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Opening Comments 
SAVI 2014 Annual General Meeting (AGM): Student Posters 
I am pleased to present the poster booklet derived from posters and demonstrations at the 2014 (Year 3) SAVI AGM held on the 7/8

th
 of 

July.  Over 100 people attended including SAVI Partners, SAVI Board members, Principal & Theme Leads, Researchers and students from 
many of the participating SAVI universities. 

We are just about to reach the end of year three of SAVI, a year in which we planned and saw the integration of several important 
activities involving the multi-tier cloud structure, the creation of applications that run over both the edge and core cloud resources, the 
extensive use of software-defined infrastructure (SDI) and the introduction of wireless activities including small cells and the delivery of 
radio frequencies over optical fibre.  This poster booklet demonstrates all of these research activities.  As you work through these 
posters you will be able to see that that year 3 has brought together the disparate activities of years 1 and 2 into a more cohesive set of 
focussed activities. 

I am also pleased at the levels of participation of researchers and the quality of posters this year.  We have almost 30% more posters in 
year 3 than in year 2 and all major themes are comprehensively covered. 

As we move into year 4, the SAVI research plan calls for us to focus our activities on: Teasing out the advantages of SDI that are made 
possible through a one-to-many core to edge infrastructure; and using this architecture to address the massive explosion in smart 
devices that within a few years are forecast to deliver data flows in multi-gigabit per second rates.  With this in mind we have to drive 
into aspects of latency, network performance, and the impacts of small error rates on behaviours built into current monolithic 
networks.  Network autonomic behaviour will be key in examining self-optimizing aspects of the smart edge. 

I look forward to another year of innovation, experimentation and participation of all SAVI players. 

Alberto Leon-Garcia 
SAVI Scientific Director 
July 2014 

Towards Gigabit Smart Devices 
As industry liaison and advisor to SAVI since its inception, I have been keeping an eye constantly on new advances being made within 
our ICT industry and can confidently say that SAVI has been a very early adopter of OpenFlow, OpenStack, Software-Defined 
Networking and the notions of multi-tier cloud as potential breakthrough architectures for future network deployments.  In the first 
three years of SAVI, industry has gone from moderate interest to extreme interest with many innovations emerging around all of these 
technologies.  Available market estimates indicate that the market for SDN enabled services will exceed $25B per annum by 2018.  
Additionally, the availability of R&D funds through venture capital alone into SDN focused companies has grown from $10m in 2009 to 
just over $500m in 2013.  This is a fifty times growth of funding in four years.  This industry spending and investment confirms that 
Software-Defined Networking is here to stay.  The most important takeaway for SAVI is the need to keep ahead of the curve.  What 
needs to be considered in staying ahead of the curve? 

In my opinion the EDGE of the network and the relationships between EDGE and CORE structures will define the next generation of 
architectures.  I hold this opinion because I see and read about the massive capacity expansion required within the next five years to 
satisfy data flows from smart devices that embody smart applications.  The Wi-Fi Alliance already has in the market devices that can 
operate at three different frequencies (Tri-Band Devices at IEEE802.11ad) and these devices are capable of 7 Gbit/s data throughput.  
The Wi-Fi Alliance is already contemplating next generation devices at data rates of 30 Gbit/s for the 2020 time horizon. 

In parallel with this, the telecommunication wireless giants are working diligently on 5G wireless networks with a focus on 1000-times 
capacity growth over todays 4G wireless networks. This growth is driven by the rapid evolution and population of smart devices, 
sustained emergence of machine-to-machine communications (including vehicles) and by the Internet of things. The most conservative 
of estimates indicate ~50B Internet-enabled devices by 2020. The focus of all this data production & consumption will be on the EDGE 
of the network with many forms of small to ultra-small dense cells that will embody architectures and virtualization strategies that will 
evolve over the next five years or so. In the Ericsson presentation at the 2014 AGM, Pierre Boucher talked at length about the 
challenges faced as these networks take shape. We should take heed of his comments not only about the massive scaling of the 
networks around us but also the socio-economic issues he addressed such as power efficiency and carbon footprint. 

I believe in the SAVI concept and in particular two aspects, firstly: Software-Defined Infrastructure that enables both network 
infrastructure and compute resources to be seen as one, and secondly: Two tier Core and Edge deployment. In my view we will soon 
see the emergence of large-scale networks with massive deployment of edge capabilities to be the initial point of connection for the 
large number of data producing & consuming devices in the network of the future. This will be essential to manage latency and the 
impact of latency on device designs and the quality of experience the user will demand. SAVI has a critical role to play for Canada in 
ensuring that we can participate in this fundamental change in networks driven by real user experiences and device demand. 

David Mann 
SAVI Industry Liaison and Scientific Advisor 
July 2014 
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1.1 Soda: A Case for Software-Defined Networking at the Application

Layer

Younan Wang, Baochun Li, U. Toronto

Due to constraints on current SDN switches, existing solutions at the network layer may not be able

to support traffic demand changes with a large number of flows. Catering to the needs of multi-party

multimedia applications such as video conferencing, in this poster, we make a case for a new software-

defined network architecture at the application layer.

We propose Soda, our new application-layer SDN architecture and traffic engineering solution, designed

for the efficient utilization of the network capacity with a large number of flows, while maintaining utility

max-min fairness. An important and salient advantage of Soda is its ability to support both real-time

multimedia and traditional bulk transfer applications. Soda has been implemented and deployed in the

Amazon EC2 inter-datacenter network, and its effectiveness has been evaluated with both simulations and

real-world experiments.
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Due to constraints on current SDN switches (such as the rule 
count limit), existing solutions at the network layer may not be able to 
support traffic demand changes with a large number of flows. 
Catering to the needs of multi-party multimedia applications such as 
video conferencing, in this poster, we make a case for a new software-
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engineering solution, designed for the efficient utilization of 
the network capacity with a large number of flows, while maintaining 
utility max-min fairness. A salient advantage of Soda  is its ability to 
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header size, compared to the traditional source routing scenario 
where all nodes along a path must be included in the packet header. 
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Soda: A Case for Software-Defined Networking at the 
Application Layer 

Younan Wang, Baochun Li 
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Table 1: Multipath Source Routing
Group ID Group Type

1 SELECT

Buckets Next-Hop Remaining FIDs Bucket Weight
Bucket 1 B Push(1,1) 10%
Bucket 2 C Push(1,1) 20%
Bucket 3 D Push(1,1) 70%

Table 2: Multipath Path-Vector Routing
Group ID Group Type

1 SELECT

Buckets Next-Hop Remaining FIDs Bucket Weight
Bucket 1 B Empty 10%
Bucket 2 C Empty 20%
Bucket 3 D Empty 70%

5.2 System Model and Problem Formulation
We consider the bandwidth allocation problem in a network con-

sisting of links with fixed capacities. A wide diversity of appli-
cations, e.g., both real-time multimedia and bulk transfer applica-
tions, are involved in the network competing for the available band-
width. A flow of each application is defined as a (source site, des-
tination site, bandwidth demand) tuple, where bandwidth demand
represents the upper bound of the allocated bandwidth for the flow.

Our objective is to allocate bandwidth to each flow such that fair-
ness among flows is achieved. As mentioned before, each applica-
tion has its own utility function which maps its allocated bandwidth
to its utility and utility is a measure of its application-layer per-
formance. Different types of applications may have diverse utility
functions, e.g., the utility function for a traditional bulk transfer ap-
plication is usually a concave and non-decreasing bandwidth-utility
function while a real-time multimedia application has a nearly single-
step bandwidth-utility function [1].

We observe that online multimedia applications do not care about
the allocated bandwidth unless as means to achieve some application-
layer performance, which is the utility. Therefore, we decide to
follow the utility max-min fairness proposed by Cao et al. in [1].
Different from the single path utility max-min fair allocation prob-
lem studied in [1], we consider multiple available paths for each
source-destination pair in our work.

In order to explicitly express multipath routing, we modify the
definition of a feasible bandwidth allocation in [1] as follows: a
feasible bandwidth allocation is a vector b = (b1, . . . ,bN) that al-
locates bandwidth bi to flow i 2 I (I is the set of all flows) such
that no links in the network are congested. Since we use the multi-
path routing scheme for each flow, we use Pi to denote the set of all
available paths for flow i and bi j to denote the bandwidth allocated
to flow i through path j. d jl = 1 represents that path j contains link
l 2 L, where L is the set of all links in the network, and d jl = 0
otherwise. The feasibility constraint can be represented as follows:

Â
i2I

Â
j2Pi

d jl ·bi j Cl , 8l 2 L (1)

where Cl is the capacity of link l 2 L.
Based on the definition of feasible bandwidth allocation above,

we follow the definition of the utility max-min fair allocation in [1]:
a utility max-min fair allocation is a feasible bandwidth allocation
vector b = (b1, . . . ,bN) where any component bi of b cannot be
increased without decreasing some other component bk with equal
or smaller utility ( fk(bk) fi(bi) ). We use fi to denote the utility
function for flow i 2 I.

Similar to the standard Linear Programming algorithm for max-

min fairness [19, 20] , several iterations are needed in order to
achieve the utility max-min fair allocation among all flows in the
network. The algorithm will terminate when bandwidth allocations
to all flows are fixed. In the K-th iteration, we try to maximize the
K-th smallest common utility and fix relevant flows. The optimiza-
tion problem to be solved in the K-th iteration is then formulated as
follows:

max mini2V fi( Â
j2Pi

bi j) (2)

s.t.
Â j2Pi

bi j = f�1
i (uk

M), 8k 2 (1, . . . ,K�1),

i 2 Bk. (3)
bi j � 0, 8 j 2 Pi, 8i 2V. (4)

Â j2Pi
bi j  Di, 8i 2V. (5)

fi(Â j2Pi
bi j) are equal, 8i 2V. (6)

Âi2I Â j2Pi
bi j ·d jl Cl , 8l 2 L. (7)

where bi j is the variable representing bandwidth allocated to
flow i 2 I through path j 2 Pi. (3) represents that flows fixed in it-
eration k achieve a common utility uk

M , where Bk is the set of flows
fixed in iteration k. (5) represents that the total bandwidth allocated
to the non-fixed flow i 2 V is no more than its bandwidth demand
Di. (6) represents that we try to allocate a common utility to every
non-fixed flow in each iteration. (7) is the link capacity constraint,
which has been described in (1).

5.3 Traffic Engineering Algorithm
Due to the freedom of choosing any form of utility function fi for

each flow i2 I, the max-min optimization problem in each iteration
can be non-convex, hence hard to be solved. We thus propose an
algorithm that can efficiently solve this problem.

We observe that in each iteration, an optimal bandwidth alloca-
tion scheme achieves equal utility for all non-fixed flows. There-
fore, we propose a binary search algorithm to find this common
utility in each iteration. Specifically, we try to find the common
utility that can be achieved by all non-fixed flows in each itera-
tion and fix corresponding flows either because the bandwidth de-
mand is achieved or they cannot be allocated more bandwidth due
to the link saturation. Details of this algorithm is presented in Al-
gorithm 1 and Algorithm 2.

The algorithm of P(up
common) which tries to allocate up

common util-
ity to each non-fixed flow i 2 V in iteration p is represented as in
Algorithm 3. The main difficulty in Algorithm 3 lies in checking

ever, this control plane overhead of pathlet dissemination can be
largely reduced after successfully integrating Pathlet Routing into
Soda, where we design a centralized controller for all OpenFlow
switches instead of one distributed controller for each OpenFlow
switch. In this way, the control plane of a switch will directly dis-
seminate up to O(lmN) states to the centralized controller.

4.2 Network-Layer Pathlet Routing
Godfrey et al. have designed a network-layer routing protocol

for the policy-aware interdomain routing [8]. Pathlet Routing is
essentially a source routing scheme over a virtual topology whose
nodes are vnodes and whose edges are pathlets. A vnode is a vir-
tual node representing an AS and a pathlet represents a sequence of
vnodes. AS announces pathlets originating from itself to its neigh-
bours. A pathlet is identified by an forwarding identifier (FID) and
FID is used as an index into the forwarding table of a vnode. At
each vnode, an FID is used as a key in the forwarding table and
it is associated with two values: a next-hop rule that instructs the
packet to be forwarded to the next vnode in the pathlet and a list
of remaining FIDs necessary to route the packet to the final vnode
in the pathlet. With this structure in the forwarding table, when a
packet arrives at a vnode, the outermost FID is popped off to be
used to look up the next-hop rule and remaining FIDs.

Although Pathlet Routing tries to separate the control plane and
data plane, it is still a distributed routing protocol. In the control
plane, each vnode advertises the pathlet originating from itself to
neighbouring vnodes and the source vnode is responsible for choos-
ing and concatenating some pathlets it knows into an end-to-end
source route. Therefore, the route selection in the layer-3 Pathlet
Routing is in a distributed way because of a lack of a centralized
controller in the design.

4.3 Toy Example
We use a toy example to illustrate our design to integrate Pathlet

Routing into Soda so that it can support multipath routing in a flex-
ible way, i.e., it simultaneously supports path-vector routing and
source routing.

Fig. 2 illustrates a multi-hop multipath flow transmission from
node A to node G. In this example, flow weights of path A ! B
! E ! G, A ! C ! E ! G, and A ! D ! F ! G are 10%,
20% and 70%, respectively. Note that the label 1 on link B ! E
indicates that the first entry in the flow table of node B is used to
instruct the packet arriving at node B to be forwarded to node E.
The other 1 labels have similar meanings with this.
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Figure 2: Toy example of a multi-hop multipath flow from node
A to node G

If source routing mechanism is used, the flow table at the source
node A will be configured as in Table. 1. In this Table, the Group
Type “SELECT” indicates that packets arriving at node A can be
forwarded using multipath routing, with the weight of each path

indicated in the corresponding Bucket Weight field. Similarly, if
path-vector routing mechanism is used, the flow table of the source
node A will be configured as in Table. 2. Note that for source rout-
ing scheme, the remaining FIDs field in the flow table of the source
node A is a pathlet while it is empty for path-vector routing scheme.

Flow tables of other nodes except the source node A will be very
simple in both source routing and path-vector routing schemes. For
example, the flow table of node B and node E is configured as in
Table. 3 and Table. 4, respectively.

The packet forwarding process will be simple with this design in
both source routing and path-vector routing schemes:

In source routing scheme, a packet originating from node A with
destination node G will be pushed Group ID 1 into its packet header
to instruct it to node B, C and D with certain probabilities. If the
packet is instructed by Bucket 1 in Table. 1, it will be forwarded to
node B and be pushed pathlet (1,1) into its packet header. When
this packet arrives at node B, it pops off the outermost element in
the pathlet and thus forwards the packet using the first entry in the
flow table of node B, which instructs the packet to node E. When
the packet arrives at node E, it pops off the remaining outermost
element in its packet header and thus forwards the packet according
to the first entry in the flow table of node E, which finally sends the
packet to node G.

In path-vector routing scheme, the packet originating from node
A with destination node G will also be push Group ID 1 into its
packet header to instruct the packet to node B, C and D with the
choice of different buckets in the bucket set of Table. 2. If the
packet is instructed by Bucket 1, it will be forwarded to node B.
When the packet arrives at node B, node B will decide where to
forward the packet by matching the packet header with entries in its
flow table. If such an entry exists, then the packet will be forwarded
according to this entry; otherwise, the packet will be forwarded to
the centralized controller to decide how to forward it.

Table 3: Flow Table of Node B
Flow ID Next-Hop Remaining FIDs

1 E Empty

Table 4: Flow Table of Node E
Flow ID Next-Hop Remaining FIDs

1 G Empty

5. CENTRALIZED TRAFFIC ENGINEER-
ING

5.1 Motivation
An important goal of traffic engineering is the routing optimiza-

tion, i.e., finding efficient routes so as to achieve the desired net-
work performance [23]. Our goal is to design a new bandwidth
allocation scheme, which aims at providing fair application-layer
performance to a wide variety of applications competing for the
available bandwidth, including both real-time multimedia and bulk
transfer applications.

The utility for each application is a measure of its application-
layer performance. Although utility can correspond to several pa-
rameters, such as bandwidth, delay, delay jitter and loss ratio [1],
we assume in this paper that it is only determined by the allocated
bandwidth. We can then define a utility function for each applica-
tion which maps its allocated bandwidth to utility.

ever, this control plane overhead of pathlet dissemination can be
largely reduced after successfully integrating Pathlet Routing into
Soda, where we design a centralized controller for all OpenFlow
switches instead of one distributed controller for each OpenFlow
switch. In this way, the control plane of a switch will directly dis-
seminate up to O(lmN) states to the centralized controller.

4.2 Network-Layer Pathlet Routing
Godfrey et al. have designed a network-layer routing protocol

for the policy-aware interdomain routing [8]. Pathlet Routing is
essentially a source routing scheme over a virtual topology whose
nodes are vnodes and whose edges are pathlets. A vnode is a vir-
tual node representing an AS and a pathlet represents a sequence of
vnodes. AS announces pathlets originating from itself to its neigh-
bours. A pathlet is identified by an forwarding identifier (FID) and
FID is used as an index into the forwarding table of a vnode. At
each vnode, an FID is used as a key in the forwarding table and
it is associated with two values: a next-hop rule that instructs the
packet to be forwarded to the next vnode in the pathlet and a list
of remaining FIDs necessary to route the packet to the final vnode
in the pathlet. With this structure in the forwarding table, when a
packet arrives at a vnode, the outermost FID is popped off to be
used to look up the next-hop rule and remaining FIDs.

Although Pathlet Routing tries to separate the control plane and
data plane, it is still a distributed routing protocol. In the control
plane, each vnode advertises the pathlet originating from itself to
neighbouring vnodes and the source vnode is responsible for choos-
ing and concatenating some pathlets it knows into an end-to-end
source route. Therefore, the route selection in the layer-3 Pathlet
Routing is in a distributed way because of a lack of a centralized
controller in the design.

4.3 Toy Example
We use a toy example to illustrate our design to integrate Pathlet

Routing into Soda so that it can support multipath routing in a flex-
ible way, i.e., it simultaneously supports path-vector routing and
source routing.

Fig. 2 illustrates a multi-hop multipath flow transmission from
node A to node G. In this example, flow weights of path A ! B
! E ! G, A ! C ! E ! G, and A ! D ! F ! G are 10%,
20% and 70%, respectively. Note that the label 1 on link B ! E
indicates that the first entry in the flow table of node B is used to
instruct the packet arriving at node B to be forwarded to node E.
The other 1 labels have similar meanings with this.
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Figure 2: Toy example of a multi-hop multipath flow from node
A to node G

If source routing mechanism is used, the flow table at the source
node A will be configured as in Table. 1. In this Table, the Group
Type “SELECT” indicates that packets arriving at node A can be
forwarded using multipath routing, with the weight of each path

indicated in the corresponding Bucket Weight field. Similarly, if
path-vector routing mechanism is used, the flow table of the source
node A will be configured as in Table. 2. Note that for source rout-
ing scheme, the remaining FIDs field in the flow table of the source
node A is a pathlet while it is empty for path-vector routing scheme.

Flow tables of other nodes except the source node A will be very
simple in both source routing and path-vector routing schemes. For
example, the flow table of node B and node E is configured as in
Table. 3 and Table. 4, respectively.

The packet forwarding process will be simple with this design in
both source routing and path-vector routing schemes:

In source routing scheme, a packet originating from node A with
destination node G will be pushed Group ID 1 into its packet header
to instruct it to node B, C and D with certain probabilities. If the
packet is instructed by Bucket 1 in Table. 1, it will be forwarded to
node B and be pushed pathlet (1,1) into its packet header. When
this packet arrives at node B, it pops off the outermost element in
the pathlet and thus forwards the packet using the first entry in the
flow table of node B, which instructs the packet to node E. When
the packet arrives at node E, it pops off the remaining outermost
element in its packet header and thus forwards the packet according
to the first entry in the flow table of node E, which finally sends the
packet to node G.

In path-vector routing scheme, the packet originating from node
A with destination node G will also be push Group ID 1 into its
packet header to instruct the packet to node B, C and D with the
choice of different buckets in the bucket set of Table. 2. If the
packet is instructed by Bucket 1, it will be forwarded to node B.
When the packet arrives at node B, node B will decide where to
forward the packet by matching the packet header with entries in its
flow table. If such an entry exists, then the packet will be forwarded
according to this entry; otherwise, the packet will be forwarded to
the centralized controller to decide how to forward it.

Table 3: Flow Table of Node B
Flow ID Next-Hop Remaining FIDs

1 E Empty

Table 4: Flow Table of Node E
Flow ID Next-Hop Remaining FIDs

1 G Empty

5. CENTRALIZED TRAFFIC ENGINEER-
ING

5.1 Motivation
An important goal of traffic engineering is the routing optimiza-

tion, i.e., finding efficient routes so as to achieve the desired net-
work performance [23]. Our goal is to design a new bandwidth
allocation scheme, which aims at providing fair application-layer
performance to a wide variety of applications competing for the
available bandwidth, including both real-time multimedia and bulk
transfer applications.

The utility for each application is a measure of its application-
layer performance. Although utility can correspond to several pa-
rameters, such as bandwidth, delay, delay jitter and loss ratio [1],
we assume in this paper that it is only determined by the allocated
bandwidth. We can then define a utility function for each applica-
tion which maps its allocated bandwidth to utility.

Table 1: Multipath Source Routing
Group ID Group Type

1 SELECT

Buckets Next-Hop Remaining FIDs Bucket Weight
Bucket 1 B Push(1,1) 10%
Bucket 2 C Push(1,1) 20%
Bucket 3 D Push(1,1) 70%

Table 2: Multipath Path-Vector Routing
Group ID Group Type

1 SELECT

Buckets Next-Hop Remaining FIDs Bucket Weight
Bucket 1 B Empty 10%
Bucket 2 C Empty 20%
Bucket 3 D Empty 70%

5.2 System Model and Problem Formulation
We consider the bandwidth allocation problem in a network con-

sisting of links with fixed capacities. A wide diversity of appli-
cations, e.g., both real-time multimedia and bulk transfer applica-
tions, are involved in the network competing for the available band-
width. A flow of each application is defined as a (source site, des-
tination site, bandwidth demand) tuple, where bandwidth demand
represents the upper bound of the allocated bandwidth for the flow.

Our objective is to allocate bandwidth to each flow such that fair-
ness among flows is achieved. As mentioned before, each applica-
tion has its own utility function which maps its allocated bandwidth
to its utility and utility is a measure of its application-layer per-
formance. Different types of applications may have diverse utility
functions, e.g., the utility function for a traditional bulk transfer ap-
plication is usually a concave and non-decreasing bandwidth-utility
function while a real-time multimedia application has a nearly single-
step bandwidth-utility function [1].

We observe that online multimedia applications do not care about
the allocated bandwidth unless as means to achieve some application-
layer performance, which is the utility. Therefore, we decide to
follow the utility max-min fairness proposed by Cao et al. in [1].
Different from the single path utility max-min fair allocation prob-
lem studied in [1], we consider multiple available paths for each
source-destination pair in our work.

In order to explicitly express multipath routing, we modify the
definition of a feasible bandwidth allocation in [1] as follows: a
feasible bandwidth allocation is a vector b = (b1, . . . ,bN) that al-
locates bandwidth bi to flow i 2 I (I is the set of all flows) such
that no links in the network are congested. Since we use the multi-
path routing scheme for each flow, we use Pi to denote the set of all
available paths for flow i and bi j to denote the bandwidth allocated
to flow i through path j. d jl = 1 represents that path j contains link
l 2 L, where L is the set of all links in the network, and d jl = 0
otherwise. The feasibility constraint can be represented as follows:

Â
i2I

Â
j2Pi

d jl ·bi j Cl , 8l 2 L (1)

where Cl is the capacity of link l 2 L.
Based on the definition of feasible bandwidth allocation above,

we follow the definition of the utility max-min fair allocation in [1]:
a utility max-min fair allocation is a feasible bandwidth allocation
vector b = (b1, . . . ,bN) where any component bi of b cannot be
increased without decreasing some other component bk with equal
or smaller utility ( fk(bk) fi(bi) ). We use fi to denote the utility
function for flow i 2 I.

Similar to the standard Linear Programming algorithm for max-

min fairness [19, 20] , several iterations are needed in order to
achieve the utility max-min fair allocation among all flows in the
network. The algorithm will terminate when bandwidth allocations
to all flows are fixed. In the K-th iteration, we try to maximize the
K-th smallest common utility and fix relevant flows. The optimiza-
tion problem to be solved in the K-th iteration is then formulated as
follows:

max mini2V fi( Â
j2Pi

bi j) (2)

s.t.
Â j2Pi

bi j = f�1
i (uk

M), 8k 2 (1, . . . ,K�1),

i 2 Bk. (3)
bi j � 0, 8 j 2 Pi, 8i 2V. (4)

Â j2Pi
bi j  Di, 8i 2V. (5)

fi(Â j2Pi
bi j) are equal, 8i 2V. (6)

Âi2I Â j2Pi
bi j ·d jl Cl , 8l 2 L. (7)

where bi j is the variable representing bandwidth allocated to
flow i 2 I through path j 2 Pi. (3) represents that flows fixed in it-
eration k achieve a common utility uk

M , where Bk is the set of flows
fixed in iteration k. (5) represents that the total bandwidth allocated
to the non-fixed flow i 2 V is no more than its bandwidth demand
Di. (6) represents that we try to allocate a common utility to every
non-fixed flow in each iteration. (7) is the link capacity constraint,
which has been described in (1).

5.3 Traffic Engineering Algorithm
Due to the freedom of choosing any form of utility function fi for

each flow i2 I, the max-min optimization problem in each iteration
can be non-convex, hence hard to be solved. We thus propose an
algorithm that can efficiently solve this problem.

We observe that in each iteration, an optimal bandwidth alloca-
tion scheme achieves equal utility for all non-fixed flows. There-
fore, we propose a binary search algorithm to find this common
utility in each iteration. Specifically, we try to find the common
utility that can be achieved by all non-fixed flows in each itera-
tion and fix corresponding flows either because the bandwidth de-
mand is achieved or they cannot be allocated more bandwidth due
to the link saturation. Details of this algorithm is presented in Al-
gorithm 1 and Algorithm 2.

The algorithm of P(up
common) which tries to allocate up

common util-
ity to each non-fixed flow i 2 V in iteration p is represented as in
Algorithm 3. The main difficulty in Algorithm 3 lies in checking
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Figure 5: Overview of architecture of an application-layer
OpenFlow switch

follows:
Flow Table. The Flow Table component in each application-

layer OpenFlow switch stores forwarding rules for all pathlets orig-
inating from this switch. A flow is matched with its Flow ID and
will be forwarded along a pathlet according to the Next-hop Switch
and Remaining FIDs fields in the corresponding flow entry. A
packet will be labeled if there is no matched flow entry in the Flow
Table before being sent to the Transmitter component to be further
forwarded. Further, after the centralized controller adding a new
flow entry into the Flow Table, an I/O proxy is created for packet
transmissions from the application to the switch.

Transmitter. For each packet received from the Flow Table, the
Transmitter first examines whether it is labeled as no matched flow
entry in the Flow Table. If it is the case, the Transmitter forwards
this packet to the reserved Port to consult the controller how to
forward it; otherwise, it will be forwarded to the next-hop switch
according to the corresponding flow entry in the Flow Table. More-
over, the flow rate on each path is controlled by the centralized
controller through modifying flow tables according to the traffic
engineering solution by our design.

Receiver. When receiving an incoming packet, the Receiver will
first check whether it comes from the reserved Port. If it is the
case, the Receiver will trigger the Flow Table component to add a
new flow entry; otherwise, the packet will be forwarded to the I/O
proxy. Further, we set a particular bit in the packet header to 1 if
it arrives at its destination switch and 0 otherwise. Therefore, the
packet will be saved via the I/O proxy if this bit is 1 and will be
forwarded to the Flow Table otherwise.

Port. This component functions in a similar way as in [5]. The
only difference is that one of the Port numbers is reserved for each
switch to communicate with the centralized controller, in order to
support the centralized traffic engineering architecture in Soda.

6.2 Experiments Using the Amazon EC2 Inter-
DC Network

6.2.1 Methodology
To conduct experiments with our implementation of Soda, we

choose the Amazon EC2 inter-DC network, which provides resiz-
able computing capacity in the Amazon Web Service (AWS) cloud.
Figure. 6 illustrates the Amazon EC2 inter-DC network topology
adopted in our experiment. We also illustrate four types of multi-
media application flows in this figure with rectangles representing
their source nodes and circles representing their destination nodes.
In our experiment, we launch instances for these source and des-
tination nodes and also for application-layer OpenFlow switches.

Specifically, we use micro instances for application-layer Open-
Flow switches as well as for destination nodes while we use medium
instances for source nodes, in order to guarantee achieving ex-
pected sending rates.

North
California

Sao
Paulo

Virginia

Oregon

Singapore

Tokyo

App 1

App 2 App 3

App 4

App1

App3

App2 App4 Amazon EC2 inter-datacenter network

Figure 6: Topology of the inter-datacenter network used in our
experiment

Since link capacities in the Amazon EC2 inter-DC network are
stable only over a short time interval, we log statistics every 1.5
minutes. We first measure capacities of links that are needed in
our experiment in the Amazon EC2 inter-DC network. Results of
the average link capacities we obtain in 12 minutes are as follows:
link North California ! Tokyo has a capacity of 1.57 Mbps, link
Virginia! Tokyo has a capacity of 1.16 Mbps, link Singapore!
Tokyo has a capacity of 2.40 Mbps and link Tokyo! Oregon has
a capacity of 1.88 Mbps.

We then run the traffic engineering algorithm in Soda. We con-
duct our experiment for 72 minutes, which results in obtaining 48
groups of statistical data and we average over these groups of data
to obtain final results. Available paths for each type of multimedia
applications are configured as follows: Conf uses paths Sao Paulo
! North California! Tokyo and Sao Paulo! Virginia! Tokyo,
Game uses paths Sao Paulo! Virginia! Tokyo and Sao Paulo!
Singapore! Tokyo, Up uses paths Sao Paulo! North California
! Tokyo and Sao Paulo! Singapore! Tokyo and Rep uses only
a single path Tokyo! Oregon.

Utility functions of these four types of multimedia applications
are configured as in Fig. 4, where Conf and Game with sigmoidal
bandwidth-utility functions represent real-time multimedia appli-
cations, Up with a logarithmic bandwidth-utility function repre-
sents an elastic multimedia data update application and Rep with
a linear bandwidth-utility function represents an application repli-
cating multimedia data to a remote database.

6.2.2 Fairness
Fig. 7 shows the normalized utility that each type of multime-

dia applications achieves in our experiment, relative to the optimal
utility achieved under utility max-min fairness. We compute the
optimal utility max-min fair bandwidth allocation scheme by sim-
ulating our traffic engineering algorithm in MATLAB.

Results in Fig. 7 demonstrate that the bandwidth allocation scheme
in the experiment with our real-world implementation of Soda can
perfectly approach the optimal utility max-min fairness. Further,
we can observe from Fig. 7 that real-time multimedia applications,

Performance Evaluation

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

Conf Game Up RepA
p

p
li

c
a

ti
o

n
 u

ti
li

ty
[n

o
rm

a
li

ze
d

 t
o

 u
ti

li
ty

 m
a

x
−

m
in

 f
a

ir
n

e
s

s
]

i.e., Conf and Game, are more likely to achieve optimal utilities
than elastic and background multimedia applications. This result
confirms our intuition that real-time multimedia applications have
higher priorities than other types of applications.
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Figure 7: Normalized utility of individual application

6.2.3 Network Utilization
To evaluate the network utilization achieved by Soda, we com-

pare the total network utility obtained in our experiment with that
from our simulation result. To further illustrate the network uti-
lization performance of the traffic engineering solution, we also
compare experimental results with the maximized network utility
computed using a complex offline algorithm [4]. This centralized
algorithm presents an upper bound for the total network utility that
can be achieved since no fairness criterion is considered in [4]. We
choose this centralized algorithm as it is comparable with our traf-
fic engineering solution in that it can cope with multimedia appli-
cations with non-concave utility functions.

Experimental results of the normalized total network utilization
is illustrated in Fig. 8. This empirical CDF graph illustrates the total
network utility achieved in our experiment normalized to the the-
oretically maximized total network utility with and without utility
max-min fairness. The result confirms us that Soda can achieve a
desirable total network utility under utility max-min fairness, which
is not far away from the upper bound of the maximized total net-
work utility without fairness concern.

6.2.4 Link Utilization
Fig. 9 illustrates the link utilization of four dedicated Amazon

inter-DC links used in our experiment as time elapses. Results have
been normalized to the optimal utilization of inter-DC links under
utility max-min fairness criterion. We conclude from the figure
that all these four links achieve a high link utilization. In particu-
lar, link Tokyo ! Oregon, which is the first saturated link in our
experiment, obtains the highest link utilization.

7. RELATED WORK
SDN is an exciting technology that enables innovation in net-

work design and management. Over the past few years, SDN has
garnered a significant attention in industry. Although early SDN
deployments focus on university campus and datacenter networks,
recent works has explored adopting the SDN architecture in the
inter-DC WAN. Jain et. al presented the design, implementation
and evaluation of a private WAN connecting geographically dis-
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tributed datacenters of Google, where an SDN architecture is ap-
plied [10]. Hong et. al presented the system design of a software-
defined inter-DC WAN and also proposed techniques for intelligent
network configurations in order to avoid the transient congestion
and the rule count limit on SDN switches [2].

Our work differs in that, in order to cater to the needs of multi-
party multimedia applications, such as video conferencing and on-
line games, we propose a new architecture, Soda. Instead of fol-
lowing the traditional way to deploy a layer-2 or layer-3 SDN ar-
chitecture, we design and implement Soda at the application layer.

In addition, the traffic engineering architecture supported by Soda
aims at achieving high network utilization while maintaining util-
ity max-min fairness among heterogenous types of online multi-
media services. Benefited from the centralized controlling feature
of Soda, we propose a centralized traffic engineering solution to
jointly solve the bandwidth allocating and multipath routing prob-
lem under utility max-min fairness, while previous works either fo-
cus on the utility function design [6, 15, 18] or rely on distributive
algorithms [11].

8. CONCLUSION

i.e., Conf and Game, are more likely to achieve optimal utilities
than elastic and background multimedia applications. This result
confirms our intuition that real-time multimedia applications have
higher priorities than other types of applications.
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6.2.3 Network Utilization
To evaluate the network utilization achieved by Soda, we com-

pare the total network utility obtained in our experiment with that
from our simulation result. To further illustrate the network uti-
lization performance of the traffic engineering solution, we also
compare experimental results with the maximized network utility
computed using a complex offline algorithm [4]. This centralized
algorithm presents an upper bound for the total network utility that
can be achieved since no fairness criterion is considered in [4]. We
choose this centralized algorithm as it is comparable with our traf-
fic engineering solution in that it can cope with multimedia appli-
cations with non-concave utility functions.

Experimental results of the normalized total network utilization
is illustrated in Fig. 8. This empirical CDF graph illustrates the total
network utility achieved in our experiment normalized to the the-
oretically maximized total network utility with and without utility
max-min fairness. The result confirms us that Soda can achieve a
desirable total network utility under utility max-min fairness, which
is not far away from the upper bound of the maximized total net-
work utility without fairness concern.

6.2.4 Link Utilization
Fig. 9 illustrates the link utilization of four dedicated Amazon

inter-DC links used in our experiment as time elapses. Results have
been normalized to the optimal utilization of inter-DC links under
utility max-min fairness criterion. We conclude from the figure
that all these four links achieve a high link utilization. In particu-
lar, link Tokyo ! Oregon, which is the first saturated link in our
experiment, obtains the highest link utilization.

7. RELATED WORK
SDN is an exciting technology that enables innovation in net-

work design and management. Over the past few years, SDN has
garnered a significant attention in industry. Although early SDN
deployments focus on university campus and datacenter networks,
recent works has explored adopting the SDN architecture in the
inter-DC WAN. Jain et. al presented the design, implementation
and evaluation of a private WAN connecting geographically dis-
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tributed datacenters of Google, where an SDN architecture is ap-
plied [10]. Hong et. al presented the system design of a software-
defined inter-DC WAN and also proposed techniques for intelligent
network configurations in order to avoid the transient congestion
and the rule count limit on SDN switches [2].

Our work differs in that, in order to cater to the needs of multi-
party multimedia applications, such as video conferencing and on-
line games, we propose a new architecture, Soda. Instead of fol-
lowing the traditional way to deploy a layer-2 or layer-3 SDN ar-
chitecture, we design and implement Soda at the application layer.

In addition, the traffic engineering architecture supported by Soda
aims at achieving high network utilization while maintaining util-
ity max-min fairness among heterogenous types of online multi-
media services. Benefited from the centralized controlling feature
of Soda, we propose a centralized traffic engineering solution to
jointly solve the bandwidth allocating and multipath routing prob-
lem under utility max-min fairness, while previous works either fo-
cus on the utility function design [6, 15, 18] or rely on distributive
algorithms [11].

8. CONCLUSION
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Figure 1.1: Soda: A Case for Software-Defined Networking at the Application Layer from Younan Wang
and Baochun Li at University of Toronto (Theme 1)
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1.2 Consistency Models in Distributed Controller Architectures for Soft-

ware Defined Networks

Heng Xu, Baochun Li, U. Toronto

Despite the merits of a logically centralized control plane in software-defined networks, it has the requirement

to be implemented by physically distributed controllers to allow scaling up for larger networks. Such

a problem of scalability becomes an even more pressing concern with application-layer software-defined

networks. Such a physically distributed state naturally needs a way to keep the control planes working in

unity, rather than just a number of independent networks. There are two broadly categorized models to

synchronizing the physically distributed control plane, strong consistency and eventual consistency. In this

poster, we show our recent work on an in-depth comparison study between these two models of consistency,

with respect to a variety of performance and quality metrics.
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Despite the merits of a logically centralized control plane 
in software-defined networks, it needs to be 
implemented by physically distributed controllers in order 
to scale up to a larger network. Such a problem of 
scalability becomes an even more pressing concern with 
application-layer software-defined networks. Such a 
physically distributed state naturally needs a way to keep 
the control plane to work in unity, rather than just a 
number of independent networks. There are two broadly 
categorized models to synchronizing the physically 
distributed control plane, strong consistency and 
eventual consistency. In this poster, we show our recent 
work on an in-depth comparison study between these 
two models of consistency, with respect to a variety of 
performance and quality metrics.
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Although a single instance of today’s virtual machine (VM) 
can handle a large number of network events, but it still 
has its limitations. As a network grow, a single physically 
centralized controller will eventually met its scalability 
and reliability problems. Moreover, as the network grow, 
the physical placement of the control will be critical to 
the performance of the whole network. For example, as 
shown in the left, if we only have one physical instance of 
the controller, and two sites, no matter which site the 
controller is in, the switches located at the other site is 
going to incur large communication latency, and the 
cross site link may be congested. On the other hand, 
what if we have one instance of the controller for each 
site as whom on the right. This gives rise the idea of 
logically centralized, physically distributed network 
control plane.

!
!
!
!
1) Onix: A Distributed Control Platform for Large-scale 
Production Networks, T. Koponen et al. in OSDI, 2010

2) HyperFlow: A Distributed Control Plane for OpenFlow, 
A. Tootoonchian and Y. Ganjali, in INM/WREN, 2010

3) Towards an Elastic Distributed SDN Controller 
(ElastiCon), Advait Dixit et al. in HotSDN, 2013

4) Logically Centralized? State Distribution Trade-offs in 
Software Defined Networks, D. Levin et al. in HotSDN, 
2012
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Let’s understand the setup of 
the experiment. Similar to 
Onix, where each controller 
maintains a Network 
Information Base (NIB), to hold 
all the information about 
network entities. In our 
model, as shown on the left, 
each controller will maintain 
its separate NIB as well. Each 

phsyical instance of the controller will maintain its own 
NIB, which corresponds to its own view of the entire 
network. Since by default each controller will only be 
updated by the event in the segment of the network 
under its direct control, overtime the NIBs will evolve to 
different views. Therefore, there is a need to synchronize 
the NIBs contents, so that the views of the instances of 
controller will not be conflicting with each other.


There are quite a number of SDN 
application to benchmark the results. 
There are quite a number of SDN 
applications we can use. For example, 
load balancers, middle boxes, 
firewalls. We have chosen the load 
balancer as our SDN application. As 
shown on the left, a number of clients 

send data to the backend servers. 
In-between the servers and 
clients, the load balancer will 
make an attempt to distribute the 
traffic evenly across all the paths, 
so that no link in the network is 
congested. The topology is here:

!
!



!
We plotted network link imbalance measure boxplots. 
Under an exponential distributed workload with 
parameter alpha = 32. The eventual consistency case is 
shown on the left, while the strong consistency case is 
shown on the right. Both cases used 6 different 
synchronization periods between the controllers’ NIBs and 
the distributed data store. We see the strong consistency 
model does better in terms of balancing link loads. This is 
just 1 out of many trails we performed.

Consistency Models in Distributed 
Controller Architectures for Software 

Defined Networks

Heng Xu, Baochun Li


Department of Electrical and Computer Engineering, Faculty of Applied Science 
and Engineering, University of Toronto
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Figure 1.2: Consistency Models in Distributed Controller Architectures for Software Defined Networks
from Heng Xu and Baochun Li at University of Toronto (Theme 1)



Theme 1 Smart Applications 6

1.3 Repairing Erasure Codes Cooperatively in Storage-Intensive Appli-

cations

Jun Li, Baochun Li, U. Toronto

Storage-intensive applications store a substantial amount of data in a large number of commodity servers.

Due to the large number and their commodity nature, servers are subject to failures. To maintain data

integrity in spite of server failures, storage-intensive applications store redundant data, in a form of either

replications or erasure codes or both. Since erasure codes can consume much less storage space than

replications while maintaining the same level of failure tolerance, storage intensive applications have been

increasingly deploying erasure codes (such as Reed-Solomon codes) to replace replications. However, when

the storage-intensive application needs to repair missing data after failures, erasure codes also incur a

significant amount of network traffic and disk I/O. Since storage-intensive applications are usually designed

to tolerate multiple failures of servers, we can repair missing data of multiple failed servers in batches,

rather than independently. In this manner, both network traffic and disk I/O can be saved with the

corresponding erasure codes. In this paper, we present new erasure codes for storage intensive applications,

called cooperative repairing (CR) codes that can repair missing data of multiple failed servers cooperatively

while consuming the optimal network traffic. We show that the construction of CR codes is systematic

and CR codes can be repaired exactly. Though CR codes incur more storage overhead than MDS codes

like Reed-Solomon codes, we show that this overhead is marginal in storage-intensive applications. Our

simulation results show that repairing multiple failures with CR codes can reduce network traffic by up to

20% and disk I/O of repairs by 75%.
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!
!

✦ Storage-intensive applications, such as Hadoop and OpenStack, 
rely on redundant data to maintain data integrity in spite of server 
failures, in a form of either replications or erasure codes. 

✦ Erasure codes consume much less storage space than 
replications, while maintaining the same level of failure tolerance. 
Hence, storage-intensive applications  have been increasingly 
deploying erasure codes (such as Reed-Solomon codes) to replace 
replications. 

!
!
!

✦ However, erasure codes can also incur a significant overhead of 
network traffic (esp. over switches) and disk I/O, when the storage-
intensive application needs to repair missing data after failures. 

✦ We have known that network traffic and disk I/O can be saved if 
multiple failures are repaired in a cooperative way. 

✦ Server failures are usually correlated, and thus there are many 
opportunities to repair multiple failures in batches, instead of one 
failure at a time. 

✦ However, there has been no general construction of erasure codes 
that support to repair multiple failures in batches with the optimal 
network traffic. 

!
!

✦ We design new erasure codes for storage-intensive applications, 
called cooperative repairing (CR) codes. 

✦ CR codes can repair missing data of multiple failed servers 
cooperatively while consuming the optimal network traffic with a 
marginal storage overhead.  

✦ CR codes is systematic and CR codes can be repaired exactly.  
!
!
!

✦ CR codes have four parameters: (n, k, d, t): 

✦ CR codes are constructed in two parts: 
!
!
!
!
!
!
!
!
!
!
!
!
!
      
      Any k blocks can recover the original data as both parts are MDS. 
!

✦ CR codes can be repaired in a cooperative way: 

!
 
!

Celerity

Repairing Erasure Codes Cooperatively in Storage-Intensive Applications 
Jun Li, Baochun Li 

Department of Electrical and Computer Engineering, University of Toronto
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Figure 1.3: Repairing Erasure Codes Cooperatively in Storage-Intensive Applications from Jun Li and
Baochun Li at University of Toronto (Theme 1)
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1.4 Ready, Set, Go: Coalesced Offloading from Smart Applications to

the Cloud

Liyao Xiang, Baochun Li, U. Toronto

With an abundance of computing resources, cloud-computing systems have been widely used to elastically

offload the execution of computation-intensive smart applications on mobile devices. This leads to per-

formance gains and better power efficiency. However, existing efforts have so far focused on one smart

application only, and multiple applications are not coordinated when sending their offloading requests into

the cloud. In this poster, we propose a new technique of coalesced offloading, which exploits the potential for

multiple applications to coordinate their offloading requests with the objective of saving energy on mobile

devices. Our intuition is that, by sending these requests in “bundles,” the period of time that the network

interface stays in the high-power state can be reduced.

We present two online algorithms, collectively referred to as Ready, Set, Go (RSG), that make near-optimal

decisions on how offloading requests from multiple applications are to be best coalesced. We show, both

analytically and experimentally, using actual smartphones, that RSG is able to achieve incremental energy

savings whilst maintaining satisfactory performance.
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When multiple applications send their offloading requests to the 
cloud independently without any coordination, the cellular or Wi-
Fi network interface needs to be activated to transmit these 
requests, entering the high-power state at arbitrary times. 

In this poster, we propose coalesced offloading, which exploits the 
potential for multiple applications to coordinate their offloading 
requests with the objective of saving additional energy on mobile 
devices. Coalesced offloading realizes the intuition that, by 
sending code offloading requests in “bundles,” the period of time 
that the network interface stays in the high-power state can be 
reduced, thus saving additional energy. 

Since bundling offloading requests may incur additional 
offloading delays, we formulate the problem as a joint 
optimization problem, with both the energy cost and the response 
time considered. The offloading requests arrival time sequence is 
a1, a2, . . . , a9, and the granting time sequence is g1, g2, ..., g5. Let T 
be the duration of the tail time after the completion of 
transmission. 

Since the actual energy cost is nearly linear to the duration that 
the network interface stays at the high-power state, we use that 
time duration to represent the energy cost. The joint optimization 
problem of coalesced offloading can be formulated as follows:

The first term represents the energy cost while the second term 
denotes the total latencies.

Optimal Offline Algorithm: The optimal offline algorithm, in 
which the arrival time sequence are given a priori, serves as the 
benchmark for us to design and evaluate our online algorithms. 
We use dynamic programming to obtain an optimal offline 
algorithm with a time complexity of O(n).

Celerity
RSG Online Algorithm: Our algorithm Aθ is defined as a 
randomized algorithm that selects θ between 0 and 1 according to 
a probability density function p(θ) = eθ/(e − 1). Let R(t, t′) be the 
number of requests that arrive between time t and t′, and g1, g2, ..., 
gi, ... be the times at which requests are granted and transmitted. 
Algorithm Aθ grants the next request at gi+1 such that there exists 
a time τi+1, gi < τi+1 < gi+1 , that satisfies

where Si is essentially the amount of energy cost increment due to 
the additional transmission. The intuition is given the previous 
transmission occurring at time gi, the additional transmission 
happens at τi+1 will reduce the latency cost by the increment of 
energy cost. 

Performance Analysis: We proved the Deterministic Online 
Algorithm A1 is 2-competitive, and the competitive ratio between 
the expected cost incurred by the Randomized Online Algorithm 
Aθ and the optimal cost is e/(e − 1), both of which are proven 
optimal in respective cases.

In real-world experiments, we emulate different types of 
offloading requests generated from applications and their transfers 
to the cloud. We also look into how the energy costs vary with the 
tradeoff configuration parameter α. Further, we record the 
network traffic of three typical mobile applications offloading to 
the cloud. Our experiments have revealed that by performing the 
RSG algorithm with our real-world traces, the energy 
consumption is reduced by 20.71%.

Ready, Set, Go: Coalesced Offloading from Smartphones to the Cloud
                      Liyao Xiang and Baochun Li

                  Department of Electrical and Computer Engineering, University of Toronto
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Figure 1.4: Ready, Set, Go: Coalesced Offloading from Smart Applications to the Cloud from Liyao Xiang
and Baochun Li at University of Toronto (Theme 1)
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1.5 Blossom: Content Distribution across Multiple Geographic Loca-

tions

Yangyang Li, Baochun Li, U. Toronto

Cloud service providers are building out geographically distributed networks of datacenters around the

world. It is customary for cloud service providers to distribute their data replicas at multiple geographic

locations to mitigate user latency and to increase service availability. In this poster, we treat the content

distributed from one datacenter to multiple datacenters as a multicast session. We investigate the problem of

maximizing the capacity utilization of inter-datacenter networks while maintaining fairness among multiple

multicast sessions. A bandwidth allocation algorithm based on max-min fairness is developed, named

Blossom. Blossom leverages a fully polynomial time approximation scheme to accelerate the bandwidth

allocation, while achieving an approximation that is (1-epsilon)-optimal. Through trace-driven simulation,

we show that our approach is substantially more efficient than prior work.
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!
!
Nowadays, it becomes a common practice for cloud service providers 
to build geographically distributed datacenters worldwide. In order to 
mitigate user latency and to increase service availability, it is necessary 
to distribute contents to multiple physical locations closer to users. 
With the proliferation of bandwidth-intensive applications, such as 
online video and file sharing, the scale of content distribution among 
these datacenters grows exponentially. The management of inter-
datacenter traffic has drawn much attention in academia. 
!
In this poster, we view that massive content distribution among 
datacenters as a bandwidth allocation problem for multiple multicast 
sessions. Rather than using the standard LP solvers, we are interested 
in developing an approximation algorithm that can solve the problem 
in polynomial time while achieving (1-epsilon)-optimality. In 
particular, we develop an algorithm called Blossom, which allocates 
bandwidth to multiple multicast sessions in a weighted max-min fair 
way. Our trace-driven simulation shows that Blossom outperforms 
existing multi-concurrent multicast solutions. 
!
!
!
We first use a toy example to illustrate the motivation for our idea.  
 
!
!
!
!
!
!
!
!
!

➣Session 1: Datacenter 1 to Datacenter 2, demand 1 unit. 
➣Session 2: Datacenter 1 to Datacenter 2 and 3, demand 1 unit. 
➣Session 3: Datacenter 3 to Datacenter 4 and 5, demand 1 unit. 
!
Achieving optimized capacity utilization while maintaining 
proportional fairness among multicast sessions will result in a 
bandwidth allocation as (1, 1, 1).  However, the bandwidth which is 
allocated to Session 3 can be as high as 1.5 units without decreasing 
the allocation of a session with smaller or equal rates. This motivates 
us to choose max-min fairness as the criterion of bandwidth 
allocation for multiple multicast sessions. 
!
!
!
According to the definition of max-min fairness, we have the 
following formulation for the max-min fair multi-tree multicast 
problem. 
!
!
!
!
!
!
!
!
!
!

Traditionally, based on the linear programming formulation, the 
problem can be solved by using a standard LP solver. However, as the 
number of multicast trees can be very large, finding the exact 
solutions by standard LP solvers can be slow and expensive. Instead, 
we developed a fully polynomial time approximation scheme 
(FPTAS). Below are highlights of our algorithm. 
!

➣Theorem 1. The running time of Blossom is   
!

➣Theorem 2. The resulted satisfaction ratio vector        is indeed 
max-min fair. 

!

\ 
!
Simulation settings: 
➣Available bandwidth trace from 7 Amazon EC2 datacenters 
➣10 multicast sessions are randomly created 
➣Session demand range: [1, 10] Mbps 
➣The number of datacenters involved in each session: [2, 7] 

  
We evaluate the efficiency of Blossom compared to the multiple 
concurrent flow (MCF) algorithm which is using a proportional 
fairness criterion. 

!
!
!
!
!
!
!
!
 

!
!
!
Our main contribution is an approximation algorithm that achieves 
max-min fair bandwidth allocation for competing multicast sessions 
in polynomial time. We carried out trace-driven simulation to 
evaluate the performance of Blossom, and showed that the algorithm 
can achieve high capacity utilization while maintaining inter-session 
fairness.

link on the minimum spanning tree of Si, we compare each
current length value de with 1/ce. The link e is saturated
as soon as de ≥ 1/ce. It should be noted that, in MCF,
the algorithm terminates when

∑
e∈E ce · de > 1. To further

improve the network utilization, for those sessions who can
not pass the saturation test, we remove them from the session
set S . In Blossom, we continue to allocate session rates to
other sessions. For this purpose, we change the termination
condition (see line 4). In each iteration, we evaluate the
incremental value of

∑
e∈E ce ·de since the last iteration. Thus,

at least one session is saturated and removed from S . When
all sessions are removed, the algorithm is terminated.

B. Algorithm correctness and complexity

Following the same approach as Grag et al., we can prove
the following sequence of lemmas and theorem. Let α(d)

def
=∑n

i=1 msti(d) be the sum of minimum spanning tree length
of all multicast sessions. Let ⟨λ∗⟩ = lexmaxx∈!⟨λ⟩ be the
result returned by Blossom.

Lemma 1. Linear program D1 is equivalent to finding a length
function d : E → R+ such that D(d)

α(d) is minimized.

Lemma 2. Scaling the final session flow by log1+ϵ
1+ϵ
β

(line 23) yields a feasible primal solution of value ⟨λ∗⟩ =
(⟨λ∗⟩i) > ( Pi−1

log1+ϵ
1+ϵ

β

), where Pi is the total number of steps
when Si is removed from the session set S .

Lemma 3. The final flow scaled by log1+ϵ1/β has a value at
least (1− 3ϵ) times ζ1, when β = (|E|/(1− ϵ))−1/ϵ. ζ1 is the
value of D(d)

α(d) after the first stage of Blossom is finished.

Lemma 4. If β = (|E|/(1− ϵ))−1/ϵ, Blossom terminates after
at most Pn = 1 + ζ1

ϵ log1+ϵ
|E|
1−ϵ steps.

Theorem 1. The running time of Blossom is
O(ϵ−2log|E|(2n2logn|E||V| + n|E|2|V|)).

The Blossom algorithm also gives us the following theorem,
we can prove it by introduction.

Theorem 2. The resulted satisfaction ratio vector ⟨λ∗⟩ is
indeed weighted max-min fair.

Proof:
Base step: In the first stage 1, ⟨λ⟩1 is equivalent to the

solution of D1, where for all multicast sessions i and j, λi =
⟨λ⟩1 and λj = ⟨λ⟩1 implying λi = λj . ⟨λ⟩1 can not be further
increased due to stage termination condition.

Induction Assumption: The weighted max-min fair order
holds for stage k. ⟨λ∗⟩ is feasible and if for each session i,
λk

i cannot be increased without decreasing any other λk
j for

some session j for which λk
i ≥ λk

j .
Stage k + 1: Sk+1 is the set of all multicast sessions that

participate in stage k + 1. Srem is the set of all sessions
that were removed before, in one of the previous stages. We
distinguish among 3 cases for any session i and j:

-Case 1: Both sessions were removed in the previous stage,
such that i, j ∈ Srem. This case holds trivially because of the

TABLE I
AVAILABLE BANDWIDTH (MBPS) FOR MICRO INSTANCES BETWEEN EC2

DATACENTERS. VA, CA, EU, SG, BR, OR AND JP CORRESPOND TO
VIRGINIA, CALIFORNIA, IRELAND, SINGAPORE, BRAZIL, OREGON AND

TOKYO, RESPECTIVELY

VA CA EU SG BR OR JP

VA 24 35.4 16 26 19.1 18.2
CA 31.1 24.3 31.4 19 69.7 43,7
EU 110 9.65 21.7 13.8 14.6 7.13
SG 11.4 27.9 16 9.42 15 20.8
BR 29 15.4 16.8 13.8 18.4 4.24
OR 25.4 85.4 25.5 11.8 13.1 31.4
JP 31 35.9 16.9 12.4 3.85 54.4

induction assumption.
-Case 2: Only one of the two sessions was removed before.

Without loss of generality, we assume that i ∈ Sk+1 and j ∈
Srem. Session j cannot increase its session rate since it was
removed . If it was removed in the previous stage k, then
λk

i = λk
j = ⟨λ⟩k holds before starting stage k + 1, and thus

any increase in session i rate will implies λk+1
i ≥ λk+1

j . If
session j was removed before the previous stage, k, apparently
we get λk

i ≥ λk
j and then any increase in i′s rate will keep

the relation. Hence, λk+1
i ≥ λk+1

j .
-Case 3: Both multicast sessions participate in stage k + 1,

thus, i, j ∈ Sk+1. Since both sessions participated in all
previous stages, they gained session satisfaction ratio that
λk

i = λk
j = ⟨λ⟩k. The satisfaction ratio increase in this stage

keeps the same relation such that λk+1
i = λk+1

j = ⟨λ⟩k+1.

VI. EVALUATION

We use simulation to evaluate the efficiency of Blossom
compared to the MCF algorithm using a proportional fairness
criterion. We leave implementation of Blossom and assessing
its performance on a real cloud platform to future work.

We measure the available bandwidth between 7 Amazon
EC2 datacenters using Iperf [22] as an input of inter-
datacenter link capacity constraints for both algorithms, and
report them in Table I. 10 multicast sessions are randomly
created to simulate 10 pieces of data that are needed to
be delivered at the same time. The session demand and the
number of datacenters involved in each session are generated
uniformly at random in the range of [1,10] and [2,7], respec-
tively. The source datacenter also is randomly selected.

Fig. 2 compares session rates with different approximation
ratios for MCF and Blossom. We can find session 3, 4, and
8 have nearly the same rates by using different algorithms. A
possible explanation for this might be that these sessions were
saturated during the first stages of our algorithm. While after
they were saturated, we continue to increase other sessions’
rate until all sessions were saturated. In the best case, Blos-
som with 90% approximation ratio achieves 3.3 times higher
session rate than MCF with a 50% approximation ratio for
session 1.

Blossom: Content Distribution across Multiple Geographic Locations 
Yangyang Li, Baochun Li 

Department of Electrical and Computer Engineering, University of Toronto
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spanning trees for session i, and xj
i is the rate allocated to

session i along its jth spanning tree tji .
Following Nace et al., the session rate vector f

′
is called

lexicographically greater than vector f
′′

, f
′ ≻ f

′′
, if there

exists j ∈ {1, ..., n} such that f
′
i = f

′′
i , for all i ∈ {1, ..., j−1}

and f
′
j > f

′′
j . If f

′ ≻ f
′′

or f
′
= f

′′
then we write f

′ ≽ f
′′

.
As an example, if there are three multicast sessions, the session
rate vector (1, 2, 4) should be lexicographically greater than
(1, 1, 5). Hence, (1, 2, 4) ≻ (1, 1, 5).

The lexicographical maximization problem for given ! and
session rate vector f(x) is denoted by

lexmaxx∈!f(x) = (f1(x), f2(x), ..., fn(x)), (1)

and consists in finding a vector x∗ ∈ ! for which f(x∗)
is lexicographically maximal over !, that is, for all x ∈ !,
f(x∗) ≽ f(x).

Logically, the lexicographic optimization can be treated as a
sequential optimization process where we first maximize f1(x)
on the entire feasible set !, next we maximize f2(x) on the
resulting optimal set, and so on.

To clearly define the max-min fairness optimization prob-
lem, we need to introduce another vector. Let ⟨y⟩ =
(⟨y⟩1, ⟨y⟩2, ..., ⟨y⟩m) denote a version of vector y =
(y1, y2, ..., ym) ∈ Rm ordered in the non-decreasing order.
Thus, the max-min fairness optimization problem for given !
and f(x) is as follows:

lexmaxx∈!⟨f(x)⟩ (2)

The difference between lexicographic optimization and
max-min fairness optimization is that the order of sessions
in lexicographic optimization case is known. However, in the
latter case, the order is unknown beforehand. We first try to
maximize the minimum rate that all sessions can get. When
some sessions are saturated due to capacity constraints, we get
⟨f(x)⟩1. Then we try to maximize the second minimum rate
⟨f(x)⟩2, and so on.

C. Maximum Concurrent Multi-Tree Multicast

The first step naturally leads us to formulate the maximum
concurrent multi-tree multicast problem, which was proposed
by Cui et al. [8]. The objective is to maximize λ, such that,
for each multicast session Si ∈ S , λ · demi units of the re-
spective data can be simultaneously routed, subject to session
conservation and inter-datacenter link capacity constraints. λ
is the equal maximal fraction of all demands. Using path-flow
linear programming formulation, we have

P1 : maximize λ (3)
subject to fi(x) ≥ λ · demi, ∀i (4)

n∑
i=1

|Ti|∑
j=1

xj
i · δe(t

j
i ) ≤ ce, ∀e ∈ E (5)

λ ≥ 0, xj
i ≥ 0, ∀i, ∀j (6)

where δe(t
j
i ) is an indicator function. δe(t

j
i ) = 1 if link

e appears in the spanning tree tji . δe(t
j
i ) = 0, otherwise.

P1 enforces fairness by requiring that the comparative ratio

of traffic routed for different multicast sessions satisfies the
comparative ratio of their demands.

D. Max-Min Fair Multi-Tree Multicast

However, the optimal solution of P1 may significantly
reduce network utilization. The reason is that some sessions
can easily be saturated due to the limited number of spanning
trees. In that situation, the maximization of λ is thus reduced to
the maximization of the rate of the session which is congested
first, leaving other sessions un-optimized.

The inefficiency of solution P1 motivates us to take ad-
vantage of max-min fairness. Max-min fairness can improve
network utilization as well as potentially increase the through-
put for some sessions while maintaining fairness by making
each session obtain the maximum possible rate. According
to the definition of max-min fairness we presented before, we
have the following formulation for the max-min fair multi-tree
multicast problem.

P2 : lexmaxx∈! ⟨λ⟩ (7)
subject to fi(x) ≥ λi · demi, ∀i (8)

n∑
i=1

|Ti|∑
j=1

xj
i · δe(t

j
i ) ≤ ce, ∀e ∈ E (9)

λi ≥ 0, xj
i ≥ 0, ∀i, ∀j (10)

In the formulation above, instead of lexicographically max-
imizing the non-decreasing session rate vector ⟨f(x)⟩, we use
a new function λi(x) = fi(x)/demi. Its non-decreasing order
vector is denoted by ⟨λ⟩, which is shown in the objective
of the formulation. As in P1, the attractive feature is the
absolute value of demi become meaningless, we can focus
on the relative importance of the session. Apparently, we can
deal with the value of each demand as a weight. Hereafter,
we refer to the rate allocation in our formulation as weighted
max-min fairness.

V. ACHIEVING WEIGHTED MAX-MIN FAIRNESS

A. Algorithm for max-min fair muti-tree multicast problem

Traditionally, based on the linear programming formulation,
the problem P1 and P2 can be solved by using a standard
LP solver. However, as the number of multicast trees can be
very large, finding the exact solutions by standard LP solvers
can be slow and expensive. For a complete graph with n
vertices, Cayley’s formula gives the number of spanning trees
as nn−2. This means, if one of the multicast sessions involving
seven datacenters, the number of spanning trees can be 16807
(Cayley’s formula [14]). In addition, the number of concurrent
multicast sessions can also be very large, which causes the LP
solver method ineffective. Instead, we are looking for a fully
polynomial time approximation scheme (FPTAS). An FPTAS
is an algorithm which takes an instance of an optimization
problem and a parameter ϵ > 0 and, in polynomial time,
produces a solution that is within a factor 1 − ϵ of being
maximal. Its running time is polynomial in the size of the

link on the minimum spanning tree of Si, we compare each
current length value de with 1/ce. The link e is saturated
as soon as de ≥ 1/ce. It should be noted that, in MCF,
the algorithm terminates when

∑
e∈E ce · de > 1. To further

improve the network utilization, for those sessions who can
not pass the saturation test, we remove them from the session
set S . In Blossom, we continue to allocate session rates to
other sessions. For this purpose, we change the termination
condition (see line 4). In each iteration, we evaluate the
incremental value of

∑
e∈E ce ·de since the last iteration. Thus,

at least one session is saturated and removed from S . When
all sessions are removed, the algorithm is terminated.

B. Algorithm correctness and complexity

Following the same approach as Grag et al., we can prove
the following sequence of lemmas and theorem. Let α(d)

def
=∑n

i=1 msti(d) be the sum of minimum spanning tree length
of all multicast sessions. Let ⟨λ∗⟩ = lexmaxx∈!⟨λ⟩ be the
result returned by Blossom.

Lemma 1. Linear program D1 is equivalent to finding a length
function d : E → R+ such that D(d)

α(d) is minimized.

Lemma 2. Scaling the final session flow by log1+ϵ
1+ϵ
β

(line 23) yields a feasible primal solution of value ⟨λ∗⟩ =
(⟨λ∗⟩i) > ( Pi−1

log1+ϵ
1+ϵ

β

), where Pi is the total number of steps
when Si is removed from the session set S .

Lemma 3. The final flow scaled by log1+ϵ1/β has a value at
least (1− 3ϵ) times ζ1, when β = (|E|/(1− ϵ))−1/ϵ. ζ1 is the
value of D(d)

α(d) after the first stage of Blossom is finished.

Lemma 4. If β = (|E|/(1− ϵ))−1/ϵ, Blossom terminates after
at most Pn = 1 + ζ1

ϵ log1+ϵ
|E|
1−ϵ steps.

Theorem 1. The running time of Blossom is
O(ϵ−2log|E|(2n2logn|E||V| + n|E|2|V|)).

The Blossom algorithm also gives us the following theorem,
we can prove it by introduction.

Theorem 2. The resulted satisfaction ratio vector ⟨λ∗⟩ is
indeed weighted max-min fair.

Proof:
Base step: In the first stage 1, ⟨λ⟩1 is equivalent to the

solution of D1, where for all multicast sessions i and j, λi =
⟨λ⟩1 and λj = ⟨λ⟩1 implying λi = λj . ⟨λ⟩1 can not be further
increased due to stage termination condition.

Induction Assumption: The weighted max-min fair order
holds for stage k. ⟨λ∗⟩ is feasible and if for each session i,
λk

i cannot be increased without decreasing any other λk
j for

some session j for which λk
i ≥ λk

j .
Stage k + 1: Sk+1 is the set of all multicast sessions that

participate in stage k + 1. Srem is the set of all sessions
that were removed before, in one of the previous stages. We
distinguish among 3 cases for any session i and j:

-Case 1: Both sessions were removed in the previous stage,
such that i, j ∈ Srem. This case holds trivially because of the

TABLE I
AVAILABLE BANDWIDTH (MBPS) FOR MICRO INSTANCES BETWEEN EC2

DATACENTERS. VA, CA, EU, SG, BR, OR AND JP CORRESPOND TO
VIRGINIA, CALIFORNIA, IRELAND, SINGAPORE, BRAZIL, OREGON AND

TOKYO, RESPECTIVELY

VA CA EU SG BR OR JP

VA 24 35.4 16 26 19.1 18.2
CA 31.1 24.3 31.4 19 69.7 43,7
EU 110 9.65 21.7 13.8 14.6 7.13
SG 11.4 27.9 16 9.42 15 20.8
BR 29 15.4 16.8 13.8 18.4 4.24
OR 25.4 85.4 25.5 11.8 13.1 31.4
JP 31 35.9 16.9 12.4 3.85 54.4

induction assumption.
-Case 2: Only one of the two sessions was removed before.

Without loss of generality, we assume that i ∈ Sk+1 and j ∈
Srem. Session j cannot increase its session rate since it was
removed . If it was removed in the previous stage k, then
λk

i = λk
j = ⟨λ⟩k holds before starting stage k + 1, and thus

any increase in session i rate will implies λk+1
i ≥ λk+1

j . If
session j was removed before the previous stage, k, apparently
we get λk

i ≥ λk
j and then any increase in i′s rate will keep

the relation. Hence, λk+1
i ≥ λk+1

j .
-Case 3: Both multicast sessions participate in stage k + 1,

thus, i, j ∈ Sk+1. Since both sessions participated in all
previous stages, they gained session satisfaction ratio that
λk

i = λk
j = ⟨λ⟩k. The satisfaction ratio increase in this stage

keeps the same relation such that λk+1
i = λk+1

j = ⟨λ⟩k+1.

VI. EVALUATION

We use simulation to evaluate the efficiency of Blossom
compared to the MCF algorithm using a proportional fairness
criterion. We leave implementation of Blossom and assessing
its performance on a real cloud platform to future work.

We measure the available bandwidth between 7 Amazon
EC2 datacenters using Iperf [22] as an input of inter-
datacenter link capacity constraints for both algorithms, and
report them in Table I. 10 multicast sessions are randomly
created to simulate 10 pieces of data that are needed to
be delivered at the same time. The session demand and the
number of datacenters involved in each session are generated
uniformly at random in the range of [1,10] and [2,7], respec-
tively. The source datacenter also is randomly selected.

Fig. 2 compares session rates with different approximation
ratios for MCF and Blossom. We can find session 3, 4, and
8 have nearly the same rates by using different algorithms. A
possible explanation for this might be that these sessions were
saturated during the first stages of our algorithm. While after
they were saturated, we continue to increase other sessions’
rate until all sessions were saturated. In the best case, Blos-
som with 90% approximation ratio achieves 3.3 times higher
session rate than MCF with a 50% approximation ratio for
session 1.
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We use simulation to evaluate the efficiency of Blossom
compared to the MCF algorithm using a proportional fairness
criterion. We leave implementation of Blossom and assessing
its performance on a real cloud platform to future work.

We measure the available bandwidth between 7 Amazon
EC2 datacenters using Iperf [22] as an input of inter-
datacenter link capacity constraints for both algorithms, and
report them in Table I. 10 multicast sessions are randomly
created to simulate 10 pieces of data that are needed to
be delivered at the same time. The session demand and the
number of datacenters involved in each session are generated
uniformly at random in the range of [1,10] and [2,7], respec-
tively. The source datacenter also is randomly selected.

Fig. 2 compares session rates with different approximation
ratios for MCF and Blossom. We can find session 3, 4, and
8 have nearly the same rates by using different algorithms. A
possible explanation for this might be that these sessions were
saturated during the first stages of our algorithm. While after
they were saturated, we continue to increase other sessions’
rate until all sessions were saturated. In the best case, Blos-
som with 90% approximation ratio achieves 3.3 times higher
session rate than MCF with a 50% approximation ratio for
session 1.

Fig. 2. Session rates with different
approximation ratios.

Fig. 3. Average capacity utilization in
the inter-datacenter network.

Fig. 4. Number of minimum spanning
trees used.

Fig. 5. Comparison of runtime (number
of minimum spanning tree calculations).

Fig. 3 shows the average capacity utilization of all inter-
datacener links. We consider the average capacity utilization
as a ratio between the used bandwidth and link capacity.
Comparing the two results, it can be seen that Blossom has at
least 29.2% higher capacity utilization than MCF irrespective
of the approximation ratio. There was no significant differ-
ence in terms of capacity utilization when we increased the
approximation ratio.

The reason that why Blossom outperforms MCF can be
found in Fig. 4. With Blossom, we explored much more
spanning trees for each session than MCF. As a result,
the available bandwidth of the inter-datacenter network is
leveraged as much as possible. Thus, the capacity utilization
is increased. We also found, in some cases, the number of
spanning trees utilized by Blossom is larger than by MCF with
a higher approximation ratio.

Blossom increased the rates of multicast sessions as well
as maximized the capacity utilization, but at the cost of
increasing the runtime of bandwidth allocation. The runtime
of the two algorithms is shown in Fig. 5. Both Blossom
and MCF encountered much more minimum spanning tree
calculations as the approximation ratio increases. In particular,
by increasing the approximation ratio from 80% to 90%,
the number of minimum spanning trees calculated by each
algorithm is increased by a factor of 3.

VII. CONCLUSION

In this paper, we developed a bandwidth allocation algo-
rithm named Blossom for cloud service providers to distribute
contents among datacenters. Our main contribution is an ap-
proximation algorithm that achieves max-min fair bandwidth
allocation for competing multicast sessions in polynomial
time. We carried out trace-driven simulation to evaluate the
performance of Blossom, and showed that the algorithm can
achieve high capacity utilization while maintaining inter-
session fairness. Currently, We are implementing a session
controller based on POX [23], which can obtain the bandwidth
demand and available bandwidth sent by the participants
of multicast sessions. Additional future work opportunities
include the design of a rate limiting mechanism in user space
to flexibly allocate bandwidth.
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Figure 1.5: Blossom: Content Distribution across Multiple Geographic Locations from Yangyang Li and
Baochun Li at University of Toronto (Theme 1)
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1.6 Towards an Architecture for Mobile Social Video-Sharing Apps

Hu Zhang, Diego Serrano, Eleni Stroulia, U. Alberta

The typical architecture for web-based applications today involves a RBDMS back end, a middle tier im-

plemented in a variety of programming languages and increasingly in the service-oriented style, and a web

server listening for client requests and routing them to the appropriate service(s). Increasingly, these ap-

plications come with mobile clients that enable users to share and exchange multimedia content and access

location- and time-aware services.

In this poster, we describe an architecture for developing such types of systems, on the SAVI cloud. The

architecture includes components for (a) real-time social sharing of multimedia content; (b) data storage in

cloud-based repositories, appropriately configured for different media types; (c) massively parallel processing

for feature extraction; and (c) analytics services on the cloud. This work is motivated by the HSaT project,

in the context of which we will be developing a system to support the caregivers of people with developmental

disabilities.
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1.7 A Case Study on Multimedia Gaming Applications in Clouds

Preston Rodrigues, Ahmad Ferdous Bin Alam, Fariba Taheri, Roch Glitho, U. Concordia

Multimedia gaming applications are becoming ubiquitous. However, they still face several challenges (e.g.

scalability, elasticity, easy development and deployment) that can be tackled with cloud computing princi-

ples. Several cloud based frameworks for multimedia gaming applications were proposed in the recent past.

Nevertheless the vision of scalable, elastic, easily developed and deployed multimedia gaming applications

remains quite elusive.

This case study focuses on multimedia multiparty games. An architecture that relies on fine grained gaming

substrates is proposed. The substrates include multimedia conferencing substrates. They are sharable and

can be assembled on the fly to develop and deploy new multimedia gaming applications. We have built an

early prototype using Openstack at the IaaS layer, and Cloud Foundry at the PaaS layer. We also show

how the proposed architecture can be deployed on SAVI test bed.
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Figure 1.7: A Case Study on Multimedia Gaming Applications in Clouds from Preston Rodrigues, Ahmad
Ferdous Bin Alam, Fariba Taheri, Roch Glitho at Concordia University (Theme 1)
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1.8 Smart Applications with Green Deployments

Andreas Bergen, Hausi A.Müller, U. Victoria

A significant body of research exists to measure, monitor and control the resource utilization of virtual

machines within data centers. However, within SAVI, we propose to investigate and monitor the energy

consumption of smart applications at runtime. Energy consumption profiles are created by taking mea-

surements at the server rack’s power distribution unit (PDU) instead of using server internal hardware

components. The resulting energy profiles of these virtual machines, hosting applications of users from

around the globe, provide an improved understanding of “greenness” of the application within the context

of the new “Green” initiatives. This allows us to make energy usage predictions as well as deployment

decisions within SAVI.

We propose to measure the energy consumption of various applications running within the SAVI network

to build energy profiles and models of these applications. Since the abundance of applications in existence

makes it unfeasible to profile every single one, we separate applications into categories depending on their

resource usage: CPU intensive, memory intensive, intensive, disk I/O intensive. These profiles can then

be used to determine the most energy friendly or “green” location to deploy smart applications within the

virtual infrastructure of the SAVI Testbed.
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Figure 1.8: Smart Applications with Green Deployments from Andreas Bergen and Hausi A.Müller at
University of Victoria (Theme 1)
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1.9 Slicing Applications in the SAVI Pie

Przemek Lach, Ron Desmarais, Thiago Lima, Hausi A.Müller, U. Victoria

Modern applications are designed with performance, redundancy, scalability, and cost saving in mind. The

arrival of the cloud and multi-cloud models has offered better tools for implementing these characteristics

but at the cost to the developer: building a multi-cloud application is complex. One such modern application

is Yakkit Chat. Yakkit Chat is location based chat application that can take advantage of the multi-cloud

architecture. Our demonstration shows how SAVI eases the burden of development for a multi-cloud model

and how that translates to cost savings for the developer and an improved experience for the user.
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SLICING APPLICATIONS IN THE SAVI PIE 
!

Przemek Lach, Ron Desmarais, Thiago Lima, Hausi Müller

Yakkit is a framework for building context aware applications.  
!

Yakkit Chat is an application, built using the Yakkit Framework, that allows you to communicate instantly with those around 
you.  One of the goals of Yakkit Chat is to deliver a social experience that is similar to a face to face conversation. This goal 

necessitates a certain level of responsiveness from the application that is susceptible to latency. Using SAVI, Yakkit Chat 
has the ability to make better run-time decisions that help mitigate latency.

Experiment Setup 
!

The setup is composed of four servers: two on the West Coast and two on 
the East Coast. The Victoria Edge and Carleton Edge servers are part of the 

SAVI infrastructure and are running the Yakkit Chat server. The Amazon 
EC2 Oregon and Amazon EC2 Virginia servers are part of the Amazon EC2 

cloud and they are running bots that simulate users engaged in 
conversations using the Yakkit Chat app.

Oregon Users (West Coast) 
!
Since Carleton is further away form Oregon than it is from Victoria, Oregon 

users should see lower latencies using the Victoria Edge rather than the 
Carleton Edge.  We observed that on average it took a message 0.2178 

seconds to be delivered via the Victoria Edge and 0.2410 seconds through 
the Carleton Edge. These results indicate that at that point in time users 

would observe a better experience using the Victoria Edge.

Virginia Users (East Coast) 
!
Since Victoria is further away form Virginia than it is from Carleton, Virginia 
users should see lower latencies using the Carleton Edge rather than the 
Victoria Edge.  We observed that on average it took a message 0.1843 

seconds to be delivered via the Carleton Edge and 0.2590 seconds 
through the Victoria Edge. These results indicate that at that point in time 

users would observe a better experience using the Carleton Edge.   

Figure 1: Connection Setup for Potentially Low Latency Scenario. Figure 2: Oregon to Victoria with ten bots and five 150 second runs.

Figure 5: Oregon to Carleton with ten bots and five 150 second runs.Figure 4: Connection Setup for Potentially High Latency Scenario. Figure 6: Virginia to Victoria with ten bots and five 150 second runs.

Figure 3: Virginia to Carleton with ten bots and five 150 second runs.

2014

Figure 1.9: Slicing Applications in the SAVI Pie from Przemek Lach, Ron Desmarais, Thiago Lima and
Hausi A.Müller at University of Victoria (Theme 1)
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1.10 MobileView: Optimized Mobile Video Conferencing over the SAVI

Testbed

Zimu Liu, Baochun Li, U. Toronto

With the proliferation of mobile devices with high-speed cellular networks and high-resolution cameras,

there is a great potential that mobile video conferencing could greatly enhance the socialization and com-

munication among users. In this project, we aim to provide a “smart” video conferencing service across

geo-distributed SAVI edges, to offer the best possible service. As the cornerstone of our smart application,

we first conduct thorough measurements on the SAVI infrastructure to study its inherent characteristics.

Compared to traditional video conferencing, we discovered that the SAVI infrastructure could significantly

boost the streaming throughput, while keeping both delay and delay jitter low. Based on our measurement

insights on SAVI, we carefully design a suite of dedicated algorithms to stream mobile video flows through

SAVI edge nodes, and our algorithms consider various critical factors, including streaming rate, latency,

and operational costs. To validate our design for the smart mobile video conferencing, we have developed a

video conferencing application on the iOS platform from the scratch, named MobileView. Our experiments

reveal that the MobileView application is able to take full advantage of the SAVI testbed and offer a smooth

and high-quality conferencing experience in mobile devices.



Theme 1 Smart Applications 21

M
ob

ile
Vi

ew
: O

pt
im

iz
ed

 M
ob

ile
 V

id
eo

 
C

on
fe

re
nc

in
g 

ov
er

 th
e 

SA
VI

 T
es

tb
ed

Z
im

u 
Li

u 
an

d 
Ba

oc
hu

n 
Li



U
ni

ve
rs

ity
 o

f T
or

on
to

M
ob

ile
Vi

ew
U

se
r

M
ob

ile
Vi

ew
U

se
r

SA
VI

 T
es

tb
ed

 +
 B

el
lin

i

O
bj

ec
tiv

es
:!

En
su

re
 th

e 
ex

pe
ct

ed
 la

te
nc

y!
M

in
im

iz
e 

th
e 

de
la

y 
jit

te
r!

In
cr

ea
se

 th
ro

ug
hp

ut
!

R
ed

uc
e 

co
st

s

0
10
0

20
0

30
0

40
0

50
0

60
0

Ti
m
e  
(s
ec
)

012345

Bitrate  (Mbps)

C
on
fe
re
nc
in
g  
S
es
si
on

U
pl
in
k  
C
ap
ac
ity

0
25

0
50

0
0

0.
2

0.
4

0.
6

0.
81

D
el

ey

CDF

)6
78

98
:2

1.
4/

5

95
th

 p
en

ce
nt

ile
=1

46
.8

m
s

.

.

M
ea

n=
95

.6
 m

s
V

C

T
R

Y
K

Figure 1.10: MobileView: Optimized Mobile Video Conferencing over the SAVI Testbed from Zimu Liu
and Baochun Li at University of Toronto (Theme 1)
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1.11 GLINT – A Horizon based Image Distribution System

Ronald Desmarais, Colin Leavett-Brown, U. Victoria

Glint is a cloud image distribution service built using the django framework. Glint currently supports Open-

stack clouds. Glint extends Horizon to add image distribution functionality to Horizon’s Image Management

interface. Glint uses Openstack’s Glance Image Management API to manage images on multiple Openstack

clouds in a consolidated way. Glint offers two main services: the Site Management and User Credential

Service, and the Image Distribution Service. The Site Management and User Credential Service enables

users to identify other Openstack sites. It also allows users to store their credentials for sites, which Glint

uses for authorization to modify that site’s Glance repository. The Image Distribution Service uses Glance

to identify all images across all sites and creates a simple table for the user to easily select which images

they want to have on selected sites. Glint uses Glance to transfer images from source sites to destination

sites using the Glance API.
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HEP Group, UVic July 2, 2014

Openstack Based Design 
We decided to heavily rely on the Openstack framework for the 
following: !

1. To use Openstack's Glance service and API to manage image 
distribution.!

2. To take advantage of Openstack’s development and 
deployment architecture.!

3. To use Openstack's keystone service to provide user 
authentication.!

4. To use a secure mechanism to copy images.!

Simple User Interface 
1.User Adds Openstack Sites 
they have credentials on.!

2. User Adds their Credentials 
for each site they added.!

3.User selects/unselects sites 
they wish to push their images.

Dept. of Physics and AstronomySupported by CANARIEUniversity of Victoria

Objective 

Provide an image replication 
service managed through 
Openstack's Horizon Interface, to 
aggregate image management 
over multiple cloud sites 
including Openstack, EC2 
(Amazon) and GCE (Google). 

Motivation 

The popularity of cloud software 
has increased the number of 
cloud providers. For users to take 
advantage of these sites, they 
require credentials for access. 
This requires an administrative 

burden to users in setting up 
their VM images across many 
sites. Such a process requires the 
user to login and push or remove 
their images on every site they 
have access to. Users that have 
access to many sites, such as HEP, 
be burdened by image 
management.

GLINT 
R.Desmarais | C.Leavett-Brown | F.Berghaus | I.Gable | R.Sobie | A.Lam | C.Dremiel | R.Taylor | M.Paterson  

Figure 1.11: GLINT – A Horizon based Image Distribution System from Ronald Desmarais, Colin
Leavett-Brown, at University of Victoria (Theme 1)
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2.1 Task Assignment Across Clouds by Graph Partitioning

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

Task assignment in cloud computing normally ignores inter-task communications on the assumption that

this is a minor effect, but communications latency can have a big impact in newer cloud architectures where

the cloud consists of multiple computing centers of various sizes and the inter-cloud communication times

are not negligible. We study the case of task partitioning between a main “core” cloud and a smaller “edge”

cloud closer to the end user, where the edge-core communication time is not negligible. Transactions having

heavy interaction with the user are best placed in the edge cloud, and those requiring heavy computation

with less communication are best placed in the core. We propose iterative graph partitioning methods that

assign tasks in the task graph to the edge or core by minimizing a cut related to communication volumes

and processing capacity. Initial experimental results are promising. of the cloud.
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Figure 2.1: Task Assignment Across Clouds by Graph Partitioning from Ravneet Kaur, John Chinneck,
Murray Woodside at Carleton University (Theme 2)
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2.2 Simulation of Future Application-Aware Multi-Clouds

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

We have extensively modified the DCSim cloud simulator for use in examining the impact of latency on

the response times of applications running on multi-cloud architectures. The main new features are the

integration of the analytic Layered Queuing Network Solver (LQNS), and an expanded application model

based on Layered Queuing Networks (LQN).

Together these provide response times based on an LQN application model that reflects how the underlying

VM deployment creates latencies between tasks. Also new is support for the creation of a variety of multi-

cloud architectures.



Theme 2 Extended Cloud Computing 29

S
im

u
la

ti
o

n
 o

f 
F

u
tu

re
 A

p
p

lic
at

io
n

-A
w

ar
e 

M
u

lt
i-

C
lo

u
d

s
D

er
ek

 H
aw

ke
r, 

Jo
hn

 C
hi

nn
ec

k,
 M

ur
ra

y 
W

oo
ds

id
e

C
ar

le
to

n 
U

ni
ve

rs
ity

, O
tta

w
a,

 O
N

O
ur

 
in

te
re

st
 

in
 

de
ve

lo
pi

ng
 

th
is

 
si

m
ul

at
or

 
is

 
th

e 
st

ud
y 

of
 

fu
tu

re
 

ap
pl

ic
at

io
ns

. 
T

he
se

 
ap

pl
ic

at
io

ns
 

ha
ve

 
nu

m
er

ou
s 

ch
ar

ac
te

ris
tic

s 
th

at
 

m
ak

e 
th

em
 

di
ffi

cu
lt 

im
pl

em
en

t 
on

 
cu

rr
en

t 
av

ai
la

bl
e 

ha
rd

w
ar

e.
 

F
ut

ur
e 

ap
pl

ic
at

io
ns

 
w

ill
 

ha
ve

 
hi

gh
 

ba
nd

w
id

th
 

re
qu

ire
m

en
ts

, 
co

nt
ai

n 
st

ric
t 

re
al

-t
im

e 
re

qu
ire

m
en

ts
 a

nd
 e

xh
ib

it 
hi

gh
ly

 d
yn

am
ic

 b
eh

av
io

ur
.

To
 p

ow
er

 t
he

se
 f

ut
ur

e 
ap

pl
ic

at
io

ns
 w

e 
w

ill
 n

ee
d 

ne
w

 c
lo

ud
 m

od
el

s.
 O

ne
 

of
 

th
e 

ke
ys

 
to

 
m

ee
tin

g 
sa

tis
fy

in
g 

la
te

nc
y 

re
qu

ire
m

en
ts

, 
w

ill
 

be
 

th
e 

lo
ca

tio
n 

of
 d

at
ac

en
te

rs
 a

nd
 V

M
 p

la
ce

m
en

t 
w

ith
in

 t
he

 c
lo

ud
. 

F
ro

m
 t

he
 

pe
rs

pe
ct

iv
e 

of
 t

he
 c

lo
ud

 o
pe

ra
to

r, 
a 

le
ve

l 
of

 a
pp

lic
at

io
n-

aw
ar

en
es

s 
is

 
ne

ce
ss

ar
y 

fo
r 

op
tim

al
 V

M
 p

la
ce

m
en

t.

A
 

si
m

ul
at

or
 

is
 

be
ne

fic
ia

l 
be

ca
us

e 
w

e 
ar

e 
ab

le
 

to
 

si
m

ul
at

e 
th

e 
ch

ar
ac

te
ris

tic
s 

of
 f

ut
ur

e 
ap

pl
ic

at
io

ns
. T

he
se

 a
pp

lic
at

io
ns

 c
an

 b
e 

de
pl

oy
ed

 
on

 
di

ffe
re

nt
 

m
ul

ti-
cl

ou
d 

ar
ch

ite
ct

ur
es

 
ag

ai
ns

t 
di

ffe
re

nt
 

ki
nd

s 
of

 
V

M
 

al
lo

ca
tio

n 
po

lic
ie

s.
 A

ll 
in

 a
 c

on
tr

ol
le

d 
an

d 
re

pe
at

ab
le

 e
nv

iro
nm

en
t.

B
eg

an
 w

it
h

 e
xi

st
in

g
 s

im
u

la
to

r 
(D

C
S

im
)

●
C

us
to

m
iz

ab
le

 V
M

 A
llo

ca
tio

n 
po

lic
ie

s
●

IA
A

S
-p

er
sp

ec
tiv

e

M
u

lt
ip

le
 Im

p
ro

ve
m

en
ts

●
In

te
gr

at
io

n 
of

 a
na

ly
tic

 s
ol

ve
r 

ca
lle

d 
LQ

N
S

 (
La

ye
re

d 
Q

ue
ui

ng
 N

et
w

or
k 

S
ol

ve
r)

●
Im

pr
ov

ed
 q

ua
lit

y 
of

 r
es

po
ns

e 
tim

e 
m

ea
su

re
m

en
ts

●
La

ye
re

d 
qu

eu
in

g 
ne

tw
or

k 
de

la
ys

S
im

u
la

to
r 

F
ea

tu
re

s

M
o

ti
va

ti
o

n
/F

u
tu

re
 C

lo
u

d
 N

et
w

o
rk

s

A
b

st
ra

ct

C
h

in
ne

ck
, J

., 
Li

to
iu

, 
M

.,
 &

 W
oo

ds
id

e,
 M

. (
20

14
, M

ar
ch

).
 R

ea
l-t

im
e 

m
ul

ti-
cl

ou
d 

m
an

ag
em

e
nt

 n
ee

ds
 a

pp
lic

at
io

n 
a

w
ar

e
ne

ss
. I

n 
P

ro
ce

ed
in

gs
 o

f 
th

e 
5

th
 A

C
M

/S
P

E
C

 in
te

rn
at

io
na

l 
co

nf
er

en
ce

 o
n

 P
e

rf
or

m
a

nc
e 

en
g

in
ee

rin
g 

(p
p.

 2
9

3-
2

96
).

 A
C

M
.

T
ig

he
, M

., 
K

el
le

r, 
G

., 
B

au
er

, M
., 

&
 L

u
tfi

yy
a,

 H
. (

2
01

2,
 O

ct
o

be
r)

. D
C

S
im

: A
 d

a
ta

 c
e

nt
re

 s
im

ul
at

io
n

 to
ol

 fo
r 

ev
al

ua
tin

g 
d

yn
am

ic
 v

irt
ua

liz
ed

 r
e

so
ur

ce
 m

an
a

ge
m

en
t.

 In
 N

et
w

or
k 

an
d 

se
rv

ic
e 

m
an

ag
e

m
e

nt
 (

cn
sm

),
 2

0
12

 8
th

 in
te

rn
at

io
na

l c
o

nf
e

re
n

ce
 a

nd
 2

01
2

 w
or

ks
ho

p 
on

 s
ys

te
m

s 
vi

rt
ua

liz
tio

n
 m

an
a

ge
m

en
t (

sv
m

) 
(p

p.
 3

8
5-

3
92

).
 IE

E
E

.
F

ai
sa

l, 
A

., 
P

et
ri

u,
 D

., 
&

 W
oo

ds
id

e
, M

. (
2

01
3,

 N
ov

em
be

r)
. 

N
et

w
o

rk
 la

te
nc

y 
im

pa
ct

 o
n 

pe
rf

o
rm

an
ce

 o
f s

o
ftw

ar
e 

de
pl

oy
ed

 a
cr

os
s 

m
ul

tip
le

 c
lo

ud
s.

 In
P

ro
ce

ed
in

gs
 o

f 
th

e
 2

0
13

 
C

o
nf

e
re

n
ce

 o
f t

he
 C

en
te

r 
fo

r 
A

dv
an

ce
d 

S
tu

di
es

 o
n

 C
ol

la
bo

ra
tiv

e 
R

e
se

ar
ch

 (
pp

. 
21

6-
22

9)
. I

B
M

 C
or

p.

R
ef

er
en

ce
s

R
es

u
lt

s

F
u

tu
re

 W
o

rk
●

V
al

id
at

io
n 

of
 R

es
ul

ts
●

C
om

pl
et

in
g 

w
or

k 
on

 a
 L

ay
er

ed
 S

ys
te

m
 G

en
er

at
or

 (
LS

G
) 

th
at

 d
ep

lo
ys

 t
o 

th
e 

S
A

V
I t

es
tb

ed
.

●
S

im
ul

at
or

 r
es

ul
ts

 w
ill

 b
e 

co
m

pa
re

d 
w

ith
 t

es
tb

ed
 m

ea
su

re
m

en
ts

. 
●

Im
pl

em
en

ta
tio

n 
of

 V
M

 a
llo

ca
tio

n 
po

lic
ie

s.

N
ew

 e
ve

nt
 l

oo
p 

ca
lls

 o
ut

 t
o 

LQ
N

 s
ol

ve
r. 

A
 c

us
to

m
 L

Q
N

 i
s 

co
ns

tr
uc

te
d 

fo
r 

th
e 

cu
rr

en
t 

de
pl

oy
m

en
t 

of
 V

M
s 

ba
se

d 
on

 a
 p

ro
vi

de
d 

LQ
N

 m
od

el
 o

f 
th

e 
ap

pl
ic

at
io

n.

U
p

d
at

ed
 S

im
u

la
to

r 
E

ve
n

t 
L

o
o

p

T
hi

s 
w

or
k 

is
 f

un
de

d 
in

 p
ar

t o
r 

co
m

pl
et

el
y 

by
 t

he
 S

m
ar

t A
pp

lic
at

io
ns

 o
n 

V
irt

ua
l I

nf
ra

st
ru

ct
ur

e 
(S

A
V

I)
 p

ro
je

ct
 fu

nd
ed

 u
nd

er
 th

e 
N

at
io

na
l S

ci
en

ce
s 

an
d 

E
ng

in
ee

rin
g 

R
es

ea
rc

h 
C

ou
nc

il 
of

 C
an

ad
a 

(N
S

E
R

C
) 

S
tr

at
eg

ic
 

N
et

w
or

ks
 g

ra
nt

 n
um

be
r 

N
E

T
G

P
39

44
24

-1
0

A
ck

n
o

w
le

d
g

em
en

ts

O
ur

 s
im

ul
at

or
 c

an
 b

e 
us

ed
 t

o 
si

m
ul

at
e 

ap
pl

ic
at

io
ns

 r
un

ni
ng

 i
n 

a 
m

ul
tip

le
 

da
ta

ce
nt

er
 c

lo
ud

 l
ik

e 
th

e 
S

A
V

I 
te

st
be

d.
 I

t 
en

ab
le

s 
th

e 
de

ve
lo

pm
en

t 
an

d 
te

st
in

g 
of

 
V

M
 

al
lo

ca
tio

n 
po

lic
ie

s 
in

 
a 

co
nt

ro
lle

d 
en

vi
ro

nm
en

t.
 

In
 

th
is

 
en

vi
ro

nm
en

t 
w

e 
ar

e 
ab

le
 

to
 

as
se

ss
 

th
e 

im
pa

ct
 

of
 

 
fa

ct
or

s,
 

su
ch

 
as

 
la

te
nc

y,
 o

n 
ap

pl
ic

at
io

n 
pe

rf
or

m
an

ce
. 

C

C

C

e
e

e

e
e

e

S
A

V
I t

es
tb

ed
 

on
e 

co
re

, m
ul

tip
le

 e
dg

es
M

ul
tip

le
 c

or
es

●
R

es
po

ns
e 

tim
e 

an
al

ys
is

 in
cl

ud
es

 la
te

nc
y 

de
la

ys
 b

et
w

ee
n 

re
la

te
d 

ta
sk

s
●

W
ith

in
 r

ac
k

●
W

ith
in

 c
lu

st
er

●
W

ith
in

 d
at

ac
en

te
r

●
B

et
w

ee
n 

da
ta

ce
nt

er
s

●
E

xp
an

de
d 

da
ta

ce
nt

er
 m

od
el

 to
 m

an
ag

e 
 m

ul
tip

le
 d

at
ac

en
te

rs
●

Im
pr

ov
ed

 a
pp

lic
at

io
n 

m
od

el
 b

as
ed

 o
n 

La
ye

re
d 

Q
ue

ui
ng

 N
et

w
or

ks

LQ
N

 
M

od
el

S
im

ul
at

or
D

ep
lo

ym
en

t 

LQ
N

 
M

od
ifi

ed

LQ
N

 
S

ol
ve

r

C
lo

ud
M

an
ag

er

R
es

po
ns

e 
tim

es
,

ot
he

r 
m

et
ric

s

E
xa

m
p

le
H

C
A

T
 i

s 
a 

he
al

th
ca

re
 m

an
ag

em
en

t 
ap

pl
ic

at
io

n.
 S

ev
er

al
 l

ay
er

s 
of

 c
om

m
un

ic
at

io
n 

be
tw

ee
n 

ta
sk

s.
 S

om
e 

he
av

y 
pr

oc
es

si
ng

 t
as

ks
 b

es
t 

su
ite

d 
to

 t
he

 c
or

e.
 H

ea
vy

 
co

m
m

un
ic

at
io

n 
be

tw
ee

n 
so

m
e 

la
ye

rs
 m

ak
es

 f
or

 b
et

te
r 

ca
nd

id
at

es
 c

lo
se

r 
to

 t
he

 
us

er
.

C

e
P

ar
am

et
er

V
al

u
e

# 
E

d
g

e 
H

o
st

2

# 
C

o
re

 H
o

st
3

H
o

st
 T

yp
e

(1
)c

or
e,

 2
.5

 G
hz

, 
16

G
B

, 
1G

bp
s

50
 m

s

10
 m

s

S
im

ul
at

ed
 C

lo
ud

 

S
im

ul
at

ed
 A

pp
lic

at
io

n

10
0 

m
s

U
se

r

A
fte

r 
si

m
ul

at
in

g 
24

 h
ou

rs

C
o

m
p

ar
is

o
n

 O
f 

S
im

u
la

to
rs

O
ri

g
in

al
 D

C
S

im
Im

p
ro

ve
d

 S
im

u
la

to
r

R
es

p
o

n
se

 t
im

e 
(m

s)
(m

in
, 

av
g

, m
ax

)
(1

09
,1

24
,2

30
)

(1
47

, 2
09

, 
20

35
)

T
o

ta
l 

u
ti

liz
at

io
n

 (
%

)
9.

63
10

.1
1

P
o

w
er

 u
sa

g
e 

(W
s)

(m
in

, 
av

g
, m

ax
)

(1
39

3,
 1

43
0,

15
38

)
(1

54
1,

15
89

, 
16

92
)

●
Q

ue
ui

ng
 fr

om
 

bo
tt

le
ne

ck
 t

as
ks

 n
ot

 
re

pr
es

en
te

d 
in

 
or

ig
in

al
 D

C
S

im
●

Im
pr

ov
ed

 s
im

ul
at

or
 

de
te

ct
s 

re
sp

on
se

 
tim

es
 th

at
 a

re
 

un
st

ab
le

 a
nd

 w
ill

 n
ot

 
co

nv
er

ge
.

Figure 2.2: Simulation of Future Application-Aware Multi-Clouds from Derek Hawker, John Chinneck,
Murray Woodside at Carleton University (Theme 2)
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2.3 Relational Edge Caching for Edge-Aware Web Applications

Hemant Saxena and Kenneth Salem, U. Waterloo

Web application latencies can be reduced by migrating all or parts of the application to the network edge,

closer to end users. However, web applications normally depend on a back-end database, and moving the

application to the edge without moving the database is of little value.

To address this problem, we present preliminary work towards an edge-aware dynamic data replication

architecture for relational database systems. Our architecture is designed to support applications that rely

on substantial amounts of end-user-generated content. To do so, it must allow database updates as well as

queries, to be handled at the edge.
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Figure 2.3: Relational Edge Caching for Edge-Aware Web Applications from Hemant Saxena, Kenneth
Salem at University of Waterloo (Theme 2)
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2.4 Optimal Service Replica Placement via Predictive Model Control

Hamoun Ghanbari, Przemyslaw Pawluk, Cornel Barna and Marin Litoiu, York U.

We present a model and an algorithm for optimal service placement (OSP) of a set of N-tier software systems.

The placement is subject to dynamic workload changes, Service Level Agreements (SLAs) and administrator

preferences. The objective function consists of resource costs, trashing costs and SLAs’ satisfaction. The

optimization algorithm is predictive: its allocation or reallocation decisions are based not only on the current

metrics but also on the predicted evolution of the system.

The solution of the optimization, in each step, is a set of some service replicas to be added or removed from

the available hosts. These deployment changes are optimal with regards to overall objectives defined over

time.
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Figure 2.4: Optimal Service Replica Placement via Predictive Model Control from Hamoun Ghanbari,
Przemyslaw Pawluk, Cornel Barna, Marin Litoiu at York University (Theme 2)
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2.5 An Architecture for Mitigation Low and Slow Application DDoS

Attacks

Mark Shtern, Roni Sandel, Vasileios Theodorou, Marin Litoiu York U., and Chris Bachalo Juniper

Networks

Distributed Denial of Service (DDoS) attacks are a growing threat to organizations. As defense mechanisms

are advancing, hackers in turn are aiming at the application layer. For example, application layer Low and

Slow Distributed Denial of Service attacks are becoming a serious issue because they are harder to detect

due to low resource consumption.

In this poster, we propose a reference architecture that mitigates the Low and Slow DDoS attacks by utilizing

Software Defined Infrastructure capabilities. Further, we propose two implementations of the reference

architecture based on a Performance Model and Off-The-Shelf Component, respectively. We present the

Shark Tank concept, a cluster under close scrutiny, where suspicious requests are redirected for further

filtering.
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Figure 2.5: An Architecture for Mark Shtern, Roni Sandel, Vasileios Theodorou, Marin Litoiu at York
University and Chris Bachalo at Juniper Networks (Theme 2)
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2.6 Model-driven Elasticity and DoS Attack Mitigation in Cloud Envi-

ronments

Cornel Barna, Mark Shtern, Hamoun Ghanbari, Michael Smit, Marin Litoiu York U.

Workloads for web applications can change rapidly. When the change is an increase in customers, a common

adaptive approach to uphold SLAs is elasticity, the on-demand allocation of computing resources. However,

application-level denial-of service (DoS) attacks can also cause changes in workload, and require an entirely

different response. These two issues are often addressed separately (in both research and application).

This poster presents a model-driven adaptive management mechanism which can correctly scale a web

application, mitigate a DoS attack, or both, based on an assessment of the business value of workload. This

approach is enabled by modifying a layered queuing network model previously used to model data centers

to also accurately predict short-term cloud behavior, despite cloud variability over time.
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Figure 2.6: Model-driven Elasticity and DoS Attack Mitigation in Cloud Environments from Cornel Barna,
Mark Shtern, Hamoun Ghanbari, Michael Smit, Marin Litoiu, York University (Theme 2)
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2.7 Cloud bursting for MapReduce jobs: A dream or a reality?

Rizwan Mian, Mark Shtern, Saeed Zareian, Marin Litoiu York U.

Cloud-bursting has been mostly explored for computational workloads, or assumes that the data already

exists in the public clouds. We take a step towards data-intensive job bursting between clouds. In particular,

we explore the practicality and usefulness of MapRedce (MR) job bursting between clouds assuming that

there is high bandwidth between clouds. The experiments for MR bursting are conducted in a hierarchical

cloud infrastructure, namely SAVI, in which edge and core are interconnected by high bandwidth links.
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MapReduce Cloud Bursting (MR Bursting)

Architecture Bursting Heuristics

Experiments

- Data set: Free e-books 52GB 
(Gutenburg: www.gutenberg.ca) 

- Workloads: distributed grep,  
term vector, inverted index 
(PUMA: sites.google.com/site/farazahmad/) 

- Two separate Hadoop clusters 
of three VMs in core and edge.

- Workload profiling on 1GB of 
data to determine unit 
execution time of a single 
mapper (T)

CVST
Connected Vehicles and 

Smart Transportation 

- Edge: resource-constrained 
cloud 

- Core: resource-abundant 
cloud

- Edge and core connected by 
high bandwidth link

- Burst into core with Data

Data Access Mechanisms

- Local Access: intra-cluster data 
access

- Remote Access: inter-cluster data 
access

- Remote Copy: inter-cluster data 
access and storage

Controller

Cost Model

Performance 
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Rough Estimates
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Figure 2.7: Cloud bursting for MapReduce jobs: A dream or a reality from Rizwan Mian, Mark Shtern,
Saeed Zareian, Marin Litoiu, York University (Theme 2)
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2.8 Crowd-sourcing Sensor Data

Cornel Barna, Mark Shtern, Hamoun Ghanbari, Michael Smit, Marin Litoiu York U.

The Connected Vehicles and Smart Transportation (CVST) project is establishing a flexible and open appli-

cation platform. It aims to integrate advanced wireless and sensor communications with mobile computing

techniques in a cloud-based environment. As one of the practical steps, we have built a mobile application

that interacts with a data management system to advise of travel conditions. Our aim is to alleviate trans-

portation issues faced by commuters and government through analyzing the data obtained by crowd-sourcing

of data from mobile users.

In our implementation, we use PlayFramework (http://www.playframework.com/ ) that uses Akka and

Netty for fast and lightweight scalability and response, alongside HBase for scalability in the data layer. In

addition, we use Apache Cordova in our mobile application for improved portability across different brands

of mobile phones.
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Figure 2.8: Crowd-sourcing Sensor Data from Cornel Barna, Mark Shtern, Hamoun Ghanbari, Michael
Smit, Marin Litoiu at York University (Theme 2)
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3.1 On Satisfying Green SLAs in Distributed Clouds

Ahmed Amokrane, Mohamed Faten Zhani, Qi Zhang, Rami Langar, Raouf Boutaba U. Waterloo

With the massive adoption of cloud-based services, high energy consumption and carbon footprint of cloud

infrastructures have become a major concern in the IT industry. Consequently, many governments and IT

advisory organizations have urged IT stakeholders (i.e., cloud provider and cloud customers) to embrace

green IT and regularly monitor and report their carbon emissions and at the same time, put in place efficient

strategies and techniques to control the environmental impact of their infrastructures and/or applications.

Motivated by this growing trend, we are investigating how cloud providers can meet Service Level Agree-

ments (SLAs) with green requirements. In such SLAs, a cloud customer requires from cloud providers that

carbon emissions generated by the leased resources should not exceed a fixed threhold. We hence propose

a resource management framework allowing cloud providers to provision resources in the form of Virtual

Data Centers (VDCs) (i.e., a set of virtual machines and virtual links with guaranteed bandwidth) across a

geo-distributed infrastructure with the aim of reducing operational costs and green SLA violation penalties.

Extensive simulations show that the proposed solution maximizes the cloud provider’s profit and minimizes

the violation of green SLAs.
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Figure 3.1: On Satisfying Green SLAs in Distributed Clouds from Ahmed Amokrane, Mohamed Faten
Zhani, Qi Zhang, Rami Langar, Raouf Boutaba at University of Waterloo (Theme 3)
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3.2 CQNCR: Optimal VM Migration Planning in Cloud Data Centers

Md. Faizul Bari, Mohamed Faten Zhani, Qi Zhang, Reaz Ahmed, Raouf Boutaba U. Waterloo

With the proliferation of cloud computing, virtualization has become the cornerstone of modern data centers

and an effective solution to reduce operational costs, maximize utilization and improve performance and

reliability. One of the powerful features provided by virtualization is Virtual Machine (VM) migration, which

facilitates moving workloads within the infrastructure to reach various performance objectives. As recent

virtual resource management schemes are more reliant on this feature, a large number of VM migrations

may be triggered simultaneously to optimize resource allocations. In this context, a challenging problem

is to find an efficient migration plan, i.e., an optimal sequence in which migrations should be triggered in

order to minimize the total migration time and impact on services.

In this work, we propose CQNCR (read as sequencer), an effective technique for determining the execution

order of massive VM migrations within data centers. Specifically, given an initial and a target resource

configuration, CQNCR sequences VM migrations that efficiently reach the final configuration with minimal

time and impact on performance. Experiments show that CQNCR can significantly reduce total migration

time by up to 35% and service downtime by up to 60%.
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Figure 3.2: CQNCR: Optimal VM Migration Planning in Cloud Data Centers from Md. Faizul Bari,
Mohamed Faten Zhani, Qi Zhang, Reaz Ahmed, Raouf Boutaba at University of Waterloo (Theme 3)
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3.3 Design and Management of DOT: A Distributed OpenFlow Testbed

Arup Raton Roy, Md. Faizul Bari, Mohamed Faten Zhani, Reaz Ahmed, Raouf Boutaba U. Waterloo

With the growing adoption of Software Defined Networking (SDN), there is a compelling need for SD-

N emulators that facilitate experimentation with new SDN-based technologies. Unfortunately, Mininet

(http://mininet.org/), the de facto standard emulator for software defined networks, is unable to scale with

network size and traffic volume. The aim of this work is to fill this gap by presenting a low cost and scalable

network emulator called Distributed OpenFlow Testbed (DOT). It can emulate large SDN deployments

by distributing the workload over a cluster of compute nodes. Through extensive experiments, we show

that DOT can overcome the limitations of Mininet and emulate larger networks. We also demonstrate the

effectiveness of DOT on four Rocketfuel (http://rocketfuel.com/) topologies. DOT is available for public

use and community-driven development at www.dothub.org .



Theme 3 Smart Converged Edge 49

Th
is

 w
or

k 
is

 fu
nd

ed
 in

 p
ar

t o
r c

om
pl

et
el

y 
by

 th
e 

S
m

ar
t A

pp
lic

at
io

ns
 o

n 
Vi

rtu
al

 In
fra

st
ru

ct
ur

e 
(S

AV
I) 

pr
oj

ec
t f

un
de

d 
un

de
r t

he
 N

at
io

na
l S

ci
en

ce
s 

an
d 

E
ng

in
ee

rin
g 

R
es

ea
rc

h 
C

ou
nc

il 
of

 C
an

ad
a 

(N
S

E
R

C
) S

tra
te

gi
c 

N
et

w
or

ks
 g

ra
nt

 n
um

be
r N

E
TG

P
39

44
24

-1
0 


A

n 
em

ul
at

or
 fo

r S
D

N
 c

an
 h

el
p 

in
 


Te

st
in

g 
an

d 
ev

al
ua

tin
g 

S
D

N
-b

as
ed

 c
on

tro
l a

pp
lic

at
io

ns
, p

ol
ic

y 
en

fo
rc

em
en

t p
la

tfo
rm

s,
  m

on
ito

rin
g 

fra
m

ew
or

ks
, e

tc
.  


G

ra
du

al
 ro

llo
ut

 o
f S

D
N

-b
as

ed
 s

ol
ut

io
ns

 in
 p

ro
du

ct
io

n 
en

vi
ro

nm
en

ts
 


M

in
in

et
 is

 th
e 

de
 fa

ct
o 

st
an

da
rd

 S
D

N
 e

m
ul

at
or

 

 

   

 

 D
es

ig
n 

an
d 

M
an

ag
em

en
t o

f D
O

T:
 A

 D
is

tri
bu

te
d 

O
pe

nF
lo

w
 T

es
tb

ed
 


S

ca
le

 to
 m

ee
t t

he
 re

qu
ire

m
en

ts
 o

f t
he

 e
m

ul
at

ed
 to

po
lo

gy
 b

y 
le

ve
ra

gi
ng

 m
ul

tip
le

 
ph

ys
ic

al
 m

ac
hi

ne
s 


K

ee
p 

th
e 

di
st

rib
ut

ed
 d

ep
lo

ym
en

t h
id

de
n 

fro
m

 u
se

rs
 


P

ro
vi

de
 re

so
ur

ce
 g

ua
ra

nt
ee

s 
fo

r a
ll 

em
ul

at
ed

 c
om

po
ne

nt
s 

(i.
e.

, s
w

itc
he

s,
 li

nk
s,

 
an

d 
ho

st
s)

 


A

llo
w

 e
m

ul
at

io
n 

of
 a

 la
rg

er
 c

la
ss

 o
f n

et
w

or
k 

se
rv

ic
es

 (e
.g

., 
m

an
ag

in
g 

m
id

dl
eb

ox
es

) 


S

el
ec

t a
 s

w
itc

h 
𝑖 

an
d 

as
si

gn
 it

 to
 a

 p
hy

si
ca

l h
os

t 𝑝
 

           


R

ep
ea

t u
nt

il 
al

l s
w

itc
he

s 
ar

e 
as

si
gn

ed
 o

r n
o 

em
be

dd
in

g 
is

 p
os

si
bl

e 


C

o
m

p
a

ri
s
o

n
 t

o
 M

in
in

e
t 


Fo

re
gr

ou
nd

 tr
af

fic
: U

D
P 

tra
ffi

c 
at

  a
 ra

te
 o

f 1
G

bp
s 

be
tw

ee
n 

C
 a

nd
 S

 


B

ac
kg

ro
un

d 
tra

ffi
c:

 7
 U

D
P 

cl
ie

nt
-s

er
ve

r p
ai

rs
 a

re
 c

ho
se

n 
ra

nd
om

ly
 

 

     


P

e
rf

o
rm

a
n

c
e
 o

f 
re

s
o

u
rc

e
 a

ll
o

c
a
ti

o
n

 h
e

u
ri

s
ti

c
 


Fo

ur
 IS

P 
to

po
lo

gi
es

 fr
om

 R
oc

ke
tF

ue
l r

ep
os

ito
ry

 


O

ur
 h

eu
ris

tic
 u

se
s 

le
ss

 p
hy

si
ca

l r
es

ou
rc

es
  (

ph
ys

ic
al

 m
ac

hi
ne

s 
an

d 
lin

k 
ba

nd
w

id
th

) t
ha

n 
Fi

rs
t F

it 
ap

pr
oa

ch
 


R

es
ou

rc
e 

al
lo

ca
tio

n 
pr

ob
le

m
 is

 fo
rm

ul
at

ed
 a

s 
an

 IL
P

 


O

bj
ec

tiv
e 

fu
nc

tio
n:

 
     

 
    

 
 


Th

is
 fo

rm
ul

at
io

n 
ge

ne
ra

liz
es

 M
ul

ti-
di

m
en

si
on

al
 B

in
 P

ac
ki

ng
 P

ro
bl

em
 

 N
P-

ha
rd

 
 

A
ru

p 
R

at
on

 R
oy

, M
d.

 F
ai

zu
l B

ar
i, 

M
oh

am
ed

 F
at

en
 Z

ha
ni

, R
ea

z 
A

hm
ed

, a
nd

 R
ao

uf
 B

ou
ta

ba
 

D
av

id
 R

. C
he

rit
on

 S
ch

oo
l o

f C
om

pu
te

r S
ci

en
ce

, U
ni

ve
rs

ity
 o

f W
at

er
lo

o 

E
m

u
la

ti
n

g
 S

D
N

 

R
e

s
o

u
rc

e
 A

ll
o

c
a

ti
o

n
 

M
a
n

a
g

e
m

e
n

t 
F

ra
m

e
w

o
rk

 

C
o

n
c
lu

s
io

n
 


D

O
T 

so
lv

es
 s

ca
la

bi
lit

y 
pr

ob
le

m
 o

f M
in

in
et

 


D

O
T 

hi
de

s 
di

st
rib

ut
ed

 d
ep

lo
ym

en
t o

f e
m

ul
at

ed
 n

et
w

or
k 

fro
m

 S
D

N
 c

on
tro

lle
r 


D

O
T 

pr
ov

id
es

 o
pp

or
tu

ni
tie

s 
to

 e
m

ul
at

e 
a 

w
id

er
 ra

ng
e 

of
 n

et
w

or
k 

se
rv

ic
es

 

R
e
s
o

u
rc

e
 A

ll
o

c
a
ti
o

n
 H

e
u

ri
s
ti
c
 

D
e
s
ig

n
 G

o
a
ls

 

Costs 

Tr
an

sl
at

io
n 

co
st

, 𝐶
𝑇

 
𝐶
𝑇
=
 

 
 

 
 

𝑥
𝑖𝑝
1
−
𝑥 𝑗
𝑝
𝑥 𝑗
𝑞
𝑧 𝑒
𝑖𝑧
𝑒
𝑗

𝑒
∈
𝐸

𝑞
∈
𝑁 

𝑝
∈
𝑁 

𝑗
∈
𝑁

𝑖∈
N

  

O
pe

ra
tio

na
l c

os
t, 
𝐶
𝐸

 
𝐶
𝐸
=
 

𝑦 𝑝
𝑝
∈
N 

  

Constraints 

C
ap

ac
ity

 c
on

st
ra

in
t 

∀
𝑝
∈
𝑁 
,𝑟
∈
𝑅
:𝑓
𝑝𝑟
+

  
𝑥
𝑖𝑝
𝑐 𝑖 
𝑟

𝑖∈
𝑁

≤
c p 
𝑟
 

B
an

dw
id

th
 c

on
st

ra
in

t 
∀
𝑝
∈
𝑁 
: 

 
 

 
𝑥
𝑖𝑝
1
−
𝑥 𝑗
𝑝
𝑥 𝑗
𝑞
𝑧 𝑒
𝑖𝑧
𝑒
𝑗
𝑏
𝑒
≤
𝑏
𝑝 

𝑒
∈
𝐸

𝑞
∈
𝑁 

𝑗
∈
𝑁

𝑖∈
N

  

D
el

ay
 c

on
st

ra
in

t 
∀
𝑖,
𝑗
∈
𝑁
∀
𝑝
,𝑞
∈
𝑁 
∀
𝑒
∈
𝐸
: 
𝑥
𝑖𝑝
1
−
𝑥 𝑗
𝑝
𝑥 𝑗
𝑞
𝑧 𝑒
𝑖𝑧
𝑒
𝑗
𝛿
𝑒
≥
𝛿
𝑝
𝑞
 

 

 S
el

ec
t a

 p
hy

si
ca

l h
os

t 𝑝
 fo

r s
w

itc
h 
𝑖 

𝐹
𝑖𝑝
=
𝜆
𝑅
𝐹
𝑖𝑝𝑅
+
𝜆
𝑁
𝐹
𝑖𝑝𝑁

 
W

he
re

 
𝐹 𝑖
𝑝𝑅
 →

R
es

id
ua

l c
ap

ac
ity

 ra
tio

 
𝐹
𝑖𝑝𝑁
 →

Lo
ca

lit
y 

ra
tio

 

H
os

t s
el

ec
tio

n 

 M
in

im
iz

e
  𝜶
𝐂
𝐓
+
𝜷
𝐂
𝐄
 

 S
el

ec
t a

 s
w

itc
h 
𝑖 

us
in

g 
𝑅
𝑖
=
𝛾 𝐷
𝑅
𝑖𝐷
+
𝛾 𝐵
𝑅
𝑖𝐵
+
𝛾 𝑁
𝑅
𝑖𝑁

 
W

he
re

 𝑅 𝑖𝐷
 →

D
eg

re
e 

ra
tio

 
𝑅
𝑖𝐵
 →

R
es

ou
rc

e 
ra

tio
 

𝑅
𝑖𝑁
 →

N
ei

gh
bo

r r
at

io
 

 

S
w

itc
h 

se
le

ct
io

n 

E
v
a
lu

a
ti

o
n

 


D

O
T

 C
e
n

tr
a

l 
M

a
n

a
g

e
r 


P

ro
vi

si
on

in
g 

m
od

ul
e 

al
lo

ca
te

s 
re

so
ur

ce
s 


S

ta
tis

tic
s 

co
lle

ct
io

n 
m

od
ul

e 
ac

cu
m

ul
at

es
 m

on
ito

rin
g 

da
ta

 
{{

{{
  


D

O
T

 N
o

d
e

 M
a

n
a

g
e
r 


H

os
t p

ro
vi

si
on

in
g 

m
od

ul
e 

co
nf

ig
ur

es
 v

irt
ua

l i
ns

ta
nc

es
  


Lo

gg
in

g 
m

od
ul

e 
co

lle
ct

s 
lo

ca
l 

st
at

is
tic

s 

D
O

T
 A

rc
h

it
e
c
tu

re
 

W
ha

t M
in

in
et

 d
oe

s:
 


E

m
ul

at
es

 th
e 

en
tir

e 
ne

tw
or

k 
in

 a
 

si
ng

le
 m

ac
hi

ne
 


U

se
s 

Li
nu

x 
co

nt
ai

ne
r t

o 
em

ul
at

e 
en

d 
ho

st
s 

W
ha

t M
in

in
et

 c
an

no
t d

o:
 


C

an
no

t s
ca

le
 w

ith
 n

et
w

or
k 

si
ze

 
an

d 
tra

ffi
c 

vo
lu

m
e 


C

an
no

t e
m

ul
at

e 
ne

tw
or

k 
se

rv
ic

es
 th

at
 re

qu
ire

 O
S

 le
ve

l 
is

ol
at

io
n 

  


E

m
ul

at
es

 a
n 

S
D

N
 n

et
w

or
k 


D

is
tri

bu
te

s 
th

e 
em

ul
at

ed
 n

et
w

or
k 

ac
ro

ss
 m

ul
tip

le
 m

ac
hi

ne
s 


S

im
ul

at
es

 li
nk

 b
an

dw
id

th
 a

nd
 d

el
ay

 


S
up

po
rts

 b
ot

h 
O

S-
le

ve
l a

nd
 fu

ll 
vi

rtu
al

iz
at

io
n 

fo
r e

m
ul

at
in

g 
en

d 
ho

st
s 

D
is

tr
ib

u
te

d
 O

p
e

n
F

lo
w

 T
e

s
tb

e
d

 (
D

O
T

) 

Th
ro

ug
hp

ut
 a

t S
 

de
gr

ad
es

 fo
r M

in
in

et
  

R
oc

ke
tfu

el
 to

po
lo

gy
 

R
oc

ke
tfu

el
 to

po
lo

gy
 

Number of physical hosts 

Cross-host link bandwidth (%) 

B
ac

kg
ro

un
d 

tra
ffi

c 
(M

bp
s)

 

Throughput (Mbps) 

U
se

d 
fo

r g
en

er
at

in
g 

ba
ck

gr
ou

nd
 tr

af
fic

 

Figure 3.3: Design and Management of DOT: A Distributed OpenFlow Testbed from Arup Raton Roy,
Md. Faizul Bari, Mohamed Faten Zhani, Reaz Ahmed, Raouf Boutaba at University of Waterloo (Theme

3)
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3.4 A Simple Programming Model for Scalable SDN Control Applica-

tions

Submitted to IEICE Transactions on Electronics.

Soheil Hassas Yeganeh and Yashar Ganjali U. Toronto

Simplicity is a prominent advantage of Software-Defined Networking (SDN), and is often exemplified by

implementing a complicated control logic as a simple control application deployed on a centralized controller.

When it comes to practice, however, such simple control applications transform into complex logistics over

distributed control platforms, since they need to tolerate eventual consistency (because existing control

platforms favor availability) and implement complex coordination and partitioning mechanisms. As a result,

distributed control applications are polluted with boilerplates of distributed programming that are usually

more complicated than the control logic itself.

Here, we present a programming model that simplifies the development process of distributed applications.

It is familiar and intuitive, yet generic enough to implement different communication patterns (such as

Request/Response and Pub/Sub) and existing distributed controllers (such as ONIX and Kandoo). In

summary, we have implemented a highly efficient control platform and our evaluations indicate that the

proposed programming model does not impose an inherent scalability bottleneck.
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A Simple Programming Model for Scalable SDN Control Applications 
Soheil Hassas Yeganeh  &  Yashar Ganjali 

University of Toronto

Design & Implementation

EXISTING DISTRIBUTED CONTROL PLATFORMS 
• Eventually consistent network graphs. 
• Push all complexities to control applications. 
• Difficult to program. 

MOTIVATION 
• Hiding these complexities behind a 

programming model. 
• Programming Model: map + recv 

OVERVIEW 
• map maps a message to a set of IDs. 
• Messages mapped to the same ID are 

received by the same instance.

Introduction

Use Cases

Simplicity / Scalability / Customizability / Automatic Placement / Fault Tolerance

CONTROL APPLICATIONS 
• Actors that exchange messages. 
• Modeled as map + recv 
• Implemented as centralized applications 

DISTRIBUTED CONTROL PLATFORM 
• Runs applications in a distributed fashion. 
• Preserves correctness. 
• Instruments applications 

at runtime. 

IMPLEMENTATION 
• C++ (50k loc and + 30k loc 

generated code)

Controller

Apps

Coordinator

State ManagerAppsApps

Event Manager

Key/
Value

Events

M
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io
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Se
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Centralized Coordinated
Beacon (1.0.4) NOX (Verity)

CENTRALIZED 
maps messages to 
the same ID. 

MASTER ELECTION 
maps messages to 
switch ID. 

KANDOO 
maps messages to 
the controller ID. 

ONIX 
maps messages to 
NIB nodes. 

PUB/SUB 
maps messages to 
subscribers. 

VIRTUAL NETWORK 
maps messages to 
virtual network ID. 

TRAFFIC ENGINEERING 
Collectors are local & 
router is centralized. 

LOGICAL XBAR 
maps messages to 
hierarchical IDs. 

ROUTING 
map route messages 
based on either 
prefixes, destinations 
or areas. 
!

!

• Scales out for large 
networks. 

• Can tolerate faults. 
• Easy to adopt 

schemes such as 
Portland.
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Figure 3.4: A Simple Programming Model for Scalable SDN Control Applications from Soheil Hassas
Yeganeh and Yashar Ganjali at University of Waterloo (Theme 3)
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3.5 FleXam: Flexible Sampling Extension for Monitoring and Security

Applications in OpenFlow

Sajad Shirali-Shahreza and Yashar Ganjali U. Toronto

Current OpenFlow specifications provide limited access to packet-level information such as packet content,

making it very inefficient, if not impossible, to deploy security and monitoring applications as controller

applications. In this poster, we present FleXam, a flexible sampling extension for OpenFlow designed to

provide access to packet level information at the controller. The simplicity of FleXam makes it possible

to implement it easily within OpenFlow switches and operate at line rate without requiring any additional

memory. At the same time, its flexibility allows implementation of various monitoring and security ap-

plications in the controller, while maintaining balance between overhead and collected information details.

FleXam realizes the advantages of both proactive and reactive routing schemes by providing a tunable

trade-off between the visibility of individual flows, and the controller load. As an example, we show how

FleXam can be used to implement a port scan detection application with an extremely low overhead.
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OpenFlow Information Channels Security and Monitoring Application in OpenFlow

Sajad Shirali-Shahreza, Yashar Ganjali
Department of Computer Science, University of Toronto

shirali@cs.toronto.edu, yganjali@cs.toronto.edu

FleXam: Flexible Sampling Extension for
Monitoring and Security Applications in OpenFlow

Network Controller

• Do not install any 
flow rule
– Every packet will be sent 

to the controller
– The controller tells 

switches what to do

• The controller sits 
on packet delivery 
path
– Possible bottleneck

• Switch may buffer 
the packet
– Only parts of each packet 

may reach the controller

Event-based Messages
• Sent by switches
• Usually deliver 

information about 
network structure 
and topology 
changes

• No information 
about active 
connections in the 
network

Flow Statistics
• Collected by 

switches
– Received Packets, 

Received Bytes, Duration

• Pulled by the 
controller

• The only information 
channel about 
active flows in 
network

• No packet level 
information

Packet-in Messages
• Sent by switches

– No matching rule for this packet
– Send-to-controller action in matching rule

• Provide limited access to packet level information
• Switch may send only part of the packet to the controller

FleXam
• A flexible sampling extension for OpenFlow

– A new action that can be assigned to any flow

• Enables the controller to define:
– Which packets should be sampled
– What parts of each packet should be selected
– Where they should be sent to

• Simple enough to be done entirely in data path
• Flexible for different applications

• Select each packet of the flow with a 
probability of ρ

• Implementation:
– Generate a random number
– Sample the packet if it is less than ρ

Stochastic Sampling

• Easy implementation in the switch; no major changes in  
hardware or software

• No overhead for flows without sampling
• Small networks: samples can be processed in the controller 

– Simple security applications

• Large networks: distribute sample processing
• Network overhead tunable by the controller

Switch

28 7 6 5 4 3 115 10 912 11131416

8

4

3

1

Network Controller

2

7

6

1

Switch

• Select m consecutive packets out of every k
consecutive packets, skipping the first δ
– m=1 is the normal one out of k, or every kth packet sampling

• m>1, large k  only sample first m packets
– Suitable for applications such as traffic classification

• δ >0  exclude small flows (mice flows)
• Implementation:

– Use received packet counter and sample packet if:
((Received_Packet_Counter-δ) % k)<m, 

Deterministic Sampling

Advantages Sample Application: Port Scan Detection

• Randomly sample packets from different flows
– TCPSYN packet is sampled
 Install a deterministic sampling rule to sample the response ACK packet
 If not received the ACK response, mark this as a failed connection

– Other packets are sampled: a successful connection

• Install rules to exclude heavy flows from sampling
• Details in our HotI 2013 paper “Efficient Implementation of 

Security Applications in OpenFlow Controller with FleXam”

Need Packet 
Level Information

• Send a copy of each 
packet to a 
monitoring device
– Every packet will be sent 

entirely to the 
monitoring device

• High overhead for 
the network

• Monitoring device 
should handle large 
volumes of data
– Even though it may only 

need packet headers

28 7 6 5 4 3 115 10 912 11131416

Figure 3.5: FleXam: Flexible Sampling Extension for Monitoring and Security Applications in OpenFlow
from Sajad Shirali-Shahreza and Yashar Ganjali at University of Toronto (Theme 3)
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3.6 Dynamic Virtual Infrastructure Provisioning in Geographically Dis-

tributed Clouds

Qi Zhang and Alberto Leon-Garcia U. Toronto

Large-scale online services today often span multiple geographically distributed domains and require signif-

icant storage, compute and networking resources. Furthermore, these services often need to be scaled up

and down dynamically according to service demand fluctuation. To facilitate efficient resource allocation

while allowing multiple online services to share to physical hosting infrastructure (e.g. data centers), there

is a emerging trend towards allocating resources to service applications in the form of virtual infrastructures

(VI) that consist of virtual machines, virtual routers and switches interconnected by virtual links. How-

ever, despite extensive study of virtual infrastructure scheduling algorithms, existing work has not studied

the problem of provisioning VIs dynamically according to demand fluctuations. To address limitation, in

this work we present a framework for virtual infrastructure provisioning that adjusts virtual infrastruc-

ture resource allocation according to demand fluctuations, while satisfying performance requirements. We

demonstrate the effectiveness of our framework through simulations in realistic application scenarios.
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Figure 3.6: Dynamic Virtual Infrastructure Provisioning in Geographically Distributed Clouds from Qi
Zhang and Alberto Leon-Garciaat University of Toronto (Theme 3)
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3.7 Online Algorithms for Energy Cost Minimization in Cellular Net-

works

Ali Abbasi and Majid Ghaderi U. Calgary

Dynamic base station activation and transmission power control are key mechanisms to reduce energy

consumption in cellular networks. In this work, we consider employing these methods for the purpose of

minimizing long-term energy cost in cellular networks. Based on the two-timescale Lyapunov optimization

technique, we formulate an online control problem to ensure that we can achieve minimal energy cost

while stabilizing use queues. While the control problem can be solved in a centralized manner, we limit

our attention to distributed solutions which are highly attractive in the design of next generation mobile

networks. Due to the combinatorial nature of the problem and the complex relation of achievable rates

to interfering signals, the problem is non-convex. Consequently, conventional duality methods cannot be

employed to achieve the distributed solution.

Thus, we propose and design a distributed solution for the problem based on Gibbs sampling method. The

proposed algorithm can be implemented in a fully distributed manner, does not depend on the convexity or

continuity of the energy cost functions, and guarantees solution optimality. Numerical results are provided

to demonstrate the behavior of the solution in some example network scenarios.
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Figure 3.7: Online Algorithms for Energy Cost Minimization in Cellular Networks from Ali Abbasi and
Majid Ghaderi at University of Calgary (Theme 3)
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3.8 Greenhead: Virtual Data Center Embedding Across Distributed

Infrastructures

Aimal Khan, Ahmed Amokrane, Arup Raton Roy, Mohamed Faten Zhani, Maissa Jabri, Qi Zhang, Rami

Langar, Raouf Boutaba U. Waterloo

In our recent work, we proposed Greenhead, a holistic resource management framework for embedding

Virtual Data Centers (VDCs) across distributed infrastructure. Greenhead is able 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 demo, we show how SAVI users can define

their VDC specifications and how Greenhead allocates the required resources across the smart edges. In

particular, we implemented Greenhead as a testbed-wide management module that communicates with

local smart edge managers (VDCPlanner) to efficiently allocate computing and networking resources while

satisfying geographic location constraints (i.e., proximity of some VMs to end users).



Theme 3 Smart Converged Edge 59

  
R

e
fe

re
n

c
e
s
 

B
lo

c
k
 D

ia
g

ra
m

 

 
A

im
al

 K
ha

n†
, A

hm
ed

 A
m

ok
ra

ne
*,

 A
ru

p 
R

at
on

 R
oy

† , 
M

ai
ss

a 
Ja

br
i† ,

 M
oh

am
ed

 F
at

en
 Z

ha
ni

† , 
Q

i Z
ha

ng
† , 

R
am

i L
an

ga
r*

 a
nd

 R
ao

uf
 B

ou
ta

ba
†  

† U
ni

ve
rs

ity
 o

f W
at

er
lo

o 
   

   
   

   
   

*P
ie

rr
e 

an
d 

M
ar

ie
 C

ur
ie

 U
ni

ve
rs

ity
, P

ar
is

 V
I 

 
In

tr
o

d
u

c
ti

o
n

 

G
re

e
n

h
e
a
d

: 
V

ir
tu

a
l 
D

a
ta

 C
e
n

te
r 

E
m

b
e
d

d
in

g
 A

c
ro

s
s
 D

is
tr

ib
u

te
d

 I
n

fr
a
s
tr

u
c
tu

re
s

 


M

. 
F.

 Z
ha

ni
, 

Q
. 

Zh
an

g,
 G

. 
S

im
on

, 
an

d 
R

. 
B

ou
ta

ba
, 

V
D

C
 P

la
nn

er
: 

D
yn

am
ic

 M
ig

ra
tio

n-
Aw

ar
e 

Vi
rtu

al
 D

at
a 

C
en

te
r E

m
be

dd
in

g 
fo

r C
lo

ud
s.

 

In
 IF

IP
/IE

E
E 

In
te

gr
at

ed
 N

et
w

or
k 

M
an

ag
em

en
t S

ym
po

si
um

 (I
M

 2
01

3)
, 

G
he

nt
, B

el
gi

um
, M

ay
 2

01
3.

 


A.

 A
m

ok
ra

ne
, 

M
. 

F.
 Z

ha
ni

, 
R

. 
La

ng
ar

, 
R

. 
B

ou
ta

ba
, 

an
d 

G
. 

P
uj

ol
le

. 

G
re

en
he

ad
: 

Vi
rtu

al
 

da
ta

 
ce

nt
er

 
em

be
dd

in
g 

ac
ro

ss
 

di
st

rib
ut

ed
 

in
fra

st
ru

ct
ur

es
. I

EE
E 

Tr
an

sa
ct

io
ns

 o
n 

C
lo

ud
 C

om
pu

tin
g,

 v
ol

. 1
, n

o.
 1

, 

Ja
nu

ar
y-

Ju
ne

 2
01

3.
 

U
n

iv
e
rs

it
y
 o

f 

 W
a

te
rl

o
o
 


G

re
e

n
h

e
a

d
 


V

D
C

 
P

a
rt

it
io

n
in

g
 

M
o

d
u

le
 

sp
lit

s 
th

e 
V

D
C

 
re

qu
es

t 
in

to
 

pa
rti

tio
ns

 
an

d 
as

si
gn

s 
ea

ch
 

pa
rti

tio
n 

to
 

a 
V

D
C

 
P

la
nn

er
 

in
st

an
ce

. 


M

o
n

it
o

ri
n

g
 

M
o

d
u

le
 

tra
ck

s 
th

e 
cu

rr
en

t 
st

at
us

 
of

 
th

e 

di
st

rib
ut

ed
 in

fra
st

ru
ct

ur
e.

 


V

D
C

 P
la

n
n

e
r 


V

D
C

 
S

c
h

e
d

u
le

r 
al

lo
ca

te
s 

re
so

ur
ce

s 
re

qu
ire

d 
fo

r 
ea

ch
 

pa
rti

tio
n 

as
 r

eq
ue

st
ed

 b
y 

G
re

en
he

ad
. 

It 
in

vo
ke

s 
O

pe
nS

ta
ck

 

A
P

Is
 v

ia
 th

e 
P

ro
v
is

io
n

in
g

 M
o

d
u

le
 to

 a
llo

ca
te

 V
M

s 
an

d 
Li

nk
s.

 


M

o
n

it
o

ri
n

g
 

&
 

M
e

a
s

u
re

m
e

n
t 

M
o

d
u

le
 k

ee
ps

 t
ra

ck
 o

f 
th

e 

st
at

us
 o

f t
he

 p
hy

si
ca

l a
nd

 v
irt

ua
l r

es
ou

rc
es

 in
 a

 s
m

ar
t e

dg
e.

 

U
s
e
r 

In
te

rf
a
c
e

 


V

D
C

 M
an

ag
em

en
t: 


C

re
at

io
n 

of
 a

 n
ew

 V
D

C
: 

  

Th
is

 w
or

k 
is

 fu
nd

ed
 in

 p
ar

t o
r c

om
pl

et
el

y 
by

 th
e 

S
m

ar
t A

pp
lic

at
io

ns
 o

n 
Vi

rtu
al

 In
fra

st
ru

ct
ur

e 
(S

AV
I) 

pr
oj

ec
t f

un
de

d 
un

de
r t

he
 N

at
io

na
l S

ci
en

ce
s 

an
d 

E
ng

in
ee

rin
g 

R
es

ea
rc

h 
C

ou
nc

il 
of

 C
an

ad
a 

(N
S

E
R

C
) S

tra
te

gi
c 

N
et

w
or

ks
 g

ra
nt

 n
um

be
r N

E
TG

P
39

44
24

-1
0 

O
b

je
c
ti

v
e
s
 


A

llo
w

 I
nf

ra
st

ru
ct

ur
e 

P
ro

vi
de

rs
 (

In
P

s
) 

to
 a

llo
ca

te
 V

irt
ua

l 

D
at

a 
C

en
te

rs
 (

V
D

C
s

) 
ov

er
 a

 g
eo

gr
ap

hi
ca

lly
 d

is
tri

bu
te

d 

in
fra

st
ru

ct
ur

e 
(e

.g
., 

S
AV

I t
es

tb
ed

). 

O
v
e
rv

ie
w

 


G
re

e
n

h
e

a
d

 e
na

bl
es

 in
fra

st
ru

ct
ur

e 
pr

ov
id

er
s 

to
 p

ro
vi

si
on

 

V
D

C
s 

ov
er

 a
 g

eo
gr

ap
hi

ca
lly

 d
is

tri
bu

te
d 

in
fra

st
ru

ct
ur

e 

an
d 

pr
ov

id
es

 
ef

fic
ie

nt
 

em
be

dd
in

g 
ba

se
d 

on
 

va
rio

us
 

re
qu

ire
m

en
ts

 (
e.

g.
, 

la
te

nc
y)

 a
nd

 g
oa

ls
 (

e.
g.

, 
en

er
gy

 

ef
fic

ie
nc

y,
 b

ac
kb

on
e 

ut
iliz

at
io

n)
. 


V

ir
tu

a
l 

D
a

ta
 

C
e

n
te

r 
(V

D
C

) 
P

la
n

n
e

r 
m

an
ag

es
 

co
m

pu
tin

g 
an

d 
ne

tw
or

ki
ng

 r
es

ou
rc

e 
al

lo
ca

tio
n 

w
ith

in
 a

 

si
ng

le
 s

m
ar

t e
dg

e.
  

  
F

u
tu

re
 W

o
rk

 


 A

dd
 fa

ul
t-t

ol
er

an
ce

 a
nd

 fa
ilu

re
 m

an
ag

em
en

t f
un

ct
io

na
lit

y.
 


 In

te
gr

at
e 

ef
fic

ie
nt

 V
M

 m
ig

ra
tio

n 
m

an
ag

em
en

t t
oo

ls
. 

W
e

b
 I

n
te

rf
a

c
e

 

V
D

C
 R

eq
ui

re
m

en
ts

 
S

ta
tu

s 
&

 S
ta

tis
tic

s 

G
re

e
n

h
e

a
d

 

P
ar

tit
io

n 
In

fo
rm

at
io

n 
S

ta
tu

s 
&

 S
ta

tis
tic

s 

V
D

C
 S

ch
ed

ul
er

 

M
on

ito
rin

g 
&

 
M

ea
su

re
m

en
t 

V
D

C
 P

la
nn

er
 D

B
 

N
ov

a 
S

w
ift

 
Q

ua
nt

um
 

G
la

nc
e-

AP
I 

C
in

de
r 

V
D

C
 P

la
n

n
e

r 

P
ro

vi
si

on
in

g 
m

od
ul

e 

O
p

e
n

S
ta

c
k
 

V
D

C
 P

ar
tit

io
ni

ng
 M

od
ul

e 
M

on
ito

rin
g 

M
od

ul
e 

P
ar

tit
io

n 
A

llo
ca

tio
n 

M
od

ul
e 

In
te

r-
da

ta
 C

en
te

r v
irt

ua
l 

lin
ks

 a
llo

ca
tio

n 
m

od
ul

e 

V
D

C
 

in
fo

rm
at

io
n 

D
at

ab
as

e 

Figure 3.8: Greenhead: Virtual Data Center Embedding Across Distributed Infrastructures from Aimal
Khan, Ahmed Amokrane, Arup Raton Roy, Mohamed Faten Zhani, Maissa Jabri, Qi Zhang, Rami Langar,

Raouf Boutaba at University of Waterloo (Theme 3)
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4.1 Improving Throughput and Fairness in Virtualized 802.11 Networks

through Association Control

Mahsa Derakhshani, Xiaowei Wang, Tho Le-Ngoc, McGill U., and Alberto Leon-Garcia University of

Toronto

In virtualized 802.11 networks, it is challenging to provide service customization and fairness across multiple

service providers, who share physical infrastructure and network capacity. This is mainly due to the use of a

CSMA-based MAC, which couples flows of different virtual WLANs (as a result of unavoidable collisions). In

a dense WLAN deployment, association control can facilitate a solution to control fairness and throughput

among different ISPs. In this work, STA-AP association control is investigated and an optimization solution

is formulated aiming to maximize overall network throughput while providing an airtime guarantee for

each ISP. Subsequently, an algorithm is developed to reach the optimal solution by applying monomial

approximation and using geometric programming iteratively.



Theme 4 Integrated Wireless/Optical Access 63

Im
pr

ov
in

g
Th

ro
ug

hp
ut

an
d

Fa
ir

ne
ss

in
V

ir
tu

al
iz

ed
80

2.
11

N
et

w
or

ks
th

ro
ug

h
A

ss
oc

ia
tio

n
C

on
tr

ol
M

ah
sa

D
er

ak
hs

ha
ni

,
X

ia
ow

ei
W

an
g,

Th
o

Le
-N

go
c,

an
d

A
lb

er
to

Le
on

-G
ar

ci
a

A
B

S
T

R
A

C
T

In
vi

rt
ua

liz
ed

80
2.

11
ne

tw
or

ks
,

it
is

ch
al

le
ng

-
in

g
to

pr
ov

id
e

se
rv

ic
e

cu
st

om
iz

at
io

n
an

d
fa

ir
-

ne
ss

ac
ro

ss
m

ul
ti

pl
e

se
rv

ic
e

pr
ov

id
er

s,
w

ho
sh

ar
e

ph
ys

ic
al

in
fr

as
tr

uc
tu

re
an

d
ne

tw
or

k
ca

-
pa

ci
ty

.
Th

is
is

m
ai

nl
y

be
ca

us
e

of
us

in
g

C
SM

A
-

ba
se

d
M

A
C

w
hi

ch
co

up
le

s
flo

w
s

of
di

ff
er

en
t

vi
rt

ua
l

W
LA

N
s

du
e

to
un

av
oi

da
bl

e
co

lli
si

on
s.

In
a

de
ns

e
W

LA
N

de
pl

oy
m

en
t,

as
so

ci
at

io
n

co
nt

ro
l

ca
n

fa
ci

lit
at

e
a

so
lu

ti
on

to
co

nt
ro

l
fa

ir
-

ne
ss

an
d

th
ro

ug
hp

ut
am

on
g

di
ff

er
en

t
In

te
rn

et
Se

rv
ic

e
Pr

ov
id

er
s(

IS
Ps

).
In

th
is

w
or

k,
M

ob
ile

St
at

io
n(

M
S)

-A
cc

es
s

Po
in

t(
A

P)
as

so
ci

at
io

n
co

n-
tr

ol
is

in
ve

st
ig

at
ed

an
d

an
op

ti
m

iz
at

io
n

pr
ob

-
le

m
is

fo
rm

ul
at

ed
ai

m
in

g
to

m
ax

im
iz

e
ov

er
-

al
l

ne
tw

or
k

th
ro

ug
hp

ut
,

w
hi

le
pr

ov
id

in
g

ai
r-

ti
m

e
gu

ar
an

te
e

fo
r

ea
ch

IS
P.

Su
bs

eq
ue

nt
ly

,
an

al
go

ri
th

m
is

de
ve

lo
pe

d
to

re
ac

h
th

e
op

ti
m

al
so

-
lu

ti
on

,
by

ap
pl

yi
ng

m
on

om
ia

l
ap

pr
ox

im
at

io
n

an
d

us
in

g
ge

om
et

ri
c

pr
og

ra
m

m
in

g
it

er
at

iv
el

y.

T
H

R
O

U
G

H
P

U
T

A
N

D
A

IR
T

IM
E

A
N

A
LY

S
IS

•
Th

ro
ug

hp
ut

of
M

S
s

at
A

P
a

is

T
a s
=

P
a s
u
c
c
,s
T
T
X
O

P

P
a id
le
σ
+
(1
−
P

a id
le
)T

•
Pr

ob
ab

ili
ty

of
su

cc
es

sf
ul

tr
an

sm
is

si
on

P
a su
c
c
,s
=
τ
a s

∏
s
′ 6=
s
(1
−
τ
a s
′)
=

x
a s

∏
s
′ ∈

S
(1

+
x
a s
′)

•
C

on
se

qu
en

tl
y, T
a s
=

x
a s
t

∏
s
′ ∈

S
(1

+
x
a s
′)
−
t′

•
A

ir
ti

m
e

of
M

S
s

at
A

P
a

is

T
a a
ir
,s
=

P
a c
o
ll
,s
T
+
P

a s
u
c
c
,s
T
T
X
O

P

P
a id
le
σ
+
(1
−
P

a id
le
)T

•
Pr

ob
ab

ili
ty

of
co

lli
si

on

P
a c
o
ll
,s
=
τ
a s
[1
−
∏
s
′ 6=
s
(1
−
τ
a s
′)
]
=

x
a s
[∏

s
′ 6=

s
(1

+
x
a s
′)
−
1
]

∏
s
′ ∈

S
(1

+
x
a s
′)

•
C

on
se

qu
en

tl
y,

T
a a
ir
,s
=

x
a s

∏
s
′ 6=

s
(1

+
x
a s
′)

∏
s
′ ∈

S
(1

+
x
a s
′)
−
t′

A
S

S
O

C
IA

T
IO

N
C

O
N

T
R

O
L

•
M

S-
A

P
as

so
ci

at
io

n
op

ti
m

iz
at

io
n

pr
ob

le
m

m
a
x

XX X

∑

s
∈S

,a
∈A

x
a s
ra s
t

∏
s
′ ∈
S
(1

+
x
a s
′)
−
t′
,
s.
t.
,

(1
)

C
11

:
∑

s
∈S

i
,a
∈A

x
a s

∏
s
′ 6=
s
(1

+
x
a s
′)

∏
s
′ ∈
S
(1

+
x
a s
′)
−
t′
≥
η i
,∀
i
∈
I

C
1
2
:
0
≤
x
a s
≤
η x
,
∀s
∈
S,
∀a
∈
A

•
M

S-
A

P
as

so
ci

at
io

n
th

ro
ug

h
co

m
pl

em
en

ta
ry

ge
om

et
ri

c
pr

og
ra

m
m

in
g

m
in

XX X
,YY Y
,TT T
,x

0

x
0
,
s.
t.
,
C
1
2
,

(2
)

C
2
1
:

M

x
0
+
∏
s
∈S

,a
∈A

( x
a s
r
a s
t

y
a

)
≤

1

C
2
2
:

∏
s
∈S

(1
+
x
a s
)

t′
+
y
a

=
1,
∀a
∈
A

C
2
3
:

η i
+
1

1
+
∑
s
∈S

i
,a
∈A

x
a s

∏
s
′ 6=

s
ta s

y
a

≤
1,
∀i
∈
I

C
2
4
:

ta s
1
+
x
a s

=
1,
∀s
∈
S,
∀a
∈
A

C
O

N
C

L
U

S
IO

N
It

is
sh

ow
n

th
at

pr
op

os
ed

M
S-

A
P

as
so

ci
at

io
n

co
nt

ro
la

lg
or

it
hm

en
su

re
s

fa
ir

ne
ss

am
on

g
co

m
-

pe
ti

ng
IS

Ps
re

ga
rd

le
ss

of
ne

tw
or

k
co

nd
it

io
ns

,
su

ch
as

nu
m

be
r

of
M

Ss
pe

r
IS

P
an

d
M

S
di

s-
tr

ib
ut

io
n.

Fu
rt

he
rm

or
e,

de
sp

it
e

m
in

im
um

ai
r-

ti
m

e
re

se
rv

at
io

n
fo

r
ea

ch
IS

P,
pr

op
os

ed
al

go
-

ri
th

m
im

pr
ov

es
to

ta
ln

et
w

or
k

th
ro

ug
hp

ut
co

m
-

pa
ri

ng
to

th
e

M
ax

-S
N

R
al

go
ri

th
m

.

R
E

FE
R

E
N

C
E

S

[1
]

A
.C

he
cc

o
an

d
D

.J
.L

ei
th

.
Fa

ir
vi

rt
ua

liz
at

io
n

of
80

2.
11

ne
tw

or
ks

.I
EE

E/
A

C
M

Tr
an

s.
N

et
w

.

[2
]

D
.G

on
g

an
d

Y.
Ya

ng
.

O
n-

lin
e

ap
as

so
ci

at
io

n
al

-
go

ri
th

m
s

fo
r

80
2.

11
n

w
la

ns
w

it
h

he
te

ro
ge

ne
ou

s
cl

ie
nt

s.
IE

EE
Tr

an
s.

C
om

pu
t.,

A
ug

.2
01

3.

A
C

K
N

O
W

L
E

D
G

M
E

N
T

Th
is

w
or

k
is

fu
nd

ed
in

pa
rt

or
co

m
pl

et
el

y
by

th
e

Sm
ar

t
A

pp
li-

ca
ti

on
s

on
V

ir
tu

al
In

fr
as

tr
uc

tu
re

(S
A

V
I)

pr
oj

ec
tf

un
de

d
un

de
r

th
e

N
at

io
na

l
Sc

ie
nc

es
an

d
En

gi
ne

er
in

g
R

es
ea

rc
h

C
ou

nc
il

of
C

an
ad

a
(N

SE
R

C
)S

tr
at

eg
ic

N
et

w
or

ks
gr

an
tn

um
be

r
N

ET
G

P3
94

42
4-

10
.

S
Y

S
T

E
M

M
O

D
E

L

•
N

et
w

or
k

ca
rr

ie
s

tr
af

fic
of

di
ff

er
en

tI
SP

s.
•

Ea
ch

M
S

ca
n

be
as

so
ci

at
ed

w
it

h
se

ve
ra

lA
Ps

.
•
τ
a s
:p

ro
ba

bi
lit

y
th

at
M

S
s

at
te

m
pt

s
to

tr
an

sm
it

at
A

P
a

in
a

ge
ne

ri
c

ti
m

e-
sl

ot
.

•
x
a s
=
τ
a s
/
(1
−
τ
a s
):

m
ea

n
nu

m
be

r
of

co
ns

ec
u-

ti
ve

tr
an

sm
is

si
on

at
te

m
pt

s
by

M
S
s

at
A

P
a

.
•
P
a id
le
=
∏
s
∈S

(1
−
τ
a s
)
=

1/
(∏

s
∈S

(1
+
x
a s
))

N
U

M
E

R
IC

A
L

R
E

S
U

LT
S

W
LA

N
Th

ro
ug

hp
pu

tv
s

D
en

si
ty

IS
P

Fa
ir

ne
ss

vs
D

en
si

ty

A
ss

oc
ia

ti
on

R
es

ul
t:

M
ax

SN
R

A
ss

oc
ia

ti
on

R
es

ul
t:

G
P

H
om

og
en

eo
us

D
is

tr
ib

ut
io

n
N

on
-h

om
og

en
eo

us
D

is
tr

ib
ut

io
n

V
ar

yi
ng

Lo
ad

Ba
la

nc
e

Figure 4.1: Improving Throughput and Fairness in Virtualized 802.11 Networks through Association Con-
trol from Mahsa Derakhshani, Xiaowei Wang, Tho Le-Ngoc at McGill University and Alberto Leon-

Garcia at University of Toronto (Theme 4)
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4.2 QoS-Oriented Slice Provisioning in Wireless Virtualized Networks

Vikas Jumba, Saeideh Parsaei Fard, Mahsa Derakhshani, Tho Le-Ngoc, McGill U.

Wireless network virtualization is a promising paradigm to increase the spectrum efficiency via allocating

bundles of physical-layer resources (e.g., power and spectrum) to different service providers, referred to as

slices. In this work, to efficiently utilize resources between slices, we propose a resource allocation algorithm

by maximizing the total throughput of a virtualized wireless network (VWN), while preserving a minimum

required quality of service (QoS) for each slice. Due to channel variations, VWN always encounters an

outage probability, i.e., the QoS does not hold. To prevent this issue, we present a dynamic admission

control algorithm. Via simulation results, we demonstrate the performance of our proposed algorithms.
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Figure 4.2: QoS-Oriented Slice Provisioning in Wireless Virtualized Networks from Vikas Jumba, Saeideh
Parsaei Fard, Mahsa Derakhshani, Tho Le-Ngoc at McGill University (Theme 4)



Theme 4 Integrated Wireless/Optical Access 66

4.3 Management of Virtualized and Software-Defined Wireless Infras-

tructures: Issues, Requirements, Framework and Specifications

Prabhat Kumar Tiwary, Quang-Dung Ho, Tho Le-Ngoc, McGill U.

Virtualization of wireless infrastructures furnishes a rich variety of abstracted and sharable wireless re-

sources encompassing different wireless technologies and standards. On the other hand, the service-oriented

architecture model is affecting the tenant ecosystem by allowing tenants to own, share, borrow and manage

the virtual wireless resources in many desirable ways. The setup and management of such diverse virtual

resources is non-trivial. Moreover, supporting a service-oriented architecture and software-defined paradig-

m adds additional management complexity. In this regard, this poster first discusses the main existing

and foreshadowed management issues. Next, the management requirements for a virtualized and software-

defined wireless infrastructure are explored. In addition, a draft initial management framework (along with

a set of management specifications) has been put forward. The framework and the specifications have been

prototyped in Aurora (as Aurora-Manager and Aurora-Tenant), which is demonstrated through a flow-based

application scenario.
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Figure 4.3: Management of Virtualized and Software-Defined Wireless Infrastructures: Issues, Require-
ments, Framework and Specifications from Prabhat Kumar Tiwary, Quang-Dung Ho, Tho Le-Ngoc at

McGill University (Theme 4)
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4.4 Aurora: A Virtualization and Software-Defined Infrastructure Frame-

work for Wireless Networks

Prabhat Kumar Tiwary, Kevin Han, Hoai-Phuoc Truong, Quang-Dung Ho, Tho Le-Ngoc, McGill U.

This poster introduces Aurora, a virtualization framework and testbed platform for supporting multiple

types of virtualization techniques and architectures specifically applied to wireless technologies. After a

brief overview of the wireless virtualization perspectives, the Aurora resource abstraction model is dis-

cussed, and the software architecture and the design principles behind Aurora are explained. Next, the

current deployment of Aurora within SAVI is outlined and the prospects of Aurora in supporting different

virtualization perspectives and potential ways to extend to different wireless technologies are sketched.
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Figure 4.4: Aurora: A Virtualization and Software-Defined Infrastructure Framework for Wireless Networks
from Prabhat Kumar Tiwary, Kevin Han, Hoai-Phuoc Truong, Quang-Dung Ho, Tho Le-Ngoc at McGill

University (Theme 4)
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4.5 Full-duplex WiFi Analog Signal Transmission with Digital Signal

Downlink in Radio-over-Fiber System Employing RSOA-based WDM-

PON Architecture

Truong An Nguyen, Leslie A. Rusch, U. Laval

We experimentally demonstrate bidirectional analog WiFi signal transmission in a digital wavelength division

multiplexing passive optical network system employing reflective semiconductor optical amplifier (RSOA).

A downlink (DL) signal comprising a 1 Gb/s On-Off Keying (OOK) and a WiFi signal is transmitted

simultaneously with an uplink (UL) WiFi signal. The DL optical carrier is reused by the RSOA for UL

transmission. We transmit pass-band WiFi signals at 2.4 GHz band without frequency translation even

though the RSOA’s response is limited at 1.2 GHz. At the bit-error-rate (BER) threshold of 2.10-3 before

forward error correction (FEC), we achieve the transmission link up to 20 km (64-QAM), 30 km (16-QAM),

and 40 km (QPSK). In all cases, the 1 Gb/s digital downlink signal is always error-free.
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Figure 4.5: Full-duplex WiFi Analog Signal Transmission with Digital Signal Downlink in Radio-over-Fiber
System Employing RSOA-based WDM-PON Architecture from Truong An Nguyen and Leslie A. Rusch

at Université of Laval (Theme 4)



Theme 4 Integrated Wireless/Optical Access 72

4.6 An Application of Aurora with 802.11 wireless networks and Flow-

based Virtualization

Hoai-Phuoc Truong, Kevin Han, Prabhat Kumar Tiwary, Quang-Dung Ho, Tho Le-Ngoc, McGill U.

This demonstration presents an application of the Aurora framework in a healthcare setting using the IEEE

802.11 wireless technology and flow-based virtualization. A centralized management topology is used with

the Aurora-Manager running on an Ubuntu 12.04 laptop and Aurora-Agents on the PC engines. A key

feature demonstrated is flexible ap-slice setup and management using Aurora APIs through Aurora-Client

dashboard. It is shown that ap-slices can share the same physical AP. Similarly, the advantage of Aurora

resource abstraction model (specifically wnet) in joint management of ap-slices is showcased. With regard to

this scenario, some relevant management statistics such as the status of a slice for the purpose of billing are

also shown. Finally, the internal management steps such as environment variable setup, API calls, parsing,

conflict management, resolution, database queries, message queuing, AP polling, status reporting, database

updates and response generation for the user (tenant) while execution of an Aurora command is explained

with the help of a timeline diagram.
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Figure 4.6: An Application of Aurora with 802.11 wireless networks and Flow-based Virtualization from
Hoai-Phuoc Truong, Kevin Han, Prabhat Kumar Tiwary, Quang-Dung Ho, Tho Le-Ngoc at McGill Uni-

versity (Theme 4)
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5.1 Virtualized Reconfigurable Hardware in the SAVI Testbed

Stuart Byma, Hadi Bannazadeh, J. Gregory Steffan, Alberto Leon-Garcia, Paul Chow, U. Toronto

This poster presents a novel approach for integrating virtualized FPGA-based hardware accelerators into

the SAVI testbed, with minimal virtualization overhead. Partially reconfigurable regions inside FPGAs are

offered as generic cloud resources through the testbed OpenStack management system, thereby allowing

users to “boot” custom designed or predefined network-connected hardware accelerators with the same

commands they would use to boot a regular Virtual Machine. The poster details the hardware and software

framework to enable this virtualization, and also shows two example use cases – a custom UDP load balancer

and an application used to give OpenFlow the ability to execute matching and actions on VXLAN tunneled

traffic. The latter application will be showcased in a demonstration.
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Virtualized Reconfigurable Hardware
in the SAVI Testbed

Stuart Byma, J. Gregory Steffan, Hadi Bannazadeh, Alberto Leon-Garcia, Paul Chow

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

Motivation

I SAVI Testbed contains FPGAs

I These FPGAs are not virtualized – not
sharable, flexible, or scalable

I Goal: virtualize FPGA resources to enable
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 

Acknowledgements

Hardware Virtualization using Partial Reconfiguration

I Adding an abstraction layer

I Split the FPGA into multiple Virtualized
FPGA Resources using PR [1]

I Partial Reconfiguration – the ability to
reconfigure a section of an FPGA
. At runtime
. Without affecting other running circuits

PRM C

PRM A

PRM B

Static Logic

FPGA

PRR

PR Boundary

SAVI Testbed Prototype System

I MicroBlaze for command and control

I Four VFRs, 10G network-attached
accelerators

I Each VFR has 11376 LUTs and 19 Block
RAMs

I Script-based automated compile system

Virtex 5 VTX240T
Soft 

Processor

Input 
Arbiter

Output
Queues

MAC
Memmap
Registers

VFR

VFR

VFR

Agent
(Host)

Programmer
(JTAG)

Off-Chip
DRAM DRAM

Controller

1

2

N

Stream In

From 10GE

Stream Out

To 10GE

Bus

OpenStack Integration

I Make VFRs available as resources in the
SAVI testbed
. Through a Driver-Agent abstraction

Common 
API

OpenStack
Nova

Driver

Agent N Resources

Agent 1 Resources

Communication

Resource-Specific 
Management

Resource-Agnostic
Management

...

Application: Load Balancer

I Round-robin scheduling of UDP packets
to servers

I Created using Vivado High-Level
Synthesis, run inside VFR system

I Control packets to add servers to
scheduler

IS 
CNTRL? WR

Server Lookup Memory

LOOKUP

Replace Dst
IP & MAC

PKT In
PKT Out

Results

I Comparison to VM-based load balancer in
Python

I Measure latency while flooding at variable
rates

I Much higher throughput!

VM VFR
45 MB/s >100 MB/s

Application: Enhancing OpenFlow Capabilities

I OpenFlow has a limited match and action
set
. Goal: Use virtualized hardware to enhance these

I Create VFR hardware to match and drop
VXLAN encapsulated packets
. Based on Transport Layer port

I Switch flows to redirect VXLAN traffic to
VFR

IS 
VXLAN?

PKT In
PKT Out

IS 
TP_PORT

X?

Drop

VM1 VM2

VFR

N

Y

Y

N

VXLAN Tunnel

Results

I VXLAN Tunnel between two VMs

I iperf with and without flow redirection to VFR

I Virtually no difference in throughput!

Without FWDing With FWDing
517.4 Mb/s 513.2 Mb/s

References

S. Byma, J. G. Steffan, H. Bannazadeh, A. Leon-Garcia, and
P. Chow.
FPGAs in the Cloud: Booting Virtualized Hardware
Accelerators with OpenStack.
In 22nd Internation Symposium on Field-Programmable
Custom Computing Machines (FCCM). IEEE, 2014.

bymastua@eecg.toronto.edu

Figure 5.1: Virtualized Reconfigurable Hardware in the SAVI Testbed from Stuart Byma,Hadi Ban-
nazadeh, J. Gregory Steffan, Alberto Leon-Garcia, Paul Chow at University of Toronto (Theme

5)
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5.2 Real-time Enhancement of IMS Quality of Service using SAVI SDI

Lilin Zhang, Jieyu Lin, Hadi Bannazadeh, Alberto Leon-Garcia, U. Toronto

Traditional IMS/VoIP services lack real-time bandwidth provisioning and/or reconfiguration to improve

the VoIP quality. In this work, we use SAVI SDI to prototype a novel method of enhancing VoIP quality

by using its converged and centralized manner of resource management. We will demonstrate that with a

reconfiguration operation from the SDI platform, a bandwidth thirsty HD video call can be elevated to a

higher QoS in real time to achieve visibly significant quality improvement compared to a call made over

best effort VoIP connection.
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Figure 5.2: Real-time Enhancement of IMS Quality of Service using SAVI SDI from Lilin Zhang, Jieyu
Lin, Hadi Bannazadeh, Alberto Leon-Garcia at University of Toronto (Theme 5)
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5.3 An Orchestration Service of SAVI Testbed; A Heat Approach

Honbin Lu, Hadi Bannazadeh, Alberto Leon-Garcia, U. Toronto

Heat is an OpenStack project for providing an orchestration service to facilitate the provisioning and man-

agement of OpenStack’s resources. A key feature of Heat is to provide a domain specific language (DSL)

for users to declare the list of cloud resources that they need. By integrating Heat into the SAVI Testbed,

users are provided with a tool to automate the resource provisioning process, and manage the complexities

of application deployment and management on the Testbed.
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Figure 5.3: An Orchestration Service of SAVI Testbed; A Heat Approach from onbin Lu, Hadi Ban-
nazadeh, Alberto Leon-Garcia at University of Toronto (Theme 5)
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5.4 Big Data as a Service for SAVI Testbed

Honbin Lu, Hadi Bannazadeh, Alberto Leon-Garcia, U. Toronto

Hadoop is a popular software framework that supports a simple programming model for Big Data process-

ing. Sahara is a service for supporting Hadoop at OpenStack clouds. Sahara reduces the complexities of

provisioning and managing Hadoop clusters by implementing the common provisioning and management

routines. By integrating Sahara into the SAVI Testbed, users are provided with a tool which facilitates the

provisioning of Hadoop clusters, and allows users to focus on the high-level specification of their Hadoop

clusters without distracting from the low-level workflow and configurations.
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Figure 5.4: Big Data as a Service for SAVI Testbed from Honbin Lu,Hadi Bannazadeh, Alberto Leon-
Garcia at University of Toronto (Theme 5)
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5.5 Cloud-RAN on SAVI; a GSM approach

Mohammad-Sina Tavoosi-Monfared, Hadi Bannazadeh, Alberto Leon-Garcia, U. Toronto

This poster accompanied by a demo presents an implementation of OpenBTS (Open Base Transceiver

Station), a software defined GSM on SAVI Testbed. The equipment used includes an 8-channel OctoClock

clock distribution module, four USRP N210 and an integrated GSPDO kit. A phone conversation with two

cellular phones will be tested. To simulate C-RAN (Cloud-RAN) architecture, the transceiver module will

be implemented on a closer testbed edge while the OpenBTS module (i.e. routing) will be on a different

module that is not delay sensitive.
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Figure 5.5: Cloud-RAN on SAVI; a GSM approach from Mohammad-Sina Tavoosi-Monfared, Hadi Ban-
nazadeh, Alberto Leon-Garcia at University of Toronto (Theme 5)
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5.6 Monitoring and Measurement as a Service in SDI deployed on SAVI

testbed

Jie Yu (Eric) Lin, Rajsimman Ravichandiran, Hadi Bannazadeh, Alberto Leon-Garcia, U. Toronto

IT infrastructure monitoring and measurement is an important aspect for Intelligent management and

autonomous infrastructure. In this demo, we will demonstrate the monitoring and measurement (M&M)

system in the SAVI testbed. Following the Software Defined Infrastructure (SDI) concept, this system

monitors both compute resources and network resources (including virtual and physical resources). It also

provides a mechanism for monitoring user specified metrics (e.g. web server status). The system takes care

of collecting, processing and storing all of the monitoring data including the historical records. It provides

both the admin and the user visibility to the status of the infrastructure.
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Figure 5.6: Monitoring and Measurement as a Service in SDI deployed on SAVI testbed from Jie Yu (Eric)
Lin, Rajsimman Ravichandiran, Hadi Bannazadeh, Alberto Leon-Garcia at University of Toronto

(Theme 5)
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5.7 Efficient Multicast algorithm on SAVI network

Sai Qian Zhang, Hadi Bannazadeh, Alberto Leon-Garcia, U. Toronto

Group communication is widely applied in the daily computer network system. When more than one receiver

is considered in the data transmission mechanism, multicast is the most efficient and reliable solution. In

this poster, we propose an efficient multicast algorithm used among different virtual machines (VMs) in

the SAVI network. The algorithm best fits for the dynamic network topology so that when a new VM

joins the multicast network and the topology changes, we do not need to reconfigure the whole multicast

tree topology. In particular, the multicast tree is constructed based on the following objectives: 1) Saving

Bandwidth & 2) Minimizing Delay
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Figure 5.7: Efficient Multicast algorithm on SAVI network from Sai Qian Zhang, Hadi Bannazadeh,
Alberto Leon-Garcia at University of Toronto (Theme 5)
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5.8 End-to-End Traffic Control in the SAVI Testbed

Thomas Lin, Hadi Bannazadeh, Alberto Leon-Garcia, U. Toronto

This demo will show an example of how the SAVI testbed enables end-to-end traffic control as managed by

the user. For the purposes of this demo, we have integrated a Wi-Fi access point (WAP) that also allows

mobile devices to be integrated into a virtual network. The SAVI testbed currently enables users to control

their own virtual networks using an OpenFlow controller running with a publicly accessible IP address. The

demo will showcase a scenario in which the mobile device is connected to the testbed and receives a live

video stream from a virtual server running within the testbed, while the network is being congested. With

the user’s own OpenFlow controller the user is able to direct traffic through a pre-configured queue that

guarantees a certain level of available bandwidth. The demonstration will aim to show the effect of queuing

on the quality of the displayed video on the mobile device.
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Figure 5.8: End-to-End Traffic Control in the SAVI Testbed from Thomas Lin, Hadi Bannazadeh,
Alberto Leon-Garcia at University of Toronto (Theme 5)
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5.9 L2/L3 Overlay Software Defined Network on SAVI Testbed

Khashayar Hoseinzadeh, Hadi Bannazadeh, Alberto Leon-Garcia, U. Toronto

In this work, we will utilize the SAVI testbed alongside a software defined switch (OpenVSwitch) to dynam-

ically create network topologies specified by the user. Similar to mininet, the users will be able to specify

the number of hosts and switches and specify how they want them to be connected. The goal is to create

a layer 2 or a layer 3 network, linking up the nodes as defined by the user topology. For this purpose, we

use the SAVI Test-Bed and VXLAN tunneling protocol to create arbitrary overlay networks. These overlay

networks could be used in variety of applications from deploying a large scale OpenFlow network in order

to test a SDN controller (and application) to running a large scale distributed application on a desired

topology.
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Figure 5.9: L2/L3 Overlay Software Defined Network on SAVI Testbed from Khashayar Hoseinzadeh, Hadi
Bannazadeh, Alberto Leon-Garcia at University of Toronto (Theme 5)
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