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Message from the MMTC Chair

Dear MMTC colleagues and friends, 

 

I hope this new year 2018 finds you well. On behalf of all the MMTC officers, I would like to wish all 

of you and your families a very Happy New Year 2018. May this year bring you all health, happiness, 

and prosperity. 

I would also like to take this opportunity to thank those who were able to attend the MMTC meeting 

at Globecom 2017. The Communication Software, Services and Multimedia Applications Symposium 

(CSSMA) at Globecom and ICC is sponsored by MMTC and I encourage all of you to continue to be 

actively involved in CSSMA and submit papers there. The next CSSMA will be at ICC 2018 in Kansas 

City, Missouri, USA from May 20-24, 2018, and we hope to see you all there. 

The MMTC officers would like to encourage members to be actively involved in the TC as well as 

help recruit new members. Membership is open to all those who are interested, and more information 

can be found at the TC website, http://mmc.committees.comsoc.org. MMTC provides members the 

opportunity to actively serve the community by submitting nominations for associate editorship to 

journals, special issue proposals, conference chairs, and ComSoc distinguished lecturers. In addition, 

the TC can help assist members in the process for elevation to senior and fellow grades. MMTC will 

also soon be seeking new officers since the current officer’s term will end in May 2018. 

I would also like to point out that Dr. Wenwu Zhu, editor in chief for the IEEE Transactions on 

Multimedia (TMM), has a call for nominations for new associate editors. As a sponsoring TC for TMM, 

MMTC will be submitting up to 3 candidates for consideration to the TMM steering committee. We 

encourage members who are interested to submit nominations by January 31, 2018 following the 

instructions in the e-mail sent by Dr. Shiwen Mao. Nominations should include a two page CV, 

supporting letters from two senior leaders in the community, and a one page summary of the member’s 

past involvement with MMTC. 

There will also soon be a call for two service awards. Please be on the lookout for the call and I 

encourage you all to submit nominations. 

Recently, the TC submitted nominations for Dr. Wanqing Li to serve as a MMTC representative to the 

ICME steering committee, Dr. Liang Zhou to serve as the MMTC representative to the CCNC steering 

committee, and Dr. Guosen Yue and Dr. Qing Yang as Globecom 19 CSSMA symposium co-chairs. 

In addition, Dr. Shiwen Mao, who is the current MMTC chair, was elected as the Chair of the 

Distinguished Lecturers' Selection Standing Committee as well as the Vice-Chair for the Technical 

Educational and Activities Committee (TEA-C) for IEEE ComSoc for the 2018-2019 term. 

Congratulations to all! 

I would also like to thank the special issue editors and publication board for their hard work in 

publishing this issue of MMTC Frontiers. 

 

Sincerely, 

 

Sanjeev Mehrotra 

Vice-Chair, Multimedia Communications Technical Committee, IEEE Communications Society 

 

http://mmc.committees.comsoc.org/
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SPECIAL ISSUE ON QoE Evaluation and Control in Immersive Multi-modal Multimedia 

Applications 

Guest Editors: Pedro A. A. Assunção 1, 2 and Erhan Ekmekcioglu 3  

1 Instituto de Telecomunicações, Portugal 
2 Instituto Politécnico de Leiria, Leiria, Portugal 

3 Loughborough University London, United Kingdom  

amado@co.it.pt; E.Ekmekcioglu@lboro.ac.uk 

The overarching goal of immersive multimedia environments is to enable life-like experiences and interactions 

between people and other media objects, in other words, to cement the gap between the physical and virtual entities. 

Amongst the primary objectives is the facilitation of the sense of presence, through the use of multiple sensory 

channels like vision, audio, haptics and (more recently) olfaction and taste. Applications that are based on immersive 

and multimodal multimedia are used in multiple areas, including but not limited to media and entertainment, gaming, 

healthcare (like remote robotic surgery, emergency remote intervention), transport (driver assistance, intelligent 

navigation), commerce, digital manufacturing and design, and training. Research and development in various forms 

of immersive multimedia is not new. Underpinning technologies, such as multi-camera and light-field capture and 

processing systems; coding, distribution, and rendering of three-dimensional environments on high-end display 

systems (video and spatial audio); and novel human-computer interfaces, have been widely researched. But especially 

with the surge of consumer-grade Virtual Reality (VR) headsets in the past few years, and increasing availability of 

mobile Augmented Reality (AR) systems that are powered by advanced object recognition, tracking and localisation 

techniques, there has been a considerable rise in the innovation of new use cases for immersive multimedia.  

Despite many advances to date, many challenges still remain to be addressed to ensure the practicality and widespread 

adoption of emerging immersive experiences. The factors influencing the Quality of Experience (QoE), which has 

been widely studied in the context of traditional multimedia applications, needs to be fully understood in the context 

of multi-sensory immersive experiences. Not only the video, graphics and audio fidelity are included in the QoE, but 

also the level of affective engagement, feel of presence, comfort of use without issues related to cyber-sickness, 

intuitiveness of interaction means, and effectiveness of the storytelling approaches count towards the QoE of 

immersive experiences. The impact of the constraints associated with the entire processing pipeline, like delay, 

bandwidth, devices (e.g., graphical processing power, display resolution, field-of-view, multi-sensory 

synchronization) should be modelled to predict the QoE of immersive experiences. On the other hand, the power of 

other physiological signals that can be captured via lightweight wearable sensors in monitoring the affective state of 

users and indirectly inferring the levels of real-time QoE should be harnessed in the design and control of immersive 

applications. In this Special Issue, authors highlight their research findings and perspectives on the topic of Quality of 

Experience in immersive multi-sensory multimedia applications. 

The first contribution titled “Evaluating QoE of Immersive Multisensory Experiences” by N. Murray, et. al., outlines 

a comprehensive overview of the authors’ past works addressing the evaluation of Quality of Experience in immersive 

multi-sensorial experiences, in particular olfaction-enhanced multimedia. Authors suggest that understanding user’s 

QoE of olfaction based applications is not trivial, and describe a number of research challenges for the multimedia 

community in that respect. 

The second contribution titled “Psychophysiological Methods for Quality of Experience Research in Virtual Reality 

Systems and Applications” by M. Barreda-Ángeles, et. al., provides an outline of the use of psycho-physiological 

sensing and measurement technologies on the QoE research associated with immersive applications. The authors 

suggest that aspects such as spatial presence, attentional and emotional involvement, cognitive effort, or stress, are 

important to explain how a user feels experiencing an immersive service, and psychophysiological-based methods 

may be the best option currently available for them to be understood.  

In his paper titled “QoE Concerns and Measurement in Augmented Reality Applications”, P. Seeling sheds light on 

the current efforts in determining and modelling the QoE associated with Augmented Reality applications. The author 

indicates that when determining the QoE in AR scenarios, media fidelity as well as the contrast and colours as a 
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consequence of the overlay of content with the real world should be considered. The combination of them is typically 

neither readily determinable nor steady and therefore requires new considerations for perceptual models. Furthermore, 

the use of brain-computer interfaces for measuring the QoE of AR applications is discussed. 

The fourth contribution titled “Emerging levels of immersive experience in MPEG-I video coding”, written by D. 

Milovanovic and D. Kukolj provides a summary of the current activities related to the MPEG development and 

research activities of the emerging immersive media technologies. They briefly introduce the readers to the exploration 

project MPEG-I (Coded representation of immersive media). 

Finally, in their paper titled “Trends in QoE for immersive experiences”, A. Perkis and S. Arndt focus on the 

importance of novel storytelling methods to fuel the success of emerging immersive media applications. The authors 

indicate that digital storytelling is all about enhancing the QoE in the rich digital media, changing the passive viewer 

into a participating, engaged and immersed user. The methods vary and include adding interactivity, increasing 

dimension, mixing realities all the way through to creating content that triggers more senses. Their research focusses 

on the creative aspects of new digital media, designing new platforms for combining art and technology and creating 

immersive and interactive content in public spaces (an example project described in detail) and the measurement of 

the QoE. 

With this Special Issue we have no intent to present a complete picture on the state of the QoE measurement and 

control for immersive multimodal multimedia services. However, we hope that the presented papers provide the 

audience with a brief tutorial and valuable insight into the persisting challenges in the area, and predictions for the 

future research.  

Our special thanks go to all authors for their precious contributions to this Special Issue. We would also like to 

acknowledge the gracious support from the Board of MMTC Communications - Frontiers. 

 

Pedro A. A. Assunção received the Licenciado and M.Sc. degrees from the University of Coimbra, 

in 1988 and 1993, respectively, and the Ph.D. in Electronic Systems Engineering from the University 

of Essex, in 1998. He is currently professor of Electrical Engineering and Multimedia 

Communication Systems at the Polytechnic Institute of Leiria and a senior researcher at the Institute 

for Telecommunications, Portugal. His current research interests include high efficiency and 360-

degree, multi-view video and light field coding, multiple description and robust coding, error 

concealment and quality evaluation. He is a senior member of the IEEE. 

 

Erhan Ekmekcioglu received his Ph.D. degree from University of Surrey, UK, in 2010. Between 

2010 and 2017 he worked as a post-doctoral researcher in University of Surrey and Loughborough 

University, respectively, specialising in the field of video processing and communications. He is 

currently a senior lecturer at the Institute for Digital Technologies, Loughborough University 

London. His research interests include 2D/3D and multi-view video processing, coding, and 

transport, quality of experience, immersive and interactive multimedia. He co-authored around 50 

peer-reviewed research articles, book chapters, and a book on 3D-TV systems. 
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Gabriel Miro Muntean3, Christian Timmerer4, Oluwakemi A Ademoye5, Gheorghita Ghinea6, 

Brian Lee2 

 
1Dept. Of Electronics & Informatics, Faculty of Engineering & Informatics, Athlone Institute of 

Technology, Ireland 
2Software Research Institute, Athlone Institute of Technology, Ireland 

3School of Electronic Engineering, Dublin City University, Ireland 
4Dept. Of Information Technology, Alpen-Adria-Universitat Klagenfurt, Austria 

5Faculty of Architecture, Computing and Engineering, University of Wales Trinity St. David, UK 
6Dept. Of Computer Science, Brunel University, United Kingdom 

 
1. Introduction  

Recent technological advances have led to a profound increase the quality of multimedia content, in addition to 

different ways in interacting with and consuming it. Technologies such as Virtual Reality (VR), 360-degree video, 

Augmented Reality (AR) and 3D audio aim to support novel immersive and interactive experiences. However, such 

approaches towards immersion only stimulate two of the five human senses. Opportunities now exist to target the 

human senses outside the traditional audio and visual, to include tactile, olfaction, and gustatory. Hence, it is possible 

to develop applications that consider inputs across all senses, i.e., truly immersive and interactive multimedia 

experiences. Such experiences may be influenced by the integration of different media formats, sensory modalities, 

the context, the user and varying communication/delivery mechanisms; with the aim to increase the perceptual user 

and quality of experience. Indeed such experiences are only possible by a multidisciplinary research approach which 

involves (and is not limited to) multimedia, psychology (including experimental), human-computer interaction, social 

computing and electronics among many others. In addition, the range of applications for virtual reality, augmented 

reality, 360-degree video and multisensory experiences is quite diverse with related and unique research challenges. 

Such domains include tele-presence, training/education, health, tourism, entertainment etc. Critical to the success of 

these immersive and multisensory experiences (IMEx), is the fact that on a per application basis, it is crucial to 

understand the perceptual user and the quality of experience (QoE).  

In this context, the user QoE of IMEx is complex to model and as a research problem, is multifactorial and 

multidimensional. QoE is defined in the QUALINET Whitepaper [1] as: “the degree of delight or annoyance of a 

person whose experiencing involves an application, service, or system. It results from the person’s evaluation of the 

fulfillment of his or her expectations and needs with respect to the utility and/or enjoyment in the light of the person’s 

context, personality and current state”. QoE is a theoretical framework, it is a measurement-centered reflection of a 

users’ perception of an application, system, or service. Therefore QoE aligns well with the multifactorial and 

multidimensional challenge of modelling user perception of IMEx applications or services. A persons QoE in affect 

by influencing factors, which are defined in [2][3] as being “any characteristic of a user, system, service or context 

who actual state or setting may have influence of the QoE of the user”. There are a few articles that categorize such 

IF’s in different manners [1][3][4] with commonality in the actual factors identified and explained. In [1] as per Fig. 

1, the IF’s that effect user QoE are a function of the traditional QoS (device, network, content) metrics and 

social/psychological aspects with an overarching categorization within the system, user and context factors. 

In terms of olfaction-enhanced multimedia, the literature provides a number of key articles of how olfaction is and 

can be employed in future multimedia applications [5][6][7][8][9][10][11][12]. Ghinea and Ademoye in [5] reviewed 

works that employed olfaction as a media component in the areas of virtual reality and entertainment. They also 

proposed potential future research directions of synchronization, olfactory display development and content 

association. The authors of [6][7] presented the use of and potential for olfaction-enhanced multimedia applications 

in areas such as education, training, e-health and virtual tourism as well as providing an overview of various 

commercially available multisensory technologies. In [8], ten categories of smell experience were defined based on 

feedback obtained from over 400 participants in a user study. Considering the rapid development of olfactory sensor 

and display technology, olfaction-based multimedia applications are a realistic possibility  
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Figure 1.  Factors influencing user Quality of Experience, adapted from [1] 

technically and across a wide variety of application domains. [9][10][11] highlighted opportunities and challenges 

around sensorial touch, taste and smell. They outlined key challenges around understanding sensory system processing 

within context of HCI: which tactile, olfactory and gustatory experiences HCI designers should design for; designing 

interfaces for sensory inputs e.g. olfaction but also interfaces that integrate multisensory experiences i.e. taste & smell. 

Finally in [12], a suite of olfaction enhanced multimedia research challenges ranging from standardization, effects of 

intensity and duration, application domains, delivery, display development as well as a key problem of methodologies 

to evaluate QoE of olfaction enhanced multimedia was discussed.   

 

2. IMEx QoE Methodologies 

Evaluating user QoE of traditional media components is non-trivial and the addition of immersive and multisensorial 

media components increases this challenge. No standardized methodology exists to conduct subjective quality 

assessments of immersive & multisensorial media applications [12]. To date researchers have employed different 

aspects of audiovisual standards [13][14] to assess user QoE. In terms of IMEx, the literature reports quality 

assessment which can be based on two broad categories: implicit and explicit evaluations [15]. Explicit evaluations 

require the user to report, post the experience, perceived quality using predefined scales (e.g. mean opinion score), or 

open-ended questions. This has been dominant in efforts to capture user QoE of IMEx [9][16][17]. This said, the 

literature also highlights numerous issues with explicit evaluations: time consuming; bias; and inaccuracies in 

responses due to external factors [18][19].  

Implicit evaluations aim to analyze the relationship between captured physiological measures and user QoE. They 

have gained traction, in particular due to their real-time continuous nature. In [20], Engelke et al provide a survey of 

psychophysiology-based QoE assessment across a range of multimedia applications. They highlight the advantages 

and possible opportunities of capturing physiological data along with the psychological bases of perceptual and 

cognitive processes. Further discussion is available is also available in [21][22]. Also in [21], the use of interaction 

measures learning, effort required, response times, interaction, errors and satisfaction are employed. These all fall 

within the human, system, and context domains of QoE and provide valuable objective data on user QoE from an 

interaction perspective. In [12], specific to olfaction enhanced multimedia, the authors highlighted issues researchers 

face from numerous perspectives including applicability (or lack of) existing audiovisual standards to evaluate user 

QoE and lack of result comparability due to varying approaches, specific requirements of olfactory-based 

multisensorial media applications, and novelty associated with these applications. Finally, based on the diverse 

approaches in the literature and the collective experience of authors, [12] provides a tutorial and recommendations on 

the key steps to conduct olfactory-based multisensorial media QoE evaluation. 

3. IMEx QoE studies 

In recent times, QoE studies involving IMEx have started to emerge. As mentioned earlier, these have typically fallen 

within either implicit or explicit assessment approaches. In this section, we highlight some efforts we have made in 

the recent past with respect to QoE studies of IMEx. Initially our work on user perception of olfaction-enhanced 
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multimedia was inspired by that of Ademoye et al. [22][24][25][26][27]. They instantiated a model first proposed by 

Wikstrand [28]. This model considered defined multimedia quality at technical and user perspectives. As such it 

proposed consideration of quality at three levels: network, media and content. The network level considered the effects 

of transmission over communications networks on user perceptual quality; the media-level considered the influence 

on perceptual quality of how the media is coded for transport; and the content-level is concerned with the transfer of 

information and level of satisfaction between the video media and the user, i.e. level of enjoyment [28]. 

Our work to-date [29]-[36] has complimented and extended this by considering network level effects like delay and 

jitter [29][33], defining a user profile based on age, gender and culture[30][31][32]; by analyzing the influence on 

QoE of scent type [35] and audio masking effects [34] (both content level); and finally how multiple olfactory streams 

[33] impact user QoE.  The results to date have revealed a number of interesting findings. All of the studies were 

performed with respect to olfaction enhanced multimedia QoE have involved explicit assessment approaches, 

borrowing facets from various ITU-T standards [13][14] and various ISO sensory analysis standards [37][38][39]. In 

this context, the interested reader can view recommendations we proposed on how to perform olfaction enhanced 

multimedia QoE evaluations in [12] with respect to assessor screening and training; olfaction-enhanced multimedia 

equipment; laboratory and experimental design as well as methodology.  

In terms of the impact on user QoE of network influencing factors (delay and jitter) [29][33], we found that users were 

quite tolerable to large inter media skew levels as per Fig. 2. Fig. 2 show the user responses to the question of whether 

or not skew levels between olfaction and visual media were annoying (with 5 meaning they did not detect any skew, 

4 meaning that they detected skew but it was not annoying; 3 slightly annoying and 3-1 varying degrees as of 

annoyance with 1 being very annoying). As per Fig. 2, assessors were willing to accept skew levels of +10s when 

olfaction was presented before video and 5s when olfaction was presented before video.  

In terms of the influence of human factors on olfaction enhanced multimedia QoE, we considered age, gender and 

culture as per Fig. 3, Fig. 4 and Fig. 5. In terms of rating the impairment caused by the existence of a synchronization 

error, Fig. 3 details the assessor annoyance at varying levels of skews. Assessors rated olfaction before video more 

annoying than olfaction after video. The female group were much more sensitive to skew with olfaction before video 

than the male group, with both groups reported similar annoyance to skew with olfaction after video. As per Fig. 4, 

the younger female group were the most sensitive to skew, with the male (20-30 yrs and 30-40 yrs) and female (30-

40 yrs) group similar in terms of the their rating of skews. The two older groups were the most tolerant to skew.  

In terms of defining the temporal boundaries for synchronizing olfactory and video media based on human factors, 

we define “in-sync” and “out-of-sync” regions. These boundaries are based on the findings that users were tolerable 

to certain skew levels, they defined as “not annoying” (i.e. An impairment rating of above 3.5). It also considers 

differences in perception based on gender, age and nationality. The in-synch region spans between a maximum skew 

of 0s to -5s/-15s when olfaction is ahead of video, and a maximum skew of 0s to +10s/+15s when olfaction is after 

video depending on the age and gender and nationality of the user.  

In terms of considering the influence of content level factors i.e. scent type (Fig. 6) and the presence of audio (Fig. 7), 

some interesting observations can be made. Firstly from Fig. 6, for each of the scent types, whether pleasant or 

unpleasant, it is clear that assessors found scents presented after video less annoying than before video. This is 

particularly exaggerated with the “unpleasant” scent types such as foul and burnt. As per [35], 21 statistically 

significant differences exist across the different skew levels per scent type. For 15 of the 21 of these; one pleasant and 

one maybe unpleasant/pleasant or unpleasant scent type were being compared. Further work on the reasons for this 

are required, but initial investigation suggests that the content of the video scene was emphasized with the scent. In 

terms of temporal boundaries for synchronization of olfaction enhanced multimedia considering scent type, different 

temporal boundaries exist per scent. Again if we consider a MOS of 3.5 as the minimum required rating, for the foul 

scent type, presentation from 0s up to +15s was not annoying, whereas, small skew levels (e.g. -5s) when olfaction 

was presented before video were below this threshold.  

The findings of Fig. 2 and Fig. 7 compare the differences in annoyance levels for users when video only was enhanced 

with olfaction (Fig. 2) and audiovisual media was enhanced by olfaction (Fig. 7) across the various skew levels. As is 

clear when comparing both figures, users were much more sensitive to skew level in the absence of the audio. In 

addition, the results favor the no audio component presentation when the inter-media presentation is in synch. These 

results suggest the presence of the audio media component of a multisensorial stream acts as a mask  
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Fig. 2. Analysis of annoyance level per skew between olfaction       Fig. 3. Gender analysis of annoyance level per skew with 

and visual media with confidence  interval based   Confidence intervals based on a 99% confidence level [30]. 

                             on 99% confidence level.  [29] 

 
Fig. 4. Gender/Age Analysis of                                    Fig. 5.  Nationality based analysis of Annoyance Level per Skew 
Annoyance Level per Skew [30]                                   with confidence intervals based on a 99% confidence level [32] 

  
          Fig. 6: Assessor perception of skew type considering scent type [35].   Fig. 7: Assessor perception of skew between olfaction and  

audiovisual media [24].    

 

for potential synchronization issues between the olfaction media component and video, hiding some of their negative 

effects from the user. These results support and complement the findings in [40]. 

 

This concludes our brief overview of our studies in the area of olfaction enhanced multimedia QoE. With an eye to 

the future, it is clear that we are only scratching the surface in terms of our understanding the user QoE of IMEx. 

There is a significant shortage of research in this area. The delivery of implicit and explicit datasets by the multimedia 

community would be very much welcome. In particular, development of such datasets which facilitate analysis to 

determine correlations would be very valuable. Considering section 2, it is our belief that we require significantly 

more research on the use of psychophysiology-based QoE assessment [20]. In this context, further work to validate 

and extend the recommendations we highlighted previously [12] is required. In addition, the type of physiological 

sensors employed needs to ensure ecological validity of the data. A collaborative approach is required that 

encompasses the multimedia community in addition to HCI, psychology, electronics among many others. Finally since 
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the range of application domains is so varied, another major challenge from a QoE perspective is how we can address 

context based influencing factors which transcends all layers of Fig. 1. A potential approach here may involve the 

development of models that estimate or predict QoE.  

 

4. Conclusion 

In this article, we have presented a brief overview of our findings with respect to understanding user QoE of olfaction-

enhanced multimedia. We have considered numerous influencing factors as part of QoE evaluations inclusive of 

network transmission related effects; human factors and content factors. Understanding user QoE of Olfaction based 

applications is non-trivial, and as such we have proposed a number of research challenges for the multimedia 

community to consider addressing this research challenge.  
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1. Introduction 

Virtual Reality (VR) technology has lived an impressive development in recent years. Although the term and 

application has been there for decades, few years ago the density of integrated circuits and displays, the computer 

performance and the memory capacity began to allow the construction of head mounted devices (HMD) to simulate 

virtual spaces. For that, the HMD projects two spatially and temporal coherent video signals to each user´s eye. The 

visual system is later responsible of forming a 3D scene by the so called stereopsis neural mechanism, resulting in an 

intense immersive experience [1]. 

Although 3D audio technology is being relegated to a second plane in the VR field, it is lately that the importance of 

localizing sound in 3D space is coming to an evidence to have profound immersive experiences. Analogously to the 

Human Visual System (HVS), by means of dedicated filters of Head Related Transfer Function (HRTF) for specific 

orientations, the ambisonics technology is able to recreate the perceptual auditory illusions in the Human Auditory 

System (HAS). The effect turns in listening a sound from any pair of azimuth and elevation by a simply two channel 

(stereo) audio streams, also called binaural listening [2]. 

VR is a transversal technology which spreads beyond the realm of video games, currently its major contributor in 

terms of development and market incomes [3]. VR applications can be found in TV and cinema, documentary, medical 

systems, education, museums, journalism, modelling, industrial processes or therapeutic treatment, just to name a few. 

Technology companies, related to these fields to a greater or lesser extent, and specially the major international 

companies able to provide VR-related technologies, are aware of such potentiality and their investments are said to be 

raised from $3 billion in 2016 to $6 billion in 2017. Some recent key facts in 2017 are that Facebook dropped to $200 

a wireless VR headset, HTC Vive and Samsung Gear glasses have also received a second important upgrade, Adobe 

acquired the company Mettle for VR post-production, Apple announced a dedicated VR framework for developers 

and acquired the VR plugins suite Dashwood, and Google released the VR glasses Daydream. Several IEC technical 

committees (TCs) and their subcommittees (SCs) produce International Standards for hard- and software used in this 

domain. For example: 

- ISO/IEC JTC 1, the Joint Technical Committee of IEC and the International Organization for Standardization 

(ISO), cover standardization for information technology. 

- Subcommittee, ISO/IEC JTC 1/SC 24 works on interfaces for information technology-based applications 

relating to computer graphics and virtual reality, image processing, environmental data representation, 

support for mixed and augmented reality, and interaction with, and visual presentation of information. 

- Sensors are vital components of VR technology. IEC TC 47 and its Subcommittees produce Standards for 

microelectromechanical systems (MEMS), to ensure that sensors and such systems work reliably and 

efficiently. 

- The activities of IEC TC 100 contribute to the quality, performance and interoperability of audio, video and 

multimedia systems and equipment 

- IEC TC 110 covers electronic display devices and certain components, such as dashboard touchscreens in 

cars 

A key factor holding back the widespread adoption of VR by consumers is the ability of the current VR systems to 

provide satisfactory user’s experiences [2]. Compared to more traditional audiovisual systems, VR systems not only 

involve additional factors that may negatively impact the experience, but also have contexts of use in which completely 

novel issues regarding user’s experience may arise. Optical limitations are present to conceive a coherent monoscopic 

video capture from 360 multi-camera systems due to parallax effects [4]. This is even more challenging for 
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stereoscopic video format, which is probably eventually an ill-posed problem. Thus, image processing algorithms 

based on optical flow and depth estimation aim at mitigating artifacts between stitched areas from different video-

streams, which may derive to ghost effects and perspective loses [5]. Analogously the most advanced ambisonics 

microphones are compound of multiple capsules (32 for 4th order) and Youtube the major 360 video streaming 

platform currently supports 1st order ambisonics. Moreover, reducing front, back and bottom confusion areas is still 

challenging for audio processing. Another important limitation in perceptual terms is on the HMD side. The human 

FoV for monocular vision is about 170°-175° Field of View (FoV) and most headset devices currently offer about 

100°-110° [6]. Averaged pixel density is about 500 ppi which is still not enough, given an averaged human visual 

acuity of 5 arc minutes. The Fresnel lenses are mounted probably to achieve thinner thickness for short distance focus 

point. But such design suffers from clearly visible concentric circular-shaped artifacts. Among stereoscopic and 

context-awareness, depth-from-focus is one of the HVS mechanisms to infer the relative size of objects in 3D scenario. 

This last factor is simply not there since the HDM optical systems imply a fixed focus length about 3-4 cm[6]. Some 

experimental optical systems allow several focal planes, but still far from the smooth focal transition experienced in 

real life [7]. All these technical limitations are finally translated into perceptual incoherence of audio-visual stimuli. 

A sound not aligned with its visual source, an object that vanishes or gets distorted as it moves or an impossible focus 

perspective can cause brain confusion, fatigue and to the extreme be responsible for unpleasant experiences like 

cybersickness.  

The development of methods for analyzing user’s Quality of Experience (QoE) in VR systems and applications is 

therefore a topic that deserves attention by researchers in the field. The aim of the present article is to provide an 

overview of the current state of the art, and so to stress the advantages of such methods as well as the main faced 

challenges.  

2. Psychophysiological Methods and QoE Research 

Psychophysiological methods can be defined as methods to provide information on psychological states of an 

individual based on the analysis of his or her physiological responses. They include the measurement of activity 

proxies of the peripheral nervous system, such as electrodermal activity (EDA), heart rate (HR) and heart rate 

variability (HRV), electromyography (EMG, and, particularly, facial EMG), or respiration rate, as well as the analysis 

of activity of the central nervous system, using techniques such as electroencephalography (EEG). Such signals reflect 

diverse cognitive and emotional processes that can be useful to understand how the user thinks and feels in a certain 

moment. For instance, increases in EDA have been related to experiences of emotional arousal, cognitive effort, or 

stress, HRV is considered to reflect parasympathetic nervous activity associated to attentional focus and emotional 

regulation, and facial EMG over certain facial muscles is adequate to represent the hedonic valence of the emotions 

experienced by the user [5]. 

QoE is generally considered as a multidimensional concept that can be defined as “the delight of degree or annoyance 

of the user of an application or service”, as resulting from “the fulfillment of his or her expectations with respect to 

the utility and/or enjoyment of the application or service in the light of the user’s personality and current state” [3]. 

Research on QoE with immersive systems such as 3DTV has traditionally grounded on self-reported methods such as 

psychophysics scales or questionnaires. However, despite the undeniable utility of such methods, in the last years 

several researchers have highlighted their limitations, and made the case for the use of psychophysiological methods 

[4] for exploring different dimensions of QoE.   

Standard evaluations of stereoscopic image quality often rely on the psychophysical scaling methods initially proposed 

in ITU recommendations BT1438, or ITU-R BT.500, which allow quantifying specific factors such as the degree of 

perceived sharpness, or more general ones, such as overall image quality. Traditional self-reported methods usually 

involve asking the user to make a judgment about the quality after watching a certain content (or conducting a certain 

task), so forcing him or her to summarize in a single score an experience that happens over time. This involves losing 

information on the temporal development of the quality of the experience, and also makes the scores subject to memory 

issues and cognitive biases (e.g. the peak-end rule). In the best cases, continuous assessment systems involve the user 

giving continuous judgments about the quality, which can overcome some of those limitations, but still require the 

user to split his or her attention between the content and the assessment task, and hence may reduce ecological validity 

of the test. 

By contrast, psychophysiological signals can be collected with a high sampling rate during the experience, making it 

easy to synchronize changes in the signals with events in the content or application, and also providing more objective 
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information of the temporal evolution of the subject’s experience without asking the participant to carry out any extra 

effort. Psychophysiological evaluations are also able to capture psychological processes or states even if the user is 

not aware of them, and somehow free of some cognitive biases that may affect self-reported methods (e.g. social 

desirability). Due to these and other advantages, in the last years psychophysiological methods have begun to become 

popular among researchers interested in having a picture of mental processes of the users, especially in areas like 

media psychology or user experience research.  

Much QoE research with multimedia content has focused on subjective judgments of the visual and auditory perceived 

quality. In this context, there are evidences that some psychophysiological measures, specifically some brain potentials 

measured through EEG, correlate with visual and auditory quality of the stimuli [6][7]. Particularly, 

psychophysiological methods have a great potential for the measurement of visual fatigue and discomfort, which are 

usually associated to the presence of visual distortions in stereoscopic contents. Regarding EEG, previous studies 

suggest that the power of some frequency bands, such as alpha or beta bands, are related to visual fatigue, and that the 

relationship between the power of different bands can be used as a metric for visual fatigue [8].  

Other researchers have relied on physiological indicators of their indirect effects, such as changes in motivational or 

emotional reactions towards the contents. For instance, low visual quality is associated with changes in the frontal 

alpha asymmetry index, an EEG indicator of motivational approach [9]. Also the activity of the peripheral nervous 

system, such as EDA or HR, has showed correlation with different levels of visual quality and users’ emotions while 

experiencing 3D contents [10][11][12][13]. 

These antecedents may have an undoubtable utility also in the context of VR-QoE assessment, since many of the 

problems of visual distortions found in more traditional stereoscopic contents are also present in VR. Furthermore, 

VR involves new sources of distortion, such as video stitching, image freezing due to low rendering rates while moving 

the head and general incoherent image formation of the perceived scene, which may cause visual fatigue and 

discomfort, i.e. low QoE. However, the more relevant factor of QoE in VR and probably the one more differentiating 

from other types of multimedia content, is the occurrence of cybersickness. Perceptual incoherence and long exposures 

or simple high sensitivity can provoke symptoms such as headache, disorientation, nausea, eye-strain, sweating, or 

vomiting, among others [14]. Although usually measured using self-reported measures, cybersickness has also 

observable effects over psychophysiological variables such as delta and beta bands of EEG, heart period, respiration, 

or blinking [15][16]. Cybersickness is associated to the presence of illusory self-motion (vection) in the represented 

environment [18][19], but its etiology is yet not well understood. In this sense, the more traditional explanation has 

been the one provided by sensory conflict theory [20], according to which the mismatch between the sensory cues 

provided during illusory movement and the expectations resulting from previous experience causes the symptoms of 

cybersickness. Alternatively, postural instability theory [21] argues that the reason behind motion sickness is not 

sensory conflict itself, but the inability to achieve effective postural adaptations to conflicting visual, vestibular, and 

proprioceptive information. Research has evidenced that body sway predicts the occurrence of cybersickness [22][23], 

so providing support to this theory. Research on the user experience of VR can not only benefit from this research, 

but also contribute significantly to it.  

However one of the main advantages of VR systems compared to traditional systems is the ability to elicit in the user 

a feeling of spatial presence, that is, the feeling of “being” in the virtual location. Presence is usually measured through 

questionnaires [17], but there are important concerns about the validity and reliability of self-reported methods when 

measuring such constructs [18]. An alternative is the use of psychophysiological methods that account for indirect 

effects of the feeling of presence. For instance, the feeling of presence is assumed to be related to the elaboration of 

mental model of the spatial properties of the environment [19], as well as related to stronger emotional responses to 

events in the environment [20]. Thus, activity changes in brain areas related to spatial navigation (measured through 

EEG), or more commonly enhanced emotional reactions [21] could be taken as indexes of spatial presence experiences 

in VR environments. An interesting approach, in which the advantages provided by the temporal resolution of 

psychophysiological measures are evident, consists of focusing on “breaks in presence” (BIP), that is, points in which 

the feeling of presence momentary vanishes into attentional orienting responses (probably the reflecting attention 

shifts from the virtual to the real world), which leaves a measurable trace on physiological signals such as HR or EDA 

[22].   

Another important high-level aspect of QoE in which psychophysiological methods can be crucial is in the 
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measurement of user’s engagement. Although it is generally considered as a key factor in describing the relationship 

between users and technology, it is a blurry concept that has been defined in several ways (cf. [23]). Some recent 

approaches tend to emphasize its relationship with cognitive, emotional, and motivational processes, such as, for 

instance, motivational approach as measured by frontal alpha asymmetry [23]. Interestingly, it has been observed that 

the consistency over time of attentional and emotional responses obtained from a small sample, is a good predictor of 

behavioral measures of engagement of much larger audiences [24][25]. This open a venue for, grounding on an 

operationalization of engagement in terms of between-subjects synchrony in terms of attentional and emotional 

responses, broadening the scope of QoE research, by exploring not only how certain visual and auditory distortions 

may affect not only to the individual satisfaction (“delight or annoyance with the application or service”), but also to 

the users’ engagement in a more general fashion.    

3. Future directions and challenges 

The ability to provide information of the psychological processes even below the subject’s awareness, without any 

voluntary effort from the user and high temporal resolution, makes psychophysiological methods especially suitable 

for tackling aspects of QoE in VR environments compared to self-reported methods. Particularly, in experiences that 

occur over time, such as videogames, training or psychological treatment, these methods can provide insights on 

perceptions of visual and auditory quality, cybersickness degrees, presence feeling, or user engagement. This is 

positively achieved barely affecting user’s attention and robust to subject’s memory biases or ability for introspection. 

It is certainly an advantage since obviously the manipulation of physical tools for reporting subjective impressions is 

complicated while the face is covered and reporting inside the VR world could bias the evaluation. 

On the contrary, one limitation of psychophysiological methods is that, in their current state they are informative of 

basic psychological constructs (e.g. physiological arousal, attentional effort), but they do not directly reflect higher-

level constructs such as presence, engagement, or satisfaction. A central challenge for researchers in QoE is therefore 

to explore psychological models inferred from psychophysiological signals. In this sense, a recent work has 

demonstrated that cybersickness can be predicted from changes in physiological indicators such as respiration, 

stomach activity, and blinking [15]. However, there are no reports of predictive models of aspects such as feeling of 

presence, enjoyment, or satisfaction, which are central to QoE. Some difficulties are: the lack of a prediction ground-

truth, since the operationalization of the psychological states usually relies on self-reported methods (e.g. presence 

questionnaires), with the associated problems regarding validity, reliability, and temporal already mentioned. A 

variety of application contexts in VR can also difficult to establish direct relationships between low-level 

psychological processes and high-level inferences. For instance, the presence of negative emotions and stress is 

probably an indication of bad experience for a training application, but may be the key factor in some entertainment 

contexts. In order to overcome these issues, a possible alternative could rely on observable behavioral outcomes as a 

proxy for the psychological inferences, as for instance choice-related metrics or use time or implicit association tests.  

Additionally, the variability of psychophysiological signals makes unlikely that a single model based on 

psychophysiological measures can accurately predict subjective aspects of QoE for the users. In this respect, a possible 

approach is to focus on finding possible clusters of users with similar response patterns, learning models for each 

cluster. 

The unique way of experiencing VR contents creates specific challenges for the experimental design of QoE tests. 

The fact that the user has the capacity of rotating the head and gazing in any direction can provoke that relevant events 

are unnoticed by the user. Considering 6 degrees of freedom, where the user can move around the room, it is even 

more critical. This highlights the need for adequate experimental designs aimed to find the right balance between the 

user’s free behavior (in order to keep the ecological validity of the test) and the constrains imposed by the instructions 

to accomplish the evaluation goals.  

The physical characteristics of HMD itself impose some constraints to the type of psychophysiological measurements 

can be taken. Thus, the headset hinders the use of EEG and the attachment of EMG face electrodes, hand controllers 

may obstruct the placement of EDA sensors usually attached to fingers, or the highly wired environment can frustrate 

the user’s movements. On this regard, recent wearable systems for psychophysiological recordings (e.g. Empatica, 

Shimmer sensing) are a fundamental step forward to the incorporation of psychophysiological methods to VR-QoE. 

A second generation of wireless VR glasses has been announced by the companies Oculus and HTC in 2018. There 

exists methods for measuring HR by means of cameras and computer vision techniques (without attaching any 

physical sensors) in the context of QoE research [26]. However, approaches based on the use of computer vision 

techniques would need to address important challenges, such as that user’s face (whose detection is key in many cases) 

is partially occluded by the headset or even the user’s arms. In that respect, although dedicated eye tracking devices 
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have been widely used in basic research for decades, especially for analyzing task accomplishment, it is not until now 

that some companies are recently able to incorporate eye-tracking systems into VR glasses like FOVE or TOBII, and 

presumably the most major VR companies will do in a recent future. 

4. Conclusion 

The challenges proposed to psychophysiology-based QoE research in VR environments not only encourage 

researchers to rethink traditional QoE metrics and experimental evaluations, but also to walk further to the boundaries 

of QoE as a research field. VR expands the use of audiovisual systems from entertainment to very disparate areas 

including psychological treatment, data visualization, rehabilitation, and training, among others. The ‘delight’ or 

‘annoyance’ of the users in such disparate contexts present several dimensions far beyond issues of perceptual quality 

or visual discomfort, and that may hardly been understood grounding solely on subjective perceptions. Aspects such 

as spatial presence, user’s attentional and emotional involvement, cognitive effort, or stress, are the key to explain 

how a user senses, feels and thinks experiencing a certain application or service, and psychophysiological-based 

methods may be the best option currently available for them to be understood. In combination with more traditional 

self-reported approaches, as well as with other multimodal measurements, they can help not only to test how 

satisfactory a certain VR system or application can be for some users from a consumer perspective, but also, in general 

terms, to understand how a disruptive technology such as VR may impact several aspects of our lives.  
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1. QoE and Augmented Reality 

Recent years have seen an emergence of a multitude of new Human-Computer Interface (HCI) types, especially in the 

domain of wearable devices. Industry predictions, such as Gartner’s Hype Cycle, indicate that we will soon witness 

the broad adaptation of Augmented Reality (AR) devices in the consumer and professional spaces, including industrial, 

governmental, and military applications [1]. As already witnessed in today’s networks, the presentation of multimedia 

content in fixed and mobile scenarios accounts for a significant portion of the overall network traffic. Industry 

predictions indicate that this trend is highly likely to continue in the foreseeable future [2]. Jointly, these trends indicate 

that a significant portion of future multimedia network traffic will be directed at content presentation in AR scenarios. 

In addition to the typical quality and size trade-offs required for the timely display of traditional network-delivered 

multimedia content, AR scenarios will likely require adaptations, including multidimensional/immersive views [3], 

[4]. A quantification of the impact of these trade-offs generally is achieved by determining objective fidelity metrics 

(Quality of Service, QoS) and by mapping them to subjective experience ratings (Quality of Experience, QoE). 

Employing the QoE rather than QoS metrics alone has the inherent benefit of enabling network and content service 

providers with the means of fine-tuning their offerings to customer expectations and, ultimately, willingness to pay. 

The QoE is commonly determined using the Experience Sampling Method (ESM), e.g., using the NASA-TLX 

approach [5], captured using Likert-type scales with individual subjects and combined into Mean Opinion Scores 

(MOS), see, e.g., [6]. However, this active human in-the-loop approach is not feasible in applied scenarios and 

mappings between the objectively determinable QoS and subjective QoE have emerged, such as the IQX Hypothesis 

[7] or the Weber-Fechner Law in [8]. 

The AR environment, however, presents additional challenges. First, the content presentation in AR scenarios 

commonly is performed using head-mounted devices (HMDs) to display content, which results in content displayed 

close to the eye. Secondly, the presentation is overlapped with the real world, which results in an ad-hoc environment 

without significant potential for ex-ante estimations. Intuitively, considerations that need to be taken into account 

when determining the QoE in AR scenarios include the media fidelity in addition to contrast and colors as consequence 

of the overlay of content with the real world [9]. The combination of both is typically neither readily determinable nor 

steady and requires new considerations for perceptual models [10], [11]. 

Initial evaluations that strive to determine the AR QoE in steady environments for popular test images and video 

sequences can be found in [12], [13]. Specifically for still images, we illustrate the difference between the traditional 

(opaque) and AR (see-through) mode in Figure 1. As described in greater detail in [12], the effects of image 

compression (QoS) and mean opinion scores (MOS, QoE) were denoted as Visual User Experience Difference 

(VUED). Interestingly, higher ratings are attained in the AR display for higher qualities, while lower qualities exhibit 

a reverse trend. For the two presentation modes, a model was presented that can be applied for estimations of the QoE 

in AR settings, based on traditional display modes in a fairly steady environment, resulting even in predictability [14]. 

A remaining shortcoming for practical real-time evaluations, however, is the remaining active role of the human in-

the-loop that is required to determine the QoE interactively, especially in dynamic environments.  

2. Measuring the QoE with EEG  

During the same time frame as AR emerged, another form of HCI approaches began to garner interest from the 

research community. Brain-Computer Interfaces (BCI) as a subset of HCI employ electroencephalography (EEG) to 

measure brainwaves at several positions and derive further information from the different frequency bands at different 

localities. While wet electrodes were common in the beginning, we now have reached a point in time where dry 

electrodes can readily be placed on a human subject and provide information – all through commercially available 

off-the-shelf devices. 

In past research efforts, media quality was evaluated in the context of cognitive processes [15] in laboratory settings 

with wet electrodes and continue to date [16]. Typically, EEG measurements at 300 to 500 ms after the stimulus,  
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Figure 2: Visual User Experience Difference (VUED) based on mean opinion scores different images presented traditionally and in AR. Please 
refer to [12] for additional details. 

 

such as media display or quality changes. Approaches moving to dry electrodes are beginning to emerge in order to 

determine the QoE in general [17]. The potential for a direct measurement has successfully been exploited in 

traditional settings, even with dry electrodes, see, e.g., [18], [19]. 

Jointly with the commonly head-worn binocular vision augmenting devices, a new opportunity in determining the 

QoE of device operators emerges. Specifically, little modifications of current AR devices could provide real-time or 

close to real-time EEG measurements, as the physical contact of additional sensors on device wearers can be readily 

realized with the head mounted device itself. We employed this approach in our own research, evaluating the 

possibility of predicting traditional image display (AR) and spherical/immersive image display (SAR) QoE with a 4-

electrode headband. We illustrate some high-level results for the Mean Absolute Error (MAE) in Figure 2. 

Corroborating intuition, the combination of all electrodes in the machine learning based prediction approach yields 

the lowest overall errors. Simplifications by omitting individual sensors, however, maintain a fairly high level of 

accuracy with a configuration that could readily incorporated into future HMD for AR. We refer the interested reader 

to [20] for more details and overview of the publicly available data set. 

3. QoE Pasa? 

BCI with EEG seems poised to emerge in the realm of wearable devices as a future means of directly determining the 

QoE from human subjects as they perform actions in the real world. However, other domains of multimedia content 

presentation, such as Virtual Reality (VR), are ideal application scenarios as well. The head-worn nature of the devices 

presents a unique opportunity to capture psycho-physiological sensor data from the device operator directly. This 

enables a passive human in-the-loop approach in the determination of the QoE and subsequent service adjustment. 

Consider future closed feedback loop scenarios that allow a passive human in-the-loop evaluation of the QoE through 

EEG feedback loops. In turn, multimedia content delivery can be radically changed based on the directly determined 

QoE without human subject interventions, but tailored to the situation and the individual subject. 

While this is certainly an allure for personalized media services, significant challenges remain, even outside of the 

BCI domain for a successful future implementation. The delivery of context-dependent network-delivered content to 

 

(a) AR 

 

(b) SAR 

Figure 1: Mean Absolute Errors (MAE) for regular (AR) and spherical (SAR) images with averages and standard deviations for subject ratings 

(QoE) and impairment level (QoS) prediction performance analysis of individual subjects. 
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devices in near real-time, however, represents a challenge and requires new paradigm considerations, especially 

bandwidth and latency in access networks and clouds [21]. These new extreme low-latency services are currently also 

referred to as the “tactile internet” - which brings an additional dimension for the future of QoE research. 
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1. Introduction 

This article provides a summary of the current activities related to the MPEG development and research activities of 

the emerging immersive media technologies (UHD high-resolution 4/8K video and HDR&WCG 10/12bpp picture 

quality, 3D video formats, 360° panorama video, Augmented/Mixed/Virtual Reality, immersive games, Light Field 

displays, plenoptic imaging, multi-sensorial media) [1]. Especially we outline the need for perceptual tools in 

exploration project MPEG-I Coded representation of immersive media towards specification the new standard 

ISO/IEC 23090 [2]. Most of these standards activities are currently in early phase. For each use case of immersive 

video technology, we consider the supported features which determine the attained level of immersiveness. This level 

is different among the considered technologies, and varies with technological complexity [3]. In some of the cases, 

the technology is anticipated to be available in the not so close future. This fact is one of the motivations of works in 

ISO/IEC MPEG group on MPEG-I project, which aims at standardization of immersive visual media in phases.  

2. Levels of immersion and technological complexity 

In June 2016, MPEG started working on MPEG-VR initiative to develop a roadmap and coordinate the various 

activities related to immersive media within MPEG and to liaison also with other consortia working on innovative 

products and services. Currently, MPEG-I project explores standards to digitally represent immersive media. The first 

stage of MPEG-I Phase 1A, target the most urgent market needs, which is specification of 360 video projection 

formats OMAF (Omnidirectional Media Application Format). The next Phase 1B (Doc.N17069 Requirements on 

Phase 1B, July 2017) will the extend specification towards 3DoF+ applications. The Phase 2 (Doc.N17073 

Requirements on 6DoF v1, July 2017) is intended to start from about 2019, aims at addressing 6DoF applications like 

free viewpoint video (Table 1). Different levels of experience can be achieved by the user who may freely move his 

head around three rotational axes 3DoF (yaw, pitch, roll), and along three translational directions 6DoF (left/right, 

forward/backward, up/down) (Doc.W17285 Visual activities on 6DoF and Light Fields, Oct. 2017). 

Table 1.  MPEG-I features and technology in exploration. 

Use case Technology Phase 

3DoF  

360° video  

This phase aims to deliver a complete distribution system: Basic 360° streaming (possible 

optimized Tiled Streaming with adequate support in HEVC ) and projection (monoscopic and 

stereoscopic). OMAF (ISO/IEC 23090-2 Application format for omnidirectional media, 2017) 

Phase1A  

Oct. 2017 

3DoF+  

360° video 

Focus on VR 360° with 3DoF, with some additional depth clues, that would allow moving the 

viewpoint in a limited space. In addition, optimization in projection mapping, further motion-to-

photon delay reductions, optimizations for person-to-person communications as well as the 

phase should have some quality definition and verification.  FVC (Future Video Codec) 

baseline (Doc.N17195 Joint Call for Proposals on Video Compression with capability beyond 

HEVC, Oct. 2017). PCC (Doc.N17251 Report on Point Cloud Compression Call for Proposals, 

Oct. 2017). 

Phase1B  

2019 

6DoF  

WindowedVR 

Most important element new video codec with support for 6 DoF. Systems elements required in 

support of 6DoF, as well as 3D graphics. Support for interaction with the virtual environment 

(Doc.W17130 Exploration experiments: Windowed-6DoF, Oct. 2017).  

Phase 2  

2020 

Augmented 

reality 

The additional requirements come from the fact that the renderer has to be aware of the real 

environment. Dense sampling of 3D space with video signals. Metadata can specify aspects of 

environment. AV signals can be ultra-realistic and augmented.  

Hybrid Natural/Synthetic Scene Container (Doc.N17064 Requirements for MPEG-I hybrid 

natural/synthetic scene data container v1, July 2017). 

2021 

Omnidirectional 360° video provides immersive experiences based on interactivity between the user and the content. 

However, the market fragmentation due to lack of appropriate standards on storage and delivery format for such 

content is becoming one of the strong concerns by the industry. A first set of MPEG-I specifications is required in 

time for a market launch of products and services in 2018. It is highly likely that MPEG can deliver solutions that are 

optimized in a longer time frame, which requires for more experimentations and development. Since many believe 

that major market launch of VR 360° services will happen in 2020, a next set of specifications can be delivered in 

2019. At the same time it is clear that there is a strong need for longer term work, notably in the video area, but 
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possibly also in the audio space on 6DoF content.  

3. The need for perceptual tools and assessment 

In order to immerse the user into virtual reality, the MPEG-I technology has to convince our senses. The most basic 

requirement is to present vision to the eyes of the viewer. The level of immersion can be increased if the following 

features are implemented:  

✓ Rotation. The ability to look around freely with 3DoF (yaw, pitch, roll) allows human brain to construct holistic 

model of the environment. This process is crucial to provide true immersive experience. Therefore, the views 

presented to the user’s eyes should follow rotation of the head.  

✓ Motion. The ability of the user to move in all directions 3DoF improves the level of immersion in two ways. First, 

it enables motion parallax, which helps brain to perceive the depth and cope with occlusions. Second, it allows the 

user to explore.  

✓ Joint rotation and motion. Both of these features together grant the user with 6 degrees of freedom. Thanks to 

the synergy, the user can witness the presented reality without bounds.  

✓ Latency. Our brains are very vulnerable to the differences in time of perception of information coming from 

different senses. The mismatch causes motion sickness, which can be avoided by minimizing overall latency of 

the system.  

✓ Binocular vision. The human visual system employs information from both of eyes to sense the depth of the scene. 

Without the proper depth sensation, the scene is perceived as flat and unnatural.  

✓ Resolution. For the example of HMDs, the displays are mounted very close to the user’s eyes and therefore the 

amount of pixels must be sufficient in order to avoid aliasing. This is in particular important when the user moves 

or rotates very slightly, which results in unnatural jumps of edges in the perceived image by single pixel distance.  

✓ Self-embodiment. The ability to see parts of its own body convinces the user about being part of the presented 

reality. 

✓ Interactivity. Allowing the user to manipulate objects provides strong premises about integrity of the presented 

reality. 

In order to study immersive experience metrics and their measurability in immersive services, and develop a test 

methodology of the technical specification for the intended use cases, MPEG-I is calling for video test material to 

assess algorithm performance for different setups where information is combined from different cameras to generate 

virtual views scene (Doc.N16766 Call for immersive visual test material, April 2017). Test material should comply 

to the attributes as follow: 

✓ General considerations. Still image and video sequences from both indoor and outdoor scenes can be submitted, 

with sufficient complexity to test the limits of the algorithms under study - natural content is highly preferred over 

computer-generated content. Color components, depth, and metadata are provided separately (particular for the 

camera parameters). Types of cameras and camera array arrangements (highly dense array of images along a 

predefined track: 2D linear with parallel cameras, 2D linear with convergent cameras, 2D cylindrical surface, 2D 

spherical surface). Accurate temporal synchronization of multiple cameras is preferred.  

✓ Omnidirectional video with depth data.  The content should be captured with an arrangement of cameras that 

records divergent views, preferably in an arrangement that supports the capture of a full 360° field of view. Both 

the texture and depth data must be provided at the same resolution with an input greater than or equal to 4K, and 

the same projection - preferably in the equirectangular projection. 

✓ Divergent/convergent camera arrangement.  Video material recorded with significant overlap preferably in an 

arrangement that supports the capture of a full 360° field of view / volume of visual data. Both the intrinsic and 

extrinsic camera parameters must also be provided. 

✓ 2D camera array arrangement (following a planar, cylindrical or spherical surface). Dense video sequences are 

particularly sought with a baseline distance between cameras not more than 20cm, and the distance from one end 

of the array to the other end as wide as possible. 

✓ Plenoptic cameras.  Density of micro-lenses supposed to be large enough to ensure a good angular sampling of 

the light field. Resolution of the plenoptic image should be no less than 15 mega-rays.  

✓ Systems of simultaneous multiple acquisitions.  Simultaneously acquire the same scene following the 

specifications defined above.  
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Recently, MPEG-I established an ad-hoc group Immersive media quality evaluation with the goal to document 

requirements for QoE in Phase 1B, collect test material, study existing methods for QoE assessment (Doc.W17135 

Survey on assessing subjective quality of immersive media applications and services, Oct. 2017), study immersive 

experience metrics (Doc.W17239 Immersive media metrics under considerations, Oct. 2017) and their measurability 

in immersive services, and develop a test methodology (Doc.M40814 VR Experience metrics, July 2017). MPEG-I 

CD Part 6 Jan. 2018 will specify immersive media metrics and measurement framework to enhance the immersive 

media quality and experiences. This part also includes a client reference model with observation and measurement 

points to define the interfaces for the collection of the metrics.  

4. Conclusion 

It can be summarized that the MPEG-I project develops technologies with various levels of immersiveness. The level 

is different among the considered technologies, and varies with technological complexity. MPEG technically finalized 

the first international standard for delivery and storage immersive media in OMAF (Omnidirectional MediA Format). 

Next, the MPEG meeting in Oct. 2017 marked the first major step toward the FVC (Future Video Coding) standard 

in the form of a joint call for proposals, which includes the testing of technology for 360° omnidirectional video 

coding. Also, MPEG evaluates responses to call for proposals for Point Cloud Compression (PCC) and kicks off its 

technical work in lossless or lossy coding of extremely large amounts of 3D data with applications in immersive real-

time communication and 6DoF virtual reality. 

In order to study immersive experience metrics, their measurability in immersive services, and develop a test 

methodology of the technical specification for the intended use cases, MPEG-I establish an ad-hoc group.  The 

mandate of the working group is to specify immersive media metrics and measurement framework to enhance the 

immersive media quality and experiences in draft standard till January 2018.   
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1. Introduction 

Digital storytelling is at the heart of new digital media and the ability to tell stories in various formats for multiple 

platforms is becoming increasingly important. The drive today is towards creating immersive and interactive digital 

stories for a diversity of services and applications, spanning from pure entertainment through art, learning and training 

towards edutainment and advertising. Sensor based digital storytelling targets the interactivity and feedback in a story 

enabling the shift from a passive user to an active and engaged participant feeling a higher degree of affiliation to the 

content by triggering more of their senses.  

In traditional storytelling, the viewer always follows a structured and logical path through the story. This is known 

as linear storytelling. In immersive and interactive stories on the other hand, the participants can interact with the 

content and make their own path through the story. This is known as non-linear storytelling which we will refer to as 

sensor based digital storytelling. Since the objective of sensor based digital storytelling is to create more immersive 

narratives, it is important to notice that the more the sensor based digital story triggers all of our senses, the more 

immersed the participants will be and the more presence they will feel in the story. Recent years have seen an extreme 

growth in new technologies, such as the Head Mounted Displays (HMD) for Augmented Reality (AR) and Virtual 

Reality (VR), which have immense possibilities of new and more immersive and interactive content. Also, the 

evolution in technologies like motion tracking and haptic technologies has given new and interesting possibilities. 

However, so far, the technologies lack content and applications in order to make us think ‘wow - this is it!’. The search 

for these new applications allowing more immersive and interactive content has led the way to a new field of research 

within immersive narratives and content creation. Sensor based digital storytelling is a part of this with the concept of 

using sensors, visuals and audio to allow interactivity, multi-sensory stimuli and non-linear storylines. 

In immersive and interactive content, it is important to engage the user in the best way, by using appropriate sensors 

and communicate the interaction in a natural way having a good understanding of Human Computer Interaction and 

being able to model and assess the quality of their experiences. Previously it has been common to measure the user’s 

quality based on the Quality of Service (QoS) of the system, e.g. only measuring the delivery of the content, making 

sure the delivery is error free and as such optimizing the sense of realness of the story, that the digital elements are 

received as intended by the transmitter. In some cases, it is a good measure, but for sensor based digital storytelling 

and many other modern applications it is not. Even though the system has high accuracy, low delay and is very stable, 

meaning that the QoS is high, the end user might experience low Quality of Experience (QoE). For interactive and 

immersive content, we should be optimizing the sense of being there rather than the sense of realness. The ICT and 

digital media industry is embracing this and is currently changing towards becoming user centric attempting to 

optimize the users’ QoE. Convergence of the media and ICT industry has led to a paradigm shift away from using the 

network centric QoS as quality measure for networked media handling towards putting into place a quality measure 

covering the end to end points in the multimedia system as well as considering context. This drive gives rise to the 

problem of defining, modelling and measuring the QoE of immersive experiences. 

 

2. Sensor based digital storytelling 

The creative and media industry is all about content and its users consuming ever richer digital media on a plethora 

of different devices over various networks. Often the situation of the user can be felt as in Figure 1. Digital storytelling 

is all about enhancing the QoE in this rich digital media changing the viewer into a participating, engaged and 

immersed user. The methods vary and include adding interactivity, increasing dimension, mixing realities all the way 

through to creating content that triggers more senses. All this adds to the complexity and understanding of digital 

storytelling.  
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A narrative starts as a creative process as an idea in the mind of someone. For the narrative to be usable, it has to be 

transcribed into a form that can be eventually turned into an objective digital form. This process requires a trans- 

disciplinary skill set and a set of tools. The design usually requires the use of electronics, sensors, actuators and tools 

in the form of hardware and software. For the users, the final experience is concerned with issues such as visualization 

and user interfaces. There are a lot of existing current practices to this which typically vary from business to business 

in the creative and media industry such as publishing, news media, broadcasting, movies, gaming etc. The hardware 

available for the users is also ever changing and in constant development, with the mobile devices on a strong rise and 

the current trend of head mounted displays and rage about mixed realities. The quest is to create immersive and 

interactive content the market is willing to pay for.  

 
Figure 1. The immersive user. 

Figure 1 provides a concept of an immersive user today, surrounded by her devices and constant digital expressions 

all forming a sensor based digital story throughout the day. The immersive experience differs significantly from a 

media experience, especially as the context is important for the user, however, the context often remains unknown for 

the creator, content owner and provider. This is also true for the network conditions and device capabilities at the 

user’s end. Another problem is differentiating between the technical quality assessment, measuring degradations due 

to system parameters such as capture, media processing and network conditions as opposed to the actual aesthetic 

quality intended by the creator. Immersive and interactive media supports natural interactions between people and 

their environment. The media considered still consist of audio and visual presentations enriched by interactivity by 

user interactions including traditional interactivity as well as novel methods such as haptics and explore use of other 

media such as olfactory and taste. The ultimate goals are to digitally create real world presence and a sense of being 

there as a measure of immersion in an Immersive Media Technology Experiences (IMTE). IMTE is a concept 

incorporating several disciplines including Media Technology, Information and Communication Technology, and 

Media Studies encompassing diverse core competencies covering fields such as communications, information 

retrieval, entertainment and social networks.  

There is often a misconception that this is new, which it is not. Some elements have been around for more than 50 

years, such as Virtual reality, while other are based on long known principles such as transmedia storytelling. 

 

3. QoE for immersive experiences 

In order to find a measure for the user’s perceived quality of the received media presentation, we have been active 

in the development shifting from using simple QoS as a measure of the quality to the broader concept of QoE. More 

recently the definitions of QoE have been driven by the media processing and delivery community with close links to 

other fields such as Psychology and social sciences. A formal definition is given in the Qualinet White paper published 

in 2012 [1].  
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QoE assessment and modelling of immersive experience is multi-faceted problem touching upon many of the 

intangible features of human experience which are rather difficult to sense, capture, interpret and/or interact with, let 

alone its quality assessment and modelling. It is, however, of great importance because immersion is a major 

psychological mechanism in media enjoyment which, if properly unveiled, can lead to significant improvement and 

innovation in the value creation of media production and consumption.  

Zhang et al. [2] propose a framework which aims to measure immersive experience from the QoE perspectives of 

human factors, system factors and design factors. In human factors, Perrin et al. [3] predict and measure sense of 

presence using subjective QoE measurements such as neuropsychological and physiological signals (EEG, ECG and 

respiration). Using neurophysiological measures, user experiences can be measured less obtrusive. In addition, Antons 

et al. Error! Reference source not found. showed that brain responses to quality reductions in some cases can be 

more sensitive than behavioral data is. Redi et al. [5] discuss and evaluate the QoE of emerging display technologies 

and AR/VR applications in immersive viewing experience. In design factors, Mansilla and Perkis [6] discuss and 

evaluate the measurement of implicitly activated QoE judgment in storytelling and design, such as sensation 

transference, thin slicing and priming effects.  

These QoE assessment methods of immersive experiences reflect the fact that immersion is a multi-dimensional 

construct and any attempts to measure and evaluate it must be implemented both at the technical level (i.e. system 

factors) and/or by neuro-psycho-physiological means (i.e. human factors), and any mediation and interaction between 

them (i.e. contextual factors). The methodology needs to be further advanced by including new elements such as 

design factors, experiential factors and media factors, to foreground the unique sensory, perceptual and affective 

experiences that are brought forth by an immersive experience.  

 

3. Physiological measures for QoE 

The advance of ever better and cheaper sensors makes it possible for the end user to purchase sensors that can measure 

physiological parameters. Simple measuring devices, such as heart-rate monitors are already deeply integrated in many 

wearables, and more sensors are about to become more popular. This makes it possible to use the sensors in two 

different ways; either using them as an additional input for multimedia systems, meaning another contextual variable, 

or using them as a feedback measure, measuring the users’ response to certain content.  

In the first case, these kinds of measures give the creative industry the chance to use physiological signals as an 

additional input, such that the user immerses even more into the story. This could include estimating the current 

physical or emotional state, or the change of it, and using this information to offer even more suitable content for the 

current situation which is not only based on time and/or location, but in addition on how the user is currently 

feeling/how the current situation of the user is. On the other hand, it also could offer hints to the user, that they should 

take a break now, because their cognitive capacity is decreasing, and thus giving the user a better experience in the 

end. 

Secondly, physiological measures can also be used to estimate the perceived level of QoE or how the users’ state is 

changing during perception of different multimedia contents. Thus, not asking for a subjective feedback at the end of 

the session, as done at the moment, but using the applied sensors for an estimate on how the state has been changing 

during the use of the service. Measures of brain waves, i.e. electroencephalography, have shown that the cognitive 

state is changing when users are exposed to longer low quality multimedia sequences, implying that the user is 

becoming more fatigued Error! Reference source not found.. Furthermore, simpler measures such as e.g. heart rate 

variability can give an indicator of the stress level for a user. 

 

4. Use cases  

4.1 Adressaparken 

The results from quality assessments in multimedia communications let us extend our work moving into new digital 

media enabling more immersive experiences. Our fist use case focuses on using lights, audio and visual presentations 

and their interactions through sensor networks in public spaces. By creating our own content in the form of interactive 

art installations, we are able to experiment on new ways of modeling and assessing QoE expanding the range from 

pure audiovisual content to immersive and interactive content. Learning from the culture of the counter-establishment 
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and from remix innovations in art and digital media —often marked by a reframing of existing narratives from 

alternative and innovative perspectives— we invoke the idea of a multiuse play space. The idea is to exploit a public 

space facility to explore technological infrastructures and mobile materials that can be moved, combined, taken apart 

and placed back together, and “placemaking” community interactions that can be reused and redesigned in a number 

of ways. As an experimental platform, we developed a design-led development process for creating an exemplar 

multiuse play space in Trondheim, Norway, resulting in Adressaparken. Adressaparken – an interactive installation 

park – was designed and implemented in Trondheim, Norway as a platform for sensor based digital storytelling [8]. 

Adressaparken is a public park of around 1300 square meters surrounding the head office of the local newspaper – 

Adresseavisen. The project is co-owned by the municipality of Trondheim, Adresseavisen and NTNU. More 

information can be found at https://www.ntnu.edu/thepark/. 

The current technical infrastructure of Adressaparken comprises 12 custom-built sensor boxes; eight reusable 

support mounts for displays or screens; tree, tunnel, and river-side connectivity and power boxes; six outdoor speakers; 

and two display projectors; and nine controllable walk-over LED light lines distributed all over the park. These 12 

sensor boxes house smart sensors, mobile equipment, a sensor gateway, and power and Internet connections. All boxes 

in the park contain power; USB ports; DMXS12 (a digital multiplex); a high-definition multimedia interface; a VGA; 

RJ45 sockets; and Ethernet, Wi-Fi, and fiber-optic connections. We accommodate most of today's multimedia gadgets, 

sensor connectivity, and power requirements in a secure, hammer-proof glass casing protected from extreme weather 

conditions. We also installed sensors all over the park to monitor the temperature, air, light, sun, noise, pollution, and 

presence of people. The driving force was to provide the city and its citizens with an arena for artistic experiences, 

development of knowledge and a site for societal debates using sensor based digital stories as a primary focus in the 

design process. The storytelling platform provides us with a unique platform for QoE assessment of new digital media 

and immersive and interactive content where our users are the general public participating and experiences the story. 

So far, we have achieved: 

 

1. Through our successful design and placemaking methodologies, we have implemented a place that has the 

characteristics of a successful public place for new digital media experiences; 

2. Adressaparken promotes sociability by acting as a gathering place for frequent and meaningful interaction; 

it offers activities, opportunities and immersive and interactive content for play; 

3. It creates a thriving environment for art, technology, digital awareness, and cultural activities. 

 

For experimentation and expressions, we are offering our Adressaparken infrastructures to anyone who would like to 

collaborate, design and create their own projects and activities. Figure 2 shows the three exhibitions currently running 

in the park. In \/\/iFi, we get tracked by our movement and smartphone signals and usage. What if we are visually 

aware of that data and analytics? In Adressaparken visitors can connect to the \/\/iFi hotspots and get the story exposing 

the hidden waves of our digital behaviors and movements in Adressaparken and plays with the digital jungle gym we 

unconsciously already build. In Current the story is told thinking about the site of Adressaparken as a public space, 

and as an interactive site with sensors that register information about the temperature of its environment. The 

collaborative work is centered around interaction with natural spaces and phenomena connecting a glacier and working 

with programming effects that could create connection between Adressaparken, a glacier and the digital field. We 

thought of currents of traffic and people at Adressaparken, and ice and water being in movement as well as ways to 

show fluidity and transformation happening in digital space. RGB Playspace is an open-ended facility for creative 

empowerment that can be manipulated and transformed through play. This public art installation invites children and 

adults alike to physically explore the interactive space to instantly become a composer of music and lights. RGB 

Playspace is an example of art that brings technological change that can benefit everyone. There is a worldwide social 

issue of digital awareness being not yet evenly distributed. By bringing art and technology into public spaces, the artist 

hopes to pilot a new approach in bringing human community and social technology together - through playfulness and 

humility in face of complexities.  
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Figure 2. Adressaparken (More information can be found at https://www.ntnu.edu/thepark/). 

4.2 VisualMedia 

Our second use case is from the traditional media industry. This industry has to adapt to the changes happening around 

them. One point they have to embrace is to bring the news to different devices and platforms. This includes, TV, 

websites, social media, or apps. The story needs to be adapted to each platform individually, as each of them is used 

in a different way. In case of news stories for transmedia, it is required to have the content prepared differently for 

each of the devices. The change in traditional broadcasting and media sector, and addressing the challenge to win back 

the younger generation has also been the main focus of the VisualMedia project [9]. In order to immerse youngsters 

and give them a voice, different approaches have been implemented. The project developed a workflow and tool, such 

that broadcasters now have the possibility to easily search for content on different social media channels and put those 

on live TV. Furthermore, VisualMedia offers accompanying apps that can be used by viewers for polls, published by 

the TV channel, or interact with the TV show in different ways. Making the viewer an integral part of a TV show and 

having visually appealing graphics. This will give the viewer the feeling of a better level of immersion in the show 

and thus a better QoE. Figure 3 shows how user partner TVR (national TV in Romania) is using VisualMedia to 

display 3D graphics of social media posts in their sports show.  

 
 

Figure 3. Case scenario of Romanian national TV (TVR) within the VisualMedia project 
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5. Conclusions 

The best way to be immersed is through a story, be it text, a play, music, a concert or a digital media experience. Thus, 

stories can be analogue or digital, where our focus is on the digital stories. A key question in creating and improving 

the best digital stories is how to model and assess such an immersive experience through refining and using the 

measure Quality of Experience – QoE. As most immersive digital stories rely on some sort of sensors we have taken 

this as a first approach and reviewed some recent trends in QoE for immersive experiences. Our research has focused 

mainly on the creative aspects of new digital media, designing new platforms for combining art and technology and 

creating immersive and interactive content in public spaces through Adressaparken and physiological measures for 

QoE. Both areas are receiving a lot of attention in the quality evaluation community and are important aspects of 

understanding immersion. 
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The proliferation of smart mobile devices and multimedia services has resulted in the explosive 

increase of wireless data traffic. To cope with this challenge on data demand, caching content 

and sharing at the network edge, including base stations and devices, has been proposed to 

offload network traffic by pulling content closer to end users. With network edge caching, the 

multimedia application data can be stored and shared in an efficient and distributed manner, and 

thus can alleviate the burden of data transmission on the backhaul, improve the latency 

performance and also save the battery of mobile devices. Meanwhile, due to its inherent nature 

of caching and sharing at the network edge, there are many challenges ahead towards a reliable, 

accurate and efficient mechanism for content caching and sharing among a number of mobile 

devices. Specially, due to the large number of multimedia applications over massive devices and 

rapid development of advance wireless technologies, content caching and sharing design is of 

profound importance.  

 

The 4 papers included in this special issue on content caching and sharing in wireless netwoirks 

to address a number of noteworthy challenges and present the corresponding solutions and 

suggestions. These contributions are made by authors who are renowned researchers in the field, 

and the audience will find in these papers the research advances for enhanced content centric 

wireless network for the multimedia services in terms of better efficiency and reliablity, among 

many other metrics. Each of these 4 papers is briefly introduced in the following paragraphs. 

 

As there is a trend to use renewable energy for the future heterogeneous networks, how to cope 

the content caching with the energy harvesting capability is one of the most significant problems. 

In contribution, “Content Caching and Push in Small Cells with Renewable Energy”, Jie Gong 

explore the content information to design the joint caching and push mechanism in the small-cell 

base stations (SBSs) powered by renewable energy. The problem is formulated as a Markov 

decision process by exploring the features of content popularity and renewal and by taking into 

consideration the energy consumption for both content fetch from core network and push to the 

users. The objective is to minimize the number of requests which cannot be met by the SBSs.  

 

Energy efficiency is a critical metric in the content caching system. “Energy Efficiency Analysis 

of 5G Content Caching System” introduces a comprehensive system model for 5G with the 

content caching mechanism. The authors introduce the caches into in-network router, BS and the 

neighboring smart device sides with caching mechanism. With the smart portable devices, the 

user can obtain its request contents from neighboring user’s caches. Additionally, it can also 

obtain the request contents from in-network router or BS caches. The energy efficiency 

performance of core network, long distance as well as short distance scenarios are then 

investigated with achievable sum rate and consumed energy analyzes. It is a versatile model that 

can be adopted by similar work as well. 
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Reducing the energy consumption of the wireless network is able to improve the energy 

efficiency of the content caching system, while sometimes at the cost of longer transmission 

delay. In contribution “”,Thang X. Vu, Lei Lei, and Satyanarayana Vuppala investigate the 

energy efficiency performance of content delivery networks in which a data center serves 

multiple users via a shared wireless medium. Focusing on latency-tolerant applications, the 

authors propose energy-efficient precoding design and optimization that minimize the total 

energy consumption while guaranteeing some given quality of service constraints. In particular, 

an energy-buffering time trade-off is derived in a closed-form expression for single-user 

scenarios, which reveals the impact of the key system parameters on the total energy 

consumption. An energy minimization problem is formulated with a minimum mean square error 

(MMSE)-based precoding design for multiple-user scenarios and addressed via a linear 

approximation of the non-convex constraint.  

 

Due to the inherent nature of vehicular network, the design of content caching and sharing is of 

profound significance. In contribution, “Cooperative Content Caching and Distribution in 

Multihop D2D-V2V Networks”, Yahui Wang, Zhenyu Zhou, Houjian Yu, and Chen Xu present 

investigate how to achieve dependable content distribution in device to device (D2D) based 

cooperative vehicular networks by combining big data based vehicle trajectory prediction with 

coalition formation game based resource allocation, determine the formation of content 

distribution groups with different lifetimes as a coalition formation game, and evaluate the delay 

performance based on real-world map and realistic vehicular traffic. It can be observed that with 

big data analytic capability, the content distribution scheme for vehicular network can 

significantly improve the delay performance. 

 

The guest editors would like to give our special thanks to all the authors for making contribution 

to this special issue. We are also thankful to the MMTC Communications–Frontier Board for 

providing helpful support. 
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Content Caching and Push in Small Cells with Renewable Energy 
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Abstract: In this paper, we explore the content information to design the joint caching and push 

mechanism in the small-cell base stations (SBSs) powered by renewable energy. The problem is 

formulated as a Markov decision process by exploring the features of content popularity and 

renewal and by taking into consideration the energy consumption for both content fetch from core 

network and push to the users. The objective is to minimize the number of requests which cannot 

be met by the SBSs. We adopt the policy iteration algorithm to obtain the optimal caching and 

push policy. The performance gain of the proposed algorithm is shown in the numerical results. 

1. Introduction 

  Recently, energy harvesting (EH) technology [1] has been considered as one of the candidate 

technologies for green communications. However, due to the randomness of energy arrival and 

limitations on the battery capacity, energy waste or shortage will occur when the energy harvesting 

process and the traffic pattern mismatches with each other in either spatial or time domain. To 

improve the efficiency of the harvested energy, one should adjust the power allocation policy using 

the traffic information to re-shape the energy profile to match the traffic profile. As users may be 

interested in the same content (latest news, popular videos and etc.), lots of repeated transmissions 

can be reduced if the content information is fully utilized. 

  The content caching and push mechanism is viewed as a promising way to improve the efficiency 

of content delivery in wireless network. To reduce the core network overhead, contents are 

suggested to be cached at the small-cell BSs (SBSs) [2] with proactive caching. On the other hand, 

with the improvement of data storage capacity, user devices are capable of storing large amount 

of data. Hence, the content push mechanism [3] is developed based on wireless multicast. With 

renewable energy, ref. [4] uses EH based SBSs to cache contents for the deployment flexibility 

and energy consumption reduction, and ref. [5] designs the energy-aware resource allocation 

algorithm with limited content cache. However, joint content caching and push policy design using 

renewable energy is still an open problem.  

  In this paper, we combine the EH technology with the content caching and push by considering 

EH powered SBSs under the GreenDelivery framework [6]. Specifically, with the non-negligible 

energy consumption offetching contents from the core network, the SBS can not cache all the 

contents due to the limited renewable energy. It needs to decide when to fetch, push or unicast 

contents depending on the energy condition. We optimize the joint caching and push policy using 

Markov decision process (MDP) [7] approach. Numerical results are provided to illustrate the 

influence of cache size under different parameter settings as well as the tradeoff between the 

number of cached contents in the SBS and the available energy for content push.  

2. System Model and Problem Formulation 

  Consider a two-tier heterogeneous cellular network composed of a macro-cell BS (MBS) and a 

second-tier small-cell with radius 𝑅, as shown in Fig. 1. The MBS is powered by the power grid 
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and the SBS is powered by renewable energy, and the harvested energy can be stored in a battery 

with capacity 𝐵max. There is a dedicated wired/wireless backhaul link for the SBS to fetch contents 

from the core network through the MBS, which consumes a fixed amount of energy 𝐸𝑓. The SBS 

has a limited content cache size 𝑁. The content is transmitted with a constant data rate, and hence, 

the transmission power depends on the distance between user and SBS. 

 
Fig. 1. Two-tier heterogeneous cellular network 

  The system is slotted with time slot length 𝑇𝑠. The contents are assumed of the same length and 

can be completely delivered in a time slot. The popularity of the contents is well fitted by the Zipf 

distribution [8]. Specifically, the popularity of the 𝑖-th ranked content can be expressed as  

 𝑓𝑖 =
1/𝑖𝑣

∑ 1𝑁
𝑗=1 /𝑗𝑣

, (1) 

where 𝑣 ≥ 0 is the skew parameter, N is the total number of contents. In additon, Assume in each 

slot, a content leaves the system and is replaced by a new one with probability 𝑝𝑐 ∈ [0,1]. The 

leaving content is uniformly chosen from 1,2, ⋯ , 𝑁.  

  There are two content cache states in this system, i.e., the number of cached contents in the SBS 

�̂�𝑘 and those at users �̃�𝑘, where 𝑘 is the time index. For optimality, the SBS and users always cache 

the most popular contents. The SBS’s action includes: fetch a content from the MBS, unicast the 

required content to a specific user, push a content to all users, or sleep. It can be denoted by 𝑢𝑘 =
(�̂�𝑘, �̃�𝑘), where �̂�𝑘 ∈ {0,1} indicates the fetch action, �̃�𝑘 ∈ {0,1,2} indicates sleep, unicast or push. 

Notice that the backhaul link is orthogonal to the downlink unicast or push. 

  The user request is assumed to follow the Bernoulli distribution, i.e., there is a content request 

with probability 𝑝𝑢 ∈ [0,1] in each time slot. The user request can be represented by 𝑄𝑘 = 𝑃𝑡(𝑑)𝑇𝑠, 

where d is the transmission distance. The required energy for content push is 𝐸𝑝 = 𝑃𝑡(𝑅)𝑇𝑠. Set 

𝑄𝑘 = 0 to indicate either there is no request or the content is in users' cache. The battery energy 

state 𝐸𝑘  is updated as 𝐸𝑘+1 = min { 𝐵max, 𝐸𝑘 − 𝑈𝑘 + 𝐴𝑘},  where 𝑈𝑘  is the energy used for 

transmission which satisfies 𝑈𝑘 ≤ 𝐸𝑘 , and 𝐴𝑘  is the harvested energy in period 𝑘 , which is 

assumed i.i.d. with average �̄�. Our problem can be described as minimizing the ratio of user 

requests handled by the MBS over the total user requests by adjusting the behavior of the SBS 

under the energy constraint.  

3. Optimal Policy Design 

  To find the optimal solution, we need to decide the SBS’s action based on the system state at the 

beginning of each time slot. MDP [7], also termed as dynamic programming (DP), is an effective 
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tool to solve this type of problems and is widely used for the control optimization of stochastic 

process. A standard MDP problem contains the following elements: state, action, cost function, 

and state transition. In our problem, the state xk includes the battery state Ek, user request Qk, and 

cache states �̂�𝑘, �̃�𝑘 in the SBS and users, the action uk includes fetch, push, unicast, and sleep, the 

cost gk(xk, uk) is an indicator whether a user request is denied by the SBS. Then the optimization 

problem can be re-written as  

 min lim
𝐾→+∞

1

𝐾
𝔼 [∑ 𝑔

𝐾−1

𝑘=0

(𝑥𝑘, 𝑢𝑘(𝑥𝑘))]. (2) 

The expectation operation is taken over all the random parameters including energy arrival, user 

request, and content update. The optimization is taken over all the possible policies {𝑢1, 𝑢2, ⋯ }. It 

can be proved that there exists an optimal stationary policy 𝑢∗, and the optimal average cost 𝜆∗ 

together with some vector ℎ∗ = {ℎ∗(𝑥)|𝑥 ∈ 𝒮} satisfies the Bellman’s equation  

 𝜆∗ + ℎ∗(𝑥) = min
𝑢∈𝒰(𝑥)

[𝑔(𝑥, 𝑢) + ∑ 𝑝𝑥→𝑦|𝑢

𝑦∈𝒮

ℎ∗(𝑦)]. (3) 

Furthermore, if 𝑢∗(𝑥) attains the minimum value of (2) for each 𝑥, the stationary policy 𝑢∗ is 

optimal. Based on the Bellman’s equation, the policy iteration algorithm can effectively solve the 

problem. Suppose in the 𝑗-th step, we have a stationary policy denoted by 𝑢(𝑗). Based on this policy, 

we perform policy evaluation step, i.e.,  

 𝜆(𝑗) + ℎ(𝑗)(𝑥) = 𝑔(𝑥, 𝑢(𝑗)(𝑥)) + ∑ 𝑝𝑥→𝑦|𝑢(𝑗)(𝑥)

𝑦∈𝒮

ℎ(𝑗)(𝑦) (4) 

for ∀𝑥 ∈ 𝒮 to get the average cost 𝜆(𝑗) and vector ℎ(𝑗). As 𝑢(𝑗) may not be the optimal policy, we 

subsequently perform policy improvement step to find the policy 𝑢(𝑘+1) which minimizes the right 

hand side of Bellman’s equation  

 𝑢(𝑗+1)(𝑥) = arg min
𝑢∈𝒰(𝑥)

[𝑔(𝑥, 𝑢) + ∑

𝑦∈𝒮

𝑝𝑥→𝑦|𝑢ℎ(𝑗)(𝑦)]. (5) 

If 𝑢(𝑗+1) = 𝑢(𝑗), the algorithm terminates, and the optimal policy is obtained 𝑢∗ = 𝑢(𝑗). Otherwise, 

repeat the procedure by replacing 𝑢(𝑗)  with 𝑢(𝑗+1) . It is proved that the policy iteration 

algorithmterminates in finite number of iterations.  

4. Numerical Results 

  In this section, we run some numerical simulations for performance evaluation. We set the cell 

radius 𝑅 = 50m, the required content delivery spectrum efficiency 𝑟0/𝑊 = 1bps/Hz, the pathloss 

parameters 𝛽 = 10dB and 𝛼 = 2, and the Zipf parameter 𝑣 = 1. The maximum transmit power or 

equivalently the transmit power for cell-edge user is set 𝑃𝑡(𝑅) = 1Watt. The channel coefficient 

ℎ follows Rayleigh fading. The quantized battery capacity is set to 𝐸max = 12. The energy arrival 

process follows a Poisson distribution with average arrival rate �̄� units of energy.  

  We compare the proposed algorithm with some heuristic algorithms to demonstrate the 

importance of joint optimization of content caching and push. We consider the following baseline 

algorithms: greedy fetch policy, in which the SBS always fetches contents as long as there is 

sufficient energy and the cache in the SBS is not full, threshold fetch policy, in which the SBS 

fetches contents if the cache size in the SBS does not achieve a pre-defined threshold 𝑁th, and 
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non-push policy, in which the SBS only unicasts the required contents to the users on demand. 

Compared with greedy fetch policy, our optimal policy reduces the SBS blocking probability by 

more than 40%. The results of threshold fetch policies with different 𝑁th show a tradeoff between 

the number of cached contents in the SBS and the available energy for content push. In our settings, 

the optimal threshold is 𝑁th = 5. In addition compared with non-push policy, the greedy fetch 

policy can achieve more than 20% blocking probability reduction, which illustrates the great 

performance improvement by push.  

 

 Fig. 2. Comparison with some heuristic algorithms. 𝒑𝒖 = 𝟎. 𝟓, 𝒑𝒄 = 𝟎. 𝟑, �̄� = 𝟎. 𝟔, 𝑬𝒇 = 𝑬𝐮𝐧𝐢𝐭, 𝑵 = 𝟖. 

5. Conclusion 

In this paper, content caching and push mechanism in EH-powered SBSs is jointly optimized. The 

proposed policy iteration algorithm solves the problem, and the obtained optimal policy performs 

much better than the heuristic greedy fetch policy and non-push policy. Using more energy to fetch 

improves the content availability in the SBS, but degrades the energy availability for push/unicast. 

The proposed optimal policy well balances the content availability and the energy availability.  
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1. Introduction 

Although various studies have been done with ICN's caching and sharing (CS) mechanism on energy efficiency (EE) 

topic, it is found that the CS mechanism is separately discussed in prior work. A comprehensive performance 

comparison of obtaining the request contents from caches located in in-network router, base station (BS) and 

neighboring user side is still in its fancy. That is, obtaining the request contents from where, under what specific 

condition, is still ambiguous. This inspires us to develop this treatise. To compare those three scenarios, it is assumed 

the request content are distributed to the core router, BS, as well as neighboring users. Those distributions are defined 

as the core router, long distance and short distance scenarios for the sake of convenient. The placement problem for 

obtaining the request content is finally addressed with the analyzes and numerical results. 

The contributions of this study are summarized as follows: 

• A comprehensive redesigned system model is introduced for fifth generation (5G) with the CS mechanism. 

That is, we introduce the caches into in-network router, BS and the neighboring smart device sides with CS 

mechanism. With the smart portable devices, the user can obtain its request contents from neighboring user’s 

caches. Additionally, it can also obtain the request contents from in-network router or BS caches. 

• The EE performance of core network, long distance as well as short distance scenarios are investigated with 

achievable sum rate and consumed energy analyzes. It is a versatile model that can be adopted by similar 

work as well. 

• Numerical results are used to answer the specific condition of where to obtain the request content problem. 

It is found that the short distance scenario has best the EE performance, followed by the long distance and 

core router scenarios. However, due to the limited battery of smart devices, in reality, long or core router 

scenarios are more reasonable choices. 

 

2. System model 

In the proposed system here, massive multi-input-multi-output (MIMO) antenna array is selected as the outdoor BS. 

It is assumed that one cell has 20 users with hundreds of massive MIMO antenna arrays, which is a widely used 

assumption of massive MIMO BS in 5G [7]. The user’s requested contents can be either fulfilled by the contents 

storing in the caches of neighboring users with smart devices, BS and the in-network core routers with CS mechanism. 

In contrast, the request contents can be directly retrieved from the remote content server (on condition that there is no 

requesting content cached in the cache). Detail information of the optimized system is given by Fig. 1. As shown, in 

the system, the CS concept is comprehensively introduced to the neighboring user, BS as well as the in-network router 

sides. This is different from the prior literature that separately investigates the CS mechanism from “in-network”, BS 

or neighboring user regimes. 

Suppose there are two users within one cell area, user A and user B, as shown by Fig. 1. In addition, user A, B, BS 

and the in-network routers in the wired core network are capable of CS the temporary hot contents (which are visited 

a lot). In this case, whenever user A has a content request, say “objective A request”, it can be obtained from the 

caches named “Copy of A”. In contrast, obtaining it from the remote content server as the conventional system model 

without the CS mechanism via back-haul links connected to the wireless and wired sections. Compared with obtaining 

from the remote content server, the CS mechanism, once applied, can reduce the energy consumption via shorter 
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distance and less components that engaged in the transmission procedure, which yields better system EE performance. 

However, by what scale the EE performance will be enhanced is still ambiguous. Moreover, the decision should be 

clarified: say under what constraint, distributing the contents and obtaining them from where within the constraint of 

this proposed system model should be set forth. This is the focused content distribution problem in this study, which 

will be answered by the following sections. 

 
Fig. 1. Description of the proposed system model. 

B. Sum Rate 

By following the prior analysis in [2], after the zero-forced beamforming (ZFBF), signal to interference plus noise 

ratio (SINR) expression of user k will be 

𝑆𝑁𝐼𝑅𝑘 = 𝜌𝑘

𝑀 − 𝑁

𝑁
, 

where 𝜌𝑘 is the signal to noise (SNR) of user k that can be given by 𝜌𝑘 =  
𝑃𝑘

𝑃𝑛
. Here 𝑃𝑘 , 𝑃𝑛 separately yields the 

power of user k and the channel noise power. In addition, M, N the number of transmit and receive antenna. In this 

case, by summarizing all the transmission rate within one cellular area, the achievable sum rate of one cellular area 

will be 

𝑅𝑠𝑢𝑚 =  ∑ 𝑅𝑘

𝑁

𝑘=1

= ∑ 𝐵𝑙𝑜𝑔2 (1 + 𝜌𝑘

𝑀 − 𝑁

𝑁
) ,

𝑁

𝑘=1

 

where B is the carrier bandwidth. Note that although the qualitative expression of 𝜌𝑘 has been given, but the specific 

values of are still unknown. To settle down this, the following analysis will be employed. 

3. Energy Efficiency Analysis 

A. The long and short distance scenarios 

We define obtaining the contents from caches of neighboring user, BS and core router as the short distance, long 

distance and core router scenarios here in this study. By obtaining the requesting contents from neighboring user’s 

caches and BSs, the transmission procedures are similar other than the distances that traveled through, thus we 

comprehensively give their analysis first. With free space propagation model in hand, the SNR can be rewritten as 

𝑃𝑘 =
𝑃𝑡[

√𝐺𝑙𝜆

4𝜋𝑑
]

2

𝑃𝑛
. 

Here 𝑝𝑡  is the emission power at the transmitter side, 𝐺𝑙 the coefficient of field radiation patterns in light of sight 

(LoS) direction, 𝜆 the wavelength, d distance from transmitter to receiver, respectively.  In line with prior work in 

[3], the received noise power at receiver side can be given as  

𝑃𝑛 =  −174 + 10𝑙𝑜𝑔10𝐵 (𝑑𝐵𝑚). 
The achievable sum rate within one cellular area turns out to be 

𝑅𝑠𝑢𝑚 =  ∑ 𝐵𝑙𝑜𝑔2 (1 +
𝑃𝑡[

√𝐺𝑙𝜆

4𝜋𝑑
]

2

(𝑀−𝑁)

𝑁(−174+10𝑙𝑜𝑔10𝐵 (𝑑𝐵𝑚))
)𝑁

𝑡=1 . 

On condition that the requested content is obtained from the BS cache, power consumption can be estimated by 

𝑃𝑤 = 𝑃𝑡 ,𝑡𝑜𝑡𝑎𝑙+ 𝑃𝑏𝑠 + 𝑃𝑅𝐹 + 𝑃𝑐𝑖𝑟𝑐𝑢𝑖𝑡 , 
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where 𝑃𝑡 ,𝑡𝑜𝑡𝑎𝑙 is the power consumption of massive MIMO antenna array with 𝑃𝑡 ,𝑡𝑜𝑡𝑎𝑙 =  ∑ 𝑃𝑡 ,𝑁
𝑡=1  𝑃𝑏𝑠, 𝑃𝑅𝐹 , 𝑃𝑐𝑖𝑟𝑐𝑢𝑖𝑡  

respectively denote the power consumption of massive MIMO array, BS machine room, radio frequency (RF) and 

the circuit of this transmission procedure. Typically, RF power consumption is around 100 ∼ 200 mW, which is 

ignored in the analysis. This gives the EE performance of long distance scenario 

𝜂𝑒𝑒 ,𝑙𝑜𝑛𝑔 =  
𝑅𝑠𝑢𝑚

𝑃𝑡,𝑡𝑜𝑡𝑎𝑙 + 𝑃𝑏𝑠 + 𝑃𝑐𝑖𝑟𝑐𝑢𝑖𝑡

. 

In the short distance scenario, there is no power consumption from BS, circuit, by following a similar analysis 

procedure, the EE expression can be given as 

𝜂𝑒𝑒 ,𝑠ℎ𝑜𝑟𝑡 =  
𝑅𝑠𝑢𝑚(4𝜋𝑑2)2

2
𝑅𝑠𝑢𝑚

𝐵
−1𝑃𝑛(√𝐺𝑙𝜆)

2
. 

It is worth to note that in short distance scenario, the power threshold of user equipment currently is around 1 ∼ 2 

W. 

B. The core router scenario 

The power consumption of core router scenario can be estimated as 

𝑃𝑐 =  𝑁𝑛 ∗ 𝑃𝑐𝑐 + (𝑁𝑛 + 1)𝑃𝑜 + 𝑃𝑤 , 
here  𝑁𝑛 is the number of core network equipment. Additionally, 𝑃𝑐𝑐 , 𝑃𝑜 are the power consumptions of one pair of 

core network, optical fiber, respectively. The reason that needed optical fiber is 𝑁𝑛 + 1 giving 𝑁𝑛 is that, the optical 

fiber link is need from BS to the first router by adopting a simple equal optical fiber distance from BS to core router, 

core router to core router and core router to remote center. Moreover, 𝑃𝑐𝑐  can be given as 

𝑃𝑐𝑐 = 𝑃𝑡𝑟𝑎𝑛𝑠 + 𝑃𝑝ℎ𝑦 + 𝑃𝑚𝑎𝑐 + 𝑃𝑡𝑝 + 𝑃𝑓𝑖 + 𝑃𝑚𝑒𝑚 + 𝑃𝑙𝑐 + 𝑃𝑝𝑠,  

where 𝑃𝑡𝑟𝑎𝑛𝑠 , 𝑃𝑝ℎ𝑦 , 𝑃𝑚𝑎𝑐 , 𝑃𝑡𝑝 , 𝑃𝑓𝑖 , 𝑃𝑚𝑒𝑚 , 𝑃𝑙𝑐 , 𝑃𝑝𝑠 respectively denote the power of transceiver, physical player (such as 

enconding/decoding, scrambing/descrambling, forward error correction (FEC)), Mac layer (such as mapping, 

framing), transport profile/forward error (TP/FE) (such as packet processing, classifying), fabric interference, line 

card, and the packet switch. On condition that one line card is used in the transmission with all the others turned off 

to save energy, according to the estimation in [4], their values are 5.9 W, 3.4 W, 30.6 W, 183.6 W, 61.2 W, 13.6 W, 

298.3 W, 224.4 W, respectively. By further taking the fan section into consideration, according to prior estimation 

[5, 6], we have 𝑃𝑐𝑐
′ =

100∗𝑃𝑐𝑐

67 
. In this case, EE performance of core router scenario will be 

𝜂𝑒𝑒 ,𝑐𝑜𝑟𝑒 =  
𝑅𝑠𝑢𝑚

𝑃𝐶
. 

4. Simulation results 

The simulation parameter that used here is given as Table I, in line with prior work [7, 8] and the 3GPP documents. 

By comparing all the three scenarios, observation has that the short distance scenario consumed the least power 

following by the long distance scenario and core router cache scenarios. In this regard, the short distance scenario 

displays the best system EE performance, followed by the long distance scenario and core router scenario. All of 

the cache-enabled scenarios display better EE performance than prior studies. In this case, ICN’s CS mechanism can 

reduce the power consumption and enhance the system EE performance. In addition, while adopting the CS 

mechanism, for distance less than 0.2 m (typically in the indoor environment), short distance scenario is a good 

choice with the best system EE performance. Generally, in the outdoor environment, the long distance scenario can 

be a more feasible choice. 

 

 
Table I. Simulation parameters. 

parameters values 𝐺𝑙 1 

Carrier frequency f 1900 MHz User power threshold 𝑃𝑡ℎ 2 W 

Carrier bandwidth B 20 MHz parameters values 

transmit antenna number M 100 BS range 𝑑1  350 m 

Receiver number N 20 BS power consumption 𝑃𝑏𝑠  400 W 

Per user request 20 MBit/s 𝑃𝑐𝑖𝑟𝑐𝑢𝑖𝑡 160.8W 
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Fig. 2. EE performance of core router scenario. 

 

Fig. 3. EE performances of short, long distance scenarios. 

5. Conclusion  

One comprehensive system model was introduced with CS mechanism in this paper. Based on the proposed system 

model, EE performance analysis was comprehensively investigated with in-network core router, short and long 

distance scenarios. Simulation results demonstrated that all the three scenarios displayed better EE performance 

compared to the prior studies without the CS mechanism. While applying the CS mechanism in the outdoor 

environment, long distance scenario is a more reasonable choice. In the indoor and other scenarios with closer user 

to user distance, short distance scenario is better than the long distance scenario. Otherwise, the core router scenario 

is a feasible choice compared to the without CS mechanism. 
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Abstract 

In this paper, we investigate the energy efficiency performance of content delivery networks 
in which a data center serves multiple users via a shared wireless medium. Focusing on latency-
tolerant applications, we propose energy-efficient precoding design and optimization that 
minimize the total energy consumption while guaranteeing some given quality of service 
constraints. In particular, an energy-buffering time trade-off (EBT) is derived in a closed-form 
expression for single-user scenarios, which reveals the impact of the key system parameters on 
the total energy consumption. We then formulate an energy minimization problem with a 
minimum mean square error (MMSE)-based precoding design for multiple-user scenarios. In 
order to overcome the non-convexity of the formulated problem, we propose an iterative 
algorithm which solves the problem suboptimally via a linear approximation of the non-convex 
constraint. Finally, numerical results are presented to demonstrate the effectiveness of the 
proposed solution. 

 

Index terms— Content delivery networks, precoding, energy efficiency, latency, optimization. 

 

I.  NTRODUCTION 

Future content delivery networks will have to address stringent requirements of delivering content at 

high speed and low latency due to the proliferation of mobile handsets and data-hungry applications. It 

is predicted by Cisco that more than 70% of network traffic will be video in 2018. On the other hand, 

only 5–10% of the files are frequently requested, which results in an inefficient utilization of network 

resources of the conventional content delivery. One of the promising solutions to improve the resources 

utilization is storing the content closer to users in distributed storage, which is referred to content 

placement or caching [1]. Caching usually consists of two phases: placement and delivery. The placement 

phase is executed during off-peak time when the network resources are redundant. In this phase, popular 

content is duplicated and stored in the distributed caches in the network. The later usually occurs during 

peak-traffic hours when the users’ demands are requested. If the requested content is available in the 

user’s local storage, it can be served locally without being sent via the network. In this manner, 

caching allows significant throughput reduction during peak-traffic time and thus reduces network 

congestion [1–5]. 

The joint design of caching and physical layer design has attracted much attention recently. The 

basic principle is to take into consideration the caching capacity at the edge nodes when designing 

the signal transmission to improve the resources [6–9]. The authors in [6] study the trade-off between 

energy consumption and backhaul load during the placement phase in heterogeneous networks. In [7], 

a closed-form expression of the energy efficiency is derived showing essential impacts of caching. The 

authors in [8] show that significant reduction in transmit power and fronthaul bandwidth can be obtained 

via the careful design of cache-aware multicast beamforming and power allocation. In [11], the authors 

study D2D networks in which the content can be cached at either small base stations or user nodes. A 

joint content replacement and delivering scheme is developed to reduce the total energy cost taking into 

account the fading channels. In [12], success delivery rate is studied in cluster-centric networks, which 

group small base stations (SBSs) into disjoint clusters. The SBSs within one cluster share a cache 

which is divided into two parts: one contains the most popular files, and one comprises different files 

mailto:@uni.lu
mailto:@uni.lu
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which are most popular locally. The authors in [13] study energy consumption based on an over 

simplified model which assumes caching and transportation costs are linearly dependent on the number 

of bits. 

In this paper, we investigate the energy efficiency of content delivery networks in which a base station 

(BS) is serving multiple users via a shared wireless channel. We focus on latency-tolerant applications 

where the users can tolerate a reasonable delay before starting the requested service. First, we derive an 

energy-buffering time trade-off (EBT) in a closed-form expression for single-user scenarios. From the 

derived closed form, the impact of key system parameters on the total energy consumption is revealed. 

We then formulate an optimization problem to minimize the total system energy usage for multiple-

user scenarios. In order to overcome the non-convexity of the formulated problem, we propose an 

iterative algorithm which approximates the non-convex constraint by the first order approximation. 

Finally, the effectiveness of the formulated problem is demonstrated via numerical results. 
 

II.  SYSTEM MODEL 

 

We consider a content delivery network consisting of one BS equipped with L antennas 
serving K single-antenna users via a shared wireless medium, with K  ≤ L, as depicted in 
Figure 1. The BS is connected to a data centre via high speed backhaul links. The BS is 
assumed to have full access to the content at the data centre, which contains N files of equal 
size of Q bits (in practice, unequal file size can be divided into trunks of subfiles which have 
the same size) and is denoted by F = {F1 , . . . , FN } the library. The users are equipped with 
a cache memory of size M  (files) . We consider offline caching and focus on the energy 
consumption of the delivery phase [8]. 

 

 
 

A. Caching model 

    In this paper, we assume the content popularity follows a Zipf distribution [14]. The 

probability of the i-th  file being requested from a user is given as  

 

where α is the skewness factor of the Zipf distribution. 
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    In order to minimize the channel load, the users will cache the most popular files in their 

cache. In particular, the first M 

most popular files are prefetched at the user caches during the placement phase, which occurs 

during off-peak time [1]. 

 

B. Signal transmission model 

In the delivery phase, each user requests a file from the BS. First the user checks its own 
cache. If the requested file has been prefetched in its cache, it can be serve immediately. 
Otherwise, the requested file will be transmitted from the BS. Denote K’  as the subset of users 
whose requested files are not available in their cache. The BS will only transmit to these 
users in 
|K’ |. Obviously, |K’ | ≤ K . 

We consider latency-tolerant applications, where the users can allow some buffering time 
after releasing their requests. Let θ  denote a buffering time that the users can tolerate (the 
gap time between the moment the users send requests and when they can start the requested 
service, e.g., watching a video). Since the users can tolerate a buffering time θ, they will use 
this period to preload parts of the requested file to their buffer. Denote 𝐰𝑘

𝑏, 𝐰𝑘
𝑡   ∈ CL×1 as the 

precoding vector for user k during the buffering and transmission time, respectively. The 
received signal at user k is given as 

where the superscript (b, t) represents the corresponding buffering time or transmission time, 𝑥𝑘 
is the modulated signal of the requested file from user k, 𝑧𝑘  is Gaussian noise, and 𝐡𝑘  is the 
channel fading vector from the BS antennas to user k, which follows a circular-symmetric 
complex Gaussian distribution. Perfect channel state information (CSI) is assumed to be known 
at the BS. In practice, robust channel estimation can be achieved through the transmission of pilot 
sequences. We consider block fading channels and assume the channel coherence time is 
sufficient long to accommodate one request session [8]. 
     By treating the interference as noise, the respective achievable information rate for user k ∈ 
K’ during the buffering time and transmission time are 

where B is the channel bandwidth. 
 

III. Problem Formulation 

 
In this section, we consider an energy minimization problem with delay-tolerant design. The 
problem formulation is shown below. For more details, please refer to [10]. 

 

 

IV.  NUMERICAL RESULTS 
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This section presents numerical results to demonstrate the derived optimization. The system 
parameters for simulations are as follows: B = 1 MHz, κ = −20 dB, σ2  = −10 dBm, Q = 
48 Mbits, and the request rate r1 = · · · = rK  = r = 4 Mbps which is corresponding to the 
expected serving time T = Q/r = 12 seconds, Ptot = 2 Watt. 

 
 

Fig. 2a presents the EBT for the single-user scenario without caching, i.e., M = 0. It is 
observed that the analysis perfectly 

matches simulation results. If the user does not allow any delay, it costs 0.58 Joule to send the 

requested file. However, if the user can tolerate a delay of 0.8 seconds, the system can save 

10% of the energy cost. Fig. 2b plots the energy consumption in multi-user systems under 

two precoding designs for two cases: without caching, i.e., M = 0 (left subfigure), and with 

a cache size M = 0.1N  (right subfigure). The energy consumption is calculated based on the 

optimial solution of the formulated problems in Section IV. It is shown that the MMSE-based 

design is more efficient than the ZF-based design in the considered setting. In particular, the 

MMSE design consumes approximately 10% less than the ZF design. It is also shown that with 

a cache size equal to 10% of the library size, the system can significantly reduce 75% the 

total energy usage. In all cases, increasing the tolerated latency results in less energy 

consumption. We would remark that the average energy cost per user in this case (left subfigure) 

is higher than in the single-user scenario since additional energy is required to mitigate inter-

user interference. 

V.  CONCLUSION 

We have analysed the energy performance of cache-assisted content delivery networks in 

which a date centre is serving users via shared wireless channels. First, we have derived an 

energy-buffering time trade-off in a closed-form expression for single-user scenarios. We then 

have formulated two optimization problems corresponding two linear precoding design for 

multi-user systems to minimize the total system energy consumption taking into account an 

allowable latency. The developed framework can be utilized as a guideline for system design 

and optimization for latency-tolerant services. 
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1. Introduction 

Device-to-device (D2D) communication, which allows direct content sharing over proximate peer-to-peer 

links [1] and dependable vehicular connectivity [2]. And D2D based V2V (D2D-V2V) communication can 

also realize effective data offloading, dependable service delivery and coordinated resource utilization by 

exploring the cellular infrastructures with centralized intelligence [3]. 

A number of works have studied content distribution problems in conventional D2D networks including 

relay networks [4], social networks [5], as well as mmWave cellular networks [6]. However, these works 

are not suitable for the highly dynamic and unreliable D2D-V2V links. And as for works addressed the 

content distribution problem in D2D based vehicular networks [7], [8], they have not consider the multi-

hop transmission scenario and vehicle trajectory prediction. 

However, it imposes new challenges in D2D based vehicular content distribution. First, it is difficult to 

form a content distribution group in fast-varying channel conditions and network topologies. Second, co-

channel interference should be carefully managed to satisfy the dependable timeliness requirements of 

D2D-V2V communication. Thirdly, the multi-hop content distribution process involves a joint optimization 

with peer discovery and spectrum allocation from a delay minimization perspective.  

In this work, we investigate how to achieve dependable content distribution in D2D based cooperative 

vehicular networks by combining big data based vehicle trajectory prediction with coalition formation game 

based resource allocation, determine the formation of content distribution groups with different lifetimes 

as a coalition formation game, and evaluate the delay performance based on real-world map and realistic 

vehicular traffic by connecting SUMO with MATLAB via predefined standard interfaces. 

2. System Model 

 
Figure 1 The system model of D2D-V2V multihop content distribution 

Figure 1 shows the system model of a D2D based cooperative vehicular network, which is composed of 

a base station (BS), K cellular user equipments (CUEs), M vehicular content providers (V-TXs), and N 
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vehicular content requesters (V-RXs). Vehicle mobility pattern and trajectory prediction have been 

studied in [9]-[11]. We adopt a multi-Kalman filter (MKF) based trajectory prediction approach with the 

assistance of global positioning system (GPS) and geographic information system (GIS) big data 

proposed in [9] to estimate the connection time between two vehicles in transmission process. We assume 

that each CUE 
k

VC  is allocated with one orthogonal uplink resource block (RB) 
RB

kC , which can be 

reused simultaneously by at most one D2D-V2V multicast transmission.  

We consider an example that V-TX 
TX

mV
 
serves the content request of V-RX 

RX

nV  by reusing RB 
RB

kC . 

On account of uplink spectrum reusing, 
TX

mV  will create co-channel interference to the BS, while 
RX

nV  

will suffer from the interference caused by CUE 
k

VC . To evaluate the content distribution performance, 

we take the network average delay as a key measurement, which can be expressed as a function of SINR 

and vehicle connection time. The corresponding transmission rate is defined as 
,

k

m nr , then the transmission 

delay of D2D-V2V link (
TX

mV , 
RX

nV ) using RB 
RB

kC can be approximately calculated as 

 
,

,

,,( | )

k

m nk

m n k

m nm nt
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where ,

,

k

m n
k

m n

D

r
 %  and D represents the size of the required content in bits. ,,( | )

k

m nm nt  %  is an indicator 

function of connection time 
,m nt  and it is defined as 1 when 

,m nt > ,

k

m n% . ,,( | )
k

m nm nt  %  makes sure that the 

connection time of two vehicles should be no less than the duration required to deliver the content.  

In each content distribution group, the content is delivered simultaneously from a serving V-TX to 

multiple V-RXs co-located within the same group. During the modeling process of vehicular content 

distribution, there are two critical aspects that should be carefully considered. First, the numbers of V-

TXs and V-RXs vary over time rather than remain constant. The number of potential V-TXs increases 

gradually as more and more V-RXs obtain the content. Second, the lifetime of each D2D-V2V content 

distribution group is different from one another due to the diverse channel conditions and interference 

levels.  

The delay 
,

K

m nT  for 
RX

nV  to obtain the content from 
TX

mV  is composed of the delay required for 
TX

mV to 

obtain the content, and the transmission delay from 
TX

mV  to 
RX

nV . 

We design a M N K   matrix M N K   to represent the set of optimization variables. Each element 

, ,m n ko  of the matrix M N K   is a binary variable. If 
TX

mV  and 
RX

nV  form a D2D-V2V pair by using 
RB

kC , 

, , 1m n ko  , and otherwise, 
, , 0m n ko  . The formulated joint peer discovery, spectrum allocation, and route 

selection problem is given by 

 
, ,

, , ,,
{ }

1
min

m n k RX TX RB
n RX m TX k RB

K

m n k m n
o

V v V v C c

o T
N   

     (2) 

It is noteworthy that 
, min

k V

m n   and 
min

m C

k   needs to be satisfied to ensure QoS requirements for 

cellular links and D2D-V2V links. In addition, all of the V-RXs in the same group are related to the same 

V-TX and the same RB. 

4. Coalition Formation Game based Dependable Content Distribution and Simulation Results 

In this section, we introduce how to formulate the original content distribution problem as a coalition 

formation game and some fundamental concepts. And the proposed algorithm is evaluated in simulation 

based on real-world road topology and realistic vehicular traffic. 
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In a coalition formation game, a set of game players seek to form cooperative content distribution 

groups with the aim to reduce average network delay. Here, the game formulation is defined as a triplet 

(T, P, U), where T is the player set defined as TX RX RBv v c  , P is a collection of coalitions, and U 

denotes the coalition utility. Furthermore, P is also defined as any arbitrary set of disjoint coalitions 

mS T . If P spans the player set T, P can also be regarded as a partition of T. Although coalitions are 

formed to achieve dependable content distribution, there may exist some V-RXs not included in P 

because of the QoS and connection time constraints. To make the definition of coalition consistent, we 

introduce the concept of solo coalition {
RX

nV }, which contains only the unserved V-RX 
RX

nV . 

During a coalition game, each V-RX tends to join an ideal coalition to maximize its individual payoff. 

The RB occupied by the coalition can be released for new coalition formation if and only if all of the V-

RXs within that coalition have received the requested content. Hence, the objective of a coalition is to 

minimize the average delay of all the coalition members. As a result, a V-RX may be refused by a 

coalition if it dramatically decreases the coalition utility.  

After obtaining the requested content, a V-RX can act as V-TX and join a new coalition to serve other 

V-RXs in the next hop. A new D2D-V2V coalition can only be formed if a RB is willing to join this 

coalition. A conflict arises when multiple RBs tend to join the same coalition. In this case, only the RB 

with the highest payoff is allowed to join the coalition. 

Based on the concepts of preference relation and the split and merge rule, the coalition formation game 

based vehicular content distribution is implemented as follows. 

 Phase 1: Coalition formation initialization 

 Phase 2: Iterative coalition formation 

 Phase 3: Resource allocation and content dissemination 

The algorithm terminates if either one of the following conditions is satisfied. One is that any 
RX RX

nV V  has obtained the requested content. The other is any V-RX that has not obtained the content 

yet cannot be served by any 
TX TX

mV V . 

 
(a) (b) 

Figure 2 The percentage of served V-RXs and average network delay performance  

 

The simulation of content distribution is conducted by connecting SUMO with MATLAB through the 

standard traffic control interference (TraCI) protocol. We compare the proposed algorithm with two 

heuristic schemes, i.e., a non-cooperative content distribution scheme [12] and a random group formation-

based content distribution scheme [12].  
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Figure 2(a) shows the content distribution efficiency versus time. More rapid content distribution can be 

achieved by the proposed algorithm during the beginning phases. In addition, the proposed algorithm 

achieves better coverage performance when the content distribution process is finished since the route 

selection, peer discovery, and spectrum allocation are jointly optimized in the proposed algorithms. 

Figure 2(b) shows that the average network delay performance decreases monotonically with the number of 

RBs. Adding more RBs can not only support numerous content distribution groups but also can introduce additional 

diversity gain since there will be an increased opportunity for each group to select a better RB. Hence, the 

performance gap demonstrates that the benefits brought by increasing the number of RBs can be better explored by 

the proposed algorithm. 

 

4. Conclusion 

 

In this paper, we investigated the content distribution problem in D2D-based cooperative vehicular 

networks and proposed a big data integrated coalition formation game approach to jointly optimize peer 

discovery, route selection, and spectrum allocation from a delay minimization perspective. We conclude 

that the proposed algorithm achieves the best content distribution efficiency and well explores the benefits 

of adding more RBs. And it is more robust to the adverse impacts caused by multi-hop transmission. 
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