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Abstract—This paper presents SHARP: a scalable framework
for Dynamic Joint Replica Placement and Request Routing (DJR-
PRR) scheduling in content delivery networks. After grouping
similar proxies and modeling them by a single section, we
propose a hierarchical scheduling framework to greatly reduce
the dimensions of the mathematical formulation. In every phase
the obtained shaped formulation has an easy-solvable form and
the complete optimization process is highly scalable. To verify the
scalability and effectiveness of our approach, SHARP is evaluated
by comprehensive experiment settings which are derived from
realistic data/topology of an operational commercial CDN.

I. Introduction

Content Delivery Networks (CDNs) can improve web con-
tent performance by delivering and servicing contents on
an Internet Content Provider (ICP)’s behalf to end users:
numerous proxies are placed at strategic network locations
on the Internet to make the replicas of contents as close to
users as possible. Because not all contents are available from
all proxies, and not all proxies are operational at all times,
the CDN provider needs to address two problems: how many
replicas of each content should be placed and where to place
them, which is the Replica Placement problem; how to choose
the right proxies when requests for this content come, which is
the Request Routing problem. These two problems are coupled
and should be jointly scheduled.

Due to the nature of dynamic operations, the optimization
of DJRPRR scheduling for an operational commercial CDN
should be completed in a relatively short time. Existing
methods model each proxy alone and solve this problem using
Mixed Integer Programming. However, a large scale DJRPRR
instance can not be solved in an acceptable short time to meet
the dynamic requirement.

Instead, a scalable framework SHARP, which means Scal-
able Hierarchical Architecture for Replica Placement, is pro-
posed in this paper. By grouping similar proxies into sections,
we propose this hierarchical scheduling architecture to greatly
reduce the dimensions of the mathematical formulation.

Our work based on the fact that CDN providers typically
group those similar content together such as channels.In the
rest of this paper, we use the terms channel and content
interchangeably for the sake of convenience. Due to large
resource requirements of video sharing, each such a site can be
classified as a dedicated content class and be scheduled alone.
Funded by a leading CDN provider, this research is supposed

to develop a scalable framework for DJRPRR scheduling of
large scale CDN multimedia service.

The remainder of this paper is organized as follows. Re-
lated work is provided in Section II. We formulate DJRPRR
problem and present its scalability challenge in Section III. In
Section IV we propose a scalable framework SHARP for DJR-
PRR schedulingComputational results of the comprehensive
experiments are given in Section V, followed by conclusions
in Section VI.

II. Related work

Dynamic DJRPRR scheduling solution is not provided
adequately by previous researches. Most of previous works in
CDN operational research field [2] deal with network planning
problems. A major limitation of all these solutions is that
they neglect to consider the natural dynamics in user requests.
When content popularity changes, a different plan might be
less costly, while re-applying the algorithms from scratch is
definitely impractical for an already-established running CDN.

The research closest to our work was presented by Bar-
tolini [1] and Bektas [3]. Bartolini [1] proposes the idea of
periodically making decisions on joint replica placement and
request routing scheduling problem. In Bektas [3], each client
is modeled and should be assigned to a proxy by optimizing
scheduling formulation. Modeling each client dramatically
increases problem size and is inferior to modeling user access
nodes [1]. What’s more, the two decomposition algorithms of
this work for Integer Programming formulation are too time-
consuming hence not practical for dynamic purpose in large
scale networks.

III. Problem Definition

A. Formulation and Scalability Challenge

In this section, we discuss the constraints and objective and
present the complete mathematical formulation for DJRPRR.
A CDN node has many proxy servers and a high speed
connection to Internet. Like the container of content, a proxy
has a limited storage capacity And the storage limitation of a
proxy can be measured by the number of replicas that it can
store. A proxy also has an upper bound of service power which
can be denoted by servicing bandwidth limitation. All proxies
in the same node share the node link bandwidth. Usually
representing a topological district of an ISP, a user access node
is the ingress of user requests at the edge of the network: all
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predicted traffic from each access node should be fulfilled,
and QoS constraints (e.g. user perceived latency) should be
guaranteed.

The objective function of DJRPRR scheduling is to mini-
mize the operational cost of CDNs. All costs are related to
contents: transfer and maintenance. The replica maintenance
cost is used to model the proxy cost of hosting replicas,
reconfiguring replicas and the network cost to keep them up
to date.

We denote individual proxy as i, i ∈ {1, · · · , I}, individual
user access node as k, k ∈ {1, · · · ,K}, individual content as j,
j ∈ {1, · · · , J}. We denote individual node as n, n ∈ {1, · · · ,N},
and each proxy i must reside in a node n.

For each proxy i, let Bi denote the maximum number of
replicas that proxy i can store. Servicing limitation can be
denoted by a maximum service bandwidth as Gi. For each
node n, let Wn denote the bandwidth limitation. And we denote
the request traffic from user node k for content j in next time
slot as Pk j. Cki denotes the unit transfer cost between k and i,
and Ci j denotes the cost of updating and maintaining a replica
of j at i.

The following decision variables are defined:
• si j denotes if a replica of content j is scheduled to be

stored in proxy i in next time slot.
• zki j denotes the scheduled request traffic of stored content

j should be served to user k by proxy i in next time slot.
Then this DJRPRR scheduling problem is formulated as a

Mixed Integer Programming formulation as follows:

Minimize:
∑

k

∑

i

∑

j

zki jCki +
∑

i

∑

j

si jCi j

Subject to: (a)
∑

i

zki j = Pk j,∀k, j

(b)
∑

k

∑

i∈n

∑

j

zki j ≤ Wn,∀n

(c)
∑

j

si j ≤ Bi,∀i

(d)
∑

k

∑

j

zki j ≤ Gi,∀i

(e)
∑

k

zki j ≤ si jGi,∀i, j

( f )zi jk ≥ 0, si j ∈ {0, 1},∀k, i, j.

(1)

Constraint set (a) denotes that requests of every content from
each user node should be fulfilled. (b) states that in each node
the total servicing bandwidth should not exceed the node’s
outlet bandwidth limitation. (c) states that the total number of
stored replicas can not exceed proxy physical limitation. (d)
represents the limitation of proxy servicing power. (e) indicates
that the a specific content can be scheduled to serve only if it is
also scheduled to be stored. (f) defines the variables’ feasible
range.

The scalability of optimization process is critical for DJR-
PRR scheduling, that is, the optimization procedure should be
completed in an acceptable short time even for a large scale
instance. MIP problems are proved to be NP-hard and their
time-complexities are exponential to the number of variables
[4].

IV. A Scalable Framework for Dynamic Scheduling

A. Motivation

The CDN multimedia service topology is in nature divi-
sional: many proxies (almost identical) reside in the same
node. In our opinion, modeling each proxy with its constraints
and its topology information is unnecessary. Grouping similar
proxies and modeling them by a single section can greatly
reduce the dimension of the problem. However even after
grouping, the derived MIP formulation may still have a consid-
erable scale that can’t be solved in a short time. The basic idea
of formulation shaping is: we deliberately modify formulation
structures and break the original optimization problem into
consequent optimization phases; in each phase the obtained
shaped formulation should have an easy-solvable form, which
guarantees that the whole optimization process can be highly
scalable.

B. SHARP Framework

Fig. 1. Global Level and Section level Scheduling

SHARP consists of two levels: global level and section
level. Global level is in charge of dynamic scheduling among
network sections and user nodes: how many traffic of a
specific content should be served to a specific user node by an
individual section. Section level deals with scheduling inside
each section. The design principle is: keep both optimization
process and QoS constraints in global level; in section level
user requests served by any proxy are supposed to meet the
requirements of QoS; the section level scheduling should be
formulated to a Generalized Assignment Problem [4].

Based on our design principle, the primary qualification of
proxy grouping is: proxies are topologically adjacent and their
QoS constraints are almost the same. Besides topological adja-
cency, proxy capability should also be taken into consideration.
Proxies in the same section should have the same Gi

Bi
ratio,

which implies same servicing power per replica. For example
in a server node, we have

• proxy A with 1.5 TB storage size (can store one replica)
and 200M bps servicing power;

• proxy B with 3 TB storage size (can store two replicas)
and 400M bps servicing power.

They can be grouped into the same section with the standard of
“200M bps per replica”. After grouping, we normalize proxies
to slots. In the same section each slot can store just one replica
and has the same servicing power. Now a slot is the basic unit
of scheduling. This normalization makes section level capable
of scheduling a Generalized Assignment Problem form which
is solvable in polynomial time [4].
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C. Scheduling Formulation

We now present the formal optimization model of SHARP
framework. New definitions and notations are given first. We
denote individual section as m, m ∈ {1, · · · ,M}. We inherit i
to present slot, and each slot i must reside in a section m.
In the rest of the paper, we use the terms slot and proxy
interchangeably.

For each section m, Bm ∈ Z+ denotes the storage limitation
(number of slots), and Wm ∈ R+ denotes the bandwidth
limitation of section m. We assume that a replica in a section
m can support request traffic up to Gm bandwidth. Ckm denotes
the unit transfer cost between m and k, and Cm j denotes the
cost of updating and maintaining a replica of j at m.

We define the following decision variables:

• sm j denotes the scheduled number of replicas of content
j in section m in next time slot;

• zkm j denotes the scheduled request traffic of stored content
j should be served to user k by section m in next time
slot.

The complete global level scheduling formulation is as
follows:

Minimize:
∑

k

∑

m

∑

j

zkm jCkm +
∑

m

∑

j

sm jCm j

Subject to: (a)
∑

m

zkm j = Pk j,∀k, j

(b)
∑

j

∑

k

zkm j ≤ Wm,∀m

(c)
∑

j

sm j ≤ Bm,∀m

(d)
∑

k

zkm j ≤ sm jGm,∀m, j

(e)zkm j ≥ 0, sm j ∈ Z+ ∪ 0,∀k,m, j.

(2)

Constraint set (a) denotes that requests of every content from
each user node should be fulfilled. (b) states that in each
section the total servicing bandwidth should not exceed the
section’s bandwidth limitation. (c) states that the total number
of stored replicas can not exceed section’s physical limitation.
(d) indicates that the traffic that can be provided to a specific
content is limited by the number of stored replicas. (e) defines
the variables’ feasible range.

The QoS constraints are not included directly in the formu-
lation because we can put them in the preprocessing procedure:
each {k,m, j} combination is examined if it is acceptable
under QoS constraints. All violations can be treated as setting
corresponding zkm j = 0. Unlike incorporating QoS constraints
in formulations [1], this preprocessing of QoS can be done
in O(km j) complexity and greatly simplify the mathematical
formulation. What’s more, it reduces the number of variables
of zkm j. After global scheduling, the task of each section
scheduling is to find a feasible solution under the constraints

∑

∀i∈m
si j = sm j,∀ j.

This is a Generalized Assignment Problem and can be solved
in polynomial time [4]. In the rest of the paper, we focus on
global level scheduling.

However the obtained global level formulation (2) is still
an NP-hard MIP problem. It quickly becomes computationally
intractable when the network scale further grows.

A common method for MIP problem is Lagrangean relax-
ation [5]. However this relaxation converges very slowly due
to the integrity constraints of sm j and can not meet the dynamic
scheduling requirement.

D. Formulation Shaping

Abide by mathematical optimization principals, we first use
formulation shaping to simplify the structures of the basic
formulation (2) to an easy solvable form; secondly to accel-
erate the convergence of optimization process, the original
optimization problem is broken into consequent optimization
phases.

Due to its integrity constraint, the first step of formulation
shaping is to remove sm j as many as possible from the
formulation. Here we denote the feasible region of the basic
formulation (2) as F . It is observed that the coefficients of
sm j are positive in the objective function, so sm j should be
minimized in the optimal solution. Then, we can remove
constraint set (d) directly by defining

sm j = �
∑

k zm jk

Gm
�,∀m, j. (3)

Then we dualize constraint set (c) to the objective function.
Let {λm ≥ 0,∀m} denote dual adjustable parameters, the
relaxed objective function is
∑

k

∑

m

∑

j

zkm jCkm +
∑

m

∑

j

sm jCm j +
∑

m

λm(
∑

j

sm j − Bm). (4)

Noticed that
sm j ≥ �

∑
k zm jk

Gm
�,∀m, j,

we can instead evaluate the lower bound of equation (4) (also
of formulation (2) ) by first substituting sm j with

∑
k zm jk

Gm
and

then solve a new relaxation formulation:

Minimize:
∑

k

∑

m

∑

j

zkm j(Ckm +
Cm j + λm

Gm
) −
∑

m

λmBm

Subject to: (a)
∑

m

zkm j = Pk j,∀k, j

(b)
∑

k

∑

j

zkm j ≤ Wm,∀m

(e)zm jk ≥ 0,∀k,m, j.

(5)

The remaining structure of this relaxation is a standard LP
problem which can be solved in polynomial time by interior
point method [4]. Suppose that a solution of Lagrangean Dual
(LD) formulation (5) can be found as (z∗km j, s∗m j). If this
solution satisfies both equation (3) and the constraints set (c)
of formulation (2), then it is in F . Lower Bound (LB) of the
optimum objective function value can be given by objective
value of formulation (5) and the Upper Bound (UB) of the
basic formulation can be given as:

UB =
∑

k

∑

m

∑

j

z∗km jCkm +
∑

m

∑

j

s∗m jCm j.

Note that UB indicates the current best feasible solution. A
solution is out of F if any constraint in dualized constraint set
(c) is violated. If in each iteration the solution of the relaxed
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formulation (5) is always in F , LD can converge quickly to
the optimum (or near-optimum) objective value of the basic
formulation (2). The second step of formulation shaping is to
make the solution of formulation (5) always stay in F .

Theorem: If Lm ≤ (Bm − J)Gm,∀m and we replace all Wm
with Lm in formulation (5) as

(b)
∑

j

∑

k

zkm j ≤ Lm,∀m,

then any feasible solution of formulation (5) is also feasible
for formulation (2).

Proof:

sm j = �
∑

k zkm j

Gm
� ≤
∑

k zkm j

Gm
+ 1

⇒
∑

j

sm j ≤
∑

j

(

∑
k zkm j

Gm
+ 1) ≤ Lm

Gm
+ J

⇒
∑

j

sm j ≤ (Bm − J) + J = Bm.

So if we set Lm = min{Wm, (Bm − J)Gm,∀m}, and the dual
constraint set (c) should be satisfied for all solutions of the
shaped formulation.

One may question that if
∑

k

∑

j

Pk j ≤
∑

m

Wm

∑

k

∑

j

Pk j >
∑

m

Lm,

the basic formulation may be feasible while the shaped
formulation is infeasible. And even if

∑

k

∑

j

Pk j ≤
∑

m

Lm (6)

holds but if
Wm ≥ (Bm − J)Gm,∃m,

the shaping of section bandwidth reduces the feasible region
F ′ of the shaped formulation(compared with F ). This situa-
tion may lead to deviating from the optimum value.

E. Two Phase Global Scheduling

It is observed that the lower J value, the higher Lm and
hence the closer F ′ to F . If the number of contents in the
formulation can be tailed, the formulation can be shaped
to preferable form. We partition the global level schedul-
ing to two phases: primary round scheduling and remainder
scheduling, as shown in Fig. 2. We select the majority of
contents into primary round to guarantee that equation (6)
holds. Intuitively, the traffic of contents in the primary round

Fig. 2. Global scheduling with content selection

should be maximized and those contents with little traffic
should be removed first.

The remaining small subset of contents is scheduled in
remainder scheduling phase. As long as the basic formulation
is feasible, there should be bandwidth and proxy not allo-
cated after the primary round. All these redundant bandwidth
and proxies can be allocated to unprocessed contents in the
second phase. It is observed that remainder scheduling can
be formulated again as the same form of formulation (2),
except in a much smaller scale. After the primary round,
the remaining traffic in remainder scheduling phase should be
relatively small. We can iteratively apply all aforementioned
steps to optimize it. Or, instead of precisely optimization,
simple greedy heuristics may be acceptable for this phase.

V. Evaluation

A. Setup

As traffic prediction is not one of our keystones, we develop
a traffic generator to simulate the traffic distribution predictions
as the inputs of experiments. This generator is driven by
realistic trace data of a leading video site in China.

We obtained system logs and collected the traffic records
of 41 video channels for a week from Jan 8 to Jan 14,
2008 in Shenyang section. In our experiments, we first obtain
sample distributions on the actual data. For each content in a
simulation, we use a randomly generated value following the
distribution. After randomization, all content traffic is scaled
to meet the requirement of total aggregated traffic in a specific
experiment.

We use the interior point algorithm in GLPK software pack-
age [8] to solve large scale LP subproblems. The Lagrangean
relaxation is solved by standard sub-gradient method [6]. We
set initially λm = 0 and adjust step length to 1. We here set
the converge threshold of shaped formulation as the ratio of
LB/UB(eg. 0.9). All computation experiments are performed
on an Intel Q6600 computer with 3GB RAM.

To simplify simulation setups, we set all proxies to have
1.5TB size and 200MB power each. Similarly we set the
same number of proxies in every section. All other system
settings and algorithm parameters are manageable, including
user nodes number, section number, contents number, proxies
per section, LB/UB ratio threshold etc.

We study SHARP performance by a wide spectrum of
system configurations. The experiments are performed in the
most demanding scheduling conditions. We suppose Wm ≥
(Bm − J)Gm,∀m and Lm is calculated by (Bm − J)Gm. Cmk are
randomly chosen from 2 to 11; the same is Cm j, ranging from
2 to 4. Each data is the mean of 100 independent experiments
with Cmk and Cm j randomization.

For performance comparison, the most important metric
is computational time (in seconds). As the randomization of
request traffic plays a key role in objective values, the gap
between the solution value and the lower bound of optimum
value is chosen as the optimum approximation indicator.

As mentioned above, there may be a gap between shaped
formulation and the optimum solution of the basic formula-
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tion. As formulation (2) is not applicable for large dynamic
instances, first we test the performance of both formulations
in two relatively small scale experiments. A simple greedy
heuristic is chosen for remainder scheduling phase. Conver-
gence condition of shaped formulation primary round is set
to LB/UB ≥ 0.99. Implemented by SYMPHONY [7], we
set the convergence condition of basic formulation also to
LB/UB ≥ 0.99.

B. Abundant Resource Case Study

The experiment topology is: 10 user nodes, 20 sections and
41 contents. The traffic is directly generated by amplifying
41 channels trace data of Saturday by 4 times. The total
aggregated traffic is 350,968M bps and at least 350, 968/200 ≈
1, 755 proxies are needed. Each section has 128 proxies and a
bandwidth of 19,200M bps. The bandwidth limitation is rela-
tively tight as 350, 968/(19, 200×20) ≈ 91.4%; and the proxy
resources may be abundant as 1, 755/(128 × 20) ≈ 68.6%.

Let R denote the number of removed contents, we evaluate
R from 1 to 8. We refer Ob and Os as the obtained objective
values of basic formulation and shaped formulation respec-
tively, Tb and Ts as total computational time consumed of
SYMPHONY and shaped formulation respectively.

Fig. 3. Solution Approximation

As shown in Fig. 3, SYMPHONY does get better solution.
This gap between SYMPHONY and shaped formulation is
because of the heuristics existing in formulation shaping.
However the value gap is small: even in the worst case
the approximation ratio is over 94%. The value of R does
have effect on solution approximation. If R = 1, Lm =

(128 − 40) × 200 = 17, 600. The total bandwidth provided
to primary round is 17, 600 × 20 = 35, 200, just a litter
higher than total traffic in primary scheduling. The feasible
region of shaped formulation is too small and the optimum
approximation is also limited. Intuitively the bigger R value
is, the more traffic removed from primary round schedule and
the more section bandwidth provided for primary round. In
this scenario, R = 6 gets the best solution of global scheduling.
After that, the approximation of our SHARP schedule declines.
We find the reason by trace and analysis. As Lm is already

TABLE I
Optimum Verification

Tb Ts(4) Ts(5) Ts(6) Ts(7) Ts(8)

time(s) 710.8 ≤ 1 ≤ 1 ≤ 1 ≤ 1 ≤ 1

big enough, scheduling can’t get more benefit from allocating
more bandwidth to primary round; at the same time when
R increases, more traffic is left to be scheduled by greedy
algorithm in second phase. Compared with optimization in
primary round, heuristics are inferior in performance.

The time consumption is shown in Table I. Ts(R) denotes
that there are R contents removed from primary phase. Shaped
formulation exhibits superior performance: all shaped for-
mulation optimizations together with second phase greedy
algorithms need less than 1 second. As a comparison, the basic
formulation needs over 700 seconds to be optimized.

VI. Conclusion

This paper presents a scalable framework for Dynamic
Joint Replica Placement and Request Routing scheduling in
content delivery networks. Most previous operational research
in CDN focusing on network planning problems neglects to
consider the natural dynamics in the user requests traffic. As
a result, existing methods lack scalability and incur high time
complexity. And our SHARP approach, which is based on a
hierarchical scheduling architecture and formulation shaping,
outperforms them both in scalability and efficiency.
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