständigheterna anpassad mediamix. 
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1 Introduction 

Traditionally, Quality of Service (QoS) research for streaming media has focused 
on providing a minimal QoS that is then assumed to satisfy users. Users were 
modeled using extremely simple models such as assuming that a user is satisfied if 
there are no buffer-under-runs in the streaming media player (cf. Luna, 2001). In 
the future, users will access streaming media through 3G mobile networks. These 
networks are characterized by highly variable, but often low, bandwidth, frequent 
packet losses, and a high bit error-rate (BER). Users will experience a lower qual-
ity when watching streaming video in that environment.  

Therefore, it is important to assess how effective low quality streaming media 
can be. Many researchers have been content with asking users how acceptable or 
annoying users find a certain quality level. Logically, streaming media can be of 
low visual quality but still be effective as a means to communicate factual and 
emotional content. The recent huge success of SMS is a case in point. 

The underlying assumption of this thesis is that the streaming is performed for 
a purpose and that it connects the end-user to some on-line or off-line content. 
Consuming the content will have effects on the user in various ways including 
cognitive and emotional. The effects can be related to the content as such or to 
the form in which it is presented. Examples of the first: seeing that a favorite 
team scores a goal and become happy. Examples of the second: seeing that there 
are imperfections in the media stream and become annoyed. Logically these two 
factors will interact to form the overall experience but this will also be a function 
of other variables such as the user’s subject matter expertise and expectations. 

1.1 Challenges for wireless services 
In wireless networks, unlike wireline networks, access will always be limited by 
the scarcity and unreliability of the radio resource. In the foreseeable future high 
quality wireless access will be expensive and/or unreliable. Mobile operators are 
currently searching for ways to provide services which give high value to their 
customers while requiring very little of the scarce and expensive spectrum re-
source (Oliphant, 2002). Finding such services requires going beyond the classi-
cal “more-is-better” philosophy. It becomes necessary to find services and service 
levels where users are willing to pay more than it costs. 

1.2 Cognitive Quality of Service 
In this thesis a new concept, Cognitive Quality of Service (CQoS), is introduced. 
Cognitive Quality of Service is tentatively defined like this: 

If a message is transmitted over different communication channels 
then the channel which allows a human viewer, in relation to his 
or her viewing purposes, the best understanding and the most ap-
propriate emotional response to the original event has the highest 
Cognitive Quality of Service. 
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1.3 Research goals 
There were two major goals with the research described in this thesis: 

• To operationalize Cognitive Quality of Service 

• To give some examples of improved Cognitive Quality of Ser-
vice in the face of poor Network Performance. 

1.4 Scope: included & excluded 
The research in this thesis is limited to streaming multimedia in a single domain: 
Spectating sports. Spectating sports was selected because it is the favourite pas-
time of many consumers. They spend a lot of money for tickets, pay-per-view 
television etc in order to follow their favourite teams, sports and events (cf. Bry-
ant and Raney, 2000).  

1.5 Research process 
This thesis builds on research conducted in two 
projects. The RIME project at Ericsson Erisoft 
AB and the BASTARD project at Umeå Univer-
sity. The first project was charged with providing 
a good sports spectating experience to thousands 
of wireless on-site sports fans. The problem lay 
mainly in providing a high bit-rate interactive 
and individual experience despite that thousands of users were sharing the same 
radio spectrum. Solutions presented included animations (cf. study II in this 
thesis), novel algorithms (cf. study I) and new applications. The second project 
looked at how to use video and animations to produce a good overall experience 
for sports spectators. The animations had been “invented” in the first project but 
they were only tested fully in the second project. 

A substantial part of the author’s work in the BASTARD project has been to 
prepare the experiments described in Study II and IV later in this thesis. The 
work has involved designing the experiments, preparing the video clips and an-
imations, preparing the cognitive tasks and automating the experiments so that 
they could be conducted on a large scale.  

1.6 Structure of the thesis 
In Chapter 2, the concept is contrasted to other quality concepts used in wireless 
media. In Chapter 3, previous research trying to establish the cognitive effective-
ness of wireless multimedia is reviewed. In Chapter 4, four studies looking at 
various aspects of CQoS are presented. In Chapters 5 and 6, the research is dis-
cussed and conclusions are drawn. 
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2 Streaming Video Quality 

In this chapter several different ways to define, influence, and measure streaming 
video quality will be reviewed. The purpose of the review was to find out what 
quality concepts other researchers use and what they consider as cause and what 
they consider as effect. The quality concepts found in the review were classified in 
two ways: first they were divided into cause (independent) and effect (dependent) 
concepts, then they were divided into three levels based on whether they were 
related to the network, the media or the content (see Figure 1). Some concepts 
did not divide neatly across the layer boundaries. They are treated separately as 
overall measures. The “cause” concepts will be called performance-shaping factors 
and the “effect” concepts will be called measures in this chapter. The layers are: 

• The content level is concerned with the communication of in-
formation from the content production to the viewer and its ef-
fect on the latter.  

• The media level is concerned with how well the media is coded 
for the transport over the network and rendering at the viewer’s 
terminal.  

• The network level is concerned with how well the data is com-
municated over the network.  

 

Figure 1 Layered view of quality. The viewer on the right watches the football player on 
the left. The view is indirect and is mediated by the media layer which captures / encodes / 
decodes / displays it and is transported by the network layer. 

The chapter reviews about twenty different papers where streaming media quality 
was discussed. The review is far from comprehensive. The intention was to cover 
the widest possible range of quality definitions rather than finding the best or the 
most seminal papers. The review does not cover how the research was conducted, 

Content  
l ev el  

M ed i a   
l ev el  

N etw or k   
l ev el  
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what the goals were or what the results were. It is limited to the quality concepts 
used. Chapter 3 covers the how, what, and why aspect in a review of a slightly 
overlapping set of papers. 

In this chapter, first overall measures of media quality which fall outside the 
model are presented in Section 2.1. Then, in Sections 2.2-2.4 model related 
measures and factors are presented. Finally, in Section 2.5, the results of the re-
view are discussed and then, in Section 2.6, conclusions are drawn for future 
work. 

2.1 Overall measures of media quality 
Apart from the three levels described above, some authors measured the overall 
quality of the streaming multimedia directly. Wang, Claypool and Zuo (2001) 
asked the participants to rate “the quality” of each clip from “0” through “10”. 
Wijesekera, Srivastava, Nerode and Foresti (1999) used a “quality” scale from 1 
(poor) to 10 (excellent). Procter, Hartswood, McKinlay and Gallacher (1999) 
asked their participants about the “overall quality”. 

2.2 Network level 

2.2.1 Packet loss 
Several authors used packet loss as a measure of end-to-end performance in the 
network (Fong and Hui, 2001; Ghinea and Thomas, 2000; Hands and Wilkins, 
1999; Koodli and Krishna, 1998; Patel and Turner, 2000; Verscheure, Frossard 
and Hamdi, 1998) 

There are ways to compensate for packet losses. Nevertheless, there will come 
a point where the compensation mechanisms fail. Koodli and Krishna (1998) 
addressed that problem by introducing the Noticeable Loss concept. A packet 
loss is said to be noticeable if it occurred within the time ä  of the previous loss. 
The parameter, ä , would be determined by the application. The ratio of notice-
able losses to the number of possible losses is called the Noticeable Loss Ratio 
(NLR). The maximum acceptable NLR is called ANLR. The authors do not 
specify how the parameters should be determined. Hands and Wilkins (1999) 
addressed the same problem by looking at the burst size, e.g. the number of con-
secutive packets lost. 

2.2.2 Delay and jitter 
There will be a certain delay from when a packet is sent from the sender until it 
reaches the recipient. For several reasons the delay might be variable. Delay vari-
ability is called jitter. Wang, Claypool and Zuo (2001) measured jitter as a part of 
their real-world study of media performance on the Internet. 

2.2.3 Bandwidth 
The available end-to-end bandwidth is an important quality factor since it will 
determine what bit-rates the media layer can use for the particular link. Wang, 
Claypool and Zuo (2001) measured bandwidth as one part of their study of real-
world media performance. 
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2.2.4 Performance Shaping Factors 
Several network factors were used to influence the streaming video quality.  

• Fong and Hui (2001) tested three different server/network ar-
chitectures to determine which was best suited for their applica-
tion.  

• Procter et al (1999) manipulated the network load to provoke 
degradations in media quality.  

• Wang, Claypool and Zuo (2001) asked participants about their 
last-mile connection to the Internet and their location in the 
world. 

• Ghinea & Thomas (2000) developed a custom network trans-
port protocol and tested it against more common protocols - 
TCP and UDP. 

• Ghinea & Thomas (2000) manipulated delay and jitter in order 
to test the robustness of different media transport protocols. 

2.3 Media level 
The network layer will cause problems for the media layer. Some of these can be 
repaired while others cannot. In the latter case, the displayed video will be differ-
ent or degraded from the captured video and/or the original event. Fidelity is a 
measure of how well degraded video, or other media, matches the original (cf. 
Winkler, 2001). In the reviewed papers, fidelity and streaming video quality was 
measured subjectively and/or objectively. 

2.3.1 Subjective measures 
Subjective measures of fidelity were used by Moore, Foley and Mitra (2001), 
Fong and Hui (2001), Kies, Williges and Rosson (1997), Procter et al (1999), 
Steinmetz (1996) and Winkler (2001).  

• Moore, Foley and Mitra (2001) and Steinmetz (1996) used er-
ror detection probability and annoyance as measures of fidelity. 
Undetectable errors were seen as unproblematic. Detectable er-
rors had different levels of annoyance as a function of their 
type, size, duration and especially their location. 

• Fong and Hui (2001) asked their human judges to rate play-
back quality on a scale from 0 to 100% as a measure of stream-
ing video quality. 
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• Kies, Williges and Rosson (1997) asked their participants to 
compare the streaming video quality with the original event 
and with un-degraded but captured video. They asked them to 
rate the following statements “the video was just as good as a 
live lecture in the same room” and “the video was just as good 
as watching a VCR tape on a normal television”. The state-
ments were rated on a seven-point “Likert-style” scale. Procter 
et al (1999) used a similar scale when they asked their partici-
pants to rate the streaming video quality in comparison to a live 
session. 

• Winkler (2001) used the Double Stimuli Continuous Quality 
Scale (DSCQS) method to find out which of two clips the par-
ticipants preferred. In the method, one clip is the original or 
reference and the other is the degraded clip. Both versions are 
presented simultaneously to the user. Subjects rated each clip 
on an unmarked scale from “bad” to “excellent”. From the dif-
ference, a Differential Mean Opinion Score (DMOS) was cal-
culated. 

2.3.2 Objective measures 
Objective fidelity measures were used by Verscheure, Frossard and Hamdi 
(1998), Wang, Claypool and Zuo (2001), and Winkler (2001). 

• Verscheure, Frossard and Hamdi (1998) and Winkler (2001) 
used Peak Signal-to-Noise Ratio1 (PSNR) as an objective meas-
ure of fidelity. The PSNR is a purely “mathematical” fidelity 
measure which does not take human perception into account.  

• Verscheure, Frossard and Hamdi (1998) used the moving pic-
tures quality metric2  (MPQM) as a model of how users would 
have rated the material if they had used any in their experi-
ments.  

• Wang, Claypool and Zuo (2001) used frame rate as an objec-
tive measure of fidelity. 

                                                           

1 PSNR is defined as 

F

peak
NO

OElemsV
PSNR ,

)(log20 10=  where O is the original picture, 

Elems(O) is the number of elements in O, N is the degraded picture and peakV  is the 

maximum luminance value. 
2 MPQM was introduced by van den Branden Lambrecht and Verscheure (1996). It is a 
fidelity-based measure that attempts to emulate certain characteristics of the human visual 
system. 
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• Winkler (2001) used the Perceptual Distorion Metric3 (PDM) 
as a potential model of how users would rate the streaming 
video. Winkler also introduced an enhanced version of the 
PDM which took into account the visual appeal of the stream-
ing video. Visual appeal was calculated as a combination of col-
orfulness and sharpness.  

2.3.3 Performance Shaping Factors 
Media quality and fidelity is influenced by many factors including: quantization 
level, frame rate, choice of bit-rate and spatial resolution. Several of the research-
ers in the review manipulated these variables to affect quality. Here are some 
examples of which of these factors were manipulated to control quality: 

• Apteker, Fisher, Kisimov and Neishlos (1995), Barber and Laws 
(1994), Kies et al (1997), Masry, Hemami, Osberger and Ro-
haly (2001) and Wilson and Sasse (2000a&b) manipulated 
frame rate.  

• Wijesekera et al (1999) used frame loss. 

• Masry et al (2001), Verscheure, Frossard and Hamdi (1998) 
and Winkler (2001) changed the target bit-rate of the video 
coding.  

• Barber and Laws (1994) and Kies et al (1997) used image reso-
lution and Barber and Laws (1994) changed the physical image 
size. 

• Barber and Laws (1994) manipulated the number of levels of 
grey used to encode the video. 

• Steinmetz (1996) and Wijesekera et al (1999) manipulated the 
skew between the audio and video, i.e. the degree to which the 
two channels are unsynchronized. 

• Masry et al (2001) and Winkler (2001) tested different codecs. 

• Moore, Foley and Mitra (2001) introduced errors and artefacts 
into the video stream. The errors and artefacts were designed to 
simulate typical MPEG-2 problems. 

                                                           
3 PDM was introduced by Winkler (1999). It is a fidelity-based metric comparable to the 
MPQM. 
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2.4 Content level 

2.4.1 Task performance 
Barber and Laws (1994) used task performance on several tasks e.g. a lip reading 
task, a face recognition task, and an emotion recognition task. Kies, Williges and 
Rosson (1997) used task performance measured both subjectively through self-
report and objectively through a quiz, see Section 3.4 for more details. Procter et 
al (1999) used ease of understanding, level of interest and comprehension and 
recall as quality measures. Ghinea and Thomas (1998) also used recall as a de-
pendent variable. 

2.4.2 Task induced stress 
Wilson and Sasse (2000a&b) used stress measures, e.g. Heart Rate (HR) and 
Galvanic Skin Response (GSR) as measures of stress induced by low video qual-
ity. 

2.4.3 Performance Shaping Factors 
There are several factors at the content & use level that affects the media quality. 
In the reviewed papers the following two factors were manipulated on the Con-
tent & Use level: 

• Barber and Laws (1994) used a wide range of tasks, e.g. lip 
reading and speech comprehension. 

• Procter et al (1999) used two types of content – a presentation 
of a bank’s annual report and dramatized scenes of sexual har-
assment. Ghinea and Thomas (1998) used several types of con-
tent including scenes from a television news program, a music 
video and clips from a rugby match. 

2.5 Discussion 
The authors of the papers reviewed above have used various measures of media 
quality and various ways to manipulate the quality. In some cases, some authors 
used a media quality measure as output while others used it as input – as a per-
formance shaping factor – e.g. Wang, Claypool and Zuo (2001) used frame rate 
as an objective measure of quality while several others, for instance, Wilson and 
Sasse (2000a&b) manipulated the frame rate to affect the quality. Table 1 con-
tains examples of measures and performance shaping factors that were used at 
each level. 

Table 1 Examples of measures and performance shaping factors used at each level. 

Level M ea s u r es  
( ex a m ples )  

P er f o r m a n c e  
S h a pi n g  F a c t o r s  

( ex a m ples )  
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Content T a s k  p er f or m a nc e 
S tr es s  

Content 
T a s k  

M ed i a  P r ef er enc e 
P S N R  

F r a m e r a te 
B i t r a te 

N etw or k  P a c k et l os s  
D el a y  

L a s t m i l e 
T r a ns p or t p r otoc ol  

Some researchers stayed within the confines of the levels described in Figure 1 
while others moved across one or even two of the layers. Moore, Foley and Mitra 
(2001) stayed within the media level (Table 2). Procter et al (1999) moved across 
all three levels of the model in their research (Table 3). 

Table 2 Moore, Foley and Mitra (2001) stayed within the media level of the model. The 
arrow points from the independent to the dependent variables. 

Level M ea s u r es  P er f o r m a n c e  
S h a pi n g  F a c t o r s  

Content   
M ed i a  F i d el i ty  I ntr od u c ed  er r or s  
N etw or k    
Table 3 Procter et al (1999) moved across all three levels of the model. 

Level M ea s u r es  P er f o r m a n c e  
S h a pi n g  F a c t o r s  

Content T a s k  p er f or m a nc e  
M ed i a  M ed i a  q u a l i ty   
N etw or k   N etw or k  l oa d  

2.5.1 Using the media layer to simulate effects from the 
network layer 

In most cases where the researchers stayed in and above the media layer, they 
used the media layer performance shaping factors (see Section 2.3.3) to simulate 
effects that problems in the network layer could give rise to.  

• Manipulating frame rate, bit rate, and spatial and chromatic 
resolution simulates the effects of different available network 
bandwidth.  

• Frame loss and introducing errors and artefacts simulates the 
erroneous nature of the network layer, especially in mobile and 
wireless networks.  

• Skew is both a network and a media layer problem. It might 
arise when audio and video are coded as separate streams. 
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Streams which might take different routes through the network 
and experience differential network performance. 

2.5.2 Completeness of the inventoried methods 
As can be seen in Table 1 and in the previous sections the measures used in the 
reviewed papers cover all layers of the proposed model (Figure 1). Each of the 
measures covers some parts of streaming media quality.  

Most of the measures on the media layer were related to fidelity. The differ-
ence between fidelity and quality was discussed by Winkler (2001). For instance, 
a blurred photo might be true to the original but an artificially sharpened version 
might get a higher quality rating. Measurable errors might not even be noticeable 
in some cases while in other cases noticeable errors might be unavoidable. Users 
might also consider other, outside variables, such as price when they judge the 
quality.  

Table 4 shows one lack in the completeness of the reviewed papers, none of 
them presents an objective (or automated) measure of quality on the content 
level. Wilson and Sasse (2000a&b) are arguably an exception as they used auto-
mated measures of human responded to various media quality levels. 

Table 4 Number of papers that used objective and subjective quality measures at each level. 
Wilson and Sasse (2000a&b) might arguably be seen as using an objective measure of 
quality at the content level. 

Level O b j ec t i ve M ea s u r es  S u b j ec t i ve M ea s u r es  
Content 0  ( 2 )  p a p er s  6  ( 4 )  p a p er s  
M ed i a  3  p a p er s  6  p a p er s  
N etw or k  6  p a p er s  1  p a p er  

2.6 Conclusion 
This chapter is an inventory of streaming media quality measures in use. In it, a 
number of papers have been classified and categorized based on how streaming 
video quality (dependent variable) was measured and what was done to manipu-
late it (independent variable) in them. The review was based on the framework 
presented in Figure 1. 

Working at all levels, as for example Procter et al (1999) did, might be more 
realistic since all three levels interact in a real world situation. On the other hand, 
commercial vendors of media level products will try to implement them in a way 
so that they are able to compensate for deficiencies in the network level. Thus, it 
is unclear what is really measured, the impact of the network level on the higher 
levels or the effectiveness of the media level in dealing with deficiencies in the 
network level. Koodli and Krishna (1998) recognized this problem and tried to 
solve it by introducing the NLR concept (see Section 2.2.1). They have solved 
the problem but have also created a new one – what is the ANLR for a certain 
combination of content, media and network level factors? 

Numerous quality concepts and measures were used in the reviewed papers. It 
can be hard to see how packet loss and task performance can be measures of the 
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same overall concept: streaming video quality. Nevertheless, it does seem obvious 
that the different measures still have a justification if they are used in clearly 
limited and defined ways. A researcher dealing with streaming video quality 
should be very clear about what he or she means with quality. He or she should 
also be very clear about how the concept is operationalized.  

On one hand, objective measures of media quality are important for auto-
mated decisions for instance when selecting how to encode video for streaming to 
a user under specific conditions. On the other hand, objective measures are far 
from perfectly correlated with subjective quality measures (Winkler, 2001), 
which in turn might not be telling the entire truth about the usefulness of a clip. 
The solution would seem to be to develop a method that would allow the user to 
choose a quality level. 

It is important to work at all levels but it is not obvious how to do it. A re-
searcher must be very clear on what the dependent and independent variables are 
and should state what levels are covered and how they are interconnected through 
the testing apparatus. Otherwise, the generalization of the results might be diffi-
cult. 
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3 Measuring Cognitive Quality of Service 

The previous chapter presented an overview of streaming video quality concepts 
and measures as used by other researchers. In this chapter, a proposal on how to 
measure Cognitive Quality of Service is presented. Conclusions on measurement 
methodology are presented based on a review of recent research papers where the 
authors had attempted to measure cognitive performance as a function of video 
quality. 

The review is based on searches for such papers conducted during February 
2002, using Inspec and the Science Citation Index to do topical and citation 
searches respectively. The following papers were included in the review: Apteker, 
Fisher, Kisimov and Neishlos (1995), Ghinea and Thomas (1998), Haines, 
Grant, Chuang, Phillips, Hiatt and Shabot (1997), Hiatt, Shabot, Phillips, 
Haines and Grant (1996) Kies, Williges and Rosson (1997), Procter, Hartswood, 
McKinlay and Gallacher (1999) Wijesekera, Srivastava, Nerode and Foresti 
(1999) and Wilson and Sasse (2000a&b). 

This chapter is structured as follows. First, in Sections 3.1-3.6, each of the re-
viewed studies is summarized in terms of problems addressed, methods used and 
results obtained. Then, in Section 3.7, the results are summarized and discussed. 
Finally, in Section 1.1, conclusions are drawn on how to measure cognitive per-
formance in relationship to streaming video. 

3.1 Apteker, Fisher, Kisimov and Neishlos (1995) 
Apteker et al. (1995) were interested in finding out if it would be possible for 
certain types of content to use a lower QoS without users noticing. They hy-
pothesized that video could be characterized as being high or low in respect to a 
temporal (T) dimension and to have a high or low importance of its video (V) 
and audio (A) components respectively. The temporal dimension was operation-
alized as compressibility, i.e. if two clips of the same length were encoded then 
the clip with the largest resulting file was higher on the temporal dimension. 
They also hypothesized that various TVA combinations would have different 
QoS requirements. 

3.1.1 Method 
The authors assembled a set of eight video clips corresponding to each combina-
tion of high and low on the three dimensions. The clips were selected from a set 
of eighty clips in an experiment where twenty subjects rated each clip on each of 
the three dimensions using a seven point Likert scale. Based on the ratings the 
eight most discrepant clips were selected. 

In a second experiment 60 undergraduate students were shown each of the 
clips at each of the following frame rates (R): 5, 10, and 15. Before that they were 
shown three clips encoded at 30 fps as examples of “perfect” clips. While watch-
ing the clips the subjects were required to perform a secondary distraction task, 
spell-checking a word processor document. After watching each clip the subjects 
were asked to rate it using a seven point Likert scale. 
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3.1.2 Results 
First, independently of the frame rate there was a significant effect of each of the 
T, V, and A ratings of each clip on its watchability rating, confirming that it is 
important to consider the kind of material used in experiments of this kind. 
There were also significant effects and interactions for almost all other variables 
and combinations with the exception of TxVxR and TxAxVxR. The results con-
firmed that different types of video clips are differentially sensitive to reduced 
frame rates. Finally, the simple effect for R indicated that higher frame rates were 
more watchable than lower frame rates regardless of the content. The subjects 
were able to maintain a roughly uniform pace on the secondary task of about 10 
to 20 words per minute. 

3.2 Ghinea and Thomas (1998) 
Ghinea & Thomas (1998) performed an experiment to assess the effects of poor 
quality of service on what they call the “Quality of Perception” or “QoP” 
(Ghinea, Thomas & Fish, 1999). In their definition, the quality of perception 
included “not only a user’s satisfaction with the quality of multimedia presenta-
tions, but also his/her ability to analyse, synthesise and assimilate the informa-
tional content of multimedia displays.” 

3.2.1 Method 
The experiment was conducted using a between subjects design with three differ-
ent treatments. Twelve miscellaneous multimedia clips were manipulated so that 
they were displayed at 5, 15, or 25 frames per second (fps). The audio portions of 
the streams were not manipulated. There were ten subjects in each condition. 

Immediately after having viewed each clip the subjects were presented with a 
questionnaire containing factual questions about it. The clips had been chosen so 
that it was unlikely that the subjects had expert knowledge about the contents of 
the clip, for instance there was a rugby clip rather than a soccer clip. The authors 
argued that “it was more likely that a user would have benefited from his/her 
previous knowledge of football” since most Europeans are familiar with rugby 
but it “does not enjoy the widespread following and close interest of football”. 
There were questions concerning the audio, video, and textual parts of the clips, 
some of which could only be answered by combining information from more 
than one channel. 

3.2.2 Results 
There were no significant differences between the percentages of correct answers 
given by the subjects in the different treatments. Some observations could be 
made however: 

1. Users often used knowledge about the context to obtain correct 
answers to questions where they had not observed the clue in 
the clip.  



 14 

2 . For some clips there was a tendency that subjects had more cor-
rect answers at a lower frame rate – possibly an effect of the 
relevant information remaining visible for a longer period of 
time in that condition. 

3 . Users tended to attend to one media stream at a time, i.e. either 
audio or video. 

4 . Highly dynamic scenes had a negative impact on user under-
standing regardless of the condition users viewed it in. There 
was also anecdotal evidence that users enjoyed those clips 
equally regardless of the frame rate. The authors suggested that 
this hints at a complex relationship between understanding and 
enjoying a clip. 

3.3 Haines et al. (1997) and Hiatt et al. (1996) 
Haines et al. (1997) and Hiatt et al. (1996) performed a study on the acceptabil-
ity of motion-JPEG video with different parameters such as frame compression 
ratio and frame rate. Their objective was to determine the minimum bandwidth 
that would be acceptable for remote surgical proctoring. Laparoscopy was used as 
the target application. 

3.3.1 Method 
Two stimuli were used, one slow and one fast. The scenes were 13 seconds long. 
Two display terminals were used, one large (19 inch television) and one small 
(8,9 inch sub-screen of computer display). There were 10 subjects in the group 
where the large screen was used and 13 subjects in the group where the small 
screen was used. The following video QoS parameters were manipulated: JPEG-
quality (10, 17, 23, and 34), Field sampling (full or odd), Frame rate (15, 10, 6, 
and 4). The resulting bitrates ranged from 0,50 to 3,74 Mbps. 

The 23 subjects had various levels of experience with laparoscopy. The level of 
experience was rated as low, medium, or high. It is unclear how this rating was 
done. 

3.3.2 Results 
One finding was that there was no effect of subject matter expertise on the ac-
ceptability rating. This suggested that the ratings were based on characteristics of 
the human-visual system and not on how good a cognitive tool the video would 
be. If anything, there was a tendency to lower acceptance rates for highly experi-
enced judges compared to low and medium experienced participants.  

3.4 Kies, Williges and Rosson (1997) 
Kies, Williges & Rosson (1997) wanted to assess the effectiveness of low quality 
video for distance learning. They reviewed research related to lowering the frame 
rate and manipulating the resolution of video. Their conclusion was that very 
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little work has been performed regarding the impact of that on task performance. 
They performed two studies of which one, the first, will be described here. The 
second study involved two-way communication and falls outside the scope of this 
review. 

3.4.1 Method 
In their first study subjects were presented with six video segments of approxi-
mately 15 minutes each extracted from an educational program on alternative 
medicine. The experiment used a within-subjects design with two levels of image 
resolution (160x120 and 320x240) and three frame rates (1, 6, and 30 fps). The 
order of the treatments was determined using a balanced latin square. The 30 
subjects were pre-screened to ensure that they were subject-matter novices, that 
they had normal (20/20) vision, and that they had normal color perception. 
Audio was not manipulated. 

After having viewed each segment subjects were asked to complete a quiz con-
sisting of nine questions, three that required information from the auditory 
channel, three that required information from the visual channel, and three that 
required a combination of information from both channels. They were also asked 
to complete a questionnaire with questions about “perceiving the speaker”, “ma-
terial and content”, and “technology”. After having viewed all segments the sub-
jects also completed a form regarding demographic information. All questions 
and quizzes were completed on-line through a web-interface. 

3.4.2 Results 
Like Ghinea & Thomas (1998) and Procter et al. (1999) the experiment failed to 
show a significant effect of lower QoS on the cognitive task. The authors per-
formed an effect size and power analysis showing that the effect was lower than a 
“small” effect and that a sample size of 718 and 3137 subjects would be required 
to show a significant effect, if there was one, on performance based on the ma-
nipulation of resolution and frame rate respectively. There was a significant effect 
of channel on performance. The auditory questions got much higher scores 
which suggested that perhaps the video quality did not matter since video was 
disregarded anyway. 

There were also significant effects on “perceiving the speaker” and “technol-
ogy”, indicating that subjects prefer higher quality video despite the fact that it 
did not affect their objective performance. 

The authors recommended that 6fps and 320x240 resolution should be used 
but that 30fps might be beneficial especially for highly dynamic content. They 
also asserted that 1fps and 160x120 was “patently unacceptable”. 

3.5 Procter, Hartswood, McKinlay and Gallacher 
(1999) 

Procter et al. (1999) performed two experiments aimed at assessing the impact of 
(poor) network quality of service on the effectiveness of multimedia communica-
tion. In the first experiment they looked at perceived quality and user under-
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standing. In the second experiment they looked at those variables as well as the 
users’ perception of the affective content of multimedia material. 

3.5.1 Method 
Both experiments were conducted using a between subjects design. There were 
two conditions No-load and Load. In the first condition, there was no other 
traffic on the network. In the second condition, other traffic was injected into the 
network resulting in a packet loss of, on average 30-40% of the multimedia con-
tent. There were 12 subjects in each condition of each experiment for a total of 
48 subjects. 

The content in the first experiment was a presentation of a bank’s half-yearly 
results. “The content consisted of an on-camera presenter linking […] presenta-
tions to camera by senior bank executives. Important items of information […] 
were summarised using full screen captions and voice-over.” The second presenta-
tion consisted of dramatized scenes of workplace harassment. 

Immediately after having viewed the material the subjects were asked to com-
plete a questionnaire. The questionnaire consisted of questions about their per-
ceptions of the quality of the presentation, reasons why there was a lack of quality 
and questions about the factual contents of the presentation. In the second ex-
periment there were also questions about the emotional content of the material. 

3.5.2 Results 
The experimental results were rather consistent across the two experiments. In 
both cases the perceived quality was higher in No-load condition than in the 
Load condition. There was no significant effect on factual recall. There was a 
significant effect on affective recall in the second experiment. 

3.6 Wilson and Sasse (2000a&b) 
Wilson & Sasse (2000a&b) hypothesized that even though users might not no-
tice degraded media quality they might still be affected by it in the form of stress. 
They also argued that subjective quality ratings had many flaws citing studies 
showing that contextual factors affect video quality ratings. Further, they argued, 
task performance in itself is not, as suggested by some, a sufficient measure of 
quality. They proposed taking an approach where subjective ratings and task 
performance measures are combined with physiological measures indicative of 
stress. 

3.6.1 Method 
The authors performed an experiment where participants watched two pre-
recorded application interviews. The assigned task was to judge the suitability of 
the applicants. The clips were 15 minutes long and were divided into four, five-
minute segments (the first segment was used as a calibration period and not 
included in the analysis). The segments were encoded at 16-5-25-5 fps or 16-25-
5-25 fps. Each of the 24 subjects viewed both clips with the same segment en-
coding.  
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The authors measured galvanic skin response (GSR), heart rate (HR), and 
blood volume pressure (BVP) as well as subjectively reported quality measures. 

3.6.2 Results 
The majority of the subjects, 84%, failed to notice any effect of the frame rate 
changes on the video quality. There was no significant effect of order on any of 
the physiological measures. There was a significant effect of frame rate on each of 
the physiological measures. GSR and HR increased while BVP decreased at 5 fps 
indicating that it was more stressful to watch the clips at 5 fps than 25 fps. The 
authors did not report any effects on task performance. According to one of the 
authors the judgments rendered were too subjective to be measured or rated 
(Wilson, personal communication 2002). 

3.7 Discussion 
No significant effects of streaming video quality on cognitive performance were 
reported in the reviewed papers. The marginal exceptions are Procter et al. (1999) 
and Wilson and Sasse (2000a&b). The former had a significant effect on what 
they call “affective recall” and the latter were able to show that stress levels rose 
when quality was decreased. The articles in the review are summarized in Table 5 
and the results are compiled in Figure 2. 

 N o t i c e a b l e  
d e g r a d a t i o n  

D e c r e a s i n g  Q o S  
P h y s i o l o g i c a l  
e f f e c t s  

E f f e c t s  o n  
a f f e c t i v e  
u n d e r s t a n d i n g  

C o g n i t i v e  
e f f e c t s ?  

 

Figure 2 No cognitive effects have been found from decreasing QoS but there is a large body 
of evidence that suggests that subjects will notice poor QoS. Wilson and Sasse (2000a&b) 
reported that bad QoS would stress users. Procter et al. (1999) reported that the affective 
content in a clip would be lost when quality degrades noticeably. 

Wickens (1992) might have an explanation the surprising lack of cognitive effects 
as quality decreases. According to Wickens (1992), a person has a limited pool of 
cognitive resources to draw on. More demanding cognitive tasks will demand 
that more resources are supplied until the point where the supply is about to run 
out. Up to that point there will be no effects on primary task performance but  



 

 Table 5 Summary of the review of papers reporting cognitive effects of streaming media quality. 
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there will be an increasing mental workload. Wilson & Sasse (2000a&b) showed 
that the physiological strain on the subjects increased when QoS decreased 
which, according to Wickens (1992), would suggest that more cognitive re-
sources were marshaled. 

Another explanation for the apparent lack of effects could be that the experi-
mental designs were too weak. However, both within and between subject de-
signs were used with similar results. Kies, Williges & Rosson (1997) performed 
an effect size and power calculation which indicated that the effect was less than 
“small” and that at a power level of 0,80 a total of 3137 subjects would be needed 
to find any cognitive effects of frame rate.  

3.8 Conclusion 
In this chapter a number of articles reporting on experimental findings concern-
ing the cognitive effects of poor quality of service for streaming multimedia have 
been reviewed. The results indicate that poorer quality of service does impose a 
strain on the individual resulting in physiological responses and reports of dissat-
isfaction with the offered quality of service. There were no effects on the cogni-
tive measures used. This is consistent with mental workload theory and suggests 
that more resources were marshaled to cope with the poorer quality of service but 
that in these experiments the additional load was well within the subjects’ coping 
abilities. 

Based on the review in this and the previous chapter, the following recom-
mendations and guidelines on how to measure Cognitive Quality of Service 
effectively can be formulated: 

1. A subject matter that participants find engaging and interesting 
should be selected. Measures should also be made of to which 
degree the users find the clips engaging and interesting. (cf. 
Ghinea and Thomas, 1998) 

2 . Pre-tests and a within-subjects design should be used to control 
for between subjects variability in cognitive abilities and subject 
matter expertise.  

3 . Primary task performance; a secondary task performance and 
mental workload should be measured (Wickens, 1992; Wilson 
and Sasse, 2000a&b). Primary task performance should be 
measured both subjectively and objectively as the results might 
differ (cf. Kies, Williges and Rosson, 1997).  

4 . Cognitive performance must be related to the media modality 
under manipulation. I.e. if video presentation is being manipu-
lated the participants should not be asked questions about the 
sound track. (cf. Kies, Williges and Rosson, 1997) 
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5 . A subjective quality measure should be made to be able to 
compare the results to other research and to be able to assess 
how effectively the body of research where such measures have 
been used can be used in relation to CQoS. (cf. Section 2.3.1) 
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4 Towards Cognitive Quality of Service 

The author and associates performed four different, but related, studies to exam-
ine the Cognitive Quality of Service (CQoS) concept in more depth. An over-
view of the studies is presented in Table 5. The first study addressed the problem 
at the network layer. A modified protocol for multicast in IEEE 802.11 or other 
CSMA/CA networks was proposed in order to increase the priority of cognitively 
more relevant traffic. In the second study, video was contrasted with animations. 
In the third study, a user interface prototype was created where video and anima-
tions could be mixed so that a user could select his or hers personal mix. In the 
fourth study, different levels of video quality were contrasted against each other. 

In this chapter, first the general approach used to perform the research is pre-
sented. Then, the most important measures used in the studies are presented. 
Then each study is summarized in terms of purpose, methods used, results, and 
conclusions drawn. Finally, the results and conclusions are summarized. 

4.1 Measures used 
Some measures were used in most of the studies and are described here. 

4.1.1 RSME 
The RSME is a simple measure of mental workload. It was first introduced by 
Ziljstra (1993). It consists of a scale from “0” to “150” with some anchoring 
phrases such as “extreme effort” or “some effort” along the scale (Figure 3). Other 
ways to measure mental workload were considered, e.g. heart rate variability and 
NASA Task Load Index (NASA-TLX) (cf. Veltman and Gaillard, 1993). The 
RSME was selected because it was easy and fast to administer yet validated - 
especially for short tasks (Verwey and Veltman, 1996). An online version of the 
RSME was produced by the author for the experiments. 

4.1.2 SSIS, SFQ, SFMS 
The Sports Spectator Identification Scale (SSIS), the Sports Fandom Question-
naire (SFQ) and the Sports Fan Motivation Scale (SFMS) were introduced by 
Daniel L. Wann and co-workers (Wann, Melnick, Russel and Pease, 2000; Wann, 
2002). They are instruments designed to enable prediction of sports fan behav-
iour. The SSIS measures a spectator’s affiliation with a certain team. It predicts 
the spectator’s behaviour in relationship to that team. The SFQ is a more general 
measure of sports fandom and can predict behaviour that is more general. The 
SFMS is a measure of what motivates sports fans (e.g. excitement or betting). 
The SSIS, SFQ, and SFMS scales were translated to Swedish by the author for 
the experiments. 
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Table 6 Common measures and where they were used. 

 S t u d y  I S t u d y  II S t u d y  III S t u d y  IV  
RSME  X  X 
SSIS  X X X 
SF MS    X 
SF Q     X 

 

 

Figure 3 The Rating Scale Mental Effort (RSME). Reprinted by permission from 
F. Ziljstra. 
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4.2 Study I : Increasing the effectiveness of the 
wireless network 

Multicast has lower reliability than unicast in CSMA/CA networks (cf. Anony-
mous, 1999) but it often has a higher usefulness to the users, not least since it 
reaches more users. There are at least two reasons for this. First, there is no ac-
knowledgement mechanism for multicast traffic so the sender will not know that 
a packet has been lost and cannot retransmit it. Second, since the sender does not 
know that a collision has occurred it is unable to back-off appropriately further 
increasing the risks of collision. The purpose of Study I was to devise and validate 
a way to increase the relative priority of multicast traffic in a CSMA/CA network 
such as an IEEE 802.11 based WLAN.  

4.2.1 The EMCD algorithm 
An algorithm called Early Multicast Collision Detection (EMCD) was created. 
In the absence of hidden terminals, any collisions between two stations must 
occur at the beginning of a transmission. In EMCD the the multi-cast transmit-
ter pauses in the early stage of the transmission, listens for any collisions and 
concludes the transmission if none is detected or reschedules the transmission 
otherwise. The effectiveness of the algorithm was confirmed through theoretical 
calculations and simulations. 

 

AP 1 

AP 2  

AP 3  Tx v 

Tx v 

Tx m Tx v 

T x  m 

T x  m 

T C D  

C I F S  

C I F S  

C I F S  

C a r r i e r  S e n s e  o p e r a t i o n  

P a r t  i s  n o t  t r a n s m i t t e d  i f  
c o l l i s i o n  i s  d e t e c t e d  

 

Figure 4 Three multicast senders start transmitting simultaneously, after a brief random 
time they make a pause in their transmissions, and are able to detect the collision. (Nilsson, 
Wikstrand and Eriksson, 2002) 

The results confirmed that the algorithm was effective. As shown in Figure 5, the 
reception rate of the multicast traffic was higher with EMCD than with the 
standard multicast method. The average delay for unicast traffic was higher, 
which suggests that EMCD allowed fairer competition between unicast and 
multicast traffic. Study I is described in more detail in Paper I (Nilsson, Wik-
strand and Eriksson, 2002). 
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Figure 5 EMCD achieves much higher multicast throughput than normal multicast. This 
translates into higher Cognitive Quality of Service. (Nilsson, Wikstrand and Eriksson, 
2002) 

4.3 Study II : Instrumentalization of Cognitive Qual-
ity of Service 

The purpose of Study II was to investigate if network performance was directly 
related to cognitive quality of service. Animations are stripped of a lot of infor-
mation that is present even in low bit-rate video. The former might require as 
little as 100-300 bps to transfer to the user. Low bit-rate video might require 100 
times more bandwidth and high bit-rate video might require 1000 times more 
bandwidth than animations. If Cognitive Quality of Service was a simple func-
tion of network performance, such as bandwidth, then, animations would be 
worse than low bit-rate video, which in turn would be worse than high bit-rate 
video.  

4.3.1 Method 
The hypothesis was tested experimentally. In the experiment, 89 participants 
viewed three clips, sequences from a football match, coded in each of the three 
ways described in Figure 6. The animations were constructed to be minimalist, 
yet realistic, so that they would be simple to render in a mobile phone yet retain 
some of the look and feel of the video. The two other codings were regular video 
at two different bit-rates using Real Video 8.  

The experiment was designed based on the conclusions drawn in Chapter 3. 
The primary cognitive task was a quiz designed to test the recall and understand-
ing of the clips. The participants performed a secondary tracking task at three 
levels, none, easy, and hard, in conjunction with the primary task. The partici-
pants were asked to rate their mental workload, overall impression, emotional 
satisfaction, cognitive performance, willingness to pay and more after each clip. 



 26  

Subjects were pre-tested on their emotional (SSIS) involvement and subject mat-
ter expertise of football (cf. Knecht and Zenger, 1985). In a post-test, they were 
asked about their impressions of the concept and about their relative preferences 
of the three renderings. 

   
a b c 

Figure 6 The encodings used in Study II. (a) A hand-made 3D animation based on the 
video and created and rendered with Alias|Wavefront Maya. (b) Low bit-rate video en-
coded for a target connection speed of 28kbps using Real Video 8 at the “smoothest video” 
setting. (c) High-bit rate video, like (b) but encoded for 384 kbps. 

4.3.2 Results 
The overall impression was consistently higher for the high bandwidth video 
(average 4,58 median 5) than for the 3D animation (average 3,63 median 4) 
which in turn was rated higher than the low bandwidth coding (average 2,57 
median 2). 

A two-factors within-subjects analysis of variance (ANOVA) analysis of the 
quiz score revealed a significant main effect of coding type on the quiz score 
(Keppel, 1991). (p<0,001 and p GG correction < 0,005). High quality video had 
the highest mean (3,00), low quality video had the lowest mean (2,44), and 3D 
had a mean of 2,70. There were no significant effects of clip or secondary task 
level. Ease of understanding was consistently ranked at about 3 for the low 
bandwidth coding whereas it decreased from 6 (median) through 5 to 4 for the 
two other codings. 

The level of interest that subjects attributed to the clips was significantly dif-
ferent depending on the coding. For the 3D and Low bandwidth video the aver-
age was 2,76 and the median was 2. For the High bandwidth video the average 
3,70 and the median was 4. 

Subjects reported that the quality of the football game itself was higher with 
the High bandwidth video (average 3,93 median 4) and the low bandwidth video 
(average 3,31 median 3) than with the 3D animation (average 2,79 median 2). 

The subjective measures were roughly correlated to each other and the overall 
impression but only weakly correlated to the objective quiz score measure and the 
RSME measures (Table 7). 

The results of study II are further described in papers II, III and IV (Wik-
strand and Eriksson, 2002; Wikstrand, Eriksson and Östberg, 2003; Wikstrand 
and Sun, 2003) 
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Table 7 Pearson correlations between subjective and objective measures in Study II. All 
subjective variables except RSME are strongly correlated to the overall impression (Helhet). 
The overall score is only weakly correlated to the overall impression. 

  O v e r a l l a U n d e r -
s ta n d a 

I n te r e s t-
i n g a 

G o o d  
f o o tb a l l a 

A c c e p t-
a b l e  

q u a l i ty a 

P a y  
S E K 1 a 

S C O R E b R S M E c 

Overall 1 , 6 3 3 , 6 0 8  , 4 4 4 , 6 7 5  , 4 3 9 , 2 2 0  -, 15 8
U n d ers t .  , 6 3 3  1 , 4 7 4  , 3 0 9 , 5 5 6  , 3 3 4 , 2 6 9  -, 2 7 6
I n t eres t .  , 6 0 8  , 4 7 4 1 , 7 2 9 , 3 4 4  , 2 8 8 , 3 2 5  -, 0 2 7
G o o d  f o o t  , 4 4 4  , 3 0 9 , 7 2 9  1 , 2 15  , 2 3 2 , 2 7 6  , 0 4 2
A c c ep t ab le , 6 7 5  , 5 5 6 , 3 4 4  , 2 15 1 , 4 2 8 , 13 5  -, 12 5
S E K 1 , 4 3 9  , 3 3 4 , 2 8 8  , 2 3 2 , 4 2 8  1 , 13 9  -, 0 2 0
S C OR E  , 2 2 0  , 2 6 9 , 3 2 5  , 2 7 6 , 13 5  , 13 9 1 , 0 11
R S M E  -, 15 8  -, 2 7 6 -, 0 2 7  , 0 4 2 -, 12 5  -, 0 2 0 , 0 11 1
aSubjective measures. bPrimary task performance. cSelf report measure of mental workload. 

4.4 Study III : Quality in use 
The purpose of the third study was to explore interaction with and through the 
media and how to get the emotional advantages of video and the cognitive ad-
vantages of animations in one product.  

4.4.1 Prototype construction 
A workshop was held with diverse representatives from industry and academia. A 
brief presentation of the findings from study II was made and the participants 
were split in two groups. The groups presented a number of suggestions on how 
to improve animations in terms of their emotional value. A number of sugges-
tions were made. Based on these some rough design sketches were produced. 

Two interaction design students were hired to develop the concepts further dur-
ing their summer break. Eventually, the ideas were compiled into a working 
prototype/demo. 

4.4.2 Focus group evaluations 
Two focus groups were recruited to evaluate the prototypes. The participants 
were recruited at a football match using the SSIS as a selection instrument. An 
insufficient number of participants were found and further recruitment was made 
among available persons. Finally, two groups of about five persons each were 
formed. One group contained persons who scored as medium fans and the other 
as highly identified fans. 
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Figure 7 A screen shot from the Study III prototype. In the main area video from the foot-
ball game is overlaid with a top-down animation of the entire arena. The prototype was 
created by Staffan Eriksson and is used by permission. 

4.4.3 Results 
There were several observations from the focus groups. The first observation was 
that the prototype might have had to high fidelity in some respects leading the 
users to expect more from it than it could provide. This is similar to the findings 
in Bryan-Kinns & Hamilton (2002). Another meta-observation was that it 
would have been preferable if there had not been persons who knew each other in 
any of the groups. In one of the groups there was a senior football expert and the 
other group members tended to defer to his opinions so that the group was in a 
sense reduced to a single person. 

The participants were not overly enthusiastic about the animations and they 
were more interested in the live video. They would also have liked more interac-
tivity and more data and statistics about the game and the players. 

In terms of design knowledge we learned from Study III that interaction and 
simple information such as statistics can be a third way to achieve the goal of 
maximizing Cognitive Quality of Service while minimizing costs. Study III is 
described further in paper III (Wikstrand, Eriksson and Östberg, 2003). 
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4.5 Study IV : Aspects of Cognitive Quality of Ser-
vice 

Study II had shown that CQoS was not necessarily a growing function of bit-
rate. It also showed that different measures gave different results, especially when 
non-bit-rate conditions were varied. The purpose of study IV was to examine if 
the same properties held if the presentation form was not varied. 

4.5.1 Method 
The same method was used as in study II but there were some variations in the 
procedure. The major difference was the addition of the SFQ and the SFMS 
instruments to the pre-tests. The SFQ was added since the SSIS was unable to 
predict user performance in Studies II and III. The SFMS was added to allow us 
to consider betting in some more detail. All the subject-matter quiz questions 
were reviewed and revised as necessary. The post-clip quiz questions were formu-
lated as multiple-choice questions instead of as open-ended questions. The pur-
pose of the latter was to be able to correct the questions more easily. 

 

Figure 8 A screen dump from the Study IV experiment. Media clips and the secondary task 
are presented in the simulated mobile phone on the left. Questions to the user etc are pre-
sented on the right. Here, the user is filling in demographical information about him- or 
her-self. The BASTARD logotype was created by Staffan Eriksson and is used by permis-
sion. 
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4.5.2 Results 
The results indicated that in general, across all conditions and regardless of the 
pre-test scores, the subjective quality scores could be described using linear or 
quadratic forms. In many cases the equations had the same coefficients but dif-
ferent constants. Using the method of orthogonal polynomials and the coeffi-
cients found in Keppel (1991) the equation for the overall quality impression is: 

2013,024,090,2)( rrrU −+=  

The two factor analysis of task versus coding showed some more interesting re-
sults. There were no significant interactions but subjective understanding turned 
out to have significant main effects of both the secondary task and the coding 
(Table 8). 

Table 8 Analysis of variance (ANOVA) of self-reported understanding in Study IV. The 
analysis used between- subjets methodology. (Keppel, 1991) 

S o u r c e  d f  M S  F p 
t as k  2 9 , 1 7 4, 1 7 0,0377 
c o d i n g  7 1 5 , 3 4 6 , 9 9  0,0011 
t as k * c o d i n g  1 4 3 , 3 2 1 , 5 1  0 , 2248 
S/ t as k * c o d i n g  3 3 6  2, 1 9    
T o t al  3 5 9     

A very interesting finding was that in the no secondary task condition the subjec-
tive understanding could be approximated with a second degree form whereas in 
the easy and hard secondary task conditions there was no significant second de-
gree component. Also, the quadratic coefficients decreased from -0,082 (sign), -
0,055 (not sign) and -0,007 (ns). The constant coefficient also decreased from 
3,47 through 3,10 to 2,99. Study IV is also described in paper IV (Wikstrand 
and Sun, 2003) 

4.6 Summary 
This chapter has summarized the four studies that are reported in this thesis. A 
summary of the studies can be found in Table 9. The studies cover all levels of the 
layered model (Figure 1) but the emphasis has been on the content and the me-
dia levels. 
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Table 9 Summary table of the four studies presented in this thesis. The studies addressed the 
problems at different levels of the model (cf. Figure 1). The size of the marker “X”, “x”, or 
“.” indicates the level of relevance for each study at each level. 

  L e v e l s  a d d r e s s e d  
S t u d y  S u m m a r y  N e t -

w o r k  
M e d i a  C o n -

t e n t  
I P r o p o s ed  an d  ev al u at ed  a n o v el  ap -

p r o ac h  t o  MA C  l ay er  h an d l i n g  o f  b r o ad -
c as t  an d  mu l t i c as t  i n  w i r el es s  C SMA / C A  
n et w o r k s .  
EMC D  w i l l  i n c r eas e t h e t h r o u g h p u t  an d  
r el i ab i l i t y  o f  b r o ad c as t  an d  mu l t i c as t  
l ead i n g  t o  h i g h er  n et w o r k  p er f o r man c e f o r  
s h ar ed  w i r el es s  mu l t i med i a. 

X .  

II A  n o v el  ap p r o ac h  t o  v i d eo  s t r eami n g  
b as ed  o n  p o s i t i o n  b as ed  an i mat i o n s  w as  
c o n t r as t ed  t o  h i g h  an d  l o w  b an d w i d t h  
mo b i l e v i d eo . Meas u r es  o f  t as k  p er f o r m-
an c e,  s u b j ec t i v e q u al i t y  ap p r ai s al ,  an d  
i mp ac t  w er e o b t ai n ed . 
V i d eo  an d  an i mat i o n s  h ad  d i f f er en t  
s t r en g t h s  an d  w er e p r ef er r ed  b y  d i s t i n c t  
g r o u p s  i n d i c at i n g  t h at  C Q o S i s  mo r e 
c o mp l ex t h en  au t o mat i c al l y  s el ec t i n g  a 
s i n g l e b es t  f o r mat . 

. x X 

III A  p r o t o t y p e u s er  ap p l i c at i o n  c o mb i n i n g  
v i d eo ,  an i mat i o n s ,  an d  o t h er  i n f o r mat i o n  
w as  p r o d u c ed  an d  t es t ed  i n  f o c u s  
g r o u p s . 
T h e s t u d y  c o n f i r med  t h e u s ef u l n es s  o f  
b l en d i n g  d i f f er en t  q u al i t y  l ev el s  b u t  al s o  
s u g g es t ed  t h at  “ l o c al  i n t er ac t i o n ”  w as  a 
d es i r eab l e al t er n at i v e t o  w at c h i n g  a 
s t r eam. 

 . X 

IV  Sev er al  b an d w i d t h s  w er e c o n t r as t ed  
ag ai n s t  eac h  o t h er  f o r  t h ei r  h u man  as -
p ec t s .  
W h en  d i f f er en t  v i d eo  q u al i t y  l ev el s  w er e 
c o n t r as t ed  ag ai n s t  eac h  o t h er  t h e r es u l t s  
w er e s i mp l er . P er c ei v ed  q u al i t y  i n c r eas ed  
o n  t h e f o r m u ( x) = a+ b x o r  
u ( x) = a+ b 1 x+ b 2x w h er e b 2 i s  a n eg at i v e 
v al u e. 

. x X 
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5 Discussion 

In the previous chapters a review of media quality concepts has been presented 
(Chapter 2), media related cognitive performance has been studied (Chapter 3) 
and four studies conducted by the author and colleagues have been summarized 
(Chapter 4). In this chapter, the Cognitive Quality of Service concept as it was 
defined in Chapter 1 and used in the following chapters is discussed. In Section 
5.1 the usefulness of the concept is discussed and related to alternative concepts 
and measures. In Section 5.2 a possible insight into the nature of the relationship 
between the media and the content layer is discussed. Finally, in Section 5.3 
methodological issues are discussed. 

5.1 Usefulness of the Cognitive Quality of Service 
concept 

The value of the Cognitive Quality of Service concept should be decided based 
on three factors: a) Is it measurable? b) Can it be used in a meaningful way to 
guide design decisions? c) Does it give new information that cannot be obtained 
through available measures? 

5.1.1 CQoS as a measurable quantity 
In Study II and Study IV, an attempt was made to measure Cognitive Quality of 
Service using a battery of methods. All measures were self-report measures. The 
participants were asked about their mental workload, their primary task perform-
ance – recall and understanding was measured through a quiz – and they were 
asked about their perception of the sequence they just saw in terms of their abil-
ity to understand and enjoy it. In Study II there were significant and, in terms of 
bitrate, unexpected effects on all of these variables. There were similar results in 
Study IV although the primary task performance remains to be analyzed. How-
ever, in the latter case, the results were not as surprising as in the former, they 
were linear or quadratic functions of the bit-rate. 

Some analysis of the outcome on these measures with the traditional measures, 
e.g. acceptability and overall impression, was made. It is not presented in extenso 
here but all measures were correlated although not strongly so. The analysis also 
showed that secondary task load was a significant factor that affected judgement 
in both studies. In Study II it affected more or less variables. In Study IV it had 
the strongest effect on the subjective cognitive performance where the perform-
ance changed from a quadratic form at no workload to a linear one at high sec-
ondary task load. Further, the analysis showed that the participants’ background 
in terms of their subjective matter expertise and identification as sports fans sig-
nificantly affected their presentation format preferences. 

5.1.2 Further use of CQoS for wireless (application) design 
In study III, the findings from Study II concerning the Cognitive Quality of 
Service of the different codings were used as input in the design process. 
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Study I used an intuition about the Cognitive Quality of Service to set reliable 
multicast with high throughput as a design goal. The study resulted in an algo-
rithm that was analyzed and tested in simulations. The results showed that it 
would work. 

The outcome of Study II was inconsistent with our own educated guesses. 
The, sometimes, surprising results prompted us to launch Study III, which in 
turn lead to some surprises. 

Study II showed that there clearly can be a vast difference in network usage 
and media layer quality. On the other hand, Study IV showed that bit-rate is a 
useful predictor of Cognitive Quality of Service. 

5.1.3 Comparison with the alternatives 
Cognitive Quality of Service can be compared to other ways to assess media 
quality. Other ways might include physiological measures (Wilson and Sasse, 
2000a&b), educated guesses, measures of lower layer concepts – for instance 
fidelity, which is a media layer concept, and bandwidth/bit-rate, which is a meas-
ure at the interface between the media layer and the network layer. 

The measures that Wilson and Sasse (2000a&b) used were arguably measures 
of mental workload. Physiological measures are also affected by other factors, e.g. 
stress and physical workload. The RSME scale used in Study II and Study IV is 
also a mental workload measure. The Quality of Perception concept introduced 
by Ghinea, Thomas and Fish (1999) is a measure both at the media and at the 
network layer. 

Considering the research presented in Chapter 3 strongly suggests that media 
or network layer measures are not useful as measures or predictors of content 
layer quality, i.e. Cognitive Quality of Service. Despite severe manipulations at 
the media and/or the network layers, the authors were unable to produce any 
significant effects related to cognitive variables. In Study II there were significant 
effects on both the content and media layer measures but looking back at Table 7 
we see that there was only a weak correlation between the primary task perform-
ance and the overall impression. In particular, the relationship between the sub-
jective and the objective understanding of the clips was weak (0,269). This was 
despite the fact that both variables were significantly affected by the quality with 
which the video was presented. This is an important finding, especially consider-
ing that other authors have used subjective understanding as a predictor of objec-
tive performance when they were unable to obtain any effects on the latter (Kies, 
Williges and Rosson, 1999). 

5.2 Content versus presentation 
This research has been based on the dichotomy between content and presenta-
tion. On one hand, a user is following a football game. On the other hand, the 
user might be doing it by watching a TV-program, a mobile phone or even by 
reading the newspaper. Regardless of the presentation form, roughly the same 
underlying content is presented.  

Study I and Study IV looked at variations within a single channel. Study I 
looked at network layer reliability and throughput for multicast video. Higher 
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network layer performance would lead to better media layer performance, which 
would primarily lead to improved presentation quality. Study IV looked at the 
effects on media and content layer of manipulating bit-rate. A media layer ma-
nipulation that emulates the effects of variable network performance. 

In Study II and Study III, several presentation channels were used. In Study II, 
we presented animations and video to the participants. As has been noted in 
Section 4.3 the animations are stripped of information that is available in the 
video. The stripping removes both content information, e.g. it was not possible 
to see what way the players were looking, and presentation information, e.g. 
artefacts and errors introduced by the compression process into the video were 
not present in the animations. In Study III the user was able to choose between 
animations and video. The participants requested an additional content channel, 
statistics about the game and the players.  

The review in Chapter 3 showed that other authors have been unable to show 
any effects of changes in the media quality on the content layer quality. This 
might suggest that the changes affected the presentation rather than the semantic 
content. A comparison with Barber and Laws (1994) and between Study II and 
Study IV further support this conjecture. In the first case, the content layer task 
was extremely sensitive to degradations in the presentation – if you cannot see the 
lips, you cannot read them. In the second case, fundamental changes to the pres-
entation format (animation versus video) affected performance in unexpected 
ways whereas linear changes to the same presentation format had simpler linear 
and quadratic effects. 

Initially, the focus in the research presented in this thesis was on bandwidth 
and bit-rate and on fixing the effects caused by what will certainly be the uncer-
tain and variable bandwidth in future wireless network. Study I attempted to fix 
the bandwidth problem on the network layer while Study II attempted to fix the 
problem at the media layer by substituting video with animations. 

In the following studies, the focus was moved from easy fixes. In Study III the 
user was allowed to choose his or her, own preferred mix between animations and 
video. In Study IV, only video, and not some fancy animations, was considered. 

5.3 Methodological issues 
As was shown in Chapter 3 it is hard to measure cognitive effects of streaming 
media quality. Partly, the research presented in this thesis has addressed the 
methodological issue. In this section, some reflections about those issues will be 
made. 

5.3.1 Laboratory versus realism 
In studies II and IV the cognitive performance and enjoyment of watching foot-
ball on a mobile phone was tested in a laboratory environment. Although efforts 
were made to create a realistic atmosphere it was of course not fully realistic. 
There were things that detracted from the realism and things that added to it. 

Among the things that detracted from the realism was using pre-recorded 
clips. Part of the enjoyment of spectating sports is the unknown outcome. Part of 
the enjoyment comes from identifying with a team. In study II clips from a 
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match with Umeå IK, the best football team in Umeå, were selected. Even 
though most subjects might have been familiar with the outcome of the game we 
thought that many of them would not have been to the match. Also, the match 
was from the previous year and the participants might not be able to instantly 
recognize it when they saw it the first time. In study IV the clips were taken from 
a match in England between an unknown and a well known team. The game had 
been broadcasted on a satellite TV channel and we hoped that most participants 
had not seen it. We were aware that pre-recorded clips had been used by other 
researchers with some success. 

Although the participants did not view the stimuli in a mobile or handheld 
unit in studies II-IV we attempted to recreate the feeling by surrounding the 
stimuli with pictures of such devices (see Figure 7 and Figure 8). There were two 
reasons for not using real mobile phones. First, we did not have access to a suffi-
cient number of such devices to complete the experiments in a realistic time 
frame. Second, the automated testing procedure would have been more compli-
cated to implement in that case. Very probably, we would have had to let users 
view the clips in the device while responding to questions and performing the 
secondary task on a stationary computer. We have not made any study or pilot 
with mobile devices so we are not able to assess the possible outcome of this 
simplification. 

Mobile users are likely to be in sub-optimal conditions while using their de-
vice. They might be sitting on a train with noise and distractions around them or 
perhaps walking on a crowded street in the city. As has been described above we 
used a secondary task to provoke degraded performance on the primary cognitive 
task. The secondary task, a simple tracking task, was selected because it was a 
continuous visual navigation style task that was somewhat similar to moving in a 
crowd. 

5.3.2 Research versus industry 
In some ways the experiments were unrealistic and further steps are required 
before industrialization is possible. The experiments and workshops gave infor-
mation about what users would like to have but not have to build a system that 
delivers it. 

In study II we had initially planned to stream the stimuli through a mobile 
network emulator. We decided to play them from each computers local hard 
drive instead. There were two reasons for this. First, as was shown in Chapter 2 
the different layers are partially independent and changes in the network layer 
might not have any effects at the content layer since the media layer acts as insu-
lation between the two layers. Second, streaming the clips would have introduced 
random errors between subjects that we would not have been able to control for. 
The effect was that we had an interesting experiment but that we are not sure 
about how to actually build what we had tested. 

Similarly, we had no real animations in studies II and III. The animations were 
created by hand by careful study of the videos. Hand made animations are not a 
realistic option in a commercial real time system but there are commercial real-
time systems that can track the player and the ball. The positions gathered by 
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that system would then be transmitted over the mobile network and rendered in 
the mobile phone. We rendered the animations on a high-powered workstation. 
So we now know that those animations work and are feasible but we have not 
implemented them and tested them under fully realistic circumstances. 

5.3.3 Usefulness of the guidelines 
In Section 0 a set of guidelines for measuring cognitive performance in relation-
ship to streaming video quality was introduced. Here their use in the studies and 
their usefulness will be discussed. 

The first guideline stated that a subject matter that the participants find en-
gaging should be selected. Only one subject matter was used in studies II-IV, i.e. 
football. Since all participants were tested in respect to their level of fandom and 
their subject-matter expertise we found that some of them were interested while 
others were not. There were several interesting differences between the groups in 
regards to their impression of the media quality. For instance, in paper II (Wik-
strand and Eriksson, 2002) it was shown that the two groups had differential 
preferences for a perspective and an orthogonal top-down view of the animations. 
This justifies the guideline. 

The second guideline stated that stronger statistical designs should be used to 
be able to discover differences in cognitive performance. It turned out that this 
was unnecessary in study II, probably because of the large number of subjects in 
the experiment. It is possible, but not shown in this thesis that guideline two is 
necessary for a successful experiment. 

The third guideline stated that mental workload theory should be used to ob-
tain results on the cognitive task. Study II and IV both showed that having a 
secondary task had an effect on the participants appreciation and understanding 
of the clips. In paper IV (Wikstrand and Sun, 2003) the authors show that the 
secondary task load had a substantial effect on the subjective understanding of 
the clips. The design was sufficiently strong to obtain cognitive effects even with-
out the secondary task and mental workload measures but using them still al-
lowed us to find out more about how the participants reacted to the stimuli, also 
the secondary task added to the realism of the experimental task as has been 
shown above (Section 5.3.1). 

The fourth guideline stated that the cognitive performance must be related to 
the media under manipulation, i.e. questions about the sound track should not 
be asked to measure the effect of changes in the image quality. In study II non-
sensical sound from the crowd close to the camera was used. In study IV no 
sound was used. Thus the guideline was used but not studied and no conclusions 
can be made as to its appropriateness. 

The fifth guideline stated that subjective measures of media quality should be 
used along side the primary measures. Such measures were used in both studies II 
and IV. As was shown in Section 4.3.2, it turned out that the two types of meas-
ures were only weakly correlated. This suggests that the two measures are not the 
same and that they can be used to complement each other. 
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6 Conclusion 

In this thesis, the Cognitive Quality of Service concept has been presented and 
put in relation to other media quality measures. From the discussion, we can 
conclude that Cognitive Quality of Service is a useful concept and that it can be 
used to guide network and application design. The discussion has shown that 
Cognitive Quality of Service is especially useful when comparing different pres-
entation formats. It also showed that there are effects on the content level of 
variations in the media level and that these changes are not strongly correlated to 
subjective measures at the media layer. 

6.1 Goal fulfillment 
The goals of the thesis (Section 1.3) were to operationalize Cognitive Quality of 
Service and to find and demonstrate ways to improve CQoS despite poor net-
work performance.  

The first goal was addressed in Chapter 3 where guidelines for measuring me-
dia and content layer quality were presented. The outcome of study II showed 
that the approach was useful and produced results where other researchers had 
been unable to produce any. 

The second goal was addressed in studies I-III. They showed that there were 
things to do on the network (study I), media (study II) and content (study III) 
layers to improve Cognitive Quality of Service even in the face of poor network 
performance. 

6.2 Contributions of this thesis 
There are two major contributions of this thesis. First, the thesis had introduced 
and analyzed the Cognitive Quality of Service concept. The concept is shown to 
be a useful tool for comparing different media. Second, the thesis has introduced 
guidelines for measuring CQoS and with the help of the guidelines the author 
has been the first to show effects on recall and understanding of streaming video 
quality. 

The title of this thesis suggests that it presents a way of improving user com-
prehension and entertainment in wireless streaming media. In the thesis it has 
been shown that Cognitive Quality of Service is useful for discovering how dif-
ferent media types contribute to the emotional reactions to and the comprehen-
sion of the streamed content. In studies I and III these insights have been used to 
guide network and application design in a way that improves the Cognitive 
Quality of Service or in other words the comprehension and entertainment of the 
streaming media. 

6.3 Future work 
The research presented in this thesis still leaves some open questions concerning 
the nature of the Cognitive Quality of Service and how it can be used in future 
research and how the concept and the results can be applied industrially and in 
other related areas. 
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6.3.1 Further research 
There are two areas where further research is planned or already ongoing at the 
time of this writing. First, further analysis of the data from the experiments, 
especially from studies II and IV will be undertaken to explore the cognitive 
effects in more depth. Also, work is planned on extending the EMCD algorithm 
for use in Mobile Ad-Hoc Networks (MANET). Second, the author and co-
workers are currently investigating the effects of highly variable media quality on 
the Cognitive Quality of Service. 

6.3.2 Further applications 
There are two ways in which the research presented in this thesis will be applied 
by the author in the future. All through the projects and after there have been 
attempts to use the knowledge gained in the projects commercially. The research 
can also be extended to cover two-way communication. Conversational multi-
media (CMM) is different from streaming multimedia in many aspects. From a 
CQoS viewpoint some of the most important differences are: a) hard limit on 
delays, b) tasks more likely to be of a cognitive nature, c) more ephemeral. A 
conversation can never be repeated, only replayed. 
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