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Abstract
Solving the large-scale linear programming is a challenge in the cooperative caching problem due to
the large amount of contents in the network. We propose a decomposition approach that decomposes
the large-scale problem into many subproblems which can be solved parallelly. Each of them is
associated with one content.

1. Introduction
In the content-oriented networks, the contents are
cached in the storage nodes placed in the service
provider's network. The users can get the contents at
the intermediate nodes instead of downloading from
their original sources. Thus, the performance of
content delivery to the end users is improved.
Idealistically, all the contents should be cached in
each storage node. However, there are a large amount
of contents in the network whereas the storage
capacity is limited. Hence, the nodes usually cache
the most popular contents. When a node receives a
request for a particular content, if it already has the
content in its storage, the content is sent back to the
end user directly. Otherwise, the content is fetched
from other nodes in the network or from its repository.
It has been known that the nodes in the network
should cooperate in caching in order to reduce the
bandwidth cost of the traffic transferred within the
network. Given the demands of the contents, the
optimal content placement and fetching strategy are
proposed by solving a integer linear program that
minimizes the total bandwidth cost of the network
[1,2,3]. In case the integral constraints are relaxed,
the problem models the fractional cooperative caching
which is considered in our paper.
However, the cooperative caching problem is a
large-scale linear program because of a large amount
of contents in the network. Utilizing the block-angular
structure of the problem, we decompose the problem
into many subproblems which can be solved parallelly.
Each subproblem is associated with one content.
2. The bandwidth-expense minimization problem
Consider a network with 𝑀 contents and 𝑆 storage
nodes providing the caching service to the customers.
The nodes collaborate in caching in order to reduce

the total bandwidth cost. When a storage node 𝑖
receives a request for content 𝑚. If it already has 𝑥𝑖𝑚
fraction of content 𝑚 in its storage, node 𝑖 continues
to forward the content 𝑚 's request to all the other
nodes. In return, it receives 𝑦𝑖𝑗𝑚 fraction of content 𝑚
from each node 𝑗 and 𝑧𝑖𝑚 fraction from content 𝑚's
repository.
Usually, the content would rather be downloaded
from the storage nodes than from the repository. The
cost of transferring one unit of content 𝑚 from its
repository to serve the request at node 𝑖, 𝑐𝑖𝑚 , is higher
than that from the other node 𝑗, 𝑐𝑖𝑗 , i.e., 𝑐𝑖𝑚 > 𝑐𝑖𝑗 .
In this paper, we assume that the demands for the
contents on the nodes are given and constants during
the time period of interest.

Fig. 1. An example of cooperative caching in a contentoriented network with six nodes. To serve the request for
content 𝑚 at node 1 which already has 𝑥1𝑚 fraction of the
𝑚
content, node 1 receives 𝑦1𝑖
fraction of content from node 𝑖,

𝑖 ∈ 𝑆, and 𝑧1𝑚 fraction of content from 𝑚’s repository.
The amount of bandwidth cost in the network for
serving the demand of content 𝑚 at node 𝑖 is the
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total of amount bandwidth cost of content 𝑚 from the
other storage nodes and the repository, i.e.,
𝑠 𝑚 𝑑𝑖𝑚 (∑𝑗∈𝑆,𝑗≠𝑖 𝑐𝑖𝑗 𝑦𝑖𝑗𝑚 + 𝑐𝑖𝑚 𝑧𝑖𝑚 ) where 𝑠 𝑚 is the size of
content 𝑚 and 𝑑𝑖𝑚 is the demand of content 𝑚 at
node 𝑖. Hence, the total amount of bandwidth cost of
the network is ∑𝑚∈𝑀 ∑𝑖∈𝑆 𝑠 𝑚 𝑑𝑖𝑚 (∑𝑗∈𝑆,𝑗≠𝑖 𝑐𝑖𝑗 𝑦𝑖𝑗𝑚 + 𝑐𝑖𝑚 𝑧𝑖𝑚 ) .
We need to choose a content placement and fetching
strategy in order to minimize the bandwidth expense of
the network.
LP:
Min.∑𝑚∈𝑀 ∑𝑖∈𝑆 𝑠 𝑚 𝑑𝑖𝑚 (∑𝑗∈𝑆,𝑗≠𝑖 𝑐𝑖𝑗 𝑦𝑖𝑗𝑚 + 𝑐𝑖𝑚 𝑧𝑖𝑚 )
st. ∑𝑚∈𝑀 𝑠 𝑚 𝑥𝑖𝑚 ≤ 𝐵𝑖 , ∀𝑖 ∈ 𝑆,
(1)
𝑚
𝑚
𝑦𝑖𝑗 ≤ 𝑥𝑗 , ∀𝑖, 𝑗 ∈ 𝑆, 𝑗 ≠ 𝑖, 𝑚 ∈ 𝑀
(2)
𝑥𝑖𝑚 + ∑𝑗∈𝑆,𝑗≠𝑖 𝑦𝑖𝑗𝑚 + 𝑧𝑖𝑚 ≥ 1, ∀𝑖 ∈ 𝑆, 𝑚 ∈ 𝑀
(3)
𝑥𝑖𝑚 ≥ 0, 𝑦𝑖𝑗𝑚 ≥ 0, 𝑧𝑖𝑚 ≥ 0, ∀𝑖, 𝑗 ∈ 𝑆, 𝑗 ≠ 𝑖, 𝑚 ∈ 𝑀 (4)
The constraint (1) is the storage capacity constraint
of each node, i.e., the total storage of all
contents/fraction of contents on node 𝑖 must be less
than its storage capacity 𝐵𝑖 . The constraint (2) implies
that the fraction of content 𝑚 from node 𝑗 serving the
request at node 𝑖 must be less than the amount of
content 𝑚 stored at node 𝑗. Finally, the constraint (3)
guarantees the amount of content 𝑚 stored at node 𝑖
and the total amount of 𝑚 received together must be
larger than the full content in order to serve the
request. At the optimal point, the equality actually
holds in constraint (3). Hence, 𝑥𝑖𝑚 ≤ 1, 𝑦𝑖𝑗𝑚 ≤ 1, and
𝑧𝑖𝑚 ≤ 1 are implied implicitly.
3. Solving the large-scale linear program
Although a linear program can be solved in a
polynomial time, LP is actually a large-scale problem
since there are a large number of contents in the
network. However, LP has a special structure, the
block-angular form (see Fig.2) which can be
decomposed into many subproblems. To solve the
problem, we first relax the non-separable constraint
(1). Then, we decompose the relaxed problems into
many subproblems according to the contents. Each
subproblem is a linear program associated with each
content.
Particularly, the relaxed problem of LP has the
following form
Min. ∑𝑚∈𝑀 ∑𝑖∈𝑆 𝑠 𝑚 𝑑𝑖𝑚 (∑𝑗∈𝑆,𝑗≠𝑖 𝑐𝑖𝑗 𝑦𝑖𝑗𝑚 + 𝑐𝑖𝑚 𝑧𝑖𝑚 + 𝛼𝑖

𝑥𝑖𝑚

𝑑𝑖𝑚

)−

∑𝑖∈𝑆 𝐵𝑖 𝛼𝑖
st. 𝑦𝑖𝑗𝑚 ≤ 𝑥𝑗𝑚 , ∀𝑖, 𝑗 ∈ 𝑆, 𝑗 ≠ 𝑖, 𝑚 ∈ 𝑀
𝑥𝑖𝑚 + ∑𝑗∈𝑆,𝑗≠𝑖 𝑦𝑖𝑗𝑚 + 𝑧𝑖𝑚 ≥ 1, ∀𝑖 ∈ 𝑆, 𝑚 ∈ 𝑀
𝑥𝑖𝑚 ≥ 0, 𝑦𝑖𝑗𝑚 ≥ 0, 𝑧𝑖𝑚 ≥ 0, ∀𝑖, 𝑗 ∈ 𝑆, 𝑗 ≠ 𝑖, 𝑚 ∈ 𝑀
where 𝜶 is the Lagrange multiplier associated with

constraint (1). Therefore, the subproblem associated
with content m has the following form
LP(m):
Min.∑𝑖∈𝑆 𝑠 𝑚 𝑑𝑖𝑚 (∑𝑗∈𝑆,𝑗≠𝑖 𝑐𝑖𝑗 𝑦𝑖𝑗𝑚 + 𝑐𝑖𝑚 𝑧𝑖𝑚 + 𝛼𝑖

𝑥𝑖𝑚

𝑑𝑖𝑚

)

st. 𝑦𝑖𝑗𝑚 ≤ 𝑥𝑗𝑚 , ∀𝑖, 𝑗 ∈ 𝑆, 𝑗 ≠ 𝑖,
𝑥𝑖𝑚 + ∑𝑗∈𝑆,𝑗≠𝑖 𝑦𝑖𝑗𝑚 + 𝑧𝑖𝑚 ≥ 1, ∀𝑖 ∈ 𝑆,
𝑥𝑖𝑚 ≥ 0, 𝑦𝑖𝑗𝑚 ≥ 0, 𝑧𝑖𝑚 ≥ 0, ∀𝑖, 𝑗 ∈ 𝑆, 𝑗 ≠ 𝑖,
Giving 𝜶 in each iteration, 𝑀 subproblems are
solved
parallelly.
We
apply
Dantzig-Wolfe
decomposition approach to find the optimal multipliers
in each iteration by solving the weighting problem as
described in [4, chap.12]. The objective of the
weighting problem is indeed a potential function that
monotonically decreases in each iteration.

Fig. 2. The block-angular structure of LP.

For instance, with 20 storage nodes and 10,000
contents in the network, by using a normal PC
(processor AMD Athlon IIx2 and 2GB memory), we
cannot solve LP because of out of memory. However,
by decomposition, the problem is solved after 1 hour
45 minutes on the same PC.
4. Numerical results
In the experiment, the demands of the contents
follow Zipf-Mandelbrot distribution

𝑑𝑖𝑚

(
∑𝑚

𝑚)
(

𝑚)

with shift parameter 𝑞 10 and shape parameter
𝑎 1 [5]. The request rate to each node is 1 request
per minute.
The costs of the path between two nodes 𝑐𝑖𝑗
2
GB per minute for all 𝑖, 𝑗. Suppose that the cost to
transfer one unit of content 𝑚 from the original source
to the node 𝑖, 𝑐𝑖𝑚 , is 5 GB per minute for all 𝑖 ∈ 𝑆 and
m∈ 𝑀. Assume that the network has 10,000 contents
and 50 storage nodes. All the contents have the equal
sizes, i.e., 𝑠 2 GB. The storage capacity of each
node is 1000 GB.
Without cooperation, the contents are fetched from
the repositories in case the contents are not stored on
the nodes. The cost of the network is 216.92 GB per
minute for noncooperation. By collaborating 05 nodes
(in 50 nodes of the network), the cost drops down to
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212.99 GB per minute. By collaborating all 50 nodes,
the cost of the network is only 98.68 GB per minute,
decreases by 54.51% the cost of non-cooperation
(see Fig.3).
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