
 
 
 
 
 

 
 
 
 

 
 
 

SAVI 2013 Annual General Meeting (AGM) Student Posters 
 
 

 
 
  

NSERC Funded Canadian Strategic Network NET GP397724-10 
Smart Applications on Virtual Infrastructure  ©2013 

August 2013  
 



SAVI Network Progress Years 1 and 2  
 
 
 

 
 

Fig. 1   Timeline  --- We are here. 
 
 
The posters in this booklet have been developed by students working under the umbrella of the NSERC funded SAVI 
strategic network.  These posters were presented at the year 2 AGM, held on July 5th 2013 in Toronto and attended by a 
large audience of SAVI partners, affiliates, students, researchers and key theme leads.  The timeline picture above 
shows the points that SAVI had (and still has) to intercept to enable the research goals set for the network.  As you work 
through these posters you will see the great progress that has been made in examining the hypothesis of SAVI.  You will 
also be able to observe the level of integration that has occurred and the progress made to date in all aspects of the 
network. 
 
This booklet has been put together to become a permanent record for all SAVI engaged partners showing the scope and 
reach so far attained.  As we go into year 3 of SAVI, we plan even greater levels of integration across themes and 
between academia and industry partners. 
 
Alberto Leon-Garcia 
SAVI Scientific Director 
August 2013  
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Below is the ‘List of Student Posters’ presented at the SAVI AGM held on July 5th, 2013 at the University of Toronto.  
The poster numbers are shown along with the theme, the name of the theme lead and their affiliated university 
within the SAVI Network. 
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1. Airlift: Optimizing Video Delivery over SAVI

Yuan Feng, Zimu Liu, Baochun Li, U. Toronto

In this poster, we propose that video conferencing, even with its stringent delay constraints, should also be

provided as a SAVI service, taking full advantage of the SAVI core and edge platform. We design Airlift,

a new protocol designed for the SAVI network, tailored to the needs of a cloud-based video conferencing

service. Airlift delivers packets in live video conferences to their respective destination SAVI nodes, with the

objective of maximizing the total throughput across all conferences, yet without violating end-to-end delay

constraints. In order to simplify our protocol design in Airlift, we use intra-session network coding and the

concept of conceptual flows, such that the optimization problem that can be conveniently formulated as a

linear program. Our real-world implementation of Airlift has been deployed with the assistance of Bellini,

our application-layer networking platform. We have shown that Airlift delivers a substantial performance

advantage over state- of-the-art peer-to-peer solutions. This work has been published as a full research

paper at the IEEE International Conference on Network Protocols (ICNP 2012).
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Preliminary experiments to investigate the bene!ts of video delivery 
over the cloud:

1 3

42        

1 3

42

D1 D2

Cloud/P2P !roughput (Mbps) Delay (msec)
Toronto-Beijing 2.202/0.179 171.6/148.8

Cambridge-San Paulo 1.687/1.432 103.4/204.6
Seoul-Moscow 7.189/1.103 201.7/436.9

When data are routed through the cloud, all three pairs have enjoyed 
higher throughput values, yet with similar or even shorter end-to-end 
delays, as compared to the overlay link in a P2P solution.

➣ Performance. We should achieve the higher video "ow rates, while 
still maintaining an acceptable end-to-end delay, so that user 
experience can be signi!cantly improved using Airli!. 
➣ Simplicity. Airli! should be conceptually simple to use, and work as 
a full-service broker. A participating user in a conference should only 
need to connect to the Airli!, and to start transmitting video packets.
➣ Scalability. Airli! should support a large number of concurrent 
conferences, so that can be routed through the inter-datacenter 
network efficiently and without much fanfare.

Aggregated multicast sessions: All the video "ows from di#erent 
participants need to be aggregated, provided that these participants 
connect to the same source, and are destined to the same subset of 
destinations, which, in turn, are responsible for delivering them to all 
other participants in each of the conferences. Each of these aggregated 
sessions is inherently a multicast session.

Airlift: Video Conferencing as a Cloud Service
using Inter-Datacenter Networks

Yuan Feng, Baochun Li
Department of Electrical and Computer Engineering

University of Toronto

Bo Li
Department of Computer Science

Hong Kong University of Science and Technology

Abstract—It is typical for enterprises to rely on services
from cloud providers in order to build a scalable platform
with abundant available resources to satisfy user demand, and
for cloud providers to deploy a number of datacenters inter-
connected with high-capacity links, across different geographical
regions. In this paper, we propose that video conferencing, even
with its stringent delay constraints, should also be provided as
a cloud service, taking full advantage of the inter-datacenter
network in the cloud. We design Airlift, a new protocol designed
for the inter-datacenter network, tailored to the needs of a
cloud-based video conferencing service. Airlift delivers packets in
live video conferences to their respective destination datacenters,
with the objective of maximizing the total throughput across all
conferences, yet without violating end-to-end delay constraints.
In order to simplify our protocol design in Airlift, we use intra-
session network coding and the concept of conceptual flows,
such that the optimization problem that can be conveniently
formulated as a linear program. Our real-world implementation
of Airlift has been deployed over the Amazon EC2 cloud. We
show that Airlift delivers a substantial performance advantage
over state-of-the-art peer-to-peer solutions.

I. INTRODUCTION

The gist of cloud computing is to maximize the sharing
of resources with statistical multiplexing, while keeping users
of the cloud satisfied. To provide cloud services with a
higher quality, it is customary for cloud providers to deploy
a number of datacenters across different geographical regions,
inter-connected with high-capacity links. Enterprises, such as
Netflix, are moving their entire platform to the cloud [1] to
take advantage of its abundant resources that are available on
demand.

From the perspective of both bandwidth demand and end-
to-end delay constraints, multi-party video conferencing may
be one of the most demanding multimedia applications. Exist-
ing conferencing solutions in the literature have traditionally
focused on the use of peer-to-peer (P2P) [2], [3] or client-
server architectures (e.g., Microsoft Lync). With abundant
bandwidth between datacenters, one would naturally wonder if
it is feasible to take full advantage of inter-datacenter networks
in the cloud to support higher bit rates in video conferences,
yet still maintaining acceptable delays.

In this paper, we promote the use of inter-datacenter net-
works to support live multi-party video conferencing as a

This research was supported in part by the SAVI NSERC Strate-
gic Networks Grant, by a grant from NSFC/RGC under the contract
N HKUST610/11, by grants from HKUST under the contract RPC11EG29,
SRFI11EG17-C and SBI09/10.EG01-C, by a grant from ChinaCache Int.
Corp. under the contract CCNT12EG01.

978-1-4673-2447-2/12/$31.00 c�2012 IEEE.

Inter-datacenter network

User 1
Source video

Rate control

User 2

User 3

User 5

D2

D1

D3 D4

D5

User 4

Fig. 1. Packets from User 1 in a 5-party conference are being transmitted
in an inter-datacenter network with 5 datacenters, via a combination of direct
paths (e.g., D1 ! D4) and relay paths (e.g., D1 ! D3 ! D5).

cloud service. Our protocol and real-world implementation,
collectively referred to as Airlift, is designed from the ground
up to support multiple live conferences with an inter-datacenter
network operated by a cloud provider. As its name suggests,
the unique advantage of Airlift is to provide low-latency end-
to-end paths among participants in multiple conferences, yet
without the “hustle and bustle” of the public Internet. With
Airlift, packets in conferences can be routed through a high-
capacity inter-datacenter network, as if they are traveling
around the world in chartered private flights with minimal
congestion, rather than cruise ships with long lines waiting
for embarkation.

A highlight of this paper is our design of a new application-
layer protocol for inter-datacenter networks. Its original fea-
tures are two-fold: First, to be more scalable, it aggregates
user-initiated conferences to a smaller number of multicast
sessions among datacenters. Second, it is designed to maximize
the total throughput across all the sessions, while maintaining
basic fairness across different conferences, and making sure
that stringent delay constraints are not violated.

Due to the multicast nature of aggregated sessions, tradi-
tional wisdom resorts to Steiner tree packing [3] in order
to maximize the video flow rate from a single source to
the remaining participants in a video conference. Since the
problem is NP-Complete, existing works [3], [4] pack only
depth-1 and depth-2 trees. With a large number of conferences
served concurrently in an inter-datacenter network, packing
Steiner trees for each source and in each conference is
computationally prohibitive, even with trees of limited depth.
To solve this problem, we use intra-session network coding
as an integral part in both our protocol design and our
real-world implementation. Thinking from the perspective of
conceptual flows [5], the upshot of network coding is its power
of resolving conflicts competing for bandwidth resources in

Feasible paths satisfying a delay bound: To ensure that video packets 
are delivered within certain time constraints, we need to exclude paths 
that violate the delay bound in a multicast session, and only consider 
the set of feasible paths:

the delay bound that we impose; in other words, we need to
exclude paths that violate such a bound, and only consider the
set of feasible paths — denoted by Pi

j — that do not. More
formally:

Pi
j = {p | p is an acyclic path from Si to Ri

j

s.t.
X

e2p

d(e)  Dmax}.

Given the inter-datacenter graph G and the delay bound Dmax,
one can easily find the set of all feasible paths Pi

j from Si to
Ri

j using a simple variant of the depth-first search algorithm,
where the search only continues if, with the path obtained so
far, there are no cycles and the delay bound Dmax has not yet
been violated. In our subsequent formulation of the problem,
we have the convenience of only considering the set of feasible
paths Pi

j .

B. The Problem of Maximizing Total Throughput

On the surface, it appears that the problem of maximizing
the total throughput of all aggregated sessions in G corre-
sponds to the traditional multi-commodity maximum flow
problem. Unfortunately, this is not the case, simply because
aggregated sessions1 are aggregated multicast sessions by
nature, rather than unicast sessions between source-destination
pairs as in the multi-commodity maximum flow problem. In
essence, packet transmission in a multicast session is more
efficient than in multiple unicast sessions, due to the ability for
a datacenter to replicate and forward packets to its downstream
datacenters in a multicast tree.

To maximize the throughput of a multicast session in G,
traditional wisdom resorts to Steiner tree packing [3]. As
an NP-Complete problem, Steiner tree packing seeks to find
the maximum number of pairwise edge-disjoint Steiner trees,
in each of which the datacenters involved in the session
remain connected. To reduce its complexity, existing work on
P2P video conferencing [3] packs only depth-1 and depth-2
trees. However, packing Steiner trees within each session is
still computationally prohibitive, due to the large number of
concurrent sessions.

Fortunately, the concept of network coding provides us with
a way out of the woods. Having been studied extensively in
the past decade, network coding [7] extends the capabilities of
nodes in a network session: from basic forwarding (as in the
maximum flow problem) and replication (as in multicast), to
coding in Galois fields. For a multicast session in any directed
acyclic graph, if a rate x can be achieved from the source to
each of the destinations independently, it can also be achieved
for the entire multicast session [7]. In other words, network
coding has the power of resolving the competition among
different source-destination pairs for edge capacities. To take
advantage of such power, Li et al. [5] introduced the concept
of conceptual flows, defined as network flows that co-exist

1When it is clear from the context of our discussions, aggregated sessions
in the inter-datacenter network is simply referred to as sessions from this point
onwards.

in the network without contending for edge capacities if they
are destined to different destinations, each of which is from a
source to a destination, transmitted in a coded form.

To our surprise, inspired by [5], the idea of conceptual
flows allows us to formulate the problem of maximizing total
throughput as the following linear program, which can be
solved by a standard LP solver:

max X
s.t. X 

X

p2Pi
j

xi
j(p)/wi, 8i, j = 1, . . . , ki (1)

X

p2Pi
j
(e)

xi
j(p)  xi(e), 8i, j = 1, . . . , ki (2)

X

i

xi(e)  C(e), 8e 2 E (3)

xi
j(p) � 0, xi(e) � 0, X � 0,

8p 2 Pi
j , 8i, j = 1, . . . , ki, 8e 2 E . (4)

The objective of this linear program is to maximize the total
throughput, which is the sum of flow rates in all the multicast
sessions, X . In each session, its flow rate is the minimum of
the flow rates that can be independently achieved from the
source to each of the destinations in the session. In constraint
(1), wi is used to provide weighted proportional fairness across
different sessions, and xi

j(p) represents the conceptual flow
rate from Si to Ri

j , along an acyclic path p in the set of feasible
paths Pi

j . Since the flow rate is specified along a particular
path p, the flow conservation constraint for a conceptual flow
is implicitly satisfied.

Since conceptual flows destined to different destinations
within the same session do not compete with one another
for edge capacity, the effective flow rate within a session i
on edge e is xi(e) = maxj

P
p2Pi

j
(e) xi

j(p), where Pi
j(e)

represents the set of paths in Pi
j that uses edge e. Since

the max function is not linear, this constraint is relaxed to
constraint (2). Finally, constraint (3) reflects the fact that the
summation of the effective flow rates of different sessions
should not exceed the capacity of an edge, as they contend
with one another for edge capacities.

A feasible solution to our linear program provides the
conceptual flow rates xi

j(p) along all feasible paths for each
destination, within every session. The effective flow routing
scheme xi(e) for each session, as well as the feasible total
throughput X , are all guaranteed to be non-negative, with
constraint (4). Since only feasible paths are considered in our
linear program, the delay constraint is naturally satisfied.

As an example using the inter-datacenter network that we
have shown previously in Fig. 1, Fig. 4 shows the optimal
solution obtained by solving our linear program using a
standard LP solver. To keep such a conceptual example simple,
we assume that all the edge capacities are 10 Mbps. The value
labeled on each edge e in the figure indicates its propagation
delay d(e), which is the same in both directions. Let us now
consider two sessions, S1 and S2. In S1, video flows are
transmitted from D1 to D4 and D5; and in S2, they are

Conceptual !ows maximization: Instead of maximizing multicast tree 
using traditional Steiner tree packing, an NP-complete algorithm, we 
propose to use the concept of conceptual "ows, in the context of 

Celerity network coding. $e problem of maximizing throughput can be 
solved nicely as a linear program.

the delay bound that we impose; in other words, we need to
exclude paths that violate such a bound, and only consider the
set of feasible paths — denoted by Pi

j — that do not. More
formally:

Pi
j = {p | p is an acyclic path from Si to Ri

j

s.t.
X

e2p

d(e)  Dmax}.

Given the inter-datacenter graph G and the delay bound Dmax,
one can easily find the set of all feasible paths Pi

j from Si to
Ri

j using a simple variant of the depth-first search algorithm,
where the search only continues if, with the path obtained so
far, there are no cycles and the delay bound Dmax has not yet
been violated. In our subsequent formulation of the problem,
we have the convenience of only considering the set of feasible
paths Pi

j .

B. The Problem of Maximizing Total Throughput

On the surface, it appears that the problem of maximizing
the total throughput of all aggregated sessions in G corre-
sponds to the traditional multi-commodity maximum flow
problem. Unfortunately, this is not the case, simply because
aggregated sessions1 are aggregated multicast sessions by
nature, rather than unicast sessions between source-destination
pairs as in the multi-commodity maximum flow problem. In
essence, packet transmission in a multicast session is more
efficient than in multiple unicast sessions, due to the ability for
a datacenter to replicate and forward packets to its downstream
datacenters in a multicast tree.

To maximize the throughput of a multicast session in G,
traditional wisdom resorts to Steiner tree packing [3]. As
an NP-Complete problem, Steiner tree packing seeks to find
the maximum number of pairwise edge-disjoint Steiner trees,
in each of which the datacenters involved in the session
remain connected. To reduce its complexity, existing work on
P2P video conferencing [3] packs only depth-1 and depth-2
trees. However, packing Steiner trees within each session is
still computationally prohibitive, due to the large number of
concurrent sessions.

Fortunately, the concept of network coding provides us with
a way out of the woods. Having been studied extensively in
the past decade, network coding [7] extends the capabilities of
nodes in a network session: from basic forwarding (as in the
maximum flow problem) and replication (as in multicast), to
coding in Galois fields. For a multicast session in any directed
acyclic graph, if a rate x can be achieved from the source to
each of the destinations independently, it can also be achieved
for the entire multicast session [7]. In other words, network
coding has the power of resolving the competition among
different source-destination pairs for edge capacities. To take
advantage of such power, Li et al. [5] introduced the concept
of conceptual flows, defined as network flows that co-exist

1When it is clear from the context of our discussions, aggregated sessions
in the inter-datacenter network is simply referred to as sessions from this point
onwards.

in the network without contending for edge capacities if they
are destined to different destinations, each of which is from a
source to a destination, transmitted in a coded form.

To our surprise, inspired by [5], the idea of conceptual
flows allows us to formulate the problem of maximizing total
throughput as the following linear program, which can be
solved by a standard LP solver:

max X
s.t. X 

X

p2Pi
j

xi
j(p)/wi, 8i, j = 1, . . . , ki (1)

X

p2Pi
j
(e)

xi
j(p)  xi(e), 8i, j = 1, . . . , ki (2)

X

i

xi(e)  C(e), 8e 2 E (3)

xi
j(p) � 0, xi(e) � 0, X � 0,

8p 2 Pi
j , 8i, j = 1, . . . , ki, 8e 2 E . (4)

The objective of this linear program is to maximize the total
throughput, which is the sum of flow rates in all the multicast
sessions, X . In each session, its flow rate is the minimum of
the flow rates that can be independently achieved from the
source to each of the destinations in the session. In constraint
(1), wi is used to provide weighted proportional fairness across
different sessions, and xi

j(p) represents the conceptual flow
rate from Si to Ri

j , along an acyclic path p in the set of feasible
paths Pi

j . Since the flow rate is specified along a particular
path p, the flow conservation constraint for a conceptual flow
is implicitly satisfied.

Since conceptual flows destined to different destinations
within the same session do not compete with one another
for edge capacity, the effective flow rate within a session i
on edge e is xi(e) = maxj

P
p2Pi

j
(e) xi

j(p), where Pi
j(e)

represents the set of paths in Pi
j that uses edge e. Since

the max function is not linear, this constraint is relaxed to
constraint (2). Finally, constraint (3) reflects the fact that the
summation of the effective flow rates of different sessions
should not exceed the capacity of an edge, as they contend
with one another for edge capacities.

A feasible solution to our linear program provides the
conceptual flow rates xi

j(p) along all feasible paths for each
destination, within every session. The effective flow routing
scheme xi(e) for each session, as well as the feasible total
throughput X , are all guaranteed to be non-negative, with
constraint (4). Since only feasible paths are considered in our
linear program, the delay constraint is naturally satisfied.

As an example using the inter-datacenter network that we
have shown previously in Fig. 1, Fig. 4 shows the optimal
solution obtained by solving our linear program using a
standard LP solver. To keep such a conceptual example simple,
we assume that all the edge capacities are 10 Mbps. The value
labeled on each edge e in the figure indicates its propagation
delay d(e), which is the same in both directions. Let us now
consider two sessions, S1 and S2. In S1, video flows are
transmitted from D1 to D4 and D5; and in S2, they are

Network coding has been adopted in the Airli!, to execute the 
conceptual "ow multicasting. Furthermore, since random linear codes 
are rateless erasure codes, we can easily decode the original data, as 
long as su%cient linearly independent packets are received from 
di#erent paths in the multicast tree.

Source Destination 
Si Ri

j

Time Time

Sliding window
1 2 3 4 

ACK (4,3,2)

ACK (3,2)

ACK (4,2)

ACK (2)RTT 
3 4 5 

Generation 1
Generation 2

Active bucket 

Inactive bucket 

To realize the conceptual "ows in Airli!, we need to carefully handle 
coded packets in an intermediate node: (1) packets are to be replicated 
to multiple outgoing edges; (2) packets are to be forwarded to 
di#erent edges with di#erent portions; (3) packets are to be merged 
and forwarded to an bottleneck edge.

arrive in a bucket, all the original packets will be recovered
and the bucket will no longer be active.

Acknowledging the degrees of freedom in all active
buckets. Upon receiving each coded packet, the destination
immediately sends an acknowledgment to the source. The
acknowledgment contains the degrees of freedom in all active
buckets, corresponding to the number of linearly independent
coded packets received in each generation that has not yet been
fully decoded. As it receives and examines each acknowledg-
ment, the source transmits a sufficient number of additional
coded packets from each of the generations contained in the
acknowledgment, starting from the oldest generation, but not
including the current generation, from which the source is still
in the process of transmitting coded packets.

Source Destination 
Si Ri

j

Time Time

Sliding window
1 2 3 4 

ACK (4,3,2)

ACK (3,2)

ACK (4,2)

ACK (2)RTT 
3 4 5 

Generation 1
Generation 2

Active bucket 

Inactive bucket 

Fig. 6. The Airlift protocol at the source and each destination: an example.

For example, in Fig. 6 with a generation size of 5, once the
source observes that the destination has received 4 packets
from generation 1, 3 packets from generation 2, and 2 packets
from generation 3 (the current generation at the source), it will
immediately transmit one new coded packet from generation 1
and two new packets from generation 2, before it resumes the
process of transmitting packets from the current generation.

Since an aggregated session is a multicast session from a
source to multiple destinations, the source will only remove
the oldest existing generation and advance its sliding window
once all the destinations in the session have indicated that
they have successfully decoded the generation (in that it is
not included in their acknowledgments).

D. Realizing Conceptual Flows with Source Routing

The optimal solution to our linear program contains a
number of conceptual flows in each session, each consisting
of a flow rate and a path from the source to one of the
destinations. From the perspective of how packets in an actual
flow are processed in reality, there are three distinct cases
when multiple conceptual flows pass through an intermediate
datacenter: (1) Packets in an actual flow are to be replicated
and forwarded to multiple outgoing edges; (2) an actual
flow is to be split and forwarded, with different portions
of its packets destined to different outgoing edges; and (3)
packets in multiple actual flows — from the same source and
destined to different destinations — are to be merged with
random network coding. These cases are illustrated in Fig. 7.
An intermediate datacenter may be responsible for handling
multiple cases concurrently, as in the example of datacenter
D2 in Fig. 4.

(1) Replicate (2) Split (3) Merge

... ...
...

...
+

Conceptual flow
from     to  
Conceptual flow
from     to  

Si Ri
j1

Ri
j2Si

Fig. 7. Three cases of realizing conceptual flows passing through an
intermediate datacenter.

Since the first two cases do not require network coding on
the intermediate datacenter, they are realized in Airlift with the
use of source routing. The source has full knowledge of all
its conceptual flows in the optimal solution, and by allocating
outgoing packets to each of the conceptual flows based on
their flow rates, it is able to compute the complete tree that an
outgoing packet should follow to reach its destination(s), and
include the tree in the packet header3. A packet then becomes
self-routing, in that an intermediate datacenter only needs to
examine its header, extract its next-hop datacenters in the tree,
and then forward it to its next hop, making copies as needed.

To realize the third case, all datacenters in Airlift finds
path overlaps between different conceptual flows if they are
destined to different destinations in the same session, by
examining the complete plan given by the optimal solution. If
such an overlap exists, as shown in Fig. 7(3), the corresponding
datacenter will produce random linear combinations of packets
from actual incoming flows, and transmit a merged outgoing
flow according to the rate on the outgoing edge, given by the
optimal solution.

All such random linear combinations are only performed
on packets from the same generation at the source. If packets
from the same generation are not readily received from all the
incoming flows, the merging process will wait for a timeout
period with a buffer of recently received packets. After the
timeout expires, it simply merges packets that it was able to
receive so far. Since such a timeout period adds to the end-
to-end delay, it is not feasible to use a long timeout value.

E. A Full-Service Broker to Conference Participants

With simplicity in mind, Airlift is designed to serve as a
full-service broker: a participant in a conference would simply
select a datacenter to connect to, and start transmitting to this
datacenter using an adaptive video source rate, coupled with
an adaptive video codec. The datacenter adds this new video
source to one of its aggregated sessions that share the same
subset of destination datacenters. As a full-service broker,
any datacenter in Airlift maintains full knowledge about all
active conferences, including the list of participants and the
datacenter each of them connects to. Updates are simply
broadcast to all other datacenters in the cloud.

Original video packets from each participant are transmitted
to the datacenter over UDP and TFRC, and with the same
Airlift protocol in Sec. IV. The only revision in the protocol is
an additional form of periodic acknowledgment: the datacenter

3It is a tree — rather than a path — that a packet should follow when
being routed, since conceptual flows to different destinations may share the
same outgoing edge from the source.

We compare our Airli! protocol with an state-of-the-art peer-to-peer 
protocol, called Celerity, in real-world networks.

Achievable !roughput

TABLE II
AIRLIFT VS. CELERITY: A COMPARISON WITH RESPECT TO THE TOTAL
THROUGHPUT AND THE MAXIMUM END-TO-END DELAY ACROSS ALL 4

SESSIONS IN THE SAME CONFERENCE.

Airlift/Celerity Total throughput (Mbps) End-to-end delay (msec)
Toronto-Beijing 14.11/4.04 169.8/142.3

Vancouver-Berlin 34.32/1.38 137.2/104.9
Seoul-Rio 20.32/2.32 228.6/203.5

to ramp up its throughput in each session to the steady state.
Fig. 8 and 9 have shown the per-session throughput over time
for Celerity and Airlift, respectively, as a conference started up.
we note that it took Celerity three times longer to ramp up to
a steady-state throughput of three times lower. Such subpar
performance is due to the nature of the Celerity protocol
design: its rate control algorithm that governs overlay link
rates does not have any knowledge of the underlying physical
topology, and would have to take some time to converge to
optimality based on online measurements. Such a challenge is
nonexistent in Airlift, as it simply routes packets through the
nearest datacenter over the cloud.
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Fig. 8. Celerity takes 15 seconds
to ramp up its per-session throughput
to the steady state of 0.9 Mbps on
average.
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Fig. 9. Airlift takes less than 5
seconds to ramp up its per-session
throughput to the steady state of 3.5
Mbps on average, a three-fold im-
provement.

B. Airlift: Performance with Multiple Aggregated Sessions

We now proceed to evaluate Airlift’s performance with mul-
tiple aggregated sessions in the EC2 inter-datacenter network.
For this purpose, we launched 10 actual conferences, with
participants connecting to their nearest datacenters. In order to
simulate the geographic diversity of conference participants,
the number of datacenters involved in each conference is
generated with a discrete uniform distribution in the range
of [2, 7], resulting in a total of 35 sessions.

As measured by the brokers every 3 minutes on their re-
spective datacenters and reported to the centralized optimizer,
the edge capacities ranged from 20.9 to 130.8 Mbps, while
their propagation delays ranged from 11.3 to 441.7 msec.
These capacity and delay values were used as input to our
linear program, which the optimizer used to obtain the optimal
solution. With 10 conferences and 35 aggregated sessions,
we imposed an end-to-end delay constraint, Dmax, of 300
milliseconds. As a result, the optimal solution, as computed
by the optimizer, involved a total of 1869 feasible paths, with
54 feasible paths per session on average, and a maximum of
5 hops in a feasible path. With a reasonable Dmax, the large

number of feasible paths is indeed a piece of good news, in
that the optimizer would have the freedom of using all of these
paths to deliver packets, saturating edge capacities as much as
possible to improve the total throughput.

Again, as a conferencing cloud service, we are most con-
cerned with the achievable throughput and end-to-end delays
in our aggregated sessions, both to be measured in actual
experiments. Fig. 10 shows the throughput observed in each
of the aggregated sessions, while Fig. 11 shows the maximum
end-to-end delays observed from the source to the destinations
in 10 sessions in EC2. With stable edge capacities in EC2 over
the short term, the observed throughput values in Fig. 10 were
exactly the same as what the optimizer has computed, thanks
to Airlift capability of transmitting, coding, forwarding, and
decoding packets at the designated flow rates computed by
the optimizer. The end-to-end delays are well controlled, again
thanks to the ability of our implementation to keep queueing
delays to the minimum while packets traverse through inter-
mediate datacenters on their paths.
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Fig. 10. Observed throughput values
in 10 of the aggregated sessions.
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Fig. 11. Observed maximum end-
to-end delays from the source to the
destinations in 10 of the aggregated
sessions.

C. A Packet’s Life: A Microscopic View

Our readers may be left wondering: What had contributed
to Airlift’s substantial performance advantage against Celer-
ity, as well as its superior inter-datacenter performance with
multiple aggregated sessions? To best answer this question,
we decided to delineate the process of sending, processing,
and acknowledging packets, showing fine-granularity details
within a single aggregated session involving two destination
datacenters. Our experiments ran for a period of 3 minutes.

To saturate inter-datacenter edge capacities on the order of
100 Mbps, let us first examine the transport protocol with
multi-generation network coding from the source to a desti-
nation. In our experiments, we used a generation size of 10
packets and a packet size of 4 KB. Thanks to our accelerated
network coding implementation, we could comfortably reach a
session throughput of 59.1 Mbps with a CPU load of just 78%
at the source, within a small EC2 VM instance. On the other
hand, since the size of the sliding window is decoupled from
the generation size, we were able to achieve such a throughput
with an average of 36 outstanding generations at the source
that are not yet acknowledged by both destinations. Thanks
to our application-layer TFRC implementation (based on RFC

End-to-End Delay
Airli!/Celerity Delay (msec)

Toronto-Beijing 169.8/142.3
Vancouver-Berlin 137.2/104.9

Seoul-Rio 228.6/203.5
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2. Bellini: a Software-Defined Application-Layer Networking Platform

Zimu Liu, Yuan Feng, Baochun Li, U. Toronto

Implementing and deploying resource-hungry smart applications, such as streaming and conferencing, on

the SAVI platform requires a flexible and reusable software framework that provides customizable elements

shared by these applications, such as choices of transport protocols, routing policies, and rate allocation

strategies. In this poster, we present Bellini, a flexible and reusable software framework supporting a wide

variety of prototype implementations targeting different application scenarios. Customized protocols and

algorithms can be plugged in using the provided delegate interface, or loaded from a configuration file with

ease. Besides flexibility, Bellini is also optimally designed for efficient resource utilization in the VM-based

SAVI core and edge nodes. We are currently working on decoupling the control plane from the data plane

in Bellini, so that an OpenFlow-like central controller can be used to control the routing policies in Bellini.

With case studies on video conferencing, we demonstrate the benefits of Bellini with respect to supporting

and simplifying the development process of SAVI smart applications. A research paper on Bellini has just

been accepted to IEEE Globecom 2013.
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Client-Server: Users are served by one or a set 
of servers. Limited server capacity and reliability.
Hard to serve geo-distributed users.

Peer-to-Peer: Users have to 
contribute a part of their bandwidths to 
alleviate the server workload. Complex 

algorithms needed.

Cloud: Excellent 
connectivity between users 
and nearby datacenters. 
Dedicated high-capacity 
links are used between 
datacenters.

Implementing and deploying resource-hungry smart applications, 
such as streaming and conferencing, on the SAVI platform requires a 
!exible and reusable so"ware platform that provides customizable 
elements shared by these applications, such as choices of transport 
protocols, routing policies, and rate allocation strategies. To achieve 
this, we have designed and implemented Bellini, a !exible and 
reusable so"ware framework supporting a wide variety of prototype 
implementations targeting di#erent application scenarios. Customized 
protocols and algorithms can be plugged in using the provided 
interface, or loaded from a con$guration $le with ease. We are also 
working on decoupling the control plane from the data plane in 
Bellini, so that an OpenFlow-like central controller can be used to 
control the di#erent policies in Bellini.
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➣ Flexibility and reusability. Bellini should support shared elements 
of a variety of media-rich smart applications. Applications will able to 
use di#erent transport protocols, routing policies, and rate control 
strategies. 
➣ Decoupling between data plane and control planes. Bellini should 
provide an easy-to-use control plane to con$gure di#erent QoS 
parameters, routing policies, and etc. A"erwards, data plane will 
execute these decisions accurately.
➣ Performance. Bellini should achieve the best possible performance 
to utilize virtualized resources e%ciently, so that incurred costs are 
minimized. When the system scales up, Bellini should be capable of 
handling a large number of concurrent transmission sessions.

➣ Instrumentation. Bellini is also designed to validate and evaluate 
new media transmission protocols and algorithms using deployments 
in SAVI. It should instrument application performance at runtime, 
and report the results for further analysis. 

Flexible source routing and adjustable !ow rates. To support various 
smart applications in SAVI, Bellini is designed to allow sophisticated 
routing policies. Beside direct transmission, a packet can be 
forwarded at relays in a multi-hop path, or duplicated in any 
intermediate node in a multicast path. Furthermore, Bellini supports 
dynamic routing at the granularity of packets, so that the rate of each 
sub-!ow can be adjusted dynamically. 

class MyRouting : protected IRouting {
/* app-specific variables and functions */

};

RoutingList MyRouting::routingDecisions(const ConfIDType confId, 
const SessionIDType sessionId) { // declared in IRouting

RoutingList rlist;
/* app-specific routing algorithms */
rlist.addRoutingEntry(/* a routing policy */);
// ...
return rlist;

}

{ /* initialization */
MyRouting myRouting(/* init. values */);
gBellini.registerRoutingObj(myRouting);
// ...

}

{ /* when certain event occurs */
/* make some adjustments */
myRouting.adjustSomething(/* ... */);
/* force Bellini to call IRouting::routingDecisions and

       reload routing polices */
gBellini.reloadSessionPolicies(confID, sessionId);

}

Fig. 2. Implementation of customized routing algorithms using the
IRouting programming interface.

In addition to API-based control, Bellini also supports the
JSON-based configuration file. By writing a human-readable
lightweight JSON file, Bellini allows users to config a wide
variety of settings, such as routing policies and rate assignment
strategies for individual conferences and sessions, without
writing any C++ code. Fig. 3(a) lists a segment of a Bellini
configuration file, showing a transmission session from the
source node 1 in conference 1. We can see that there exist two
routing policies from the source (node 1) to destinations (node
2 and 4), with their respective flow rate assignments. Following
such a mix of multi-hop multi-path policies, packets will
be transmitted, forwarded, and duplicated through designated
paths, as shown in Fig. 3(b).

// ...
"ConferenceList": [
{
  "ConferenceID": 1,
  "StartTime": "2012-09-02 14:22:31 UTC",
  "Participants": [1,2,3,4],
  "SessionList": [
  {
    "SessionID": 1,
    "Protocol": TCP,
    "SrcNode": 1, /* Source Node ID */
    "DstNodes": [2,4], /* Destinations */
    "AverageRate": 80, /* 80 KB/s */
    "MaxBurstSize": 150 /* 150 KB at burst */
    "RoutingList": [
      { "FlowWeight": 25, "PathList": ["2,4","2,3,4"] },
      { "FlowWeight": 75, "PathList": ["2","3,4"] },
    //...

(a) A segment of the Bellini configuration file.
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(b) The corresponding traffic flows.

Fig. 3. An example of configuring Bellini for multi-hop multi-path trans-
mission session from node 1 to node 2 and 4.

Performance. Since Bellini is designed to support the imple-
mentation of real-world applications to be deployed in actual
cloud datacenters, it should be implemented with performance
and scalability in mind. In particular, it is critical for Bellini to
achieve the best possible performance, such that all resources
purchased in datacenter are utilized efficiently. Furthermore,
when the system scales up, e.g., multiple nodes are forming
multiple concurrent transmission sessions, which is the norm
in reality (e.g., in the video streaming scenario), Bellini should
be capable of handling a large number of concurrent sessions,
each maintaining a high transmission rate.

In order to achieve this goal, the design of Bellini is
guided by the asynchronous event-driven paradigm, in which
incoming events (e.g., packet reception) are processed by
corresponding handlers, and subsequent events may be gener-
ated for further processing. The advantage of the event-driven
paradigm is two-fold. First, the event-driven engine incurs less
CPU and memory overhead. When the workload concurrency
of a cloud node is high, the event-driven model only uses
a fixed number of threads, while the “thread-per-connection”
model will create a large amount of working threads, leading
to excessive overhead of thread context switching. Second,
with the help of the event-driven engine, components inside
Bellini can be loosely coupled. As long as event handlers from
different components are appropriately registered for specific
events, event-based workflows are naturally formed and then
components can work seamlessly.

III. IMPLEMENTATION

With our design objectives in mind, we have designed
and implemented Bellini from scratch, using C++ and the
Boost asio asynchronous I/O library. To realize new cloud-
based applications, inter-datacenter protocols can be easily
built on the Bellini framework, and then deployed in VMs
at geo-distributed datacenters. Using the interface provided
by Bellini, application instances (henceforth called nodes) can
establish or join one or more conferences and corresponding
transmission sessions. Within a conference, Bellini assists
applications to send and receive data to/from instances running
on other VMs. For different application traffic, combinations
of routing policies and rate control strategies can be specified
and executed. In order to thoroughly monitor the performance
of the entire system, instrumentation units are embedded in
Bellini. We now present further details on the design and
implementation of the Bellini framework.

Conference and Session Management
Bellini manages all active transmissions using the afore-

mentioned conference-session hierarchy. When a conference
is initiated by the application, using either a configuration file
or the IConference programming interface, Bellini node
will create an object that corresponds to this conference, and
register it in a conference listing server. With the conference
created, the application can further establish multiple con-
current sessions for actual transmissions among participating
nodes. Within a session, data from the session source will

Concurrent media conferences and sessions. In order to support a 
large number of concurrent media sessions, Bellini components are 
carefully designed to administer all ongoing transmission sessions. 
Among multiple concurrent sessions, each session is allowed to have 
its own set of routing and other policies. 

support concurrent traffic sessions in Bellini’s implementation.
First, the Bellini dispatcher is implemented with confer-

ence/session awareness. For each session, its corresponding
routing and flow assignment decisions will be loaded into a
per-session internal object for speedy access. In this way, each
session can operate separately without affecting each other.
Second, we must think carefully how outgoing packets of
the dispatcher — particularly, packets from different sessions
but to the same next-hop node — should be transmitted, to
support a large number of concurrent sessions. Intuitively, a
solution is to establish separate connections from the local
node to the next-hop node, with each connection used by
one ongoing session. However, such an approach will incur
additional overhead (e.g., handshake and slow-start) when
creating new connection for each session. To ensure system
performance, multiplexed node-to-node connections is adopted
in Bellini, by sending packets designated to the same next-hop
node through the same connection.

In order to implement such an efficient and scalable design,
we create a data feeder object for each next-hop node, and
each data feeder collects packets from the Bellini dispatcher
to be sent to a particular next-hop node. As shown in Fig. 5,
within each data feeder, we maintain a list of per-conference
queues to buffer packets from different conferences, rather
than queueing all packets in a shared buffer. On one hand,
such a design provides the flexibility to balance or prioritize
ongoing conferences in Bellini. As a transmission opportunity
comes, the data feeder can pop a packet from per-conference
queues in a round-robin manner or in a prioritized order speci-
fied by the application. On the other hand, once a conference is
terminated, associated queues can be immediately removed to
eliminate useless packets, instead of scanning shared queues.
It is also worth noting that as multi-hop transmissions are
allowed, queues in an intermediate node may overflow when
the congestion occurs. In such a case, Bellini will notify all
involved nodes so that the application can take proper actions.
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Fig. 5. An illustration of data feeders in Bellini.

Implementing High-Performance Packet Delivery
With packets queued in data feeders, we are ready to deliver

them to the corresponding next-hop nodes. In out implemen-
tation, Bellini provides high-performance packet delivery to
other running Bellini nodes. Applications can choose different
transport protocols in Bellini, with support for both TCP and
UDP as transport protocols. In order to achieve a reasonable

fairness when UDP and TCP compete for bandwidth, TCP-
friendly rate control (TFRC) is activated in each UDP con-
nection as the flow control algorithm.

With multiplexed transmission, each TCP/UDP connection
to a remote node will be associated with a corresponding
data feeder. Once a transmission opportunity occurs, Bellini
immediately requests a packet from the associated data feeder
and send it out. Meanwhile, Bellini asynchronously waits for
any incoming packets from the network. Upon receiving a
packet, a reception completion handler will be triggered and
the packet will be sent to the dispatcher for further processing.
In addition to data packets, all control packets, such as session
management messages or congestion notifications, are sent
over dedicated connections, to timely manage the Bellini
system.

Network Coding
In recent years, we have observed that random network

coding has been widely used for peer-to-peer transmissions.
With satisfactory performance reported in the literature [2],
Bellini supports random network coding, so that researchers
can simply activate network coding as a component, and then
evaluate its suitability in new inter-datacenter protocols.

As network coding is a rateless erasure code, we decide to
incorporate it with UDP and TFRC in Bellini, to provide an
alternative transmission protocol supporting both error control
and flow control. To be specific, packets to be sent are linearly
combined to produce coded packets, using random coefficients
in GF (28). At a receiving node, the decoding is performed
progressively using the Gauss-Jordan elimination. Any relay
node may also produce coded packets by performing similar
operation on the received coded packets. To provide the best
possible performance when the network coding engine is
enabled, we have included a fully optimized network coding
codec in Bellini. Our accelerated codec is able to conduct
network coding in a parallel manner using SIMD instructions.

Instrumentation and Supporting Scripts
Since Bellini is primarily designed as a real-world deploy-

ment platform to evaluate new inter-datacenter protocols, the
ability to evaluate its runtime performance is a must. We
have implemented instrumentation units in Bellini to closely
monitor various performance metrics, e.g., the TCP/UDP
throughput, per-session packet forwarding rates, and end-to-
end delays. Every 30 seconds, these performance metrics
are reported to the gStatistics object provided in the
interface, so that the application is able to monitor the Bellini
runtime. For the convenience of offline performance analysis,
periodic performance reports are also written to logs.

Last but not the least, Bellini includes an extensive set of
deployment scripts that provides “turn-key” solutions when it
comes to deploying multiple executable instances and config-
uration files to their respective datacenters, launching them for
execution, and collecting logs after they are terminated. Batch
processing scripts have also been provided to automate the de-
ployment of a large number of performance tests (perhaps with

Instrumentation and supporting scripts. Bellini includes an extensive 
set of instrumentation modules and deployment scripts that provides 
“turn-key” solutions when it comes to deploying multiple executable 
instances and con$guration $les to their respective datacenters, 
launching them for execution, and collecting logs a"er they are 
terminated.

different configuration settings) without human intervention.

IV. CASE STUDIES

We now use two case studies to show how Bellini can
facilitate the implementation and evaluation of new inter-
datacenter protocols. In our case studies, the flexibility and
performance of Bellini are assessed thoroughly.

A. Video Messaging with Minimized Traffic Costs

With increasing uses of messaging applications on mobile
devices, it is conceivable that, not only text, short videos can
also be messaged. And, such messaging is not as sensitive to
end-to-end delays as streaming and conferencing applications.
If videos to be messaged are transmitted over inter-datacenter
networks with high-capacity links, we can focus more on the
operational costs of running such video messaging service.
We discover that percentile-based charging models that are
typically used in inter-datacenter networks may provide further
opportunities to reduce operational costs: if some traffic is
already generated on one link, transmitting less traffic in
subsequent time intervals will be a waste of capital investment.
Therefore, a possible way to reduce costs is to design routing
and flow assignment for traffic flows so that the under-utilized
time intervals are minimized as much as possible.

To achieve this goal, a set of algorithms has been designed
to minimize the cloud operator’s costs on messaging traffic,
by optimally routing flows in an online fashion [3]. As Bellini
is designed to be flexible, using it to build a prototype of
such a video messaging application—possibly using interme-
diate datacenters as relays—is a breeze. By implementing
the new algorithms as C++ objects derived from IRouting
and IFlowAssignment, video traffic across inter-datacenter
links can be split and transmitted along multiple multi-hop
paths. Thanks to such a flexible support of the Bellini frame-
work, the prototype of the video messaging service has no
more than 1, 000 lines of C++ code.

With such a prototype built on Bellini, we use the cloud
deployment scripts to deploy instances of our prototype in
medium VMs in 7 Amazon EC2 datacenters and evaluate the
performance. First, we investigate the relation between the
packet processing rate and the resource usage of Bellini, by
sending an increasing number of randomly generated video
messages. After collecting all the logs, we group performance
reports by 5-min intervals, and then derive the average packet
processing rate and CPU/memory usage within each interval.
As shown in Fig. 6, there exists a strong linear correlation
between the processing rate and the CPU usage, which makes
it possible to estimate Bellini’s performance given the pro-
cessing power of a VM. Such a predictable performance of
Bellini is mainly attributed to the low CPU overhead incurred
by the high-performance event-driven engine. With respect
to the memory usage, we observe that the memory usage is
reasonably low even at a high processing rate, implying that
packets are processed in a timely manner.

We then evaluate the time consumed internally for packet
processing, to verify the effectiveness of online routing and
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Fig. 6. Comparisons between the packet processing rate and CPU/memory
usage of Bellini.

flow assignment. Since each packet will be first combined
with a routing header to execute the customized routing and
flow assignment decisions, we plot the CDF of the processing
time consumed on such operations in Fig. 7. It is shown
that the average processing time for each packet is as low
as 1.89 µs and the standard deviation is no more than 0.1 µs.
Recall that all packets, including local packets and incoming
packets from other nodes, will be forwarded to corresponding
next-hop nodes by the dispatcher. Fig. 8 further examines
internal processing times in Bellini’s dispatcher. With an
average of 5.47 µs/packet observed, we can derive that the
total processing time consumed by these two major steps is
around 7.4 µs/packet. These observations reveal that Bellini is
able to achieve excellent performance in real-world settings.
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Fig. 7. Processing time consumed
for routing and flow assignment.
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on dispatching packets.

B. Video Conferencing using Inter-Datacenter Networks

Traditionally, multi-party video conferencing protocols are
designed to use a peer-to-peer architecture. However, due
to a lack of bandwidth between nodes over the Internet,
its quality is not satisfactory. Since datacenters in the cloud
are typically connected via dedicated links, it is conceivable
that throughput may be higher by relaying the conferencing
session over the inter-datacenter network. In this case study,
we would like to use Bellini to validate the idea of cloud-based
video conferencing, named Airlift [4]. By delivering live video
conferencing streams via datacenters, Airlift algorithms try to
use network coding and optimal flow control to maximize
the total throughput, without violating end-to-end delay con-
straints. Since Bellini supports network coding assisted multi-
hop transmission, it is trivial to setup the Bellini: after turning
on the network coding engine, Bellini is able to automatically

different configuration settings) without human intervention.

IV. CASE STUDIES

We now use two case studies to show how Bellini can
facilitate the implementation and evaluation of new inter-
datacenter protocols. In our case studies, the flexibility and
performance of Bellini are assessed thoroughly.

A. Video Messaging with Minimized Traffic Costs

With increasing uses of messaging applications on mobile
devices, it is conceivable that, not only text, short videos can
also be messaged. And, such messaging is not as sensitive to
end-to-end delays as streaming and conferencing applications.
If videos to be messaged are transmitted over inter-datacenter
networks with high-capacity links, we can focus more on the
operational costs of running such video messaging service.
We discover that percentile-based charging models that are
typically used in inter-datacenter networks may provide further
opportunities to reduce operational costs: if some traffic is
already generated on one link, transmitting less traffic in
subsequent time intervals will be a waste of capital investment.
Therefore, a possible way to reduce costs is to design routing
and flow assignment for traffic flows so that the under-utilized
time intervals are minimized as much as possible.

To achieve this goal, a set of algorithms has been designed
to minimize the cloud operator’s costs on messaging traffic,
by optimally routing flows in an online fashion [3]. As Bellini
is designed to be flexible, using it to build a prototype of
such a video messaging application—possibly using interme-
diate datacenters as relays—is a breeze. By implementing
the new algorithms as C++ objects derived from IRouting
and IFlowAssignment, video traffic across inter-datacenter
links can be split and transmitted along multiple multi-hop
paths. Thanks to such a flexible support of the Bellini frame-
work, the prototype of the video messaging service has no
more than 1, 000 lines of C++ code.

With such a prototype built on Bellini, we use the cloud
deployment scripts to deploy instances of our prototype in
medium VMs in 7 Amazon EC2 datacenters and evaluate the
performance. First, we investigate the relation between the
packet processing rate and the resource usage of Bellini, by
sending an increasing number of randomly generated video
messages. After collecting all the logs, we group performance
reports by 5-min intervals, and then derive the average packet
processing rate and CPU/memory usage within each interval.
As shown in Fig. 6, there exists a strong linear correlation
between the processing rate and the CPU usage, which makes
it possible to estimate Bellini’s performance given the pro-
cessing power of a VM. Such a predictable performance of
Bellini is mainly attributed to the low CPU overhead incurred
by the high-performance event-driven engine. With respect
to the memory usage, we observe that the memory usage is
reasonably low even at a high processing rate, implying that
packets are processed in a timely manner.

We then evaluate the time consumed internally for packet
processing, to verify the effectiveness of online routing and
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Fig. 6. Comparisons between the packet processing rate and CPU/memory
usage of Bellini.

flow assignment. Since each packet will be first combined
with a routing header to execute the customized routing and
flow assignment decisions, we plot the CDF of the processing
time consumed on such operations in Fig. 7. It is shown
that the average processing time for each packet is as low
as 1.89 µs and the standard deviation is no more than 0.1 µs.
Recall that all packets, including local packets and incoming
packets from other nodes, will be forwarded to corresponding
next-hop nodes by the dispatcher. Fig. 8 further examines
internal processing times in Bellini’s dispatcher. With an
average of 5.47 µs/packet observed, we can derive that the
total processing time consumed by these two major steps is
around 7.4 µs/packet. These observations reveal that Bellini is
able to achieve excellent performance in real-world settings.
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Fig. 7. Processing time consumed
for routing and flow assignment.
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Fig. 8. Processing time consumed
on dispatching packets.

B. Video Conferencing using Inter-Datacenter Networks

Traditionally, multi-party video conferencing protocols are
designed to use a peer-to-peer architecture. However, due
to a lack of bandwidth between nodes over the Internet,
its quality is not satisfactory. Since datacenters in the cloud
are typically connected via dedicated links, it is conceivable
that throughput may be higher by relaying the conferencing
session over the inter-datacenter network. In this case study,
we would like to use Bellini to validate the idea of cloud-based
video conferencing, named Airlift [4]. By delivering live video
conferencing streams via datacenters, Airlift algorithms try to
use network coding and optimal flow control to maximize
the total throughput, without violating end-to-end delay con-
straints. Since Bellini supports network coding assisted multi-
hop transmission, it is trivial to setup the Bellini: after turning
on the network coding engine, Bellini is able to automatically

Bellini: A So!ware-de"ned Application-layer Networking Platform
Zimu Liu, Yuan Feng, Baochun Li

Department of Electrical and Computer Engineering, University of Toronto

!e Evolution of Application Networking

Motivation

Design Objectives

Implementation Highlights

Performance Evaluation

Figure 1.2: Bellini - A Software-defined Application-layer Networking Platform from Zimu Liu, Yuan Feng
and Baochun Li at University of Toronto (Theme 1)
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3. MobileView: Mobile Video Conferencing over Bellini and the SAVI Testbed

Zimu Liu, Baochun Li, U. Toronto

In order to demonstrate the power and customizability of the Bellini software framework over the SAVI

testbed, we have developed a video conferencing application on the iPhone (iOS) platform, that uses Bellini

to send and receive traffic via the SAVI testbed. A video conferencing application is bandwidth demanding

and delay sensitive, and will be used to test the viability and effectiveness of new protocols to control the

deployment of new smart applications in SAVI.
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4: Design patterns for Spatio-temporal Applications on HBase

Dan Han, Eleni Stroulia, U. Alberta

Cloud-based infrastructures enable applications to collect and analyze massive amounts of data. Whether

these applications are newly developed or they are being evolved from existing RDBMS-based implemen-

tations, NoSQL databases offer an attractive platform with which to address this challenge. However,

development methodologies and tools for these platforms are practically non-existing. Focusing on spatio-

temporal applications, as big-data systems with distinct data types and usage patterns in need of scalability,

this thesis develops general guidelines for the design of HBase storage, and a specific three-dimensional H-

Base “schema” for geospatial applications. These guidelines have been evaluated with the migration of an

existing geospatial application to the cloud.
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A Framework for Big Data Analytics on HBase 
Dan Han and Eleni Stroulia  

University of Alberta 
{dhan3, stroulia} @ualberta.ca 

•   

•  Big Data originates from 
•  Mobile applications 
•  Ubiquitous sensors 
•  New breed of archive-style applications 

•  Big-Data Challenges 
•  Volume: the size of the data 
•  Velocity: the latency of data processing 
•  Variety: the diversity of sources, formats, and 
structures 

•  Existing and new applications can now take 
advantage of more data  

•  By collecting additional data 
•  By analyzing existing historical data in new ways  

•  Big-Data Analytics requires 
•  Scalable data-management system 
•  Support for multiple data types 
•  Support for batch processing and/or real-time 
data streams 

The Problem  
•  Schema Design 

•  No systematic way to organize the data in 
NoSQL databases 
•  Data schema substantially impacts query 
performance 

•  Query Implementation 
•  Few and Simple APIs (Get and Scan) 
•  Co-processors  

•  Aggregating Data from Different Sources 
•  Migrate the data incrementally without any 
performance impact 
•  Schedule the data migration process for 
different sources or edges 

NoSQL Challenges 

[1] Dan Han, Eleni Stroulia, A three-dimensional data model in HBase  
for large time-series dataset analysis. MESOCA 2012: 47-56 
[2] Dan Han, Eleni, Stroulia, HGrid: A Data Model for Large Geospatial  
Data Sets in HBase. (To appear) CLOUD 2013  

Related Publications 

HBase Schema Design 

Three-Dimensional Data Model for Time-Series 
Data [1] 

•  Data Organization 
•  Short Row key and Column names 
•  Better to have a single Column Family 
•  Not “too large” amount of data in one row 
•  The 3rd dimension should also be used 
•  The Bloom Filter should be configured to prune rows 

and columns 
•  Query Processing 

•  “Scan” is better than “Get” for retrieving discontinuous 
keys, in spite of the irrelevant data scanned 

•  “Scan” is preferable for small queries, while 
Coprocessor for large queries 

•  Better to split one large query into multiple sub-queries 
than use one query with row filter mechanism 

TS un
it 

Object attribute 

TS
P

-O
bj

Id
 

The HGrid Data Model for Geospatial Data [2] 

•  Row Key: Timestamp period–Object ID 
•  A coarse granularity of time, e.g. day, 

week, month 
•  Column Name: Object attribute 
•  Version: Timestamp unit 

•  A fine granularity of time, e.g. second, 
minute, hour 

•  HGrid Index Construction 
•  A new hybrid spatial index structure 

•  Row key: QTId-RowId 
•  Z-value of quad-tree tile in the 1st tier 

index 
•  Row index of its regular-grid cell in the 

2nd tier 
•  Column Name: ColumnId-ObjectId 

•  Column index of regular-grid cell in the 
2nd tier 

•  Version: Object Attributes 

Obje
ct 

att
rib

ute
 

Columnid-ObjectId 

Q
TI

d-
R

ow
Id

 

HBase Best Practices [2] 

Examples of Datasets from Spatio-Temporal  
Applications 

An appropriate data schema relies 
on the data usage pattern 

How much unrelated data is examined 
in a query matters a lot 

Performance can be improved with 
data locality from 3rd dimension 

Framework in Action 
•  HCA-T Application 

•  a mobile application that communicates with a scheduling 
service to tell home-care aides where to go and what to do 

•  HCAs visit the patients based on the appointment and update 
the service status scheduled in the appointment 

•   Dataset  
•  100,000 patients, 22,000 HCAs in each province 
•  Each day, four working blocks (AM, Noon, PM, Supper) 
•  In each appointment, 10 to 20 services should be done, and 

5-10 pictures/notes will be uploaded 
•  In a year, for one province/edge, the meta data (excluding 

pictures) is around 180GB 

•  Environment Setup 
•  Core: 8-node Hadoop and HBase Cluster, 1 node for HCAT migration with Oozie and Sqoop, 1 node for HCAT 

Analytics Engine, 1 node for HCAT Analytics Console 
•  Edges: Two edges with HCAT server installed on it 

Workflow for Data-Aggregation on HBase 
•   Apache Sqoop 

•  A tool for efficiently transferring bulk data between Apache 
Hadoop and structured data stores such as relational 
databases 

•  However, it does not natively support customized HBase 
Schema 

•   Apache Oozie 
•  A workflow scheduler system to manage Hadoop jobs 
•  Workflow jobs: Directed Acyclical Graphs (DAGs) of 

actions 
•  Coordinator Jobs: Recurrent Oozie Workflow jobs 

triggered by time (frequency) and data availability 
•  Bundle Jobs: a set of coordinator jobs 
•  Scalable, Reliable and Extensible 

•   
•  How to configure the Hadoop and HBase 
cluster based on a certain amount of data 

•  How to make HBase work in real-time data 
processing 

Future Work 

Architecture and Data Model 

•  Component Level Architecture 
•  Hadoop, HBase, Oozie, Sqoop 
•  Data Migration  
•  Analytics Engine 
•  Analytics Visualization 

•  Various Data Sources 
•  Data from applications in SAVI Edge 
•  Data from public Cloud 
•  Data from applications outside of Cloud 

•  Various Data Formats 
•  Data in file format (txt, csv, xml, etc) 
•  Data in RDBMS 

Dataset / 
Dimension	


Space  
Size	


Time 
Length	


Object 
Variety	


Object 
Behavior	


Object 
Complexity	


Cosmology 
(N-Body 
Simulation) 	


Large	
 Small	
 Small	
 Yes	
 Low	


Bixi (bike-station 
data in Montreal)	


Small Long	
 Small	
 No	
 Low	


Smart Condo 
(home sensor)	


can be 
Large	


Large	
 Large	
 No	
 Medium	


HCA-T (mobile 
app for home-
care aides)	


Small	
 Long	
 Large	
 Yes	
 High	


Acknowledgments: NSERC (SAVI), IBM, Cybera, U of Alberta 

Figure 1.4: Design Patterns for Spatio-temporal Applications on HBase from Dan Han and Eleni Stroulia
at University of Alberta (Theme 1)
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5. SAVI Billboard

Sudhakar Ganti, Hausi A. Müller, U. Victoria

The objective of Billboard is to provide a virtual public post-it message center for users to post Text

Messages on. The concept is identical to public peg-boards. Each virtual Billboard is associated with a

geographical location. Users who are geographically near the virtual Billboard can read and post messages

on the board.
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Figure 1.5: SAVI Billboard Post-it Message Center from Przemek Lach, Ron Desmarais, Pratik Jain,
Andi Bergen, Nina Taherimakhsousi, Lorena Castaneda, Sudhakar Ganti and Hausi Müller at University of

Victoria (Theme 1)
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6. SAVI Context Based Face Recognition

Nina Taheri, Sudhakar Ganti, Hausi A. Müller, U. Victoria

During the past several years, face recognition in video has received significant attention. For the video

monitoring and artificial vision, real time face recognition has very important meaning. The current method

is still very susceptible to the illumination condition, non-real time and very common to fail to track the

target face especially when partly covered or moving fast. In this work, we propose to use AdaBoost Cascade

for face detection and then in order to recognize the candidate faces, they will be analyzed by the PCA.

The implementation shows that the algorithm has quite good performance in terms of real-time and the

tracking procedure is triggered accurately.
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Figure 1.6: SAVI Context Based Face Recognition System from Nina Taherimakhsousi, Lorena Castaneda,
Pratik Jain, Przemek Lach, Ron Desmarais, Andreas Bergen, Hausi Müller and Sudhakar Ganti at University

of Victoria (Theme 1)
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7. SAVI PALTask

Andreas Bergen, Lorena Castañeda, Pratik Jain, Sudhakar Ganti, Hausi A. Müller, U. Victoria

PALTask is a chat based tool which integrates personalized context in order to perform automation of

web tasks such as: simultaneously searching for resources on the internet (video, websites, images, audio

files) among different providers; facilitating sharing of web resources. To achieve this personalized automated

search, a user’s personal context-sphere is taken into account, as well as an analysis of the chat context. The

concept is similar to existing chat applications where two users enter into communication with each other.

Each instance of the chat client application is associated with a fixed geographic location. However, chat

client users can benefit from dynamically migrating instances of the chat server application to a location

that improves the users’ experience (e.g. via improved latency and/or bandwidth). In principle this is

similar to Skype’s approach of nodes and supernodes. However, while Skype’s nodes are positioned at fixed

geographic locations and user requests are redirected to connect to specific nodes, PALTask dynamically

migrates lightweight instances of the server to locations which improve the experience of its users on a case

by case basis. The locations of lightweigth PALTask server instances are determined dynamically based on

the geographic location of its users.
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Figure 1.7: SAVI PALTask - Personal Context Assistant from Andreas Bergen, Pratik Jain, Lorena Cas-
tañeda, Nina Taherimakhsousi, Przemek Lach, Ron Desmarais, Hausi A. Müller and Sudhakar Ganti at

University of Victoria (Theme 1)
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7A. SAVI Newscast

Ron Desmarais, Przemek Lach, Sudhakar Ganti, Hausi A.Müller, U. Victoria

The objective of the Newscast application is to provide a customized video feed for each region of the

country. The newscast is recorded in front of a green screen and stored at the core. When the newscast is

broadcast the video is streamed from the core to each edge. The edge removes the green screen and replaces

it with a background that is suitable for the given location. For example, viewers in Vancouver will have a

backdrop of Vancouver while viewers in Calgary will have a Calgary backdrop.
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Figure 1.8: SAVI NewsCast - Customized Video Feed from Dr. Hausi Muller, Ron Desmarais, Przemek
Lach, and Sudhakar Ganti at University of Victoria (Theme 1)
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8: Supporting Application Development with Structured Queries in the Cloud

Michael Smit, Bradley Simmons, Mark Shtern and Marin Litoiu, York U.

We present a structured query language for the cloud, Cloud SQL, along with a system and methodology

for acquiring and organizing information from cloud providers and other entities in the cloud ecosystem

such that it can be queried. It allows developers to run queries on data organized based on their semantic

understanding of the cloud.
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Figure 2.1: Supporting Application Development with Structured Queries in the Cloud from Michael Smit,
Bradley Simmons, Mark Shtern and Marin Litoiu at York University (Theme 2)
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9: Model Predictive Resource Management for Cloud

Hamoun Ghanbari, Brad Simmons and Marin Litoiu, York U.

We present a method of optimizing the cloud infrastructure for a set of applications. In this context, a data

center provider attempts to meet all service level objectives (SLO) with its clients (i.e., for offered services)

while minimizing its own infrastructural cost. Meeting these objectives can be expressed as an Optimal

Service Placement (OSP) problem that we address by using Model Predictive Control (MPC).
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Figure 2.2: Model Predictive Resource Management for Cloud from Hamoun Ghanbari, Brad Simmons
and Marin Litoiu at York University (Theme 2)
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10: Pattern-based Deployment Service for Next Generation Clouds

Hongbin Lu, Mark Shtern, Bradley Simmons, Michael Smit and Marin Litoiu, York U.

We present a flexible deployment service for cloud computing. The service facilitates the specification and

the execution of cloud deployment plans for applications. An application is described through a pattern, an

abstract view that captures the logical view of the application and its mapping into cloud resources. The

service instantiates the pattern in the cloud and allows for runtime updates of the deployment.
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Figure 2.3: Pattern-based Deployment from Marin Litoiu at York University (Theme 2)
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11: Towards Cloud-aware Multi Class Adaptive Models

Cornel Barna, Mark Shtern and Marin Litoiu, York U.

We present a method to automatically synchronize and keep synchronized a multi-class performance model

with an application deployed in the SAVI cloud environment. The model can be used for runtime manage-

ment decisions by an autonomic manager.
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Figure 2.4: Adaptive Model from Cornel Barna and Marin Litoiu at York University (Theme 2)
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12. Algorithms for Task Allocation Considering Communication Delays

Ravneet Kaur, John Chinneck and Murray Woodside, Carleton U.

In a distributed computing system like a cloud, tasks should be assigned taking into account communication

latencies as well as execution or power costs. We are exploring graph algorithms for allocating tasks to the

core or edge while considering communication delays due to inter-task communication.
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Figure 2.5: Task Allocation from Ravneet Kaur, John Chinneck and Murray Woodside at Carleton Uni-
versity (Theme 2)
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13. Impact of Network Latency on Cloud Performance

Adnan Faisal, Dorina Petriu, Murray Woodside, Carleton U.

Cloud computing provides computing resources (both hardware and software) as a utility. However cloud

data centers could be located at physically distant locations from the end-users, which might cause longer

than expected response times. A way to reduce this response time is to partition some applications and

data and place them in edge clouds that are located near to the end-users, possibly in the same city. In

reality, the extra network latency added by the edge clouds might reduce the overall system performance

quite unexpectedly in some cases. The impact of network latency on cloud performance (using edge clouds)

is studied, with the help of a health-care related case study.
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Effect of Network Latency on Cloud 
Performance

Adnan Faisal, Dorina Petriu and Murray Woodside

Dept. of Systems and Computer Eng.

Carleton University

{faisal|petriu|cmw}@sce.carleton.ca

July 2013
• In cloud computing, an “edge cloud” may be introduced close to 
some of the end users, to give faster service for very demanding 
applications. 

• Parts in the core and edge may then have to communicate, 
introducing associated network latencies. 

• We use a Layered Queueing Network performance model to 
explore the impact of network latency and some possible 
deployment choices on the responsiveness of a distributed 
health‐care application called HCAT.  1

From Functional Model to Performance Model (1)
Two Transaction classes

1. Heavy transactions:
– Represents Central Analysis Service

– large service demand

2. Light transactions:
– Represents all light transaction services

– Includes home care information 
management and scheduling

Two Video Streaming classes

1. Conference video streaming:
– Transmit/view conference video

– Time critical

2. Video retrieval streaming
– View archived video

– Videos might be available for review

– Added by us to HCAT capabilities 

 

                                                                Edge 
 
 
 

           Core 
 
 
 

             Mobile Platform
 
 
 

AV 
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AV  
Viewer

Transaction 
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Data
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Streaming
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Streaming 

Analysis 
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Data Storage and Archive HEAVY
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SSttrreeaammiinngg 

User 
Interface 

• In the performance model, we 
do not separate classes based 
on their functions but rather 
on their service demands

• We have regrouped the four 
services to create four classes 
of traffic

5

Experimental results(1)
Point of saturation

• We modeled one edge and 
one core cloud

• All 10 of the edge processors 
are saturated  at 170 mobiles.

• Core is very lightly utilized

Impact of network latency

• Varying $me and $mc has a small impact
• Changing $ec has a large impact on 

performance as there are many edge to 
core requests

• R_acceptX increases as we increase $me
• R_getVideo slightly decreases because 

acceptXact uses fewer common resources
due to higher congestion

9

The context of the work

• Evaluate the impact of communication mechanisms on the 
performance in a distributed application

• A range of mechanisms exists
– Network latency: different deployments
– Transport protocol: TCP / UDP
– Middleware support: CORBA/  RMI / SOAP

• Larger goal: 
– Build a library of performance models for communication mechanism
– automate the process of composing mechanism to performance 

models 
– run the composed model to take informed decision about choices that 

meet performance requirements.

• In this poster we show the impact of network latency for 
HCAT when it is deployed in edge and core clouds

2

HCAT (Home Care Aides Technology): 
a distributed health‐care application with 4 services

1. Information of
clients care plans,
HCAs availability,
schedule of visit 

2. Suggest schedule
(heavy)

4. Video conferencing, viewing,
annotating and archiving

3. Analyze and
manage HCAs
and clients info

3

Issues in the present study
1. The impact of network latency on performance

– Performance impact of latency variation 
(between user and edge, between user and core 
and between edge and core) is analyzed

2. Compare 3 deployments
– Deploy to both edge and core
– Deploy fully to edge
– Deploy fully to core 

3. The impact of data partitioning
– Data are moved between edge and core
– This affects the core data accesses from the edge 

4

Functional Model to Performance Model (2)
Mapping HCAT services to LQN tasks

• Heavy transactions (doAnalysisC)
– Represented by DataAnalaysis task

– Requires access to DataStorage task

• Light transactions handling (acceptXact)
– Represented using front‐end task HandleXact, supported by a back‐end 

DataAnalysis task.

– Requires access to DataStorage task

• Conference video steaming (captureStream)
– Modeled by the AVInOutStream task 

– This task receives a video stream from one mobile and redirects it to a set of 
($nVC‐1) other mobiles 

– $nVC = average number of participants in a video conference.

• Video retrieval streaming (getVideo)
– modeled by the task AVOutStream task

– This task retrieves a video file from storage and sends it to one mobile that 
receives it via the GetVideo task.  6

LQN Model: our view of HCAT

7

Model variables
$N = number of mobiles per edge (nominal 150)
$hX = demand to handle a transaction (nominal 10 ms)
$doSA = demand for a small  transaction backend operation (e.g., a scheduling query, small 
analysis query) (nominal 100 ms)
$doBA = demand for a large business intelligence‐type operation (nominal 0.5 min)
$hXD = demand to get or store data for a simple transaction in the archive (nominal  200 ms)
$hvf = demand to  handle a video frame (compress/decompress, display) (nominal 10 ms)
$hVF = demand to get and send or receive and store a 5‐minute video file (nominal 12 s)
$nvf (videoFrames) = number of frames in a video (nominal 7200 ms)
$dvf = duration of a single video frame (nominal 42 ms) 
$captureExec=$nvf*$hvf, execution time taken to capture a video file (nominal 72 s)
$captureTotal=Total time a video is captured (nominal video conference duration 5 min)
$captureThink = $captureTotal ‐ $captureExec. Camera’s wait time between processing two 
consecutive frames, so a frame can be  viewed by the mobile users. (nominal  228 s) 
$nSDA = number of data transaction per small analysis (nominal 200)
$nBDA = number of data transactions per big analysis (nominal 10,000) 
$nVC = the number of participants in a video conference (nominal 3)
$hInOut = Time taken to process a frame at cloud. Formula ($nVC ‐ 1)*$hvf (nominal 20 ms)
$nEDA = No. of edge data access for a computation that takes place partially in edge and core 
(nominal 10)
$me = Mobile to edge latency (nominal 50 ms)
$mc = Mobile to core latency (nominal 200 ms)
$ec = Edge to core latency (nominal 50 ms) 8

Experimental results(2): 
Different deployments

10

• $mc has long latency (200 ms) comparing 
to $me and $ec (50 ms each)

• Before saturation, AllEdge deployment is 
fastest due to its lowest latency

• Before saturation, AllEdge is only slightly 
better than Split deployment

• From saturation, AllEdge is worse than 
Split deployment, because Split 
deployment forwards some requests to 
core, which helps reducing response time.

• Similar to getVideo class, AllEdge deployment
gives the lowest  response time for 

R_acceptX
• Split deployment is the worst of the 3 

deployments, which is contrary to our 
expectation of performance using the edge

• Too many edge to core requests cause      
the split deployment to perform worst

Response time of video retrieval Response time of light transactions

Experimental results(3):
Data partition effect

Xact data access 
ratio between
Edge:Core

R_accept
[ms]

R_System
[ms]

10:200 10,238.7 35,599
200:10 746.098 26,266

11

Requesting more data from edge 
to core (i.e., increasing $nSDA)

• Edge can not accommodate a huge 
database 

• A small edge database causes an  
increment of $nSDA.

• which increases R_acceptX and 
R_System.

• Data distribution requires a balance

Moving data from core to edge

• We show the impact of having large edge 
database.

• We exchange the values of $nEDA and $nSDA
from (10:200) to (200:10)

• Having a large edge database has huge impact 
on performance on acceptXact class (e.g., 
R_acceptX reduces from 10 s to 0.7 s) 

Conclusion
• We created a model for a distributed health‐care application to check whether 

it meets response time requirements.

• Edge‐core latency and deployment were considered

Summary of Results:

• The default assumption that a Split deployment is better (in terms of 
performance) than AllCore or AllEdge deployments is over‐ambitious.

• To gain performance using the edge, it needs to be sufficiently powerful. 

• Edge should have large enough database to process locally the queries 
submitted to it. Too much edge‐cloud interaction causes performance 
degradation.

• The most sensitive latency is Edge to Core.  This is especially true for cases 
when the edge requires accessing the core for retrieving large amount of data.

Future works for SAVI:

• Evolve and validate the model against actual HCAT data.

• Analyze scalability of deployed HCAT system.

• Integrate the model with the strategy to optimize deployment.

12

Figure 2.6: Effect of Network Latency from Adnan Faisal, Dorina Petriu and Murray Woodside at Carleton
University (Theme 2)
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14. Simulation of Core-Edge Cloud Networks

Derek Hawker, John Chinneck and Murray Woodside, Carleton U.

A Cloud simulator (DCSim) is being evaluated for modeling the proposed SAVI core-edge cloud architecture.

Several modifications will be required to represent latencies introduced by the geographical distance between

core and edge cloud networks. The goals of simulation are to provide testing of Virtual Machine allocation

policies on a variety of deployed network configurations and scales.
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Figure 2.7: Simulation of Core-Edge Hybrid Cloud Networks from Derek Hawker at Carleton University
(Theme 2)
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15. Dynamic Controller Provisioning in Software Defined Networks

Submitted to IEEE/ACM/IFIP Conference on Network and Service Management (CNSM 2013)

Md Faizul Bari, Arup Raton Roy, Shihabur Rahman Chowdhury, Qi Zhang, Mohamed Faten Zhani, Reaz

Ahmed and Raouf Boutaba, U. Waterloo

Software Defined Networking (SDN) has emerged as a new paradigm that offers the programmability re-

quired to dynamically configure and control a network. A traditional SDN implementation relies on a

central controller that runs the control plane. However, in a large-scale WAN deployment, this rudimentary

centralized approach has several limitations related to performance and scalability. To address these issues,

recent proposals have advocated deploying multiple controllers that work cooperatively to control a network.

Nonetheless, this approach drags in an interesting problem, which we call the Dynamic Controller Provi-

sioning Problem (DCPP). DCPP dynamically adapts the number of controllers and their locations with

changing network conditions, in order to minimize flow setup time and communication overhead. In this

work, we propose a framework for deploying multiple controllers within a WAN. Our framework dynamically

adjusts the number of active controllers and delegates each controller with a subset of Openflow switches

according to network dynamics while ensuring minimal flow setup time and communication overhead. To

this end, we formulate the optimal controller provisioning problem as an Integer Linear Program (ILP) and

propose two heuristics to solve it. Simulation results show that our solution minimizes flow setup time while

incurring very low communication overhead.
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Figure 3.1: Dynamic Controller Provisioning in Software Defined Networks from Raouf Boutaba at Uni-
versity of Waterloo (Theme 3)
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16 Greenhead: Virtual Data Center Embedding Across Distributed Infrastructures

Transactions on Cloud Computing (Under revision)

Ahmed Amokrane, Mohamed Faten Zhani, Rami Langar, Raouf Boutaba and Guy Pujolle, U. Waterloo

Cloud computing promises to provide on-demand computing, storage and networking resources. However,

most cloud providers simply offer virtual machines (VMs) without bandwidth and delay guarantees, which

may hurt the performance of the deployed services. Recently, a number of proposals have suggested reme-

diating such limitation by offering Virtual Data Centers (VDCs) instead of providing only VMs. However,

they have only considered the case where the VDC components are embedded within a single data center.

In practice, infrastructure providers should have the ability to provision requested VDCs across their dis-

tributed infrastructure to leverage the abundance of resources they possess and to achieve multiple goals

including revenue maximization, operational costs reduction, energy efficiency and green IT, or to simply

satisfy geographic location constraints of the VDCs.

In this work, we propose Greenhead, a holistic resource management framework for embedding VDCs across

geographically distributed data centers connected through a backbone network. The goal of Greenhead is to

find the best trade-off between maximizing the revenue, reducing energy costs and respecting environmental

considerations as well. To evaluate the effectiveness of our proposal, we conducted extensive simulations

for four data centers connected through the NSFNet topology. Results show that the proposed framework

improves requests’ acceptance ratio and revenue by up to 40% while ensuring high usage of renewable energy

and minimal carbon footprint.
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Figure 3.2: Greenhead: Virtual Data Center Embedding from Raouf Boutaba at University of Waterloo
(Theme 3)
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17. HARMONY: Dynamic Heterogeneity-Aware Resource Provisioning in the Cloud

In the 33rd International Conference on Distributed Computing Systems (ICDCS), Philadelphia (USA),

July 08-11, 2013

Qi Zhang, Mohamed Faten Zhani, Raouf Boutaba, J. L. Hellerstein, U. Waterloo

Data centers today consume tremendous amount of energy in terms of power distribution and cooling.

Dynamic capacity provisioning is a promising approach for reducing energy consumption by dynamically

adjusting the number of active machines to match resource demands. However, despite extensive studies of

the problem, existing solutions for dynamic capacity provisioning have not fully considered the heterogene-

ity of both workload and machine hardware found in production environments. In particular, production

data centers often comprise several generations of machines with different capacities, capabilities and energy

consumption characteristics. Meanwhile, the workloads running in these data centers typically consist of

a wide variety of applications with different priorities, performance objectives and resource requirements.

Failure to con- sider heterogeneous characteristics will lead to both sub-optimal energy-savings and long

scheduling delays, due to incompatibility between workload requirements and the resources offered by the

provisioned machines. To address this limitation, in this work we present HARMONY, a Heterogeneity-

Aware Resource Management System for dynamic capacity provisioning in cloud computing environments.

Specifically, we first use the K-means clustering algorithm to divide the workload into distinct task classes

with similar characteristics in terms of resource and performance requirements. Then we present a novel

technique for dynamically adjusting the number of machines of each type to minimize total energy con-

sumption and performance penalty in terms of scheduling delay. Through simulations using real traces from

Google’s compute clusters, we found that our approach can improve data center energy efficiency by up to

28% compared to heterogeneity-oblivious solutions.
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Figure 3.3: Harmony: Dynamic Resource Provisioning in the Cloud from Qi Zhang, Mohamed Faten Zhani
and Raouf Boutaba at University of Waterloo (Theme 3)
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18. On achieving high survivability in virtualized data centers

Submitted to IEICE Transactions on Electronics.

Md Golam Rabbani, Mohamed Faten Zhani, Raouf Boutaba, U. Waterloo

As businesses are increasingly relying on the cloud to host their services, cloud providers are striving to

offer guaranteed and highly-available resources. To achieve this goal, recent proposals have advocated offer-

ing both computing and networking resources in the form of Virtual Data Centers (VDCs). Subsequently,

several attempts have been made to improve the availability of VDCs through reliability-aware resource al-

location schemes and redundancy provisioning techniques. However, the research to date has not considered

the heterogeneity of the underlying physical components. Specifically, it does not consider recent findings

showing that failure rates and availability of cloud data center equipments can vary significantly depending

on various parameters including their types and ages. To address this limitation, in this paper we propose

an availability-aware management framework that takes into account the heterogeneity of data center equip-

ments to dynamically provision backup resources in order to ensure the required VDC availability. Hence,

we first propose a technique to compute the availability of a VDC that considers both (1) the heterogeneity

of the networking and computing elements of the data center in terms of failure rates and availability, and

(2) the number of redundant virtual nodes and links provisioned as backups. We then leverage this tech-

nique to propose an allocation scheme that jointly provisions resources for VDCs and backups of virtual

components with the goal of achieving the required VDC availability while minimizing operational costs

(notably energy costs). Through simulations, we demonstrate the effectiveness of our framework compared

heterogeneity-oblivious solutions.
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Figure 3.4: On Achieving High Survivability in Virtual Data Center from Md Golam Rabbani, Mohamed
Faten Zhani and Raouf Boutaba at University of Waterloo (Theme 3)
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19. VDC Planner: Dynamic Migration-Aware Virtual Data Center Embedding for Clouds

In Proceedings IFIP/IEEE Integrated Network Management Symposium (IM 2013), Ghent, Belgium, May

2013.

Mohamed Faten Zhani, Qi Zhang, Gwendal Simon, and Raouf Boutaba, U. Waterloo

Cloud computing promises to provide computing resources to a large number of service applications in an

on- demand manner. Traditionally, cloud providers such as Amazon only provide guaranteed allocation

for compute and storage resources, and fail to support bandwidth requirements and performance isolation

among these applications. To address this limitation, recently, a number of proposals advocate providing

both guaranteed server and network resources in the form of Virtual Data Centers (VDCs). This raises the

problem of optimally allocating both servers and data center networks to multiple VDCs in order to maxi-

mize the total revenue, while minimizing the total energy consumption in the data center. However, despite

recent studies on this problem, none of the existing solutions have considered the possibility of using VM

migration to dynamically adjust the resource allocation, in order to meet the fluctuating resource demand

of VDCs. In this demo, we present VDC Planner, a migration-aware dynamic virtual data center embed-

ding framework that aims at achieving high revenue while minimizing the total energy cost over-time. Our

framework supports various usage scenarios, including VDC embedding, VDC scaling as well as dynamic

VDC consolidation.

In this poster, we show how cloud users can define their VDC specifications and monitor their resources

through a Web interface. We implemented VDC Planner as a plugin module to OpenStack to efficiently

allocate computing and networking resources for VDCs while achieving the intended objectives including

revenue maximization, dynamic server consolidation and energy costs minimization.
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Figure 3.5: VDCPlanner: Migration-based Embedding in Data Centers from Mohamed Faten Zhani, Qi
Zhang, Md Golam Rabbani, Raouf Boutaba, Raissa Jabri and Arup Raton Roy at University of Waterloo

(Theme 3)
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20. Venice: Reliable Virtual Data Center Embedding in Clouds

Submitted to IEEE/ACM/IFIP Conference on Network and Service Management (CNSM 2013)

M. F. Zhani, Q. Zhang, M. Jabri, R. Boutaba, U. Waterloo

Cloud computing has become a cost-effective model for deploying online services in recent years. To improve

the Quality of Service (QoS) of the provisioned services, recently, a number of proposals have advocated

to provision both guar- anteed server and network resources in the form of Virtual Data Centers (VDC-

s). However, simply guaranteeing the quantity of provisioned resources is not sufficient for achieving high

service quality, as the service quality is also dependent on (1) the failure characteristics of physical compo-

nents on which the service is hosted, (2) the impact of individual failure on service availability, given the

complex dependencies among the virtual components. However, despite efforts towards designing efficient

VDC allocation algorithms, existing work has neither considered the heterogeneous failure characteristics

of physical components in data centers, nor the dependencies among VMs in different failure scenarios. As

a result, existing VDC embedding algorithms are often insufficient for achieving high VDC availability in

practical settings.

To address this limitation, in this work we first develop a technique for computing VDC availability that takes

into consideration heterogeneous hardware failure rates as well as dependencies among virtual components.

We then propose Venice, an availability-aware virtual data center embedding framework for achieving VDC

availability while minimizing total operational costs over time. Through realistic simulations, we show Venice

can significantly improve the availability of VDCs while incurring the same energy costs as availability-

oblivious solutions.
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Figure 3.6: Venice: Reliable Virtual Data Center Embedding in Clouds from Mohamed Faten Zhani, Qi
Zhang, Maissa Jabri and Raouf Boutaba at University of Waterloo (Theme 3)
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21. Network-Aware Job Placement in Data Center Environments

Yang Li, Carey Williamson, Mea Wang, U. Calgary

This project focuses on strategies for efficient placement and execution of jobs in data center environments.

Since network bandwidth is sometimes a scarce resource in multi-tenant data centers, several virtualiza-

tion abstractions have been proposed to avoid oversubscription of data center networks, and to provide

predictable QoS performance for users. In our work, we have built a simulation environment to study job

placement and scheduling strategies in data center networks. In particular, we model the Time-Interleaved

Virtual Clusters (TIVC) algorithm, and study its sensitivity to different job characteristics. Preliminary

results indicate that careful management of a delay queue for pending jobs can help achieve high system

utilization. Ongoing work is exploring the impacts of job migration, VM consolidation, and dynamic wireless

bandwidth augmentation.
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Figure 4.1: Network-Aware Job Placement in Data Center Environments from Yang Li, Carey Williamson
and Mea Wang at University of Calgary (Theme 4)
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22. 802.11 Wireless Access Point Virtualization Testbed

Heming Wen, Kevin Han, Michael Smith, Tho Le-Ngoc, McGill U.

This poster showcases some of the features integrated in the wireless access point firmware for the SAVI

testbed based on the OpenWrt image and the Stanford OpenFlow Wireless image (Debian-based). One of

the main features currently supported is OpenFlow. Notably, a mobile handover scenario is demonstrated

by using OpenFlow to detect wireless clients on access points and provision a video stream over a fully

OpenFlow-enabled network infrastructure. Open VSwitch is used as the wireless gateway on the wireless

access point firmware. A flexible control and data path separation is made by using virtual interfaces

(veth) and tunneling interfaces (tap). A discussion of some of the integration of other modern WLAN

functionalities (VLAN, multiple SSID, RADIUS, etc.) in the context of the SAVI testbed will be provided.
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Figure 4.2: 802.11 Wireless Access Point Virtualization Testbed from Heming Wen, Kevin Han, Michael
Smith, Prabhat Kumar Tiwary and Tho Le-Ngoc at Mcgill University (Theme 4)
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23. Wireless Virtualization Perspectives and Framework

Heming Wen, Prabhat Kumar Tiwary, Tho Le-Ngoc, McGill U.

The objective of this poster is to survey and compare recent works in the field of wireless virtualization in

order to identify potential applications, common trends and future research directions as well as formulate a

sustainable wireless virtualization framework. First, different wireless virtualization architectures as well as

both enabling and enabled technologies related to wireless virtualization are explored. Then, a classification

of wireless virtualization approaches based on the type of virtualized resources and the depth of slicing is

proposed. The three main perspectives identified are the data and flow-based perspective, the protocol-based

perspective and the spectrum-based perspective. The challenges and requirements of a sustainable wireless

virtualization framework are discussed. Finally, a hypothetical multi-dimensional virtualization framework

for wireless virtualization is presented.
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Figure 4.3: Wireless Virtualization Perspectives and Framework from Heming Wen, Prabhat Kumar Tiwary
and Tho Le-Ngoc at Mcgill University (Theme 4)
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24. Full-Duplex In-Band Channel OOK-DL/OFDM-UL Transmission up to 80 km of SMF in RSOA-Based

Radio-over-Fiber System Using Carrier Reuse and DL Modulation Tuning

Kim Lefebvre, An Nguyen, Leslie A. Rusch, U. Laval

We study the working principle of RSOA-based carrier remodulating WDM-PON networks, and apply this

architecture to the implementation of a full-duplex digital/analog radio-over-fiber system that is suitable

for FTTx applications. Experiment of transmitting full-duplex OOK-DL and WiFi OFDM-UL up to 80 km

of SSMF is carried-out to demonstrate the feasibility of the proposed scheme.
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Figure 4.4: Full-Duplex In-Band Channel OOK-DL/OFDM-UL Transmission up to 80 km of SMF in
RSOA-Based Radio-over-Fiber System Using Carrier Reuse and DL Modulation Tuning from Kim Lefebvre,

An Nguyen and Leslie A. Rusch at Université of Laval (Theme 4)
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25. Optical integration of multiple radio services using tandem optical SSB modulation and DSP-assisted

coherent detection

Chul Soo Park, An Nguyen, Leslie A. Rusch, U. Laval

Tandem optical single sideband (OSSB) modulation with DSP-assisted coherent optical detection is pre-

sented to integrate multiple radio services. 2- and 5-Gbps BPSK signals are tested as a proof of concept.

Tandem OSSB modulation technique carries two BPSK signals on each optical sideband. Coherent optical

detection with offline digital signal processing is applied to evaluate the system performance. Q-factor above

6 is measured after 80-km single-mode optical fiber transmission.



Theme 4: Integrated Wireless/Optical Access 59

In
tr

od
uc

tio
n 

O
p

ti
c
a
l 

A
c
c
e
s
s
 f

o
r
 S

A
V

I
 P

r
o

je
c
t:

 
O

p
ti

c
a
l 

I
n

te
g

r
a
ti

o
n

 o
f 

M
u

lt
ip

le
 R

a
d

io
 S

e
r
v
ic

e
s
 

C
hu

l S
oo

 P
ar

k,
 G

ua
ng

 C
he

n,
 A

n 
N

gu
ye

n 
an

d 
Le

sl
ie

 A
. R

us
ch

. 
C

en
tr

e 
d’

op
tiq

ue
, p

ho
to

ni
qu

e 
et

 la
se

r (
C

O
PL

), 
U

ni
ve

rs
ité

 L
av

al
, Q

ué
be

c 
G

1V
 0

A
6,

 C
an

ad
a.

 

En
ab

lin
g 

Te
ch

no
lo

gy
 


W

or
ki

ng
 g

ro
up

: 
th

em
e 

4 
 

 
 

 
 

 
 

 -
In

te
gr

at
ed

 W
ir
el

es
s/

O
pt

ic
al

 A
cc

es
s 


S
ec

on
d 

ye
ar

 o
bj

ec
tiv

es
: 

D
em

on
st

ra
te

 in
te

gr
at

ed
 

W
iF

i/
LT

E 
ov

er
 F

ib
er

 


C
ur

re
nt

 p
ha

se
: 

N
ov

el
 M

od
ul

at
io

n 
&

 D
em

od
ul

at
io

n 
te

ch
ni

qu
e 

de
ve

lo
pe

d 
fo

r 
m

ul
tip

le
 r

ad
io

-s
er

vi
ce

 
in

te
gr

at
io

n 
ov

er
 F

ib
er

. 
 


T
a
n

d
e
m

 o
p

ti
c
a
l 

s
in

g
le

 s
id

e
b

a
n

d
 m

o
d

u
la

ti
o

n
 :

 


 S

ca
la

bl
e 

ar
ch

ite
ct

ur
e,

 lo
w

 c
os

t,
 h

ig
h 

sp
ee

d,
 h

ig
h 

pe
rf

or
m

an
ce

 o
pt

ic
al

 c
on

ne
ct

io
n 


 S

up
po

rt
 m

ul
tip

le
 s

er
vi

ce
s/

st
an

da
rd

s 
 


 E

ff
ic

ie
nt

 s
pe

ct
ra

l u
til

iz
at

io
n 

by
 p

ac
ki

ng
 m

ul
tip

le
 

se
rv

ic
e 

in
 e

ac
h 

op
tic

al
 s

id
eb

an
d 


C

o
h

e
r
e
n

t 
o

p
ti

c
a
l 

d
e
te

c
ti

o
n

 w
it

h
 D

S
P

 


 S

im
pl

e 
an

d 
ef

fic
ie

nt
 d

et
ec

tio
n 

ob
vi

at
in

g 
R
F 

ha
rd

w
ar

e 
fo

r 
ch

an
ne

l s
ep

ar
at

io
n 

Ex
pe

ri
m

en
ta

l S
et

up
 

K
e
y
 f

e
a
tu

r
e
s
: 

pl
ac

e 
da

ta
-A

 &
 B

 o
n 

ea
ch

 s
id

eb
an

d 
 /

 C
oh

er
en

t 
de

te
ct

io
n 

w
ith

 D
S
P 

D
S
P 

Fl
ow

 

f R
F 

f R
F 

λ 

f 

f R
F 

f 

f R
F 

C
o

h
e

re
n

t 

D
e

te
c
ti

o
n

 

D
S

P
 

T
a

n
d

e
m

 O
S

S
B

 

S
ig

 

9
0

º 
H

yb
ri

d
 

LO
 

S
am

p
lin

g
 

S
co

p
e

 
O

ff
lin

e
 

D
S

P
 

In
te

g
ra

te
d

 o
p

ti
ca

l C
o

h
e

re
n

t 
R

x
 

D
E

-M
Z

M
 H

yb
ri

d
 c

o
u

p
le

r 

P
h

as
e

 S
h

if
te

r 

E
D

FA
 

B
P

F 
S

M
F 

B
P

S
K

 
2 

G
b

p
s 

B
P

S
K

 
5 

G
b

p
s 

10
 G

H
z 

(f
R

F)
 

La
se

r 

9
0
° 

9
0
° 

Tx
 

R
x

 

FF
T

 

M
ix

in
g

 &
 F

il
te

ri
n

g
 

R
e

-t
im

in
g

 

Fr
e

q
. o

ff
se

t 
e

st
im

at
io

n
 

&
 

P
h

as
e

 r
e

co
ve

ry
 

D
e

m
o

d
u

la
ti

o
n

 / 
B

E
R

 (
Q

) 

M
ea

su
re

m
en

t 
Re

su
lts

 

-3
5

-3
0

-2
5

-2
0

2468

1
0

Q-factor

O
p

ti
c
a

l 
p

o
w

e
r 

(d
B

m
)

 2
 G

b
p

s

 5
 G

b
p

s


C
ha

nn
el

 p
er

fo
rm

an
ce

  
 

–
 S

in
g

le
 c

h
a
n

n
e
l 

Q
-f

a
c
to

r
 

-3
5

-3
0

-2
5

-2
0

-1
5

-1
0

2468

1
0

Q-factor

O
p
ti
c
a
l 
p
o
w

e
r 

(d
B

m
)

2
 G

b
p

s

 8
0

 k
m

 B
tB

5
 G

b
p

s

 8
0

 k
m

 B
tB

 
–
 D

u
a
l 

c
h

a
n

n
e
l 

Q
-f

a
c
to

r
 


In

te
rf

er
en

ce
 t

es
tin

g 

-3
5

-3
0

-2
5

-2
0

-1
5

-1
0

2468

1
0

Q-factor

O
p
ti
c
a
l 
p
o
w

e
r 

(d
B

m
)

 S
in

g
le

, 
2

 G
b

p
s

 D
u

a
l

-3
5

-3
0

-2
5

-2
0

-1
5

2468

1
0

Q-factor

O
p
ti
c
a
l 
p
o
w

e
r 

(d
B

m
)

 S
in

g
le

, 
5

 G
b

p
s

 D
u

a
l

Figure 4.5: Optical Access for SAVI Project: Optical Integration of Radio Services from Chul Soo Park,
Guang Chen, An Nguyen and Leslie A. Rusch at Université of Laval (Theme 4)
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26. Distributed Base Station Activation for Energy-Efficiency

Ali Abbasi, Majid Ghaderi, U. Calgary

Our work is focused on distributed algorithm design for dynamic base station activation in dense small

cell networks. Distributed solutions are particularly desirable in small cell networks due to importance of

self-organization and self-optimization in such networks. The goal is to achieve an optimal trade-off between

network operator’s revenue and operational cost while guaranteeing coverage for network users. In our work,

this problem is posed as a network utility maximization aiming to find the optimal activation schedule of

each base station. Using the Lagrangian duality technique and controlled message passing among base

stations, we design a distributed algorithm for the problem. We have simulated the proposed algorithm to

demonstrate its behavior in terms of utility and cost trade-offs in various network scenarios.
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Figure 4.6: Distributed Base-station Activiation for Energy-eficient Operation of Cellular Networks fromAli
Abbasi and Majid Ghaderi at University of Calgary (Theme 4)
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27. Graph-based Network Topology Management for SAVI Testbed

Joon-Myung Kang, Hadi Bannazadeh, Alberto Leon-Garcia, U. Toronto

In SAVI Testbed a network topology consists of many converged heterogeneous resources for computing and

networking as a form of physical and virtual. However, the network topology is dynamic due to various

physical and logical activities such as addition of new racks, VM addition/deletion/migration, and network

creation/modification/deletion. In this research we show a graph-based management approach for the

dynamic network topology in SAVI Testbed. A graph is one of the best models for representing converged

heterogeneous resources and their associations. We use a graph database to enable us to efficiently store

resources and query based on graph traversing and indexing.
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Figure 5.1: Graph-based Network Topology Management for SAVI Testbed from Joo-Myung Kang, Hadi
Bannazadeh and Alberto Leon-Garcia at University of Toronto (Theme 5)
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28. SAVI Testbed: Control and Management of Converged Virtual ICT Resources

Joon-Myung Kang, Hadi Bannazadeh, Hesam Rahimi, Thomas Lin, Moe Faraji, Alberto Leon-Garcia,

U. Toronto

This research introduces the SAVI testbed control and management for converged virtual ICT resources. The

SAVI testbed attempts to create an open applications marketplace that operates on converged virtualized

computing and networking infrastructures and that supports experimentation with emerging Future Internet

protocols and applications. SAVI addresses a major obstacle in experimental network research namely the

inability to test and deploy new protocols and applications at scale. In this research we briefly review the

Smart Applications on Virtual Infrastructure (SAVI) network and the Virtualized Application Networking

Infrastructure (VANI) which are the basis for the SAVI testbed. We then present the system architecture

and design of the SAVI testbed. Finally, we report on the current status of development and share our

experience with the SAVI testbed.
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This paper introduces the Smart Applications on Virtual Infrastructure 
(SAVI) testbed (TB) for control & management of converged virtual ICT 
resources. The SAVI TB attempts to create an open applications 
marketplace that operates on converged virtual computing and 
networking infrastructures and supports experimentation with emerging 
Future Internet protocols and applications.

INTRODUCTION

SAVI NETWORK AND TESTBED

[1] H. Bannazadeh, et al. “Virtualized application networking infrastructure,” in 
TRIDENTCOM, LNCS vol. 46. Springer, 2010, pp. 363–382

[2] J.M. Kang, et al. “Software‐Defined Infrastructure and the Future Central 
Office,” IEEE ICC'13 ‐ CNDC 2013, Budapest, Hungary, June 9‐13, 2013

Department of Electrical and Computer Engineering

University of Toronto, Toronto, ON, Canada

{joonmyung.kang, hadi.bannazadeh, alberto.leongarcia}@utoronto.ca

Joon‐Myung Kang, Hadi Bannazadeh, and Alberto Leon‐Garcia

SAVI Testbed: Control and Management 
of Converged Virtual ICT Resources

SAVI TESTBED ARCHITECTURE

Fig. 1. SAVI TB main entities, hosting two sample applications

Fig. 2. SAVI TB basic reference architecture

 Core Nodes provide conventional cloud computing resources 
(compute, storage, and basic networking)

 Edge Nodes provide more advanced and quality‐sensitive resources 
such as reconfigurable hardware resources and are deployed on sites 
located at participating universities 

 Access Nodes are deployed on various universities and connected to 
an edge node

REFERENCES

Fig. 3. Conceptual design of SAVI TB for Edge Node

This paper has presented a novel approach to controlling and managing a 
converged computing and networking infrastructure in a multi‐tier cloud 
to support future applications. Currently, we have extended the SAVI TB 
architecture by focusing on more heterogeneous resources. We have 
introduced Software‐Defined Infrastructure and useful cases for future 
Central Office such as Content Centric Networking, Smart Transportation, 
IP Multimedia Subsystem for Next Generation Networks, or other smart 
applications [2].

 C&M Plane: allocating and securing a slice of virtualized resources to 
an application: virtualizing resources, allocating resources to an 
experiment or application, managing allocated resources, monitoring 
the allocated resources and facilitating measurements, and conducting 
clearinghouse functionalities

 A&E Plane: researchers can run their application on a set of virtualized 
resources allocated by the C&M plane.

SAVI TESTBED DESIGN

CONCLUSION

 Design of future application platforms built on flexible, versatile and 
evolvable infrastructure that can readily deploy, maintain, and retire the 
large‐scale distributed applications that will be typical in the future 
applications marketplace. http://www.savinetwork.ca

 SAVI Research by 9 Canadian Universities: Smart applications, Extended 
Cloud Computing, Smart Converged Edge, Integrated Wireless Optical 
Access, SAVI Application‐Platform TB

 Virtualized Application Networking Infrastructure (VANI) TB developed 
at the University of Toronto, that allows researchers to utilize virtualized 
resources to rapidly create and deploy networked systems and 
distributed applications [1].

 SAVI TB Hands‐on Workshop for fifty researchers (July 2012)

SAVI TESTBED DEPLOYMENT AND TESTING

Fig. 4. Deployment of SAVI TB client 
and SAVI Edge Nodes

Fig. 5. Block diagram for cloud‐
based applications on SAVI TB

 Cloud Computing Resources: conventional compute, storage, and 
networking resources

 Edge Node Network: Software Defined Network (OpenFlow)

 Other SAVI Resources: reconfigurable hardware resources (FPGA, 
NetFPGA), acceleration resources (GPU), and so on

Figure 5.2: SAVI Testbed Control and Management of Converged Virtual ICT Resources from Joo-Myung
Kang, Hadi Bannazadeh and Alberto Leon-Garcia at University of Toronto (Theme 5)
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29. Software-Defined Networking (SDN) in SAVI Testbed Converged Cluster

Hesam Rahimi, Hadi Bannazadeh, Alberto Leon-Garcia, U. Toronto

In this project, we introduce advanced networking features in SAVI Testbed software-defined infrastructure

by utilizing SDN approaches. Our goal is to improve SAVI Testbed Converged cluster networking perfor-

mance by addressing two main issues: 1) Use of proactive openflow rule installations to maximize utilization

of networking resources and decreasing rule setup time 2) Control the broadcast messages in the system

by handling ARP messages in the SDN controller. In this project, we first show how we can block all

broadcast messages and how the controller, knowing the physical and virtual topology of the network, can

directly reply to ARP requests, preventing the network from carrying broadcast packets. Furthermore, we

present how the controller can proactively install all necessary rules to all OpenFlow switches based on user-

specific requirements. We will also discuss major advantages of this approach including higher utilization

of resources, more effective fault recovery and better QoS control.
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Figure 5.3: Software-defined Networking (SDN) in SAVI Testbed Converged Cluster from Hesam Rahimi,
Hadi Bannazadeh and Alberto Leon-Garcia at University of Toronto (Theme 5)
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30. NetThreads - Virtualizing FPGA Accelerators for SAVI

Stuart Byrma, Greg Steffan, Paul Chow, U. Toronto

FPGAs excel at high speed packet processing applications. However, not all users who require high speed

applications have the required skills to develop complicated digital systems; for others, it is too time con-

suming and error prone. This work aims to provide a framework for the SAVI testbed that virtualizes FPGA

resources—giving researchers a relatively quick and painless method of implementing hardware accelerators

for packet processing, without the hassle of manually programming an FPGA.

With this system, users can view accelerators as cloud-based resources: accelerators can be set up and

torn down quickly and on-the-fly, with the illusion of unlimited resources. We accomplish this using partial

reconfiguration of the FPGAs. Accelerators could provide high speed applications such as encryption, pro-

tocol conversion, or video or audio stream processing. The virtualization system is designed to interact with

the SAVI command line tools, enabling users to boot and delete accelerators similar to virtual machines in

the SAVI Testbed.

NetThreads is an FPGA-based multithreaded multicore architecture, designed specifically for packet pro-

cessing applications. Originally implemented and tested on the NetFPGA, the system was comprised of

two MIPS-based cores with four threads each, executing in a round-robin fashion, with hardware-based

locks for critical sections. A 10-slot packet input/output buffer holds packets for processing by the system.

NetThreads abstracts away the base FPGA architecture, allowing non-hardware expert users to implement

fast, gigabit speed packet processing using C programming. We aim to familiarize SAVI researchers with

NetThreads: how to use it, and how to write packet processing applications for it. The demo will use

NetThreads-10G, a recently ported and upgraded version of NetThreads running on the NetFPGA-10G.

Attendees will learn the basic NetThreads architecture and programming model, and how to set up and

use the system in the context of the SAVI testbed. A sample application will be developed, compiled and

demonstrated.
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Virtualizing FPGA Accelerators
for SAVI

Stuart Byma, J. Gregory Steffan, Paul Chow

Department of Electrical and Computer Engineering
University of Toronto, Ontario, Canada

Motivation

I SAVI testbed contains FPGA resources, capable of
low-latency, fast packet processing - much faster than
general purpose machines

I Many flavours of FPGAs and boards - difficult to build
portable, scalable, share-able applications

I By virtualizing SAVI FPGA resources, we can afford all users
simple, flexible access to cloud-based hardware acceleration

What is Virtualization?

I Adding an abstraction layer
. e.g. PC hardware virtualization
. Abstracts physical hardware, allowing ”sharing” of

hardware by several virtual computers

I Goal: Virtualize FPGAs
. Allow multiple users to ”share” the same FPGA fabric
. Enable easy, flexible programmability
. Make FPGA accelerators appear as cloud resources -

create and tear down on the fly

I Challenge - How to accomplish this?

FPGA 

Control/Management/Configura/on/Programming? 

User 
Data  
In/
Out? 

User Logic 1 

User Logic 2 

User Logic N 

Wait, What is an FPGA?

I Field Programmable Gate Array
. Tiled array of programmable logic blocks, interconnected

by programmable routing architecture
. Hard block RAMs, DSP Blocks (multipliers), high speed

transeivers
. Result: Fully reconfigurable hardware operating at speeds
>500 MHz

I Drawback - Requires complex CAD flow to map design to
the device
. Big learning curve to implement significant designs

Programmable  
Logic Block 

Programmable  
Routing 

Basic modern FPGA architecture 

Software Virtualization

I One or more virtual processors are implemented in the fabric
of an FPGA

I Allows programming of the FPGA in software than hardware
- much easier, more accessible

I Compiler toolchains enable fast, easy programming

I Generally bus-based, single-core, single-threaded designs.

I Commercial Products - Altera NIOS II, Xilinx MicroBlaze

NetThreads: A Soft Multicore for Packet Processing

I Expansion on software virtualization - Gigabit speed packet
processing in C

I NetThreads [1] is
. A soft, multithreaded multicore system for packet

processing
. Closely coupled to Ethernet hardware - no OS or copying

overhead as in a PC or VM
. Programmable in C - a cross compiler toolchain is available
. Threaded - Users could share the FPGA fabric via separate

threads

I However - NetThreads alone can’t fully capitalize on the
FPGA’s strengths - custom accelerators are faster
. Can we combine them?

FPGA 
NetThreads Mul.core 

       User Threads 

GCC  App.c 

NetThreads Architecture

I 4 MIPS processors on Virtex 5 FPGA (NetFPGA-10G), 4
threads per core, round robin execution

I Shared data cache, hardware locks, private instruction caches

I Memory-mapped, shared, 20 packet capacity input output
buffer

I 64MB RLDRAM main memory

4 Thread Proc  4 Thread Proc  4 Thread Proc  4 Thread Proc 

Sync (Lock) Unit 

I$  I$  I$  I$ 

Instr 

Data 

Pkt IO mem 

Pkt IO Buffer 

D$ 

Pkt Out Pkt In 

To RLDRAM 

Programming Circuit 

NetThreads on NetFPGA-10G is Available!

I NetThreads [1] has been ported to the NetFPGA-10G, and is
available for use in the SAVI testbed

I We are looking for new applications and collaborators

I Possible applications include
. Deep Packet Inspection - see demo!
. Non-IP layer 3 routing
. Encryption, firewalls

I Email - bymastua@eecg.toronto.edu

Acknowledgements

Hardware Virtualization

I Soft processors don’t allow sharing of FPGA fabric on
hardware level - not as fast as custom accelerators

I FPGA Partial Reconfiguration technology can allow sharing
of FPGA fabric on the hardware level

I What is Partial Reconfiguration (PR)?
. An architectural feature of an FPGA - allows

reconfiguration of predefined sections of the fabric
. Allows fast reconfiguration of subcircuits, without

affecting other running sections of the FPGA
. A long-time research topic, recently becoming more

commercialized

FPGA 

Sta)c Logic  PR 
Design 1 

PR 
Design 3 

PR 
Design 4 

PR 
Design 2 

Designs for the same PR region can be 
dynamically reconfigured (“swapped”) at run time 

A PR-Based FPGA Virtualization Framework for SAVI

I We envision a system that will
. Abstract away the FPGA fabric entirely

I As well as different devices, boards and vendors
I Make multiple FPGAs appear as one fluid, flexible

resource
. Use PR regions to run different users’ hardware

accelerators concurrently on the same device
. Interface with existing SAVI command line tools
. Provide a library of accelerators for common packet

processing functions

I There are still many questions:
. How complex will the abstraction layer be? How will it be

implemented? How will users, PR regions and PR designs
be tracked?

. How will the framework interface to the SAVI tools?

. How can user data (packets) be directed to the correct PR
region?

. Could we use NetThreads to implement exceptional path
handling for multiple users concurrently (e.g. dynamic
thread allocation)?

FPGA(s?) 

PR Region1 

PR Region 2 

PR Region N 

B
U
S 

Pkt In/Out 

Mico 
Processor 
(NetThreads?) 

DDR Cntrl 

UART? 

Host PC 
Cntrl/Manage 
SoGware 

SAVI API Config 
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Figure 5.4: Virtualizing FPGA Accelerators for SAVI from Stuart Byma, J. Gregory Steffan and Paul
Chow at University of Toronto (Theme 5)
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31: “Identity Management in Software-defined Infrastructure”

Moe Faraji, Hadi Bannazadeh, Alberto Leon-Garcia, U. Toronto

Software defined infrastructure (SDI) enables applications to create their resource layer through the web

service technology. This infrastructure leverages Service Oriented Architecture to decouple application and

resource provider e.g. compute, network, storage, etc. Applications use mainly RESTful APIs to send their

resource need to providers, where these requests are authenticated and authorized in the first place then

proceed with the provider to be addressed. Therefore, identity manager is a key component in this platform

which should be scalable, support different authentication mechanism, and more importantly provide a

fine-grained access control to maintain the flexibility of platform.

In this work, we introduce a new architecture for Identity Manager (idM) in SDI which has been implemented

on Smart Applications Virtual Infrastructure (SAVI) and built upon Openstack Keystone. SAVI IdM

protects APIs through a middleware named enforcement layer. This middleware intercepts user or resource

initiated requests before passing them to the next element in the pipeline. Consequently, the IdM receives

a large number of authorization inquiries that in turn positions the IdM to be the bottleneck of system.

SAVI IdM uses Attribute Based Access Control to bring flexibility and ultimate security to applications. In

this poster, we also describe caching and load balancing techniques which maintain the IdM performance

comparable to similar commercial solutions, while delivering all required functions to SAVI.
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Figure 5.5: Identity Manangement in Software Defined Infrastructure from M. Faraji, H. Bannazadeh and
A. Leon-Garcia at University of Toronto (Theme 5)



Theme 5: SAVI Application Platform Testbed 74

32: “Information Centric Data Dissemination Platform for Smart Transportation”

Aakash Nigam, Elman Mansimov, Ali Tizghadam, Alberto Leon-Garcia, U. Toronto

Evolving mobile cloud networks in settings such as connected vehicles and smart transportation require

both content distribution as well as event notification and processsing support. Content Centric Networking

(CCN), built around named data, is a clean slate network architecture for supporting future applications.

Due to its focus on content distribution, CCN does not inherently support Publish-Subscribe-based event

notification, a fundamental building block in computer-mediated systems and a critical requirement for

smart tranportation applications. Semantics of content distribution and event notification requires different

functions from the underlying network infrastructure, but can still be united by leveraging similarities in the

routing infrastructure. We therefore have proposed a minimalistic extension to CCN architecture to provide

a lightweight publish-subscribe service at the network layer. As a proof of concept, we have designed and

implemented an open data sensing, aggregation, management and publishing system that gathers multiple

streams of sensor data and provides high quality data for a common smart transportation application

platform that supports ITS and privately offered applications.
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Figure 5.6: Information Centric Data Management for Smart Transportation from Aakash Nigam, Elman
Mansimov, Ali Tizghadam and A. Leon-Garcia at University of Toronto (Theme 5)
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33. Scalable Content Centric Networking over SAVI

TTang Tang, Alberto Leon-Garcia, U. Toronto

Content Centric Networking (CCN) is a novel network architecture in which host-naming in the current

Internet is replaced by content-naming: communication is resolved based on the relevant data transferred

instead of locations of the end-hosts. In this project we first evaluated CCNx, an open-source prototype

of IP-based CCN under realistic traffic load using SAVI virtualized resources. The performance bottleneck

of current CCNx implementation was identified, and a few alternatives towards designing a scalable CCN

router over virtualized infrastructure was proposed. We then developed and deployed a preliminary CCNx-

based prototype over SAVI, and its performance was analyzed and compared to that of the original CCNx

implementation.



Theme 5: SAVI Application Platform Testbed 77

Sc
al

ab
le

 C
o

n
te

n
t 

C
en

tr
ic

 N
et

w
o

rk
in

g 
o

ve
r 

SA
V

I 

D
ep

ar
tm

en
t 

o
f 

El
ec

tr
ic

al
 a

n
d

 C
o

m
p

u
te

r 
En

gi
n

ee
ri

n
g 
– 

U
n

iv
er

si
ty

 o
f 

To
ro

n
to

 

P
ro

je
ct

 G
o

al
 a

n
d

 O
b

je
ct

iv
e

s 

•
Id

en
ti

fy
 b

o
tt

le
n

ec
ks

 o
f 

ex
is

ti
n

g 
C

C
N

x 
im

p
le

m
en

ta
ti

o
n

 

•
Im

p
ro

ve
 C

C
N

x 
fo

r 
sc

al
ab

ili
ty

 

•
Te

st
 a

n
d

 v
er

if
y 

th
e 

d
es

ig
n

, c
o

m
p

ar
e 

it
s 

p
er

fo
rm

an
ce

 
w

it
h

 e
xi

st
in

g 
C

C
N

x 
im

p
le

m
en

ta
ti

o
n

 

In
tr

o
d

u
ct

io
n

 t
o

 C
C

N
 

Id
ea

 b
eh

in
d

 C
o

n
te

n
t 

C
en

tr
ic

 N
et

w
o

rk
in

g 
(C

C
N

):
 

C
o

n
te

n
t 

N
a

m
in

g
 in

st
ea

d
 o

f 
H

o
st

 A
d

d
re

ss
in

g
 

Tw
o

 t
yp

es
 o

f 
p

ac
ke

ts
 [

1
]:

 
      Th

re
e 

m
ai

n
 c

o
m

p
o

n
en

ts
 o

f 
a 

C
C

N
 n

o
d

e:
 

•
C

o
n

te
n

t 
St

o
re

 (
C

S)
 

•
Pe

n
d

in
g 

In
te

re
st

 T
ab

le
 (

P
IT

) 

•
Fo

rw
ar

d
in

g 
In

fo
rm

at
io

n
 B

as
e 

(F
IB

) 

C
o

n
te

n
t 

N
am

e 

In
te

re
st

 P
ac

ke
t 

Se
le

ct
o

r 

N
o

n
ce

 

C
o

n
te

n
t 

N
am

e 

In
te

re
st

 P
ac

ke
t 

Si
gn

at
u

re
 

Si
gn

ed
 In

fo
 

D
at

a 

R
e

m
ar

ks
 a

n
d

 L
im

it
at

io
n

s 

•
1

0
~1

5
%

 im
p

ro
ve

m
en

t 
to

 t
h

ro
u

gh
p

u
t 

o
f 

ro
u

ti
n

g 
n

o
d

e 
u

n
d

er
 f

u
ll 

C
P

U
 lo

ad
 

•
H

o
w

ev
er

 c
u

rr
en

t 
m

ax
 t

h
ro

u
gh

p
u

t 
(<

 2
5

0
M

b
p

s)
 is

 s
ti

ll 
fa

r 
fr

o
m

 t
h

e 
lin

k 
ca

p
ac

it
y 

(1
G

b
p

s)
 

•
To

 f
u

rt
h

er
 s

ca
le

 u
p

 t
h

e 
sy

st
em

, n
ee

d
 m

o
re

 t
h

an
 s

in
gl

e 
th

re
ad

 o
p

ti
m

iz
at

io
n

 

N
ex

t 
St

e
p

: 
C

o
n

te
n

t 
C

e
n

tr
ic

 R
o

u
ti

n
g 

N
et

w
o

rk
 

                

•
Id

ea
: d

is
tr

ib
u

te
 P

IT
 a

n
d

 C
S 

to
 m

u
lt

ip
le

 n
o

d
es

 

•
U

se
 O

p
en

Fl
o

w
 t

o
 c

re
at

e 
a 

vi
rt

u
al

 in
te

rf
ac

e 
(s

in
gl

e 
IP

) 
an

d
 t

o
 p

er
fo

rm
 lo

ad
 b

al
an

ci
n

g 

•
O

p
en

s 
u

p
 a

 n
ew

 s
er

ie
s 

o
f 

q
u

es
ti

o
n

s:
  

‒
In

-n
et

w
o

rk
 r

o
u

ti
n

g 
‒

Ta
b

le
 p

ar
ti

ti
o

n
in

g 
‒

D
yn

am
ic

 s
ca

lin
g 

‒
N

ew
 b

o
tt

le
n

ec
k 

an
al

ys
is

, e
tc

. 

R
ef

e
re

n
ce

s 
[1

] V
an

 J
ac

o
b

so
n

 e
t 

al
.,

 "
N

et
w

o
rk

in
g 

N
am

ed
 C

o
n

te
n

t,
" 

in
 C

o
N

EX
T'

0
9

 

P
ro

ce
ed

in
g

s 
o

f 
th

e 
5

th
 In

te
rn

a
ti

o
n

a
l C

o
n

fe
re

n
ce

 o
n

 E
m

er
g

in
g

 N
et

w
o

rk
in

g
 

Ex
p

er
im

en
ts

 a
n

d
 T

ec
h

n
o

lo
g

ie
s,

 R
o

m
e,

 2
0

0
9

, p
p

. 1
-1

2
. 

Ta
n

g 
Ta

n
g,

 A
lb

er
to

 L
eo

n
-G

ar
ci

a 

C
C

N
x 

B
e

n
ch

m
ar

ki
n

g 

C
C

N
x:

 a
n

 o
p

en
-s

o
u

rc
e 

im
p

le
m

en
ta

ti
o

n
 o

f 
C

C
N

 

B
en

ch
m

ar
ki

n
g 

to
p

o
lo

gy
: 

      B
en

ch
m

ar
ki

n
g 

to
o

l: 
G

N
U

 g
p

ro
f 

B
en

ch
m

ar
ki

n
g 

re
su

lt
s:

 

     

R
o

u
te

r 
(a

to
m

)

C
lie

n
t1

 (
X

e
o

n
 B

M
)

D
A

TA
cc

n
x:

/g
en

/0
/.

..

Se
rv

e
r2

 (
A

g
e

n
t-

2
 V

M
)

Se
rv

e
r1

 (
A

g
e

n
t-

1
 V

M
)

D
A

TA
cc

n
x:

/g
en

/1
/.

..

D
A

TA
cc

n
x:

/g
en

/1
/.

..

D
A

TA
cc

n
x:

/g
en

/0
/.

..

C
lie

n
t2

 (
X

e
o

n
 B

M
)

Fu
n

ct
io

n
 N

am
e

 
C

P
U

 U
sa

ge
 %

 

c
c
n
_
s
k
e
l
e
t
o
n
_
d
e
c
o
d
e
 

5
2

.6
1

 

c
o
n
t
e
n
t
_
s
k
i
p
l
i
s
t
_
f
i
n
d
b
e
f
o
r
e
 

5
.6

0
 

c
c
n
_
b
u
f
_
a
d
v
a
n
c
e
 

5
.1

5
 

c
c
n
_
c
o
m
p
a
r
e
_
n
a
m
e
s
 

4
.8

1
 

O
th

er
s 

3
1

.8
3

 

O
p

ti
m

iz
in

g 
c
c
n
_
s
k
e
l
e
t
o
n
_
d
e
c
o
d
e
 

A
p

p
ro

ac
h

 1
: P

ar
al

le
liz

at
io

n
 

•
Tw

o
 a

p
p

ro
ac

h
es

: m
u

lt
i-

co
re

 C
P

U
s 

o
r 

co
-p

ro
ce

ss
o

rs
 (

e.
g.

 
G

P
G

P
U

 o
n

 S
A

V
I)

 

•
P

ro
b

le
m

: p
ar

al
le

liz
at

io
n

 o
ve

rh
ea

d
 

A
p

p
ro

ac
h

 2
: C

h
an

ge
 b

ra
n

ch
in

g 
lo

gi
c 

to
 t

ab
le

 lo
o

k-
u

p
s 

•
P

re
lo

ad
 r

es
u

lt
s 

in
 m

em
o

ry
 f

o
r 

co
m

m
o

n
 in

p
u

ts
/o

u
tp

u
ts

 

•
C

h
an

ge
 is

 t
ra

n
sp

ar
en

t 
to

 o
th

er
 s

ys
te

m
 c

o
m

p
o

n
en

ts
 

Ex
p

e
ri

m
e

n
t 

Se
tu

p
 

      

R
e

su
lt

s 
(A

p
p

ro
ac

h
 2

) 

                       

8
0

8
5

9
0

9
5

1
0

0

1
0

5

344556

1
2

3
4

5
6

CPU Usage (%) 

Rx/Tx Rate (MB/s) 

N
u

m
b

er
 o

f 
Se

rv
er

/C
lie

n
t 

Pa
ir

s 

U
n

iq
u

e 
C

o
n

te
n

t 
N

am
e,

 F
u

ll 
C

o
m

p
ile

r 
O

p
ti

m
iz

at
io

n
 

Tx
 R

at
e 

(B
ef

o
re

)

R
x 

R
at

e 
(B

ef
o

re
)

Tx
 R

at
e 

(A
ft

er
)

R
x 

R
at

e 
(A

ft
er

)

C
P

U
 (

B
ef

o
re

)

C
P

U
 (

A
ft

er
)

8
8

9
0

9
2

9
4

9
6

9
8

1
0

0

1
0

2

05

1
0

1
5

2
0

2
5

3
0

3
5

2
4

6
8

1
0

1
2

CPU Usage (%) 

Rx/Tx Rate (MB/s) 

N
u

m
b

er
 o

f 
C

lie
n

ts
 (

Se
rv

er
 a

lw
ay

s 
1

) 

Sa
m

e 
C

o
n

te
n

t 
N

am
e,

 F
u

ll 
C

o
m

p
ile

r 
O

p
ti

m
iz

at
io

n
 

Tx
 R

at
e 

(B
ef

o
re

)

R
x 

R
at

e 
(B

ef
o

re
)

Tx
 R

at
e 

(A
ft

er
)

R
x 

R
at

e 
(A

ft
er

)

C
P

U
 (

B
ef

o
re

)

C
P

U
 (

A
ft

er
)

V
ir

tu
a

l M
ac

h
in

e
s

B
ar

e
M

e
ta

ls

B
M

s 
w

it
h

 P
ro

g
ra

m
m

a
b

le
 D

ev
ic

e
s

(N
e

tF
P

G
A

, B
E

E,
 e

tc
.)

B
M

s 
w

it
h

 C
o

-P
ro

ce
ss

o
rs

(G
P

G
P

U
, e

tc
.)

O
p

e
n

F
lo

w
-B

as
e

d
N

e
tw

o
rk

 S
u

b
st

ra
te

SA
V

I V
ir

tu
al

iz
ed

 
In

fr
as

tr
u

ct
u

re

C
o

n
te

n
t 

C
o

n
su

m
e

r

C
o

n
te

n
t 

C
o

n
su

m
e

r
C

o
n

te
n

t 
So

u
rc

e

C
o

n
te

n
t 

So
u

rc
e

V
ir

tu
al

 In
te

rf
ac

es
 

En
ab

le
d

 b
y 

O
p

en
Fl

o
w

N
e

tw
o

rk
 o

f 
C

o
n

te
n

t 
C

e
n

tr
ic

 

R
o

u
ti

n
g

 N
o

d
e

s

Figure 5.7: Scalable Content Networking over SAVI from Tang Tang and A. Leon-Garcia at University of
Toronto (Theme 5)
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34. Software-Defined Infrastructure and the Future CO

Joon-Myung Kang, Hadi Bannazadeh, Hesam Rahimi, Thomas Lin, Moe Faraji, Alberto Leon-Garcia,

U. Toronto

This research discusses the role of virtualization and software-defined infrastructure (SDI) in the design

of future application platforms, and in particular the Future Central Office (CO). A multi-tier computing

cloud is presented in which resources in the Smart Edge of the network play a crucial role in the delivery

of low-latency and data-intensive applications. Resources in the Smart Edge are virtualized and managed

using cloud computing principles, but these resources are more diverse than in conventional data centers,

including programmable hardware, GPUs, etc. We propose an architecture for future application platforms,

and we describe the SAVI Testbed design for the Smart Edge. The design features a novel Software-Defined

Infrastructure manager that operates on top of OpenStack and OpenFlow. We conclude with a discussion

of the implications of the Smart Edge design on the Future CO.
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Figure 5.8: Software-Defined Infrastructure and the Future CO from J.M.Kang, H. Bannazadeh and A.
Leon-Garcia at University of Toronto (Theme 5)
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