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Video(Delivery(in(the(Internet
• Global-IP-traffic-to-increase-nearly-three-times-over-the-next-five-years1

• The-driving-force-behind-this-growth-is-on6demand&access&to&video&content
• Video6on6Demand&(VoD)&traffic&is&expected&to&double&by&20211

• Content&Producers&(CPs):&resort-to-Content-Distribution-Networks-(CDNs)
• ThirdJparty-CDNs-charge-based-on-“number-of-bytes-delivered-to-endJusers”-
• As-their-content-gets-more-popular,-CPs-pay-more
• CPs-look-for-ways-to-reduce-their-reliance-on-thirdJparty-CDNs2

• CDNs:market-is-getting-more-competitive
• Large-CDNs-make-most-of-their-money-from-addJon-services-(e.g.,-cloud-security-services-etc.)
• Smaller-CDNs-focus-on-content-with-different-QoS needs-(e.g.,-dynamic,-interactive,-delayJtolerant)

• Eyeballs:&Increasing-volumes-of-traffic-and-associated-costs-
• CDNs-help-lowering-network-costs-for-the-Eyeballs
• Rapid-traffic-shifts-caused-by-the-dynamic-server-selection-policies

2The-scalability-challenge-for-broadcasting-on-the-Internet-by-BBC J https://commnet.ac.uk/wpJcontent/uploads/2017/06/RichardJBradburyJTheJscalabilityJ
challengeJforJbroadcastingJonJtheJInternet.pdf

1Cisco-Visual-Networking-Index:-Global-Mobile-Data-Traffic-Forecast- Update-



P2P(Content(Storage(&(Retrieval
• Retrieve-cached-content-from-the-storage-devices-of-nearby-peers
• Can-significantly-reduce-the-load-on-the-network
• Take-advantage-of-locality-of-reference-in-accessed-VoD content

• SelfJscalable:-the-more-popular-the-content,-the-more-peers-
• Transfer-chunks-in-parallel-from-different-peers-faster-

• Storage-is-becoming-cheaper-and-ubiquitous
• Placed-on-“alwaysJon-devices”-such-as-home-routers-

• Existing-deployments:
• P2P-protocols-(e.g.,-BitTorrent)-for-large-file-downloads-

• Why&P2P&is&not&used&for&the&mass&volumes&of&static&VoD content?



P2P(Content(Storage(&(Retrieval – Challenges
• Providing-incentives-for-good-performance
• Users&should&be&rewarded&for&dedicating&resources&
• Performance-should-match-CDN

• Challenge:&asymmetry&of&uplink&and&download&bandwidths&of&end6users1

• Difficult-to-secure-
• Sybil,-Blackhole,-DoS,-etc.
• User-privacy

• Discovery-
• Need-upJtoJdate-pointers-to-content-chunks-

1Netflix-recommends-25-Mbps-bandwidth-for-Ultra-HD-videos,-which-is-higher-than-the-upstream-bandwidth-capacity-
provided-by-majority-of-fiber-subscriptions-in-the-United-Kingdom-
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Decentralization(of(storage(and(retrieval
• “Cloudification”-of-services-has-been-the-trend-for-decades-

• AWS-going-down-impacts-lots-of-services

• Comeback-of-decentralised P2P-systems
• Web-platforms:-Mastodon,-PeerTube,-and-Hubzilla

• Storage&and&retrieval&of&content:&IPFS,&Dat,&Storj,&Maidsafe,&PPIO,&etc.&
• Novel-protocols-and-mechanisms-based-on-DLT-and-crypto

• Consensus-mechanisms-with-crypto6economic&incentives
• Users-take-part-in-a-“verifiable”&market

• Collectively-reach-consensus-on-proofs-of-useful-resource-contributions-
• Reward-verified-contribution-of-resources-with-economic-tokens,-i.e.,-coins



IPFS(– InterPlanetary File(System(
• ContentJcentric-design-similar-to-ICN-
• SelfJcertifying-content-hashes-for-content-identifiers-or-CIDs&(flat&namespace)
• All-contents-in-a-single-swarm-– not-torrentJspecific-(perJcontent)-swarms-
• Supports-humanJreadable-names-to-be-mapped-to-CIDs-through-DNSLink1

• ContentJcentric-overlay-over-IP-
• Resolution:-maps-CIDs-of-content-blocks-to-hosts-(providers of-content)

• BitSwap Protocol-– offered-chunks-and-wanted-chunks-(blocks)
• Accounting-of-transfers-are-kept-by-each-node-in-a-local-ledger

• Incentives-through-Filecoin – a-system-being-built-on-top-of-IPFS-
• ProofJofJReplication-to-cryptographically-prove-that-given-file-was-stored

1-https://docs.ipfs.io/guides/concepts/dnslink/
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Preliminary(Comparison(– Setup

• Ten-clients-– one-acting-as-a--server
• Clients-download-a-10Jminute-480p-video

• A-random-gap-of-5J10-seconds-in-start-of-downloads

• IPFS-experiments:-nsJ3-in-emulation-(realJtime)-mode
• Running-production-code-of-IPFS-(Go-implementation)

• NDN-experiments:-ndnSIM
• Caching-disabled-at-the-router
• Clients-publish-the-received-chunks-in-the-router
• Three-forwarding-strategies:

• ASF-J Adaptive-smoothed-RTTJbased-forwarding

• NCC-– CCNx strategy

• Best-route-strategy
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nodes and a hub node, where one of the peripheral nodes act as
the main server and the rest are clients as shown in Fig. 2. All the
links have a bandwidth of 10 Mbps and have a propagation delay
of 2 ms.

For the experiments, we emulate a VoD HTTP Live Stream-
ing (HLS) application. Clients �rst download a M3U8 playlist �le
containing the video segments information, and then they start
progressively fetching each video segment in the list until the play-
back bu�er is full (we use 30 sec playback bu�er). Once the video
is consumed and there is less than 30 seconds of video in the bu�er,
more segments are requested. We use a 480p, 10-minute long test
video [2] with a size of 27.98 MB. Users do not start all at the same
time; there is a randomly generated gap of 5 to 10 seconds between
subsequent users.

Client'with'cache

VoD server

Figure 2: Preliminary evaluation setting.

To evaluate NDN, we used the Network Forwarding Daemon
(NFD) [5, 6] with ndn-tools ndnputchunks and ndncatchunks for the
content publication and retrieval. Both tools send Interests using
the TCP-Cubic algorithm to control the window size. Once a client
receives an HLS video segment from the server, it publishes the
received content in the hub node so that an additional route for that
segment, which points to the user that downloaded the segment, is
added for future requests. We evaluated NDN using three di�erent
forwarding strategies including NCC (CCNx forwarding strategy),
best-route and ASF (Adaptive Smoothed RTT-based Forwarding
Strategy) [12]. To better observe the distribution of requests be-
tween nodes, we disable NDN caching on the central node.

For IPFS, we use the default Go implementation1 and set up
one node that previously adds the video segments to the network
(acting as a server) while the rest of the nodes act as consumers.
We keep the default con�guration �le, but we replace the public
DHT bootstrap nodes with the node serving the video.
1https://github.com/ipfs/go-ipfs

Figure 3(a) presents the average latency of what we call resolu-
tion time, classi�ed by segment sizes (i.e., the elapsed time between
the client requesting the video segment and actually starting to
download the �le). In IPFS, we measure the time necessary to re-
solve the hash name of the �le until it is added to the want list. In
NDN, we measure the time between sending of the initial interest
and the receipt of the �rst chunk of the segment, since there is no
name resolution. In contrast, with IPFS we clearly observe one of
its limitations in terms of performance. IPFS needs to convert the
collection hash to the hash name of each IPFS chunk through a
DHT lookup. In case the video segment �ts into one chunk (IPFS
chunk size is 256 KB), no further resolution is required (and this
initial resolution can be done only once for the whole video and
cached locally). However, when the video segment is larger than
one chunk, an additional recursive lookup is necessary to obtain
all the identi�ers for the chunks. In the �gure, we observe signi�-
cantly smaller lookup times for chunks smaller than 200 KB, where
the resolution time is equivalent to NDN. On the other hand, for
chunks bigger than 200 KB, the resolution latency is on the order of
300-400 ms. The resolution latency is not a signi�cant issue for VoD
which performs resolution once in the beginning, but it can have
a negative impact for live video content, which requires repeated
resolution for upcoming segments.

In Figure 3(b), we observe the average throughput classi�ed by
segment sizes. In this �gure, we observe the main issue of IPFS
which is overhead on the network. The average throughput ob-
tained using IPFS is close to a one-tenth of the NDN’s. This is
mainly because of the congestion created by IPFS: with IPFS, the
receivers have no control of what they receive from peers—users
simply register their interest in �les, and the peers having the �les
send it out without knowing if the user already received the �le
from other peers, following the BitSwap protocol. Duplicate packets
are later discarded at the user. We observe that this leads to unnec-
essary congestion which is against ISP’s interest in accommodating
p2p delivery for reducing the tra�c in their networks.

In our evaluation, we counted a massive, 15612 duplicated chunk
arrivals at the user, when approximately 1500 unique chunks are
requested. This means on average nine unnecessary duplicates per
chunk. This would impose a high overhead on the network. Al-
though IPFS can parallelise content downloading once the lookup is
done from multiple peers (only �les bigger than one chunk can ben-
e�t from it), we argue that the performance would be signi�cantly
better using a more conservative delivery approach.



Preliminary(Comparison(– Results
• IPFS-DHT-resolution:-Slow,-recursive-lookup

• Large-files-are-represented-as-collections-(DAG)
• 1.-Lookup-the-DAG-using-the-root-hash-

• 2.-Followed-by-the-lookup-for-individual-chunks-

• BitSwap protocol&seems&to&deliver&too&many&duplicates&to&
clients
• LoadJbalancing-is-slightly-better-with-ASF-and-NCC-strategies-
than-IPFS.-
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Figure 3: Preliminary results

In Figure 3(c), we observe the load distribution among the nodes
in the topology. IPFS is the only solution that uses all the nodes to
distribute the load, even though the selection of the producers is
completely random. Because most of the received packets are later
discarded (i.e., duplicates), most of the content used in the playback
are still provided by the �rst node. NDN achieves a di�erent load
distribution depending on the forwarding strategy used. The best-
route approach is the one that o�oads the tra�c most out of the
video server. However, this strategy substitutes the original route
to the server once with the route to the �rst user that downloads
the content and keeps the latter route throughout the experiment
because the cost of the path between all the users are equal. The
ASF strategy balances tra�c based on RTT. Because there is no
server congestion in these experiments and there are not many
RTT changes, we observe that the strategy uses only two users.
The NCC strategy keeps most of the tra�c in the original video
server, but utilises more users than ASF.

To sum up, NDN can be faster and more e�cient than IFPS for
VoD content retrieval, because dealing with content distribution at
network instead of application level allows better control of load
distribution and congestion. Furthermore, NDN can use PIT aggre-
gation and caching to reduce the number of bytes transferred in the
network. However, the amount of FIB state at the forwarders and
the need for the routing protocol to advertise the stored segments
at the untrusted users are important concerns. More importantly,
our preliminary results demonstrate the need for a better strategy
to distribute the load between the serving nodes than the inspected
forwarding strategies, ideally retrieving content from the closer
node but without creating congestion. Thus, in the following we
explore di�erent solutions for the aforementioned issues.

5 A P2P CONTENT STORAGE AND
RETRIEVAL SYSTEM USING ICN

NDN [45] can provide a more sophisticated per-hop forwarding
behaviour than IP through its use of soft-state per named packet.
More speci�cally, NDN forwarders enforce a routing symmetry be-
tween Interest and the corresponding Data packets, which enables
per-Interest dataplane performance measurements which can be
used to adapt future forwarding decisions. One example is the use
of round-trip time (RTT) measurements on the forwarded Interest
packets by the ASF forwarding strategy.

The default forwarding behaviour in IP is to simply route Interest
packets along the shortest paths with minimal load-balancing mech-
anisms (e.g., Equal-cost Multi-Path routing) to the closest producer
with the assumption that producers have su�cient bandwidth re-
sources to deal with whatever network throws at them in terms of
requests to process and respond to. This assumption, however, does
not hold in the case of P2P scenarios as users typically have limited
uplink bandwidth resources2 as shown in Fig. 1. Overwhelming
users with excessive amount of Interests delays Data packets in
respond to Interests, and consequently, the quality of the delivery
su�ers, e.g., VoD viewers can experience bu�ering events due to
excessive jitter. The resolution also needs to consider the overhead
of the tra�c on the ISP network as well. Ideally, a load-aware res-
olution mechanism should distribute the content requests across
users within an ISP and e�ciently pool the uplink resources of the
users providing content.

A related challenge is the awareness to up-to-date locations of
cached content stored at the users. In a decentralised scenario with
untrusted users sharing their cached content, one can not allow
information on named content locations (i.e., user locations) to
be advertised in the control plane without restrictions. Otherwise,
a user could �ood the network with advertisements of contents
that are not available at the user. This could result with a large
amount of incorrect state to be maintained by the resolution system
and Interests to be incorrectly forwarded to attackers. Ideally, the
resolution system, before advertising its location, should verify that
a piece of content is stored at or recently delivered to that location.

Another important challenge for the name resolution is the scal-
ability. In particular, keeping track of the availability of chunks
within the user caches for a large number of content catalogue re-
quires signi�cant amount of state to be maintained, even in the case
of a single ISP. Also, users frequently joining and leaving can re-
sult with large number of updates to the resolution state. However,
users typically download content in their entirety and a resolu-
tion mechanism can take advantage of this. Ideally, the resolution
mechanism should limit forwarding state to at least content-level
information (especially at the “core” routers of the ISP where ma-
jority of the tra�c �ows) rather than chunk-level information in
order to achieve scalability.

2Net�ix recommends 25 Mbps bandwidth for Ultra HD videos, which is higher than
the upstream bandwidth capacity provided by majority of �ber subscriptions in the
United Kingdom [10]
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In Figure 3(c), we observe the load distribution among the nodes
in the topology. IPFS is the only solution that uses all the nodes to
distribute the load, even though the selection of the producers is
completely random. Because most of the received packets are later
discarded (i.e., duplicates), most of the content used in the playback
are still provided by the �rst node. NDN achieves a di�erent load
distribution depending on the forwarding strategy used. The best-
route approach is the one that o�oads the tra�c most out of the
video server. However, this strategy substitutes the original route
to the server once with the route to the �rst user that downloads
the content and keeps the latter route throughout the experiment
because the cost of the path between all the users are equal. The
ASF strategy balances tra�c based on RTT. Because there is no
server congestion in these experiments and there are not many
RTT changes, we observe that the strategy uses only two users.
The NCC strategy keeps most of the tra�c in the original video
server, but utilises more users than ASF.

To sum up, NDN can be faster and more e�cient than IFPS for
VoD content retrieval, because dealing with content distribution at
network instead of application level allows better control of load
distribution and congestion. Furthermore, NDN can use PIT aggre-
gation and caching to reduce the number of bytes transferred in the
network. However, the amount of FIB state at the forwarders and
the need for the routing protocol to advertise the stored segments
at the untrusted users are important concerns. More importantly,
our preliminary results demonstrate the need for a better strategy
to distribute the load between the serving nodes than the inspected
forwarding strategies, ideally retrieving content from the closer
node but without creating congestion. Thus, in the following we
explore di�erent solutions for the aforementioned issues.

5 A P2P CONTENT STORAGE AND
RETRIEVAL SYSTEM USING ICN

NDN [45] can provide a more sophisticated per-hop forwarding
behaviour than IP through its use of soft-state per named packet.
More speci�cally, NDN forwarders enforce a routing symmetry be-
tween Interest and the corresponding Data packets, which enables
per-Interest dataplane performance measurements which can be
used to adapt future forwarding decisions. One example is the use
of round-trip time (RTT) measurements on the forwarded Interest
packets by the ASF forwarding strategy.

The default forwarding behaviour in IP is to simply route Interest
packets along the shortest paths with minimal load-balancing mech-
anisms (e.g., Equal-cost Multi-Path routing) to the closest producer
with the assumption that producers have su�cient bandwidth re-
sources to deal with whatever network throws at them in terms of
requests to process and respond to. This assumption, however, does
not hold in the case of P2P scenarios as users typically have limited
uplink bandwidth resources2 as shown in Fig. 1. Overwhelming
users with excessive amount of Interests delays Data packets in
respond to Interests, and consequently, the quality of the delivery
su�ers, e.g., VoD viewers can experience bu�ering events due to
excessive jitter. The resolution also needs to consider the overhead
of the tra�c on the ISP network as well. Ideally, a load-aware res-
olution mechanism should distribute the content requests across
users within an ISP and e�ciently pool the uplink resources of the
users providing content.

A related challenge is the awareness to up-to-date locations of
cached content stored at the users. In a decentralised scenario with
untrusted users sharing their cached content, one can not allow
information on named content locations (i.e., user locations) to
be advertised in the control plane without restrictions. Otherwise,
a user could �ood the network with advertisements of contents
that are not available at the user. This could result with a large
amount of incorrect state to be maintained by the resolution system
and Interests to be incorrectly forwarded to attackers. Ideally, the
resolution system, before advertising its location, should verify that
a piece of content is stored at or recently delivered to that location.

Another important challenge for the name resolution is the scal-
ability. In particular, keeping track of the availability of chunks
within the user caches for a large number of content catalogue re-
quires signi�cant amount of state to be maintained, even in the case
of a single ISP. Also, users frequently joining and leaving can re-
sult with large number of updates to the resolution state. However,
users typically download content in their entirety and a resolu-
tion mechanism can take advantage of this. Ideally, the resolution
mechanism should limit forwarding state to at least content-level
information (especially at the “core” routers of the ISP where ma-
jority of the tra�c �ows) rather than chunk-level information in
order to achieve scalability.

2Net�ix recommends 25 Mbps bandwidth for Ultra HD videos, which is higher than
the upstream bandwidth capacity provided by majority of �ber subscriptions in the
United Kingdom [10]



P2P(VoD Storage(&(Retrieval(using(ICN(– Challenges

• Privacy&of&users&providing&content
• Reveal-as-little-as-possible-of-who-is-caching-what.

• Timely&delivery&to&avoid&playback&interruptions
• Distributing-load-across-peers/paths

• Publishing,&i.e.,&advertising,&content&cached&by&untrusted&users&
• Need-verification-of-possession-before-publishing-is-allowed

• Securing&P2P&delivery:&all-the-users-are-potentially-producers
• Content-verification-is-needed-with-untrusted-producers

• Scalable&delivery
• Limit-forwarding/routing-state

• Incentives&for&storage&and&delivery
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Possible(Solutions

• Privacy: resolution-state-as-CIDJtoJregion-mapping
• Ephemeral&forwarding&state-used-for-routing-within-the-edges
• Core-region-to-maintain-contentJlevel-state,-if-necessary

• Timely&delivery:&applications-to-signal-time-sensitivity-(e.g.,-deadline)
• Less-time-sensitive,-more-time-for-probing-alternative-nextJhops.

• More-time-sensitive,-stick-with-best-nextJhops-for-delivery.-

• Securing&delivery:&all-users-are-potentially-producers
• Use-selfJcertifying-IPFS-names-

• Execution-of-trust-policies-to-verify-signatures-is-difficult
• Scalable&delivery: Separation-of-edge/core-regions-and-limit-forwarding-state



Satisfied(Interest(Table((SIT)

• A&cache&to&store&ephemeral&forwarding&state
• Satisfied-Interest-Table-– same-components-as-FIB
• Content_ID →-{interfaces}-mappings-cache

• Collectively-maintain-breadcrumbs-to-producers-of-verified-chunks

• Forwarding-strategies-to-maintain/update-SIT-entries.-
• Add-entry-upon-delivery-of-verified-Data
• Remove-entry-if-content-integrity-check-fails OR-if-repeated-poor-data-plane-
performance



Proposed(Solution(– Adaptive(Delivery(using(SIT

Interest&forwarding
• Within-consumerJside-region-R-
• Route-using-SIT,-if-possible
• Attach-a-fwd hint,-otherwise-

• Within-the-core-region-
• Route-using-fwd hint

• Within-the-producerJside-region
• Use-loadJbalancing-strategies-(SIT)

Data&forwarding
• Within-the-edge-regions
• Verify-integrity,-update-SIT
• Advertise-downloaded-content



Adaptive(Delivery(using(SIT

R1

R2

R4

R5

R3

/foo/bar

/foo/bar
Fwd to&R5 /foo/bar

Fwd to&R5



Adaptive(Delivery(using(SIT(– producer^side(region

R5
SIT&Table

Name&&&&&&&&& Next6hop&&&&RTT
/foo/bar&&&&&&&&&Face:1&&&&&3.2

Face:3&&&&&2.2
1

2

SIT&Table
Name&&&&&&&&& Next6hop&&&&RTT
/foo/bar&&&&&&&&&Face:1&&&&&5.3

Face:2&&&&&8.9

1

3

/foo/bar

/foo/bar



Adaptive(Delivery(using(SIT– Data(Path
R1

/foo/bar
….Data...

SIT&Table
Name&&&&&&&&& Next6hop&&&&RTT
/foo/bar&&&&&&&&&Face:1&&&&&&X

Measurements&Table
Name&&&&&&&&&Fwd Hint&&&&RTT
/foo/bar&&&&&&&&&&R5 12.1

1/foo/bar
….Data... /foo/bar

….Data...
SIT&Table

Name&&&&&&&&& Next6hop&&&&RTT
/foo/bar&&&&&&&&&Face:1&&&&&X

Measurements&
Table

Name&&&&&&&&&Fwd Hint&&&&RTT
/foo/bar&&&&&&&&&&R5 10.2
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Evaluation

• Simulations-using-Icarus-– A-PythonJbased-simulator-for-cache-networks

• Application: VoD player
• Rate:-24-frames-per-second,-not-adaptive-rate

• Cache-storage:-at-most-two-full-videos-in-the-cache

• Playback-buffer:-five-seconds-of-video
• Content:&100-videos,-each-with-10K-chunks
• Workload:&Pick-ten-nodes-per-second

• Popularity-distribution:-Zipf,-exponent-0.7
• Topology: ISP-topology-from-Rocketfuel – 240-nodes,-790-endJpoints

• End6users&can&upload&20&chunks&of&video&per&sec&
• A-stable-content-producer-(server)-assigned-to-one-of-five-border-routers



Evaluation(– Performance(metrics

• Average&number&of&playback&disruptions&per&video&viewing
• Initial-buffering-phase-is-not-considered

• Overhead&of&traffic
• Average-hop-counts-traveled within-the-ISP



Evaluation(– Comparison(of(Approaches

• Adaptive&SIT6based:&Applications-provide-a-hint-for-fwding strategies
• TimeJsensitivity-of-Interests
• Fwd strategy-explore-alternative-nextJhops-to-observe-performance

• Directory6based: Consumer-lookups-forwarding-hints-
• NDNS-or-IPFS-DHT
• Selects-one-based-on-RTT-observation-and-deadline
• Explore-several-hints-at-once,-if-deadline-allows

• Shortest6path:&Forwarders-pick-the-closest-destination
• No-RTT-measurements

• Optimal:&upJtoJdate-information-on-the-load-of-all-producers
• Select-the-closest-producer-that-can-meet-the-deadline



Evaluation(– Results

• Playback-buffer-size-
• InJnetwork-caching



Evaluation(– Playback(Buffer(Size
• Shortest6path&strategy

• Only-4%-of-the-viewers-do-not-experience-
playback-interruptions-with-

• 20%-of-streams-experienced-more-than-one-
playback-interruption-

• Directory6based:-
• 82%-do-not-experience-interruptions-for-the-
smallest-buffer-size

• 99%-of-flows-experience-at-most-one-
playback-interruption

• Adaptive:
• 7%-of-the-streams-experience-playback-
interruption-for-smallest-buffer-size-

• Less-than-0.4%-of-users-experience-playback-
interrupt-for-the-largest-buffer-size.
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Figure 4: Results with varying playback bu�er size.

in nearly �ve bu�ering events per video stream for the smallest
bu�er size of one second worth of content. Even with a bu�er
size of ten-seconds worth of video, the shortest-path strategy still
causes excessive bu�ering. According to our results (not shown in
the Figures) only 4% of the viewers did not experience bu�ering
events for the shortest-path strategy with the largest bu�er size.
20% of streams experienced more than one bu�ering interruptions
throughout the streaming. On the other hand, the directory-based
resolution results with signi�cantly less bu�ering events where at
least 82% of streams do not experience any playback interruption
for the smallest bu�er size. In this approach, we observed that 99%
of streams observed at most one bu�ering event, i.e., no repeated
bu�ering event. This is because users experiencing long RTTs dur-
ing pulling VoD chunks from a peer can simply switch to a di�erent
peer. However, even for the largest bu�er size, around 5% of streams
experience bu�ering events.

The adaptive streaming approach achieves a signi�cantly (i.e.,
over 100% improvement) better performance than the directory-
based approach through its ability to detect and react to congestion
at producers using i) RTT measurements at the �rst-hop access
forwarder of the consumer and ii) load-balancing at the last-hop
producer-side access node using PIT state. We observe that even for
the smallest bu�er size, only 7% of the streams experience bu�ering
and less than 0.4% of users experience bu�ering for the largest
bu�er size. We observe that the optimal strategy is able to achieve
no interruptions to playback for all bu�er sizes through its full
knowledge of the instantaneous load on the producers.

In Fig. 4(b), we observe that the directory-based strategy incurs
the highest overhead in terms of average number of hops traveled
by content to the network. This is because in this approach, the
consumers select a peer without the knowledge of hop-distance
to the peer when there is more than one peer available. Adaptive
forwarding strategy incurs signi�cantly less overhead than the
directory-based approach because the �rst-hop node gives higher
priority to closer destinations who can meet the deadline. The
shortest-path approach is the other extreme where the incurred
overhead is even less than optimal strategy albeit achieving the
worst performance (in terms of bu�ering) among all the strategies.
Since the optimal strategy selects the closest peer which can meet
the deadline, it incurs the least possible overhead.

In terms of the percentage of video chunks downloaded from
peers, we observe that the shortest-path strategy is very close to
the optimal strategy as shown in Fig. 4 at the expense of achieving

the worst QoE for the consumers. The adaptive and directory-based
approaches achieved similar percentages of local downloads even
though their overheads and bu�ering performances are quite dif-
ferent.

6.3.2 Impact of in-network caching. In the previous experiments,
the forwarders did not possess any caches in the network. In this
section, we examine the impact of in-network caching on the per-
formance of the strategies in Fig. 5. In these experiments, we set
the playback bu�er size to the minimum size used in the previous
experiments, i.e., one-second worth of tra�c. In the �gures, the
values in the x axis are the total cache budget for the network given
in terms of the percentage of the total number of chunks, i.e., be-
tween minimum of 0.1% to a maximum of 5% of total chunks. We
uniformly divide the total cache budget on the forwarders.

In Fig. 5(a), we observe that caching signi�cantly improve the
bu�ering interruptions for all the strategies but the shortest-path.
This is because in the shortest-path strategy, most of the popular
content is available from another user nearby (i.e., 2.8 hops away on
average as shown in Fig 5(b)), and at the same time the users who
are streaming the same content are out-of-synch (as a nature of
VoD). This results with poor caching performance for most streams
which �ow along very short paths with small number of caches.

On the other hand, the rest of the strategies use longer paths
with higher diversity than the shortest-path. Also, the consumers
downloading the same content can converge on the same users
as a result of measurement-based routing decisions. This leads to
better caching performance. We observe in Fig 5(c) that caching
can signi�cantly reduce bu�ering events for the top-ten most pop-
ular content. As expected, overhead of the strategies reduce with
increasing cache size as shown in Fig. 5(b).

6.3.3 Impact of content popularity. We investigate the impact of
content popularity on the performance of the forwarding strategies
in Fig. 6. In these experiments, we set the in-network cache size
set to 0.1% of content and the playback bu�er size to one second
playback worth of chunks.

We observe in Fig. 6(a) that the bu�ering occurrences increase
with the increase in popularity of content. This is because of the
limited storage space at the end-users which we assume to hold at
most two full videos, and we limit each user to also download three
videos and immediately leave the network. As a result, interests
contend for increasingly limited upload bandwidth resources as



Evaluation(– Playback(Buffer(Size
• Shortest6path&strategy
• Lowest-overhead-among-all-the-strategies

• Directory6based:-
• Incurs-the-highest-overhead-among-all-the-
strategies

• Adaptive:
• Significantly-less-overhead-than-directoryJ
based-approaches.-
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Figure 4: Results with varying playback bu! er size.

in nearly �ve bu�ering events per video stream for the smallest
bu�er size of one second worth of content. Even with a bu�er
size of ten-seconds worth of video, the shortest-path strategy still
causes excessive bu�ering. According to our results (not shown in
the Figures) only 4%of the viewers did not experience bu�ering
events for the shortest-path strategy with the largest bu�er size.
20%of streams experienced more than one bu�ering interruptions
throughout the streaming. On the other hand, the directory-based
resolution results with signi�cantly less bu�ering events where at
least 82%of streams do not experience any playback interruption
for the smallest bu�er size. In this approach, we observed that 99%
of streams observed at most one bu�ering event, i.e.,no repeated
bu�ering event. This is because users experiencing long RTTs dur-
ing pulling VoD chunks from a peer can simply switch to a di�erent
peer. However, even for the largest bu�er size, around 5%of streams
experience bu�ering events.

The adaptive streaming approach achieves a signi�cantly (i.e.,
over 100% improvement) better performance than the directory-
based approach through its ability to detect and react to congestion
at producers using i) RTT measurements at the �rst-hop access
forwarder of the consumer and ii) load-balancing at the last-hop
producer-side access node using PIT state. We observe that even for
the smallest bu�er size, only 7%of the streams experience bu�ering
and less than 0.4%of users experience bu�ering for the largest
bu�er size. We observe that the optimal strategy is able to achieve
no interruptions to playback for all bu�er sizes through its full
knowledge of the instantaneous load on the producers.

In Fig. 4(b), we observe that the directory-based strategy incurs
the highest overhead in terms of average number of hops traveled
by content to the network. This is because in this approach, the
consumers select a peer without the knowledge of hop-distance
to the peer when there is more than one peer available. Adaptive
forwarding strategy incurs signi�cantly less overhead than the
directory-based approach because the �rst-hop node gives higher
priority to closer destinations who can meet the deadline. The
shortest-path approach is the other extreme where the incurred
overhead is even less than optimal strategy albeit achieving the
worst performance (in terms of bu�ering) among all the strategies.
Since the optimal strategy selects the closest peer which can meet
the deadline, it incurs the least possible overhead.

In terms of the percentage of video chunks downloaded from
peers, we observe that the shortest-path strategy is very close to
the optimal strategy as shown in Fig. 4 at the expense of achieving

the worst QoE for the consumers. The adaptive and directory-based
approaches achieved similar percentages of local downloads even
though their overheads and bu�ering performances are quite dif-
ferent.

6.3.2 Impact of in-network caching.In the previous experiments,
the forwarders did not possess any caches in the network. In this
section, we examine the impact of in-network caching on the per-
formance of the strategies in Fig. 5. In these experiments, we set
the playback bu�er size to the minimum size used in the previous
experiments, i.e.,one-second worth of tra�c. In the �gures, the
values in the x axis are the total cache budget for the network given
in terms of the percentage of the total number of chunks, i.e.,be-
tween minimum of 0.1%to a maximum of 5%of total chunks. We
uniformly divide the total cache budget on the forwarders.

In Fig. 5(a), we observe that caching signi�cantly improve the
bu�ering interruptions for all the strategies but the shortest-path.
This is because in the shortest-path strategy, most of the popular
content is available from another user nearby (i.e.,2.8hops away on
average as shown in Fig 5(b)), and at the same time the users who
are streaming the same content are out-of-synch (as a nature of
VoD). This results with poor caching performance for most streams
which �ow along very short paths with small number of caches.

On the other hand, the rest of the strategies use longer paths
with higher diversity than the shortest-path. Also, the consumers
downloading the same content can converge on the same users
as a result of measurement-based routing decisions. This leads to
better caching performance. We observe in Fig 5(c) that caching
can signi�cantly reduce bu�ering events for the top-ten most pop-
ular content. As expected, overhead of the strategies reduce with
increasing cache size as shown in Fig. 5(b).

6.3.3 Impact of content popularity.We investigate the impact of
content popularity on the performance of the forwarding strategies
in Fig. 6. In these experiments, we set the in-network cache size
set to 0.1%of content and the playback bu�er size to one second
playback worth of chunks.

We observe in Fig. 6(a) that the bu�ering occurrences increase
with the increase in popularity of content. This is because of the
limited storage space at the end-users which we assume to hold at
most two full videos, and we limit each user to also download three
videos and immediately leave the network. As a result, interests
contend for increasingly limited upload bandwidth resources as



Evaluation(– In^network(Caching
• Cache-budgets:-0.001-– 0.05
• Cache-service-rates-are-limited-– 10-x-rate-of-an-endJuser
• FIFO-scheduling-of-requests

• !""#$%&'$#()*$+$,-&also-limits-the-cache-performance
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Figure 5: Results with varying in-network cache budget.
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Figure 6: Results with varying content popularity.

increasingly smaller number of content becomes increasingly more
popular.

Consistent with the previous results, we observe that the adap-
tive strategy performs better than directory-based approach. Adap-
tive strategy is also not a! ected by the change in content popularity
as much as the rest of the non-optimal strategies.

7 RELATEDWORK
Similar to our work, a number of previous studies has considered ex-
ploiting the nearby storage of user premise devices for VoD delivery
at the edges [35, 40]. Recently, P2P systems (e.g., IPFS) have been
evolving beyond a system of per-content swarms (e.g., BitTorrent)
towards achieving an ambitious goal of providing a content-centric
delivery service with CDN-like quality for users. Such systems con-
sider scalability, quality-of-delivery, incentives, fairness, and trust
issues, to name a few.

As pointed out by existing studies, lack of a content-centric
network layer is a source of various problems for such P2P systems
that work as an overlay on top of IP [31]. Mastorakis et al. has
considered complementing the BitTorrent protocol with a content-
centric network layer [31]. Instead, in this work, we focused on IPFS,
which is a more advanced content-centric application-layer protocol
suite that connects all its users in a single swarm and enables
content-centric access to data. However, we have shown that IPFS
has several limitations in terms of overheads and ine" ciencies in
data delivery which prevents IPFS to be a viable replacement for
a CDN. We have proposed extending IPFS with a content-centric
delivery with several extensions that are based on several existing
work: secure namespace mapping [13], scalable name resolution [11,

15], stateful Interest forwarding [16, 43], and satis#ed interest table
(SIT) based forwarding [39].

8 CONCLUSIONS
In this work, we took a#rst-step towards designing a P2P content
retrieval market for edge ISPs which can replace CDN content
delivery within each individual ISP. We have demonstrated through
ns-3 simulations using original containerised code of the IPFS that
IPFS by itself is not able to take over such a task without help
from the network layer in terms of load-balancing and reducing
the delivery overhead for the network.

We#nd NDN to be a complementing network-layer architecture
to IPFS. The adaptive, stateful routing mechanisms of NDN can
observe and react to congestion at the producers and steer tra" c
to less congested producers. Also, NDN forwarders with the addi-
tion of a Satis#ed PIT Table can observe locations of content and
advertise this information in the control plane.

The main take-away from this study is that adaptive load-based
forwarding strategies are very useful in the network layer. However,
in this study we limit the load-balancing to#rst- and last-hop
forwarders on the path between consumers and producers. This
was due to looping issues with involving too many decision making
nodes on the path. As a future work, we plan to investigate more
sophisticated adaptive routing techniques involving more nodes in
a collaborative manner.



Conclusions

• An-ICN-underlay-can-be-useful-for-P2P-delivery
• Adaptive-and-stateful forwarding.-[A-case-for-stateful forwarding]
• Secure-nameJspace-mapping-[SNAMP]

• Breadcrumb-routing-(SIT)-to-locate-content-within-a-region

• Incentive-mechanisms-and-selfJcertified-names-of-
Filecoin/IPFS-are-applicable-for-P2P-over-ICN
• Content-hashes-can-be-part-of-the-hierarchical-NDN-names

• Useful-for-verification



Future(Work

• Apply-ideas-from-ICN-to-IPFS

• Stateful forwarding-strategies-to-speedJup-DHT-traversal/discovery
• Use-breadcrumb-hints-when-searching-for-provider-records

• Verifying-timely-delivery-of-content
• A-summary-of-past-SIT-entries-to-track-retrieval-performance-


