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1. Introduction
Content distribution via networks like the Internet has been explored in recent years and both content providers and
users wish to deliver and receive contents as quickly as possible [1] [2] through a content delivery network (CDN)
dedicated for this. A CDN places many local servers close to users and caches contents there whenever these are
downloaded from an original server (e.g., a large data center). The content delivery time can then be significantly
reduced by providing content cached in a closer local server, whenever that is available, rather than getting it from the
original server. Fig. 1 illustrates an example of a one-level caching structure, with one original server, multiple local
servers, and many end users served by each of the local servers. The local servers are connected with the original
server through a communication network, which is suitably optimized. When a user requests a specific content, its
local server will provide the content if it does have it in its own cache. Otherwise, the local server will obtain the item
from the original server and then give that to the requesting user, and will also cache a copy locally. When the content
is available locally, then the delivery latency will be significantly shortened for the next local request. However, if the
content needs to be downloaded from the original server, then the delivery latency will be much longer.
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In designing such a network, the important issues include the storage capacity in the local server and its caching
policy, and the local server’s processing and bandwidth capacity. These will affect the performance of the caching
strategy in terms of the delivery latency and average storage cost, and will also impact the load on the network. A
commercial CDN provider providing such services will optimize the performance so that the limited infrastructure
resources may be used to serve more content providers and end users. This paper mainly focuses on the caching
strategy, proposing three different caching strategies based on a shared storage CDN infrastructure that can be
beneficial to both the content and CDN providers. For each of the strategies, we develop analytical models to estimate
the resources needed and its performance. Simulation results show that renewing the caching lifetime based on user’s
requests gives the best performance.
2. Caching strategies and analytical models
In this section, we present three different caching strategies. It may be noted that, in each of the following, we assume
that the users of a local server generate requests for a content at rate λ, following a Poisson process.
A) Constant lifetime based expiry strategy: This is a simple strategy (Fig. 2) where a local server sets the caching
lifetime to be T (constant) whenever it loads the item into an empty cache. The content would be cleared from the
local server after time T. If there is a new user request for the item after it has been cleared from the local server, then
it is downloaded from the original server once again and cached in the local server for another lifetime T. The
probability 𝑃"#"$% of finding the item in the cache is given by (1).
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Here the lifetime can be random with its mean value as T and 𝑃"#"$% can be taken as the overall mean cost of the
storage in the local server since the actual storage cost can be obtained by multiplying this by a suitable scaling factor.
Using (1), the average delivery latency in providing a content to a user is given by (2) where 𝐿) is the delivery latency
from the local server to the user and 𝐿. is the delivery latency from the original server to the user.
B) Counter based expiry strategy: In this strategy, the local server uses a counter to record a content’s state. This is
initialized to 0. When the item is first downloaded to the local server upon a user request, it is incremented to 1. Each
time the content is requested by a user, the counter further increments by 1 (up to a maximum value of M). The counter
also simultaneously randomly decrements by 1 at rate γ (Note that the decay intervals are assumed to be exponentially
distributed) until it reaches 0; at that time, the content is removed from the local server’s cache. If a fresh request for
this content is received after that, then it is downloaded again from the original server, cached once more and then
provided to the requesting user. The state transition diagram for the counter corresponding to a particular content at a
local server is shown in Fig. 3 which gives the equilibrium equations of (3), where 𝑃3 represents the probability that
the content is in state j and 4
356 𝑃3 = 1 from the normalization condition.
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Using 𝜌 = 𝜆/𝛾 as the system load, (3) along with the normalization condition gives the equilibrium probability 𝑃3
of finding the counter in state j as (4) for a particular content in a local server. The probability of finding the content
in the local cache is given by (5) which may be used in (2) to calculate its average delivery latency.
C) Lifetime renewal based expiry strategy: This strategy is similar to Strategy A except that if a content is cached
at a local server and subsequently there is a new request from a user, then the lifetime of the content is further renewed
by T (fixed) as shown in Fig. 4. We model the cache as having a Busy-Idle cycle where the cache is Busy when it has
the content and is Idle when the cache is empty. Let B be the random variable denoting the length of the busy period
and I be the random variable denoting the length of the idle period. Since the user requests follow a Poisson process
with rate λ, the mean length of the idle period is given by 𝐼 = 1/𝜆. To find the mean 𝐵, we consider the first time
when the cache becomes busy (i.e., downloading the content from the original server) after an idle period. We can
then obtain equation (6) and (7). The probability of finding the content in the local cache is then given by (8). We use
(8) for 𝑃"#"$% in (2) to find the average delivery latency for the content.
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Note that all the above models are given for caching one item in one local server. In an actual system, there can be
multiple contents and many local servers. Thus, from the point of view of the whole system, we can define Average
Delivery Latency (ADL) and Mean Storage Cost (MSC) for the system as follows.
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Here 𝑨 represents the set of local servers deployed in the network. 𝑪 represents the set of contents which are
always available at the original server. 𝜙" represents the storage space required for content c. 𝜅 represents the storage
cost per unit time. 𝜆#" , 𝐿#" , and 𝑃#" represent the arrival rate, the average delivery latency, and the caching probability
of content c in local server a, respectively.
3. Simulation and discussion
Without losing generality, we set the unit time to be one hour, and the delivery latencies to be 𝐿) =50 ms and 𝐿. =100
ms. Each content occupies one unit of storage space. To compare the performance of the different strategies, we first
consider the case with one content provider with varying Poisson request arrival rates (i.e., Case A). Then we extend
to consider a more general case with multiple content providers (i.e., Case B and without losing generality, here we
assume two content providers sharing the CDN infrastructure). In case A, the content request arrival rate ranges from
0 to 2.0 requests per unit time. Since the storage cost holds a linear relationship with the delivery latency, we mainly
focus on the delivery latency performance here for simplicity. In addition, we also want to know how many requests
will be back to the original server. For this, we define a term called the average Original Server Load (OSL) as
𝑶𝑺𝑳 = 𝝀 ⋅ 𝟏 − 𝑷𝒄𝒂𝒄𝒉𝒆 𝝀 ≝ 𝒁/𝑺𝒊𝒎𝒖𝒍𝒂𝒕𝒊𝒐𝒏_𝑻𝒊𝒎𝒆, where 𝑍 is a counter that records the number of requests for
a particular content to the local server, for which the local server has to fetch the content from the original server.
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Case A: Under the assumption that there is only one content provider in the CDN, we consider the delivery latency
and OSL for each strategy. Fig. 5 shows both the analytical and Monte Carlo simulation results for varying request
arrival rates. The lifetimes T for strategies A and C were chosen to be 6 units. For strategy B, the maximum counter
value is 𝑀 = 6 and the counter decrements at rate 𝛾 = 1.0 per unit time.
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Fig. 6. Total arrival rate
in different times

As shown in Fig. 5, we can see that Monte Carlo simulations almost exactly match the analytical results, thereby
confirming the accuracies of the analytical models. We also observe that the mean delivery latency reduces with
increasing arrival rates for all the three strategies. This means that all the three strategies can automatically cache the
content with high popularity or arrival rate for a longer time at the local server to provide a lower delivery latency to
the end users. In strategy A, OSL increases with increasing arrival rates and is approximately inversely related to the
content lifetime T when the arrival rate is very high. In strategy B, for low arrival rates, the counter is likely to be at 0
when the next request comes and the content will then need to be downloaded again. Therefore, an increasing arrival
rate when the arrival rate is small would tend to increase OSL. In contrast, when the arrival rate is high enough, the
OSL tends to decrease with increasing arrival rates. Finally, in strategy C, a high arrival rate keeps on renewing the
content’s lifetime 𝑇 before it expires, so the content will seldom be cleared from the local server and OSL tends to
zero when the arrival rate is high. Moreover, strategy C is the most efficient among all the three strategies.
Case B: In this case, we consider the situation that two content providers share
a common CDN infrastructure. Each content provider has 10 different items and the
content popularity distribution is subject to a Zipf law (i.e., content i’s
•
ArrivalRate i = TotalArrivalRate ∗ (1/𝑖 • )/( )6
‘5) 1 𝑖 ) , α =0.88). We also
assume that the two content providers have opposite total arrival rates in different
time slots as shown in Fig. 6 (This is possible under the situation that provider B is
a video website with frequent visits from users after office time and provider A is a
government website with frequent visits from users during office time). We also
Fig. 7. LRU vs. Strategy A, B, C
assume that each local server has a limited 10-unit storage space. We compare the
performance of the proposed storage-shared strategies with the classic Least Recently Used (LRU) strategy [4] as
shown in Fig. 7. The LRU strategy assigns a fixed storage space (i.e., 5 units of space for each content provider) and
discards the least recently used items at a higher priority if the cache is full when needing to cache a new item. In
contrast, in strategies A, B, and C, the two content providers are allowed to share the whole 10 units of storage space
and the caching strategies will dynamically adjust the storage spaces to the two content providers based on their request
arrival rates. We can see that strategy C achieves the best performance with both the lowest ADL and OSL, which
therefore further verifies the efficiency of strategy C.
4. Conclusion
We proposed three caching strategies for the storage-shared CDN. We developed analytical models to estimate the
performance from the perspectives of the storage space at each local server, the average delivery latency of contents,
and the original server load for the three strategies. The accuracy of those models were verified through Monte Carlo
simulations and the comparison between the different caching strategies in the context of multiple content providers
sharing a common CDN shows that the lifetime renewal strategy (i.e., strategy C) can achieve the best performance.
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