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Abstract—The transmission bandwidth consumed by deliver-
ing rich content is enormous, so it is urgent for Internet service
providers to design an efficient delivery system that minimizes the
amount of network resources consumed, i.e., minimizing the hop
length of delivery flows. Content delivery networks are widely
used to reduce the flow hop length and the response time when
obtaining content items. To improve the cache efficiency, various
methods of replacing caches have been proposed, with the target
of improving the cache hit ratio. However, although the effect
of delivering content items from caches depends on the distance
from the origin server to the users, these methods do not consider
the origin server distance. We propose here a cache-replacement
policy based on the hop distance to the origin servers. We divide
the storage capacity of cache severs into multiple virtual caches
and manage content items separately based on the hop distance to
origin servers. We also propose an optimal method for designing
the capacities of virtual caches that maximizes the total expected
reduction of flow hop length. Through numerical evaluation, we
show that the proposed method can increase the average expected
reduction of flow hop length by about 20% to 80% compared
with normal LRU (least recently used).

I. INTRODUCTION

Content delivery networks (CDNs) that use a number of
cache servers deployed in multiple networks have been widely
used as a method to efficiently transmit content [9][10][12].
Although CDNs are typically operated by CDN providers,
e.g., Akamai [1], the number of CDNs operated by large-
scale content providers such as Google, and by tier-1 ISPs
such as AT&T has been increasing recently [7]. If the storage
capacities of cache servers are large enough to store the
entire set of content items, the cache hit ratio is maximized,
i.e., 100%. In this case, all the content items are delivered
from cache servers, and the amount of network resources
consumed is minimized. However, in reality, the number of
unique content items is huge and continues to increase rapidly,
so storing all content items in every cache server is infeasible.
If the cache storage capacity is full when caching new content
items, known as a cache miss, some content items in the cache
are removed to make available space for new content items.

The cache replacement algorithm selecting content items
to be removed strongly affects the cache hit ratio, so various
methods of cache replacement have been proposed [5][6][8].
Although the cache hit ratio is an important criterion, these
methods do not consider the distance to origin servers when
selecting content items to be removed. The effect of delivering
content items from cache servers depends on the distance to
the origin server from the user terminal, i.e., a large reduction

effect of flow hop length can be expected for content items
whose origin servers are remotely located. Therefore, it is
desirable to consider the location of origin servers when
replacing content items in caches servers.

In this paper, we propose a cache-replacement policy based
on the expected reduction of flow hop length obtained by
delivering content items from cache servers. In the proposed
method, the storage capacity of a cache server is divided
into multiple virtual caches, and content items are separately
managed by each virtual cache based on the hop distance
to origin servers. We also propose a method of optimally
allocating the storage capacity to each virtual cache at each
node so that the expected average reduction of flow hop length
is maximized. We confirmed through numerical evaluation that
the expected average reduction of flow hop length can be
improved by up to about 80% by using the proposed cache
replacement method. We propose a cache replacement method
considering the distance to the origin servers in Section II
and show the numerical results in Section III, and finally, we
conclude the manuscript in Section IV.

II. CACHE REPLACEMENT BASED ON DISTANCE TO
ORIGIN SERVERS

A. Assumptions

• Let N denote the number of nodes in the network; we
assume that the network topology is given and that the
links do not become a bottleneck in delivering content
items. Let pn denote the ratio of requests generated from
users accommodated in node n. Hereafter, we simply
write the users accommodated in node n as users n.

• M content items with the identical size are provided over
the network; let qn,m denote the ratio of requests for
content m at node n.

• At all the N nodes, cache servers as well as origin servers
are provided. Hereafter, we simply write the cache server
and the origin server provided at node n as cache server
n and origin server n. The origin of each content m
is stationary and permanently stored at just one node; let
s(m) denote the node at which the origin of content m is
provided. Content m can always be obtained from origin
server s(m), and we do not consider the storage capacity
of origin servers. In contrast, the storage capacity of all
the caches servers are finite and identical, and each cache
server can store B content items at a maximum.

• When a user requests a content item, the cache server is
selected by the DNS server of the CDN provider. Here,
we simply assume the ideal case in which cache server978-1-4799-0913-1/14/$31.00 c⃝ 2014 IEEE



n is selected when user n requests content m. In this
case, the hop length of delivery flows is minimized. If a
copy of content m exists at cache server n, i.e., a cache
hit, content m is delivered from cache server n to the
requesting user, and the hop distance of the delivery flow
is zero. Otherwise, the request is sent to the origin server
s(m), and content m is delivered to user n via node
n after caching the copy of content m at cache server
n [9][12]. When the storage capacity of cache server
n is full, i.e., cache server n already stores B content
items, content m is stored after removing one content
item selected by the cache replacement algorithm.

• Content items are delivered from the cache or origin
server to the user terminal on the minimum-hop routes.
Let hij denote the hop distance from node i to node j
on the delivery routes.

• As the baseline method of cache replacement, we assume
LRU, which is most widely used in existing CDNs.

B. Cache Replacement Using Virtual Caches
When a user n requests content m, the hop length of

delivery flow is zero if content m exists in cache server n,
i.e., a cache hit. In contrast, when the requested content item
does not exist at node n, i.e., a cache miss, the requested
content item is delivered from its origin server. Therefore,
we can say that the reduction effect of the hop length of
delivery flows obtained by caching content m at node n is
hs(m),n, the hop distance from node s(m) to node n. In other
words, the effect of caching content items depends on the
hop distance to the origin servers as well as the popularity of
content items. However, the target of all the existing methods
of cache replacement is just improving the cache hit ratio, and
the distance to the origin servers is not considered. The main
idea of the cache-replacement method proposed in this paper
is to select content items to be removed based on the distance
to the origin servers as well as their popularity.

Now, we introduce en,m, the expected average reduction
of flow hop length, as a criterion for evaluating the effect of
caching content m at node n; it is defined as

en,m = qn,mhs(m),n. (1)

When LRU is used, all content items are treated equally,
and a single LRU list is maintained to remove the content
item requested least recently. Therefore, content items with a
longer hop distance to the origin server are possibly removed
to keep other content items with a shorter hop distance to the
origin server. To avoid this, we propose to divide each cache
server into multiple virtual caches (VCs) and assign each VC
to the set of content items with the identical hop distance to
the origin server.

Let H(n) denote the maximum hop distance to node n from
any origin server, that is, the maximum hop distance to node
n from any other nodes. For any k of 1 ≤ k ≤ H(n), we also
define Cn,k as the set of content items whose hop distance
from the origin server to node n is k, i.e., hs(m),n = k. We
divide B, the storage capacity of cache server n, into H(n)
VCs, Vn,1, Vn,2, · · · , Vn,H(n), and content items of Cn,k

are stored only in Vn,k. Also, let b(n, k) denote the storage
capacity assigned to Vn,k, and

∑H(n)
k=1 b(n, k) = B is satisfied

for any n. At each VC Vn,k, content items of Cn,k are replaced

by LRU independently of other VCs. We can regard each VC
Vn,k as the LRU list for content items with hs(m),n = k.

We can expect to increase the total efficiency of cache
servers by keeping more content items with longer hop
distances in cache servers, and this is achieved by setting
larger b(n, k) for larger k. In the next section, we describe
an example of content replacement using the proposed cache
replacement method. Then, we propose a method of optimally
designing b(n, k) to maximize the total sum of the expected
average reduction of flow hop length at each node n based on
the dynamic programming in Section II-D.

C. Example of Content Replacement Using Virtual Caches
Figure 1 shows an example of the network topology and

the location of origin servers for content items 1, 2, · · ·, 11.
For example, the origin servers of content items 4, 5, and 8
are one hop distance from node A, and CA,1 consists of these
three content items. Therefore, content items 4, 5, and 8 are
stored in VA,1 at node A, and these content items are updated
based on the LRU policy at node A. There are a total of three
VCs at node A because H(A) = 3, and we also show the
list of content items stored in each VC VA,k in Fig. 1. We
note that content item 6 is never cached at node A because
the origin server of content 6 exists at node A.

Fig. 1. Example of location of origin servers

Fig. 2. Example of request arrival and cache replacement

Next, let us consider the case in which requests for content
items arrive at node A in the order shown in Fig. 2. In this
example, we assume that the capacity allocated to each VC
at node A is bA,1 = 1, bA,2 = 2, and bA,3 = 3, and no
content items are cached at node A before content item 7
arrives. The initial four requests are for content items 7, 9, 2,
and 4, and these four content items are stored in VCs of node
A, and no content items are removed because the capacity of
these VCs is not full. However, when the fifth request arrives
for content item 5, which is stored in VA,1, content item 4,
which has been stored in VA,1 is removed because just a single



content item can be stored in VA,1. On the other hand, when
the sixth request for content item 1, which will be stored in
VA,2 arrives, no content item is removed from VA,2 because
up to two content items can be stored in VA,2. As shown in
this example, we can differentiate the sojourn time of content
items in VCs according to the hop distance to origin servers.

D. Optimally Designing Virtual Caches

Our optimization target for maximizing the effect of cache
server n is to maximize the sum of en,m, the expected average
reduction of flow hop length obtained by caching content m at
node n. The effect of each cache server is totally independent
of the cache-replacement policy of other cache servers because
we assume that only cache server n is used for users n
as mentioned in Section II-A. Therefore, we note that the
proposed algorithm to design the VCs can be executed at each
node n without considering the VCs at other nodes.

As a result of using the LRU policy to update caches,
content items with larger qn,m are more likely to exist in the
VCs of node n. Therefore, we can expect that b(n, k) content
items of Cn,k with the largest values of qn,m are stored in
Vn,k with high probability on average. Therefore, Un,k, the
expected hit ratio of Vn,k, agrees with the total ratio of requests
for the most popular b(n, k) content items among Cn,k, and
it is given by

Un,k =

b(n,k)∑
j=1

qn,κ(n,k,j)

(
≡ Qn,k,b(n,k)

)
, (2)

where κ(n, k, j) is the content item with the j-th largest qn,m
among content items of Cn,k, and Qn,k,x is the sum of qn,m
of the most popular x content items in Cn,k. Now, let us define
En,k as the total expected average reduction of flow hop length
at Vn,k, and from (1), it is given by

En,k =
∑

m∈Cn,k

en,m

= Qn,k,b(n,k) · k. (3)

The target of the proposed VC size design method at node
n is to maximize En, the total expected average reduction of
flow hop length by cache server n, i.e., En =

∑H(n)
k=1 En,k,

with the constraint of B, and we define the following integer
programming problem for designing b(n, k) at node n:

minEn =

H(n)∑
k=1

Qn,k,b(n,k) · k (4)

s.t.

H(n)∑
k=1

b(n, k) = B, (5)

0 ≤ b(n, k) ≤ B. (6)

In general, to find the optimal solution to the integer pro-
gramming problem, we need to check all the possible combi-
nations of variables, and we cannot obtain the optimal solution
in pseudo-polynomial time. However, if we can recursively
break down the original problem into multiple sub-problems
of a single variable, we can use dynamic programming to solve
the problem [2].

From (1), we confirm that our original optimization problem
minimizing En is equivalent to the sum of En,k, which is
a function of b(n, k), so we can solve the optimal design
problem of VCs using dynamic programming. This is because
the effect of each VC is determined by just its capacity without
being affected by other VCs at the same node.

To explicitly indicate that En,k is a function of b(n, k)
only, we write it as En,k(b(n, k)). Now, we can describe the
proposed optimal design method of VCs at each node n using
dynamic programming as the following recursive formula:

ϕ1(a1) = max
{
En,1(b(n, 1))

}
= En,1(a1),

a1 = 0, 1, · · · , B, (7)

ϕi(ai) = max
{
En,i(b(n, i)) + ϕi−1(ai − b(n, i))

}
,

i = 2, · · · ,H(n),

ai = 0, 1, · · · , B. (8)

By solving this recursive formula from i = 1 to i = H(n)
for each possible value of ai, we can obtain the optimum
capacities of VCs at node n as b(n, 1), b(n, 2), · · ·, b(n,H(n))
giving ϕH(n)(B). The number of values b(n, i) can take
is B, so the required time to derive the optimal b(n, i) is
O(H(n)B2), and we can obtain a strictly optimal allocation
in pseudo-polynomial time.

E. Required Functions of Cache Servers
Here, we describe all the functions that are required for

cache servers in order to implement the proposed method
of replacing caches using VCs. To optimally design b(n, k),
the storage capacity assigned to VC Vn,k, by using the
method mentioned in the previous section, cache server n must
estimate qn,m, the ratio of requests for content m at node n,
for each m of 1 ≤ m ≤ M as well as hs(m),n, the hop distance
from the origin server of content m to node n, for each m of
1 ≤ m ≤ M .

Cache server n can easily estimate hs(m),n for each m by
checking the IP address of its origin server when content m
is requested from users n for the first time. Moreover, cache
server n can also estimate qn,m for each m by counting the
number of requests generated from users n for m during any
time interval.

III. NUMERICAL EVALUATION

A. Evaluation Conditions
We used network topologies of eight commercial ISP back-

bone networks in the USA publicly available on the CAIDA
web site [3]. Table I summarizes N , the number of nodes,
L, the number of links, g, the average node degree, and G,
the maximum node degree of each of the eight networks. We
generate each user request from a node randomly selected with
the probability proportional to the node population rn, i.e.,
setting pn = rn/

∑N
i=1 ri [4]. Content items are delivered

from the cache or origin servers to users on the minimum-hop
routes.

We set the number of content items as M = 1, 000. We
assume that the ratio of requests for the k-th most popular
content item at node n is identical among all N nodes, and
we assume it obeys the Zipf distribution with parameter θ. In
other words, we set the ratio of requests for content m at node



n as qn,m = c/mθ, where c is the normalization constant to
make

∑M
m=1 qn,m = 1. In the entire simulation period, the

content count M and the request frequencies of content items
qn,m are fixed.

At the beginning of the computer simulation, we randomly
place the origin server of each content item among N nodes,
and we do not change the location of origin servers during
the computer simulation. Because the results of the proposed
cache replacement method using the VCs depends on the
location of origin servers, we repeat the computer simulation
100 times using a different pattern of origin servers for each
parameter set, and we evaluate the average properties among
100 trials.

At all the N nodes, we place a cache server with the
identical storage capacity of B = ⌈βM⌉, where β is a given
parameter taking a real number between zero and unity. When
we set β to unity, all the M content items can be stored at each
cache server, and the average hop length of delivery flows is
zero. In each trial of each parameter set, we start the computer
simulation with the state that no content items are stored at
any of the N nodes, and we start to measure all the properties
after the storage capacity of cache servers is fully utilized,
i.e., storing B content items, at ⌈N/2⌉ or more nodes. We
generated 1 million requests after this warm-up period. Unless
otherwise stated, we set θ = 0.5 and β = 0.1.

TABLE I
TOPOLOGICAL PROPERTIES OF EIGHT ISP BACKBONE NETWORKS

ID Name N L g G

1 above.net 22 25 2.27 12
2 AGIS 82 92 2.24 4
3 Allegiance Telecom 53 88 3.38 12
4 At Home Network 46 55 2.39 5
5 Genuity 48 53 2.21 5
6 IDT Corp 15 18 2.40 5
7 Qwest 14 26 3.71 7
8 ServInt Internet Services 23 34 2.96 7

B. Effect of Proposed Cache Replacement Method
In this section, we investigate the effectiveness of the

proposed method, VC-LRU, by comparing R and E with LRU.
Let R̂ denote the increase ratio of R obtained by VC-LRU
compared with LRU, and it is defined as R̂ = (RV C−LRU −
RLRU )/RLRU , where RV C−LRU and RLRU are R in VC-
LRU and in LRU, respectively. Similarly, we also define Ê
as Ê = (EV C−LRU − ELRU )/ELRU , where EV C−LRU and
ELRU are E in VC-LRU and in LRU, respectively.

Figure 3(a) plots R̂ against θ for each of the eight networks.
R̂ was in the range between -0.1 and zero for almost all the
values of θ. Although the degree of degradation of R was
small, i.e., less than 10%, we confirmed that the cache hit
ratio was slightly degraded by using VC-LRU compared with
LRU. When selecting a content item to be removed, VC-
LRU considers both the popularity and ho, the hop distance
to the origin servers of content items, whereas LRU considers
only the popularity of content items. In other words, in LRU,
popular content items are more likely to exist in cache servers
compared with VC-LRU. Therefore, the cache hit ratio of VC-
LRU was slightly smaller than that of LRU.

Figure 3(b) plots Ê against θ for each of the eight networks.
As θ decreased, Ê increased, and the superiority of VC-LRU
against LRU improved. As θ decreased, and the difference in
popularity among content items diminished, the hop distance
to the origin server becomes a more dominant factor in
determining E than the content popularity. As a result, we can
increase E, the overall expected average reduction of flow hop
length, by using VC-LRU compared with LRU. When θ was
less than 0.5, for example, VC-LRU improved E by about 20%
to 80% compared with LRU. In summary, although the cache
hit ratio was slightly degraded, the overall expected reduction
effect of flow hop length was largely improved by using the
proposed VC-LRU method.

Fig. 3. Increase ratio of average cache hit ratio and expected average reduction
of flow hop length against Zipf parameter θ in each of eight networks

IV. CONCLUSION

In this paper, we proposed a cache-replacement policy based
on the hop distance to origin servers. In the proposed method,
the storage capacity of cache severs is divided into multiple
virtual caches, and content items are managed separately based
on the hop distance to origin servers. We also proposed an
optimal design method of the capacities of virtual caches that
maximizes the total expected reduction of flow hop length.
Through a numerical evaluation, we showed that the proposed
method can increase the average expected reduction of flow
hop length by about 20% to 80% compared with normal LRU
while slightly degrading the cache hit ratio. In future, we
will investigate the effect of the proposed cache replacement
method when the content popularity dynamically varies.
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