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[3]. Since it is likely that mobile devices such as smartphones
and tablets will replace desktop computers for accessing HPC
infrastructure, there is a need for high speed mobile devices
with low power consumption, connected through robust, high
speed fault tolerant networks. Many companies such as Intel
and NVIDIA have been working on the optimization of mobile
platforms for supporting HPC applications [4].
Advanced mobile devices, with high computing capabilities
and relatively lower costs, have changed the manner in which
mobile communication networks have evolved over time. In
order to support the HPC services and applications in a mobile
environment, various factors such as optimized application
design, powerful devices with high computing capability, low
power consumption and efficient network performance, etc.,
have to be taken into consideration. In the current work, we
focus on the communication aspects that would be required to
support such high performance computations involving mobile
devices.
HPC applications are characterized by high computational
power, data intensive workloads, parallel processing, high data
storage and access rates, high data transfer speeds, and high
reliability and accuracy. Hence, to support such applications, a
high throughput, low latency, reliable network with low packet
loss rates is needed. A lot of work has been done to enhance the
performance and efficiency of dedicated data-center networks
and HPC cluster networks to meet the demands of large scale
resource intensive HPC applications [5][6][7][8]. However, the
need to provision strict QoS for supporting high performance
mobile computing over existing wireless mobile networks is
still a challenging issue. The existing high speed data networks
such as the third (3G) and the fourth (4G) generation networks
are capable of providing high throughput to the users on both
the forward and the reverse channels. Hence, they can
potentially cater to the performance requirements of HPC
services. However, mobile data traffic has grown exponentially
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I.

INTRODUCTION

High Performance mobile computing involves the
convergence of emerging mobile wireless communication
networks, intelligent and powerful mobile devices and efficient
application and services. Recently high performance mobile
computing, especially over cellular networks, has emerged as a
key area of research due to the need for high computing
capabilities even when users are on the move. Significant work
is being done to optimize performance and create applications
for accessing HPC services on smartphones [1][2]. Researchers
at MIT have developed a software application for supercomputing over a cell phone capable of performing complex
calculations for different classes of problems such as fluid flow
around spherical objects, effect of force on cracked pillars,etc.
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over the past few years and it is expected to grow up to 30.6
exabytes per month by 2020 [9]. Hence, the efficient support of
HPC applications over mobile networks is a critical issue due
to limited bandwidth, interference of radio signals, channel
fading, etc.
In this paper, we provide a mathematical framework for
provisioning high QoS for supporting HPC services and
applications over existing wireless mobile networks. In order to
provide high QoS, while managing the overall network
capacity at the same time, resource allocation and charging
must be managed carefully. Hence, we also briefly discuss how
proper charging and resource allocation can be used to balance
resource consumption and the QoS provided.
II.

over

experiencing an average throughput
experiencing an average delay

For each user, if the utility function is assumed to be
strictly concave and differentiable, then it will also hold true
for the objective function F . Considering the feasible region
to be compact, the unique solution that exists can be found
using Lagrangian methods. However, due to the dynamic
nature of the network (due to variations in the channel
conditions and number of active users over time), the optimal
solution changes continuously. Hence, we aim at approaching
the optimal solution by making appropriate decisions at each
scheduling instance. In this case, the gradient ascent method
can be used by serving the user for which the objective
function gradient is maximum. If the above formulation has no
feasible solution, which may occur due to the scarcity of
network resources, then congestion is expected to increase
continuously. In that case, congestion can be detected by
monitoring the gradient of the objective function, i.e. the
average priority over all users, which will increase with the
increase in network load [12]. Hence if congestion is detected,
the number of users can be reduced or the QoS constraints can
be lowered until a feasible solution can be achieved.

In this section, we provide a mathematical
formulation for the scheduling problem and show how various
QoS constraints can be imposed to provide an acceptable
performance for supporting HPC over wireless mobile
networks. In [10], Kelly provides a mathematical formulation
of the shared resource allocation problem with the utility
function defined as a function of throughput. A similar
formulation is also possible in terms of other QoS parameters
such as delay, PLR, jitter, etc. For instance, a similar
formulation has been defined in terms of delay [11], for the
scheduling of VoIP traffic over a time-shared wireless data
network. However, in the case of HPC mobile applications,
the QoS constraints are stringent and there is a need for high
throughput, low latency and reliability for providing an
acceptable performance. Therefore, all QoS constraints,
including throughput, delay and packet loss rate, have to be
taken into consideration. In this case, the QoS based
scheduling problem can be formulated as follows:

(UT (r )  UD (d ))
i

i

i

i

B. Enforcing QoS Guarantees for each Attribute
The QoS demands of HPC mobile applications will
impose throughput, delay and PLR constraints on the
underlying wireless networks. Given the framework for QoS
based scheduling, we will now address the issue of providing
QoS guarantees for each QoS parameter. In the case of
throughput and delay, the concept of a barrier function [13]
can be used to enforce various constraints. In addition to the
delay and the throughput constraints, the PLR can be
maintained by using the H-ARQ retransmission mechanism
which was introduced as a one of the enhancements for packet
data transmissions in 3G networks and beyond.

(1)

i =1

subject to

k



ri < C

Throughput

(2)

Let rmini denote the minimum throughput that must
be provided to a given user i . If we ignore QoS and assume
that the utility is a linear function of the average throughput of
a paid user, then U (r ) = r for some constant  . In this

i =1

and

ri  rmini

(3)

and

di  dmaxi

(4)

di ,

C = the total channel capacity,
rmini = the minimum throughput for user i ,
dmaxi = the maximum delay allowance for user i

A. Mathematical Formulation of QoS Based Scheduling

k

ri ,

UDi (d i ) = Delay based utility function of user i

QOS BASED SCHEDULING FRAMEWORK

 
F (r , d ) 

(5)

where,
k = the number of active users competing for the channel,
UTi (ri ) = Throughput based utility function of user i

In order to provide high QoS for HPC mobile applications
and manage the limited capacity at the same time, resource
allocation must be done efficiently. Hence, there is a need for
a QoS based scheduler that takes the throughput and delay
constraints into consideration. In addition, the Packet Loss
Rate (PLR) guarantees can be provided by using the HybridAutomatic Repeat Request (H-ARQ) feature, which
retransmits the physical layer frames until an ACK is received
or the maximum number of transmissions is reached.

maximize

ri  0, di  0, 1  i  k.

case, if i (n) is the bit rate of user i if served during the
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n th

period, then the resulting scheduler will choose the user for
which:
j* = arg max { j (n)}

length and the user selected at each scheduling decision can be
given by:
r j ( n)
(10)
}
j* = arg max {
j
(qmax  q j (n))

(6)

j

Therefore, when the system is lightly loaded, the user with
the highest required rate will be served. However, as the queue
size for a given user increases, its priority level also increases
so that it is served before the delay threshold is reached. In this
case, the queue dependent utility function can be described as
follows:

i.e the user for which the achievable bit rate is the highest. In
order to guarantee the minimum throughput, the notion of
barrier functions, as proposed in [13] can be used. In this case,
the utility function can be defined as:

UT (r ) = r  (1  e

  ( r  rmin )

)

(7)

UD(q) =

Hence, if the throughput r drops below rmini for user i , it
will result in a rapid decrease in the utility function. The
variable  determines the rate of increase of the penalty for
violating the constraint. Hence, instead of imposing hard
constraints and forcing the user to be served immediately to
fall back into the feasible region, this approach is more
efficient as it aims at reducing the movement outside the
feasible region while making the scheduling decision.

Packet Loss Rate
For any given flow, the PLR will be dependent on the loss
due to failed transmissions. As discussed above, the rate of
dropped packets due to excessive delay or buffer overflow is
handled by the delay based utility function. The physical layer
transmission frame loss rate can be decreased by increasing the
number of allowed H-ARQ re-transmissions. In this approach,
the physical layer frames are re-transmitted until an ACK is
received or the maximum number of transmissions is reached.
In addition, a NACK can be used to report an incorrectly
received frame, causing the sender to re-transmit the frame.
Since H-ARQ is implemented at the physical layer, the overall
delay incurred is relatively low (on the order of milliseconds).
In order to further enhance the performance, soft combining
can be used whereby the incorrectly received data blocks are
not discarded, and combined with the retransmitted block when
it is received using either Chase Combining or Incremental
redundancy technique. Hence, H-ARQ can be used to increase
the reliability and efficiency by allowing fast retransmission of
incorrectly received frames. A simple feedback approach can
be used to achieve the desired transmission loss rate. As this
rate increases, the maximum number of H-ARQ attempts is
increased and vice-versa.

Let dmaxi denote the maximum delay permitted for user i .
Similar to the case of throughput, barrier functions can be used
to impose soft delay constraints on the system allowing it to
more easily handle users who are approaching their maximum
delay limit dmax [11]. In order to ensure a high penalty for
users experiencing a high delay, the barrier function can be
defined as follows:

(d max  d ) (1 )
,  > 0,   1
1

(11)

The utility function can be defined as UD(q) = log (qmax  q)
when  = 1 .

Delay

UD(d ) =

(qmax  d ) (1 )
,  > 0,   1
1

(8)

where  is a variable whose value can be optimized to
achieve the desired packet loss rate since packets are dropped
when their delay exceeds the maximum value. The utility
function can be defined as UD(d ) = log(dmax  d ) when  = 1 .
In this case, the user selected at each scheduling decision is
given by:
r j ( n)
j* = arg max {
(d max  d j (n))  }
 j ( n)
(9)
j

III.

PRICING FOR QOS BASED DATA SERVICES

In Section II we proposed a QoS framework and discussed
how the constraints on different performance attributes can be
satisfied for supporting high performance mobile computing
over existing mobile networks. We now discuss how resources
can be managed efficiently and fairly through proper pricing,
load monitoring and admission controls.
Currently, most data plans provided by different operators
across the world are flat-rate plans differing from each other in
terms of the monthly data allowance or the data cap. A higher
per bit charge is applied after the data limit is exhausted [14].
However, once QoS is implemented, user subscriptions must
be priced proportionally to their achieved quality.

In the case of delay sensitive applications such as VoIP, the
above utility function can be used to achieve different delay
budgets based on the QoS class and the application
requirements. If we assume that the long term throughput is
maintained at a certain level using the throughput based utility
function, as described in equation (7), then the throughput
component in the equation (9) can be ignored. In that case, the
delay can be estimated in terms of the queue length. In this
case, the scheduling decision will be based on the queue
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Figure 1. Throughput-Based Utility Function

Figure 2. Delay-Based Utility Function

Network operators can use tiered data pricing, along with a
suitable congestion detection and admission control
mechanisms to implement the above framework. For instance,
we propose two different kinds of data plans: A Premium plan
devised for HPC users, and an Economy plan for normal users.
The economy plan can be futher categorized into a QoS plan
and a best-effort plan, differing from each other in terms of the
QoS level provided. For example, the users who wish to access
interactive multimedia and video-streaming applications can
opt for a QoS plan, while those who just want to access emails
or other web based content can go for a best effort plan. The
per bit price charged will be higher for the QoS plan as
compared to the best effort plan, and the total price paid will
depend on the QoS level as well as the monthly data cap.
In case of the Premium plan, high QoS (high throughput,
low latency and low PLR) can be guaranteed, along with a high
data allowance (say 50GB per month). The cost per bit will be
much higher for the users who subscribe to the Premium plan
when compared to the Economy plans. This is so because
significantly more resources have to be reserved for providing
more stringent QoS. When this data limit is exhausted, the user
can still achieve high QoS but will be charged an even higher
cost per bit. This can help to ensure fairness.
Based on the throughput based utility function and the delay
based utility function, different values of the constants  and
 can be chosen to provide different delay budgets for
different user classes as defined above. Figure 1 illustrates the
use of a throughput-based utility function for different values
of  , chosen to provide different levels of QoS for different
user classes. If sufficient bandwith is available, the
requirements of all the users can be satisfied. However, when
resources become scarce, then a larger penalty is incurred for
the premium HPC users, than for the economy users.
Similarly, the delay based utility function has been plotted for
different values of  , as shown in Figure 2. In this case, as
the value of  increases, the penalty incurred on reaching the
maximum delay also increases. In this case, different values of

 can be chosen to satisfy the different QoS requirements for
different classes. For instance, a value of  =2 can be chosen
for the premium users requiring a lower delay and the values
of  =1 and  =0.5 can be used for the economy class users
with lower QoS requirements.
At any particular instance of time, only one of the
constraints typically forms the resource bottleneck and only
this constraint needs to be taken into account. However, as it is
not known in advance which constraint will form the
bottleneck; all constraints (throughput, delay and PLR) must be
included. However, in some cases, such as HPC applications,
all the constraints such as throughput, delay and PLR may
apply, and in this case, the premium parameters for both
throughput and delay will be applicable.
In addition to differential pricing as described above,
management of QoS in the case of congestion must also be
addressed. In order to detect congestion different load detection
algorithms can be chosen by the operators. For instance, as
proposed in [12], the average value of the priority over all users,
(i.e., the average utility function gradient) can be calculated to
estimate the current network load. If this exceeds some
threshold then various actions can be taken (e.g., block new
connection requests or reduce QoS constraints etc.). The utility
function is defined using the notion of barrier functions, as
explained in equations (7) and (8), in order to satisfy the
throughput and delay constraints respectively. If we consider
equation (7), then different values of  can be chosen for each
subscription class. When sufficient resources are available, the
QoS requirements of all users can be satisfied. However in the
case of congestion, a high penalty is incurred for regular users
when compared to the premium users. This ensures that the
premium users continue to enjoy higher priority and hence
higher throughput even when the system is congested.
Similarly, suitable parameter values can be chosen for the other
constraints such as delay, PLR, etc.
Hence, when congestion occurs, users from different service
classes are throttled relative to their guaranteed QoS values and
subscription class.
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applications over existing wireless mobile networks. In
addition, we discuss how proper charging and resource
allocation can be used to balance between resource
consumption and the QoS provided. The proposed framework
provides a simple yet flexible solution for supporting high QoS
requirements of HPC applications over existing wireless
networks. In future work we plan to simulate realistic scenarios
to illustrate the benefits of the proposed approach.
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