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of Possible Interest

• IEEE JSAC SI on: Caching for Communication Systems and Networks.
• Tentative dates: 2017-Q4/2018.
• Guest editors:
• Dr. Georgios Paschos, Principal Researcher, Huawei, France.
• Prof. Meixia Tao, Shanghai Jiao Tong University, China.
• Prof. Giuseppe Caire, TU Berlin, and USC, USA.
• Prof. Don Towsley, University of Massachusetts, USA.
• Assist. Prof. George Iosifidis, Trinity College and CONNECT, Ireland.
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A New Era in Wireless Networking
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Novel Challenges || Disruptive Solutions

• Need for new solutions and new management techniques:
• Understand and characterize the user behavior.

• Smart network management techniques that optimize key services.

• Network-sharing mechanisms that improve utilization of critical resources.
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What’s wrong with the users?

• The network’s point of view.
• Cisco VNI, Ericsson Mobility Report.

• Past and Present in numbers:
• Mobile data traffic has grown 18-fold over the past 5 years;

⇒ will increase 7-fold next five years.
• Cellular connection speeds grew more than 3-fold in 2016;

⇒ will increase 3-fold by 2021.

Cisco VNI: Global Mobile Data Traffic Forecast Update, 2016-2021.
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What’s wrong with the users?

• Video is the most important type of mobile traffic.

Ericsson Mobility Report, 2016.
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What’s wrong with the users?

• Looking closer to the users through the lens of Nielsen Ratings.
• Nielsen: leading TV/Radio audience measurement company,

established 1930s; recently started measuring mobile content.

Nielsen Mobility Measurements Report, 2015; VoD Report, 2016.
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What’s wrong with the users?

• Communication modes are changing: over-the-top (OTT) providers.
• Watching video programs via a paid online provider is increasingly popular.
• Generation Z and Millennial are driving mobile VOD growth.
• “TV Everywhere” model is widely adopted: access content through Internet.

Nielsen Mobility Measurements Report, 2015; VoD Report, 2016.
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What’s wrong with the users?

• From the point-of-view of a policy maker (or, regulator):
• European Commission, DG Communications Networks, Content &

Technology.
• Report: Identification and quantification of key socio-economic data to

support strategic planning for the introduction of 5G in Europe, 2015.
• A study prepared by Trinity College, Tim Forde et al.
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Developments in Network Management
• The advent of Software-Defined Networking. SDN is based on:
• separation between control plane and data (forwarding) plane;
• programmable interfaces between these elements.

• SDN benefits:
• Agility and lower costs: resources can be provisioned automatically.

• SDN extends to the edge:
• Core of cellular networks1 , the base stations2 , and mobile devices3 .

• What does it mean from a network optimization point of view?
• Routing and bandwidth throttling per flow.
• Very high granularity in flow management.
• Softwarization brings closer network and IT resources.

1

J. Xin, et al., SoftCell: Scalable and flexible cellular core network architecture, CoNEXT’13.
B. Manu et al., OpenRadio: a programmable wireless dataplane, HotSDN’12
3
D. Syrivelis, et al., Bits and Coins: collaborative consumption of mobile Internet, Infocom’15.
2
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Storage and Bandwidth

• Storage and bandwidth resources can/should be managed jointly.
• Happened before in wired networks:
• Many TelCos deployed their own content distribution networks, e.g., L3;
• or, collaborate with CDNs, as AT&T and Swisscom do with Akamai.

• Several research works for ISP-CDN collaboration, e.g.:
• Cooperative content distribution and traffic engineering in an ISP network,

M. Chiang, et al., ACM SIGMETRICS/Performance, 2009.
• Pushing CDN-ISP Collaboration to the Limit, B. Frank, et al.,

ACM Sig. CCR, vol. 43, no. 2, 2013.
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It is different in 5G!
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• Each user might be covered by many base stations.
• Multiple paths to the end-user.
• Heterogeneity, i.e., each path may induce different delay and cost.
• Highly dynamic user populations and demands.
A. Argyriou, K. Poularakis, G. Iosifidis, and L. Tassiulas, “Video Delivery in Dense 5G Cellular
Networks”, IEEE Networks Magazine, 2017, to appear.
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Edge Caching in 5G

• Storage dimensioning: where to place storage and how much4 .
• Caching policies: where to cache each content item (online/offline5 ).
• Our focus: network-aware proactive edge caching.

4
G. Iosifidis, I. Koutsopoulos, G. Smaragdakis “Distributed Storage Control Algorithms for
Dynamic Networks”, IEEE/ACM Tran. on Networking, 2017.
5
K. Poularakis, G. Iosifidis, L. Tassiulas, “Approximation Algorithms for Mobile Data Caching in
Small Cell Networks”, IEEE Tran. on Communications 62(10), 2014.
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Multicast and Caching
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Multicast and Caching

• How important is multicast?
• A 3GPP specification for LTE-A.
• Deliver content to subscribers of a specific service, e.g., weather reports.
• Location-based content delivery (e.g., advertisements).

• Effective when there is concurrency of requests.
• Caching: effective when enough content reuse.

• Very useful when demand is massive/dense (e.g., sports event).
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Multicast and Caching
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• A Simple Example:
Video
•
Request

Proactive caching, i.e., populate caches at small cells during night.

• Macro-cell BS transmissions are more costly than SCBS.
• There are 3 files to deliver, with different popularity:
• File 1 more popular than 2,3; File 2 more popular than 3 in SCBS 1;

• Design optimal video caching policies.
• Multicast-agnostic caching: SCBSs cache most popular video (video 1).
• Joint design: file 1 requests are multicasted; file 2, 3 are cached locally.
K. Poularakis, G. Iosifidis, V. Sourlas, L. Tassiulas, “Exploiting Caching and Multicast for 5G
Wireless Networks”, IEEE Tran. on Wireless Comm. 15(4), 2016.
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How to co-design multicast & caching?

• Model:
• N small cell base stations (SCBS), with Sn storage capacity; 1 macro-cell.
• λni rate of requests for item i ∈ I from users of SCBS n ∈ N .
• Requests generated within a time window of d secs are satisfied by 1

multicast transmission.
• Partition the plane in R areas; qri prob a request emanates in r ∈ R.
• cn cost of a multicast from SCBS n; cWr cost of a multicast from MBS.

• Decisions:
• xni ∈ {0, 1} cache file i at n; yri ∈ {0, 1} multicast in area r ∈ R.
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Multicast and Caching

• Delivery cost for file i ∈ I: Ji (y) =

P

r ∈R

qri [ yri cWr + (1 − yri )

P

n∈r

cn ]

• Multicast-aware caching problem (MACP):

min
x,y

XX
n∈N i∈I

X

 X
cs xni +
Ji (y)
i∈I

xni ≤ Sn , ∀ n ∈ N .

i∈I

yri ≥ 1 − xni , ∀ r ∈ R, i ∈ I, n ∈ N .
xni , yri ∈ {0, 1}
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It’s a hard problem!
Theorem 1
√
It is NP-hard to approximate MACP within any ratio better than O( N).
• Solution approach:
• We violate the cache capacity constraint - by a bounded factor.
• Apply linear relaxation and randomized rounding.

Theorem 2
Our Algorithm outputs a solution at most 1/(1 − 2µ) times more costly
than the optimal, where µ ∈ (0, 0.5). The expected amount of data
placed in each cache is at most 1/2µ times its capacity.

• µ determines the trade off: performance - excessive cache usage.
• A greedy algorithm would also work well in practice.
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Performance Benefits
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• When does it make sense to jointly optimize multicast and caching?
• (a): Impact of number of SCBS on the benefits of the multicast-aware

caching policy (compared to the multicast-agnostic):
• When N = 4, benefits 4.4%; N = 12, benefits increase to 17.7%.
• When N = 12, benefits 17.7%; N = 20, benefits increase to 20.1%.

• (b): Impact of user demand.
• As the traffic volume increases, the gains of joint caching increase.
• As the demand becomes less homogeneous (few very popular files),

benefits increase (Zipf, z = 0.4 is almost normal).
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Layered Video Delivery and Cache Sharing
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Layered Video

• Video content should be available at various qualities to serve users with

different requirements.
• For each video, multiple versions might exist.
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Layered Video
• Scalable Video Coding (H.264/MPEG-4) creates multiple layers for each

video.
• When combined, produce different quality levels.

• Layer 1 produces quality 1, L1 combined with L2 produce quality 2, etc.

• Idea: cache layers, not entire video files:
• Users can download the required layers from different caches.
• Video playback is constrained by the layer with the largest delivery delay.
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Modeling layered video caching
• An abstract distributed caching architecture:
• A set of caches receive requests for layered videos.
• Caches can exchange layers on demand (coordinated mode).
• A server delivers the layers not found in the caches.

• Delay between a cache and the server (sec/bits).
• Predicted demand for video v at quality q (requests/sec).
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Layered video caching problem formulation

• Optimization variables xnvl ∈ {0, 1}.
• Caching of l-th layer of video v at cache n, that has size ovl bytes.

• Cache size constraint:

XX
v

ovl xnvl ≤ Sn

l

• Objective: minimize average delivery delay.

XXX
n

v

q

λnvq max delayn,l
l:{1,q}

• delayn,l : delay of downloading layer l to a local user of cache n.
• The objective is non-linear (focus on the most delayed layer).
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Layered video caching problem formulation

• Optimal solution structure for a special case with 1 cache:
• Layer l should not be cached unless all previous layers l 0 ≤ l are cached.

• Polynomial-time reducible to the multiple-choice knapsack (MCK).
• Example with 2 videos and 3 layers per video.

• Cache at most one blue item; at most one red item.
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Layer-aware cooperative caching (LCC)

Operators can share their edge caches for layered video delivery.
1

Reduce the aggregate video delivery delay for all operators.

2

Disperse the cooperation benefits in a fair fashion.

K. Poularakis, G. Iosifidis, A. Argyriou, I. Koutsopoulos, L. Tassiulas, “Caching and Operator
Cooperation Policies for Layered Video Content Delivery”, IEEE Infocom, 2016.
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How to solve LCC?

• Use MCK to solve the cooperative layered video caching problem.
• LCC algorithm, with input parameter F ∈ [0, 1].
• Step 1: Partition each cache in two parts.
• a part F for globally popular layers (i.e., across all operators).
• a part 1 − F for locally popular layers.
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How to solve LCC?

• Use MCK to solve the cooperative layered video caching problem.
• LCC algorithm, with input parameter F ∈ [0, 1].
• Step 2:
• Fill the first cache parts by solving a MCK problem with knapsack size equal

to the total cache size allocated for globally popular videos.
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How to solve LCC?
• Use MCK to solve the cooperative layered video caching problem.
• LCC algorithm, with input parameter F ∈ [0, 1].
• Step 3: For each cache-node n:
• Fill in its remaining cache space by solving a MCK problem with knapsack

size equal to the remaining cache size, considering the already placed
layers.

• 2-approximation ratio (2×cost∗ ) for the symmetric delays case.
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How to solve LCC?

• How to disperse the cooperation benefits in a fair fashion?
• Bargaining approach: split the cooperation benefits in proportion to

disagreement points.
• But, there is a meta-game here: how to select F ?
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Concluding
• Movie: Wall Street, 1987
• Model: Motorola DynaTAC 8000X.
• 790g, 25cm
• Analog

• Movie: Wall Street, 2010
• Model: Galaxy S7, iPhone S6, HTC 10,...
• Dual core 2.15GHz, >64GB mem.,
• WiFi 802.11a/b/g/n/ac, Bluetooth, GPS,
• Supporting 600Mbps DL, 150Mbps UL.
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