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Abstract—Reducing power and energy consumption in large
scale networks remains a challenging problem. The increasing
need to support multimedia applications in future Internets
further compound this problem. This paper addresses a key
issue of how to efficiently assign per-router flow delays and
set per-processor execution speeds, along a routing path, to
jointly minimize energy consumption and meet end-to-end delay
requirements of the underlying applications. To this end, we
propose a DVFS-enabled, energy-aware strategy to optimize the
energy consumption of network components through scaling their
processor execution speeds. The strategy takes into consideration
the workload and the delay requirements of the applications.
Given a flow specification, which characterizes the flow’s traffic
rate and QoS performance requirements, a per-router feasible
minimum and maximum delay values are computed. Using these
values, the energy- and delay-aware problem is modeled as a
routing path energy-minimization problem to determine, for each
router along the path, the processing router execution rate and
the flow per-router delay budget that minimize energy without
violating the flow’s end-to-end delay requirement. A simulation-
based analysis shows that energy minimization can be achieved
without QoS violation. The results show that up to 88.33%
dynamic energy saving and up to 26.76% power saving of the total
power consumption can be achieved by the proposed strategy.

Index Terms—DVFS; Delay-based scheduling; Energy-efficient
Metrics; Optimization; Simulation.

I. INTRODUCTION

Minimizing power and energy consumption has become
a critical objective in the design of future networks [1]. In
2009, the backbone energy consumption accounted for less
than 10% of the overall network energy consumption, but
this percentage is expected to increase to 40% in 2017 [1],
and reach up to or even exceed 50% in 2020, and thus will
become unsustainable [2]. Recent advances in networking
and communications technologies paved the way for a new
generation of faster and more powerful routers and switches,
ushering in the proliferation of delay-bound IP applications.
The need to support the quality-of-service (QoS) requirements
of these emerging applications further compound the power
and energy consumption problem, calling for new energy- and
delay-aware approaches to traffic management and congestion
control in future differentiated-service networks [3]–[7].

A number of approaches have been proposed to reduce the
energy consumed by network processing routers and inter-
faces [5]. These approaches mostly aim at managing network
resources, in response to traffic load, to minimize network
energy consumption. However, the problem of minimizing
energy consumption, while meeting the QoS-requirements

of delay-sensitive applications, has received minimal atten-
tion [8]. To address this shortcoming, we propose an energy-
and delay-aware traffic control and management framework
and explore the design and performance assessment of a
DVFS-enabled, energy- and delay-aware strategy to support
delay-sensitive applications. More specifically, given a flow
specification, which characterizes the flow’s traffic rate and
QoS performance requirements, a per-router feasible minimum
and maximum delay values are computed. Using these values,
the energy- and delay-aware problem is modeled as a rout-
ing path energy-minimization problem to determine, for each
router along the path, the processing router execution speed
and the flow delay that minimize energy without violating the
flow’s end-to-end delay requirement. The main contributions
are the papers are: (i) the development of a model to compute a
path-based energy consumption, taking into consideration both
the static and dynamic energy components; (ii) a methodology
to compute feasible lower and upper bound delays of a flow,
based on the router’s current traffic load; (iii) a strategy to
compute feasible per-router delays that meet the end-to-end
delay requirements and minimize energy across the path. A
simulation framework is used to assess the performance of
the proposed strategy algorithm in terms of dynamic energy
and power gains.

The rest of this paper is organized as follows: the related
work is reviewed in Section II. The network and flow spec-
ifications are introduced in Section III. The formulation of
the energy- and delay-aware traffic control and management
framework is discussed in Section IV. Within this framework
a methodology used for computing per-router delays is de-
scribed. A path-based energy consumption model is then pro-
posed and a DVFS-enabled, energy- and delay-aware strategy
to compute the execution speed of a router and a per-router
delay budget is proposed. The performance of the proposed
strategy is assessed in Section V. Finally, we conclude this
paper in Section VI.

II. RELATED WORK

Energy-efficient scheduling techniques to reduce energy
consumption can be broadly classified into two categories,
namely Sleep Mode (SM) and Dynamic Voltage and Frequency
Scaling (DVFS) [4]–[7], [9]. Sleep Mode [10]–[12]. To reduce
energy consumption, SM-based approaches selectively put
system components into power-efficient mode, by turning them
off whenever they become idle. The shortcomings of the
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Sleep Mode based techniques is that once a computing or
a communication component is moved into a power-efficient
mode, bringing the component back to an active or running
mode incurs additional energy and latency, which may have
significant impact on the performance of the system. DVFS-
based approaches dynamically adjust the processor’s voltage
and frequency, in response to workload variation, in order to
minimize energy consumption [13]. Yu et al. [14] propose
two families of delay-aware packet scheduling schemes to
dynamically control line cards’ execution rates and reduce
routers’ energy consumption. Two congestion control metrics,
namely queue length and link utilization, are used to assess the
level of network congestion and adjust processor’s frequency
to minimize energy. The results show that queue length(QL)-
aware schemes outperform Load-aware schemes and achieves
higher energy savings [15]. The main challenge of DVFS-
based energy mimization techniques stems from the difficulty
of determining the minimum voltage to meet a particular
component performance level. As such, most of the proposed
the schemes do not guarantee end-to-end delay requirements
of the underlying application.

In Gupta et al. propose sleep modes to reduce network
energy consumption [16], [17]. The focus of this work,
however, is on Local Area Networks (LANs). This limits
significantly the applicability of the proposed approach to
backbone networks, where inter-packet time is too short to
warrant putting links into sleep mode. In [18], Nedevschi et
al. propose a method to shape traffic into bursts and create
link sleeping opportunities between bursts. It also uses link
rate adaptation to traffic load to save network energy. The
effectiveness of the scheme depends on the inter-packet arrival
time and the burst size. In [3], Chabarek et al. explore power-
awareness in the design of networks and routing protocols. The
proposed approach, however, does not lead to a specific power-
aware routing design. In [19], Heller et al. propose ElasticTree,
to optimize the energy consumption of a data center network
by turning off unnecessary links and switches during off-peak
hours. The solution is specific to the class of data center tree-
based topologies. In [20], Zhang et al. propose the GreenTE
framework for a network level power management approach
to optimize the number of links that can be put into sleep
in order to maximize network energy saving. This scheme,
however, is prone to large delay variation, which may lead to
unacceptable delay-jitter. The proposed framework addresses
these shortcomings and proposes a delay- and energy-aware
framework to minimize energy consumption, while adhering
to the end-to-end delay requirements of traffic flows.

III. NETWORK AND FLOW SPECIFICATION

The proposed energy- and delay-aware traffic management
framework assumes the existence of an edge-controller that
regulates access to the network. The controller relies on the
existing routing protocol infrastructure to compute routing
paths between a traffic source and destination. Furthermore,
the controller uses a flow’s traffic specification to verify the
feasibility of the computed routing path to accommodate the

flow’s QoS requirements. If successful, the router establishes
and maintains the selected path to route traffic generated by
QoS flows. Otherwise the flow request is rejected.

The network is defined as a graph N = (R,L), where R
represents the set of routers and L the set of links between
routers. A router r ∈ R is characterized by its frequency-
dependent execution rate, σminr ≤ σr ≤ σmaxr , where σminr

and σmaxr represent the minimum and maximum execution
rates, respectively. We use P to denote the set of paths in
the network. A path, p ∈ P, of length K, is defined as p =
{r ∈ R (1 ≤ r ≤ K) | (r, r + 1) ∈ L}. Let F be the set of
traffic flows supported by the network.

A flow, f ∈ F, is characterized by its end-to-end delay
bound, ∆f , and its traffic rate specification vector, (ρf , βf ),
where ρf represent the f ’s long-term average packet rate
of the flow and βf its maximum packet burst size. In this
paper, we assume a linear bounded arrival processes (LBAP).
Consequently, the maximum number of packets, Ωf (τ), gen-
erated by f over a time interval of size τ , does not exceed
ρf · τ + βf ,∀τ > 0.

In the following, we formulate the energy- and delay-
aware flow establishment problem as an energy minimization
problem, subject to end-to-end delay requirements. We then
describe a methodology to compute a set of feasible per-
router delays along the routing path, to meet end-to-end delay
requirements and minimize the path’s energy consumption.
Finally, we describe an effective strategy to minimize energy
consumption under QoS constraints.

IV. THE GENERAL PROBLEM FORMULATION

Definition 1: A flow, f ∈ F, characterized by (ρf , βf )
and ∆f , is delay-feasible over path p = {1, · · · , r, · · · ,K}
if and only if ∃ δ⃗f = (δf,1, · · · , δf,r, · · · , δf,K) such that∑K
r=1 δf,r ≤ ∆f , where δf,r represents the delay a packet

generated by flow f suffers at router r(1 ≤ r ≤ K) along
path p.

Definition 2: Let Fr ⊂ F (Fr = ∥Fr∥) represent the set of
flows traversing router r. Router r is said to be Fr-feasible if
∀f ∈ Fr, f is delay-feasible over its routing path, pf .

Definition 3: A path p = {1, · · · , r, · · · ,K} is said to be
energy-optimum if ∀r ∈ p, r is Fr-feasible and the energy
consumed by r, Er =

∑
f∈Fr

Ef , is minimum, where Ef is
the energy consumed by flow f ∈ Fr.

Let Fp ⊂ F be the set of flows traversing path p
(Fp = ∥Fp∥). Path p is energy-optimal if there exists
σ⃗p = (σ1, · · · , σr, · · · , σK) (σr ∈

[
σminr , σmaxr

]
) and δ⃗f =

(δf,1, · · · , δf,r, · · · , δf,K) such that (i) ∀f ∈ Fp, f is delay-
feasible over p, (ii) ∀r ∈ p, r is Fr-feasible, and (iii) the energy
consumed by p, Ep =

∑
r∈p Er, is minimum. Consequently,

for a given path, p ∈ P, the energy-aware and delay-
assignment flow establishment problem can be formulated as
follows:



Minimize Ep(σ⃗p, δ⃗f )

Subject to lf,r ≤ δf,r ≤ hf,r, (1 ≤ r ≤ K) and (f ∈ Fp)

σminr ≤ σr ≤ σmaxr , (1 ≤ r ≤ K)
K∑
r=1

δf,r ≤ ∆f , (f ∈ Fp)

where:
• lf,r: a lower bound on the delay values router, r, can

assign to flow, f , traversing path, p,
• hf,r: an upper bound on the delay values router, r, can

assign to flow, f , traversing path, p,
• ∆f : the end-to-end delay bound for flow, f , traversing

path, p,
• σr : the execution rate at router, r ∈ p, and
• σminr and σmaxr : the minimum and maximum execution

rates of router, r. These rates are dependent on the
associated operational frequencies, ψminr and ψmaxr at
router, r.

Consider an energy-optimal path, p, supporting a flow set
Fp. In order to assess the feasibility of accepting a new flow,
n, each router r across p must determine the energy-optimum
execution rate, σ∗

r , and a delay, δn,r, to meet the end-to-
end delay requirements of the new flow, without violating the
delay requirements of the currently supported flows in Fp. In
the following, we first introduce the delay-based scheduling
policy scheme used by routers to service packets. We then
describe a methodology that can be used to compute, for a
given flow, a feasible range of delays for each router along
the path. The delay range can be used to assign a per-router
delay that guarantees the end-to-end delay requirement of the
new flow, while minimizing energy across the path.

A. Delay-based Packet Scheduling Policy

In the proposed framework, routers use a nonpreemptive
delay-based scheduling policy, whereby flows with shorter
delays are assigned higher priorities than those with longer
delays [21]. A delay-based scheduling policy is optimal among
fixed-priority scheduling algorithms and adheres to flow spec-
ification of the DiffServ service model [22]. Assuming that
a delay-based router r processes packets at a service rate,
µr(σr), a set of flows, Fr (Fr = ∥Fr∥), where each flow
f is characterized by Ωf (δf,r) and ∆f , is delay feasible at
router r if the following holds:

Fr∑
f=1

Wf,r(σr, δf,r)

δf,r
≤ U(Fr)−

u

∆
, (1)

where Wf,r(σr, δf,r) =
Ωf (δf,r)
µr(σr)

, represents the maximum
amount of service time required to process packets generated
by flow f , at router, r, over a time interval of size δf,r.
The term u

∆ , u = max1≤f≤Fr
{uf,r}, where uf,r = 1

µr(σr)
denotes the service time used to process a packet from flow
f at router, r, and ∆ = min1≤f≤Fr {δf,r} accounts for the

nonpreemptive aspect of the scheduling policy at router, r.
It represents the maximum amount of time a higher priority
packet, arriving just at the instant a lower priority packet
gained access to the server, may be forced to wait before being
serviced by r [23], [24]. U(Fr) denotes the total percentage
of r’s processing capacity which can be allocated to provide
guaranteed service to the flow set, Fr. For a delay-based
scheduling policy, U(Fr) = Fr · (2

1
Fr − 1) [21], [23]. In

the following, we describe a methodology used to compute
feasible delay range to a new flow at a given router along a
routing path.

B. Per-router Delay Computation

The characterization of the processing capacity and the flow
traffic load provide a basis for the computation of the smallest
and largest per-router delay bounds that can be assigned by a
router to a new flow [23].

1) Smallest Feasible Delay: Let Fr (∥Fr∥ = Fr) represent
the flow set currently supported by a delay-based nonpreemp-
tive router, r, executing at a rate σr. The exact criterion for a
new flow n to be delay-feasible over path p, without violating
current flows delay requirements, can be expressed as:

Wn,r(σ
∗
r , δn,r)

δn,r
+

Fr∑
f=1

Wf,r(σ
∗
r , δf,r)

δf,r
≤ U(F+

r )− u

min (∆, δ)
(2)

where F+
r = Fr∪{n} (F+

r = ∥F+
r ∥ = Fr+1) represents the

new flow set supported by r, executing at the new rate, σ∗
r ,

and δn,r represents the delay flow n’s packets suffer at router
r.

The value δn,r = ln,r, for which the equality holds, specifies
a lower bound on the delay values router, r, can offer to
flow, n, based on r′s current processing excess capacity. This
smallest feasible delay value is achieved by dedicating all
router r′s excess processing capacity to flow, n ∈ F+

r , and
can be further derived as:

ln,r =



βn + 1

µr(σ∗
r ) · U(F+

r )−
∑Fr

f=1
Ωf (δf,r)
δf,r

− ρn
,

if δn,r ≤ ∆

βn

µr(σ∗
r ) · U(F+

r )−
∑Fr

f=1
Ωf (δf,r)
δf,r

− 1
∆ − ρn

,

if δn,r > ∆

(3)

2) Largest Feasible Delay: The maximum feasible router
delays of a given traffic flow are correlated with its end-to-
end delay requirement. Consequently, the upper bound on the
delay value, hn,r, a router r (1 ≤ r ≤ K) can assign to a new
flow, n, must verify

∑K
r=1 hn,r = ∆n. For a given routing

path, p of length K, the largest feasible delay value, hn,r,
assigned to flow, n by router, r, can be expressed as hn,r =
ζr ·∆n. Assuming that the routers across path p are uniformly
loaded, ζr can be set to 1

K . If the load across the routers is
unevenly distributed, however, ζr can be set to ϑr∑

r∈p ϑr
, where

ϑr represents the load at router, r.



In the following, we discuss the model used to derive power
and energy consumption. We then formalize the energy- and
delay-aware minimization problem to reduce energy consump-
tion, while adhering to flows’ delay requirements.

C. Power Model

Routers in large scale networks are typically equipment
with specialized ASIC hardware to handle most of the data
plane traffic processing and forwarding tasks. These processors
are generally among the most energy-consuming components
of the router [3]. The execution rate, σ, of a DVFS-enable
processor, with a minimum frequency, ψmin, and a maximum
frequency, ψmax, ranges from σmin to σmax. Therefore, the
dynamic power consumption of a computing router executing
at rate, σ, can be approximately expressed as φD(σ) = α ·σ3,
where α is a constant [14], [15]. In addition to the load-
dependent dynamic power, the bias and leakage current to
support the execution of load-independent control and data
plane tasks contribute to the static power consumption, which
is independent of the processor rate [14], [25]. In this paper,
we define the static power ratio, ω, as a fixed fraction of the
router power consumed when executing at maximum rate [26].
Hence, the power consumption of an active router processor
can be expressed as: φ(σ) = ω ·α · (σmax)3+(1−ω) ·α ·σ3.
Typically, the dynamic power constitutes up to 30% of the
total power, resulting in ω ≥ 0.7 [27], [28].

D. Router-based Energy Consumption Model

Consider a set of flows, Fr ⊆ F (Fr = ∥Fr∥), currently
supported by router, r ∈ R. Each flow, f in Fr is characterized
by its per-router delay, δf,r. Furthermore, assume that router, r,
operating at a feasible execution rate, σminr ≤ σr ≤ σmaxr , can
process all flows in f ∈ Fr, without violating their end-to-end
delay requirements. The dynamic energy, EDr (σr, δ⃗r|∀f∈Fr

)
consumed by r to process packets generated by all flows, 1 ≤
f ≤ Fr, can be expressed as:

EDr (σr, δ⃗r|∀f∈Fr
) = φD(σr) ·

Fr∑
f=1

Wf,r(σr, δf,r)

= θr ·

 Fr∑
f=1

Ωf (δf,r)

 · (σr)2
(4)

where δ⃗r|∀f∈Fr
represents the per-router delay vector,

(δ1,r, · · · , δf,r, · · · , δFr,r) and θr = αr · IPPr for router,
r. Assuming IPPr represents the number of instructions to
complete the processing and transmission of a packet, at router,
r, is:

Wf,r(σf,r, δf,r) =
Ωf (δf,r)

µr(σr)
=
IPPr · (ρf · δf,r + βf )

σr
(5)

E. Path-based Energy Consumption Model

Consider a routing path, p ∈ P of length K, where
each router r supports a set of flows Fr(1 ≤ r ≤

K). Let Fc = {F1, · · · ,Fr, · · · ,FK} represent the su-
per set of flows supported along path, p. Furthermore, let
σ⃗p = (σ1, · · · , σr, · · · , σK) represent the feasible execu-
tion rate vector of the routers along path, p, and δ⃗ =(
δ⃗1|∀f∈F1

, · · · , δ⃗r|∀f∈Fr
, · · · , δ⃗K |∀f∈FK

)
represent the fea-

sible delays for the flow set, Fc. Thus, the energy consumed by
processing all currently scheduled flows, Fc, over their feasible
delays, δ⃗, can be further derived as:

EDp (σ⃗p, δ⃗) =

K∑
r=1

EDr (σr, δ⃗r|∀f∈Fr
)

=

K∑
r=1

θr ·

 Fr∑
f=1

Ωf (δf,r)

 · (σr)2
(6)

where Fr = ∥Fr∥, 1 ≤ r ≤ K.
Consider a new flow, n, traversing path, p, and let F+

c ={
F+
1 , · · · ,F+

r , · · · ,F+
K

}
represent a new set of schedulable

flows across p, where F+
r = Fr ∪ n (1 ≤ r ≤ K).

Furthermore, let σ⃗∗
p = (σ∗

1 , · · · , σ∗
r , · · · , σ∗

K), be the new
execution rate vector required to achieve a delay vector
δ⃗n = (δn,1, · · · , δn,r, · · · , δn,K) that meets n’s end-to-end
requirement. The total energy consumed by processing packets
generated by flows, F+

c , over their respective feasible delays,
δ⃗+ =

(
δ⃗1|∀f∈F+

1
, · · · , δ⃗r|∀f∈F+

r
, · · · , δ⃗K |∀f∈F+

K

)
, can be

expressed as:

ED
p (σ⃗∗

p , δ⃗
+) = ED

p (σ⃗∗
p , δ⃗)︸ ︷︷ ︸

∀f∈Fc

+ ED
p (σ⃗∗

p , δ⃗n)︸ ︷︷ ︸
n

=

K∑
r=1

θr ·

Ωn(δn,r) +

Fr∑
f=1

Ωf (δf,r)

 · (σ∗
r )

2

(7)

where Ωn(δn,r) = ρn · δn,r+βn. Note that
∑Fr

f=1 Ωf (δf,r) is
independent of the σ∗

r (1 ≤ r ≤ K), Eq. 7 reduces to:

EDp (σ⃗∗
p, δ⃗n) =

K∑
r=1

(an,r · δn,r + bn,r) · (σ∗
r )

2 (8)

where an,r = θr · ρn and bn,r = θr ·
(
βn +

∑Fr

f=1 Ωf (δf,r)
)

.
Following, we formalize the energy-aware, delay-assignment
problem.

F. Energy- and Delay-aware Flow Scheduling

Assume the network receives a request to establish a new
flow, characterized by its traffic rate specification vector (ρ, β)
and its end-to-end delay value ∆, over path, p. A feasible
solution to minimize energy, while adhering to end-to-end
delay requirements, must achieve the following requirements.

• The per-router delay assignments are feasible across the
routing path;

• The per-router execution rate assignments are feasible
across the routing path;



• The end-to-end delay requirements of the new flow are
enforced without violating the delay requirements of the
currently supported flows; and

• The energy consumed by routers across the path is
minimum.

Since the static power is independent of the traffic workload,
only the load-dependent energy is considered in our opti-
mization objective to determine the the new optimal routers’
execution rates vector, σ⃗ = (σ1, · · · , σK) and the per-router
delay vector, δ⃗ = (δ1, · · · , δK) of the new flow, across the
routing path p. Given that the workload requested by the new
flow at router, r, over a time interval, δr, is ρ · δr + β, the
optimization problem is reduced to minimizing the dynamic
energy consumption of the new and the currently supported
flows across the routing path, p, while adhering to delay
requirements of the supported flows. Therefore, the objective
function can be expressed as:

EDp (δ⃗, σ⃗) =

K∑
r=1

(ar · δr + br) · (σr)2 (9)

It is worth noting that the sum of per-router delays across
the routing path must approach as closely as possible the
new flow requested end-to-end delay budget, ∆, in order to
optimize the objective function. Thus, the per-router delay and
per-router execution rate assignment that minimizes energy
reduces to finding σ⃗ and δ⃗ such that

∑K
r=1(ar ·δr+br) · (σr)2

is minimum, where ar and br, 1 ≤ r ≤ K, are two constants
defined in Eq. 8. Furthermore, a solution must satisfy the
delay constraints, namely

∑K
r=1 δr ≤ ∆, lr ≤ δr ≤ hr, and

σminr ≤ σr ≤ σmaxr , where lr and hr represent the lower
and upper delay bounds values at router, r, respectively, and[
σminr , σmaxr

]
denote the range of per-router execution rates

of router, r (1 ≤ r ≤ K).
To minimize energy consumption, while adhering to flows’

end-to-end delay requirements, the Energy- and Delay-aware
Flow Scheduling (EDFS) optimization problem can be formal-
ized as:

minimize EDp (σ⃗, δ⃗) =

K∑
r=1

(ar · δr + br) · (σr)2

subject to gr(σ⃗, δ⃗) = lr − δr ≤ 0, (1 ≤ r ≤ K)

gK+r(σ⃗, δ⃗) = δr − hr ≤ 0, (1 ≤ r ≤ K)

g2K+r(σ⃗, δ⃗) = σminr − σr ≤ 0, (1 ≤ r ≤ K)

g3K+r(σ⃗, δ⃗) = σr − σmaxr ≤ 0, (1 ≤ r ≤ K)

d(σ⃗, δ⃗) =

K∑
r=1

δr −∆ = 0

Note that if
∑K
r=1 lr ≥ ∆, then no per-node delay assign-

ment is feasible and the request for the flow establishment
should be rejected. Furthermore, if

∑K
r=1 lr = ∆, then the

optimal solution is to set δr = lr, for all routers across the
path. This is due to the fact that increasing δr, to slowdown the

processor and save energy, causes the violation of the flow’s
end-to-end delay. It is also clear that the flow’s end-to-end
delay, ∆, should be used in its entirety in order to optimize
the objective function. This stems from the observation that if
there exists a set of delay values, lr ≤ δr ≤ hr(1 ≤ r ≤ K),
such that

∑K
r=1 δr < ∆, it is easy to show that the set

of delay values, δ̂r = δr + ϵr(1 ≤ r ≤ K; ϵr > 0),
further minimizes energy consumption. To solve the EDFS
optimization problem, approaches described in [23]. It is to
be noted that in the above formulation, EDp , gi(i : 1, · · · , 4K),
and d() are convex. The Kuhn-Tucker conditions of optimality
conditions states that a solution

(
σ⃗, δ⃗

)
to the above prob-

lem is globally optimal if and only if there exist a scalar
λj ≥ 0 for j ∈ I=

{
j : gj(σ⃗, δ⃗) = 0

}
, and a scalar υ such

that:∇EDp (σ⃗, δ⃗) +
∑
j∈I λj · ∇gj(σ⃗, δ⃗) + υ · ∇d(σ⃗, δ⃗) = 0.

Based on the observation, the EDFS problem can be solved
by first solving the auxiliary optimization problem, which
considers only the equality constraint. Then a second problem,
which takes into consideration the equality and lower bound
constraints, but ignores the upper bound constraints, is solved.
The solutions to these problem can be used to solve the
original EDFS optimization problem.

Fig. 1: A new connection request along a path, p, in a network
topology, N .

In the following section, we present a simulation framework
used to evaluate the performance of the proposed to energy-
and delay-aware flow management.

V. PERFORMANCE EVALUATION

In order to assess the efficiency of the proposed energy-
and QoS-aware flow management strategy, we developed a
simulation framework to carry out a set of simulation-based
experiments. The network topology in this study is depicted
in Fig.1. The focus of the analysis is on the shaded path, p,
carrying QoS flows from source to destination. All line cards
(LCs) in each router are configured with multiple network
processor units (NPUs); each unit uses a DVFS-enabled,
delay-based scheduling policy. We set the capacity of all



TABLE I: Traffic source models and specifications.

Traffic Class Traffic Model Average Packet
Length (bytes)

QoS LBAP Parameters
End-to-end Delay

(ms)
Average Burst

(β kbits)
Average Rate

(ρ kbps)
WWW Interactive Exponential 1250 ≤ 150 ≤ 40 ≤ 2000
Voice Interactive Exponential 1250 ≤ 150 ≤ 62.67 ≤ 64
Video Streaming Exponential 1250 ≤ 150 ≤ 320 ≤ 1660
Comb WWW:Voice:Video Exponential 1250 ≤ 150 refer above refer above
Traffic∗ WWW Exponential 1250 ≤ 150 3.0 ∼ 7.0 42.4 ∼ 122.4

Fig. 2: (a) Dynamic energy gains and (b) Power gains for the combination traffic source under fixed ψmin = 1.6 GHz and
randomly generated ψmin ∈ [0.6, 1.6] GHz.

Fig. 3: Connection Request Acceptance.

network links to 10 Gbps. Two cases of processor execution
rates are considered. In the first case, the frequency range is
[1.6, 2.4] GHz, which is used in Intel XEON DPDK line
card [29]. In the second case, the minimum frequency, ψmin,
of a router is randomly selected from the range [0.6, 1.6] GHz
and the maximum frequency, ψmax is set to 2.4 GHz.

Five classes of traffic are simulated. These classes and their
traffic rate specifications and QoS requirements are listed in
Table I. The ITU G.114 specification recommends less than
150 ms one-way end-to-end delay for high-quality real-time
traffic. Consequently, the end-to-end delay requirements of
the traffic flows are randomly generated from an interval
[0, 150] ms. The number of flows, within each traffic class,

is varied to generate different network loads.
TABLE II describes the main simulation parameters used

in this simulation study. In addition, two different metrics
are defined, namely dynamic energy gain (DEG) and power
gain (PG). The first metric is to measure the relative dynamic
energy gain of a processor running at an execution rate, σ over
a processor running at a maximum execution rate, σmax. The
second measures the relative power gain. These metrics are
defined in TABLE III.

TABLE II: Main simulation parameters and conditions.

Items Simulation Parameters Simulation Values
Router NIC port 10GE

CPI(cycles/instruction) 1.2

ψmin(GHz) 0.6 ∼ 1.6

ψmax(GHz) 2.4[
ψmin, ψmax

]
(GHz) 1) [1.6, 2.4] [29]

2) [0.6 ∼ 1.6, 2.4]

Packet Packet Max size (bytes) 1500
IPB(instructions/byte) 1.6

Network Propagation Delay (ms) 30

Traffic Model WWW,Voice,Video
Comb (WWW:Voice:Video)

Others Random Generator (Seed) 0,1,2

A. Energy and Power Gain Evaluation

The objective of this set of experiments is to assess the per-
formance of different classes of traffic, based on the energy and
power gains metrics described in TABLE III. The simulated
traffic is generated by web, voice and video flows. The traffic



Fig. 4: Dynamic energy gains and power gains for different traffic sources under (a,b) fixed ψmin = 1.6 GHz and (c,d)
randomly generated ψmin ∈ [0.6, 1.6] GHz.

Fig. 5: Power Gains Comparisons under different values of the
static power ratio ω.

and QoS specification parameters of these applications are de-
scribed in TABLE I. Furthermore, background traffic is used to
vary the network load. In these experiments different minimum
frequency values, ψmin are used, where each router, along
the path, is randomly assigned a minimum frequency from
the interval [0.6, 1.6] GHz. Fig.2 shows the dynamic energy

TABLE III: Energy-efficient Metrics.

Metrics Definition Description

DEG(%)
ED
p (σ⃗max,δ⃗)−ED

p (σ⃗,δ⃗)

ED
p (σ⃗max,δ⃗)

Dynamic energy gain static energy
not included

PG (%)
φ(σ⃗max)−φD(σ⃗)

φ(σ⃗max)
Power gain both static and dy-
namic power are included

gain (DEG) and power gain (PG) for the simulated traffic. The
results also show that as the variability of minimum frequency
among the routers leads to higher DEGs and PGs. The results
show that the highest DEG and PG gains are achieved when
the router’s minimum frequency, ψminr (1 ≤ r ≤ K), varies
along the path. In a homogeneous network, where the router’s
minimum frequency is fixed, the DEG and PG gains are lower,
than those obtained in a heterogeneous network. The number
of accepted flows for each class of traffic are depicted in Fig.3.

Fig.4(a) depicts the DEG as a function of the the the number
of flow requests accepted by the network, for a fixed minimum
frequency across all routers. The minimum frequency for a
router is set to ψminr = 1.6 GHz (1 ≤ r ≤ K). In this case,
the DEGs are up to 55.56%. The results show higher DEGs are
achieved when the traffic load is low. In the second experiment,



the range of router’s minimum frequency, ψminr (1 ≤ r ≤ K),
is set to [0.6, 1.6] GHz (1 ≤ r ≤ K. The results, depicted
in Fig.4(c), show that when the routers’ minimum frequency
varied along the routing path, the DEG gains can be as high
as 83.33%. The results also show that the DEGs decrease as
the network load increases along the given path.

A similar behavior is observed with respect to PG gains.
The results depicted in Fig.4(b) and Fig.4(d) show that PGs are
achieved for all traffic classes. Furthermore, the results show
that as the number of accepted flows increase, the power saving
decreases. It is worth noting that higher PGs are achieved,
when the value of the static power ratio, ω, decreases. A
decrease in ω results in an increase of the proportion of
dynamic power.

The results in Fig.5 show when the minimum frequency,
ψminr , is in the range [0.6, 1.6], the maximum frequency is
ψmaxr , is set to 2.4 GHz (1 ≤ r ≤ K) and ω is set to 0.8, up
to 17.84% PG can be achieved. When ω is set to 0.7, the PG
can reach up to 26.76%.

VI. CONCLUSION

The focus on this paper is on the development of an energy-
and delay-aware flow control and management framework to
support the QoS requirements of time senstive applications,
while minimizing network energy consumption. Based on the
flow traffic and QoS specification, per-router delay budget
and a router’s execution rate are computed, so that energy
consumption is minimized without violating the flow’s end-
to-end delay requirement. To this end, a model to compute a
path-based energy consumption, taking into consideration both
the static and dynamic energy components is developed, and
a methodology to compute feasible lower and upper bound
delays of a flow, based on the router’s current traffic load
is proposed. A simulation framework is used to assess the
performance of the proposed strategy, in terms of dynamic
energy and power gains. The simulation results show that the
proposed strategy achieves energy and power saving, without
violating the QoS requirements of the underlying applications.
The achieved gains are higher when the network load is low.
The results show that up to 88.33% dynamic energy saving
and up to 26.76% power saving can be achieved.
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