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Abstract—The emerging intelligent mobile applications such as
augment/virtual reality and automatons driving require extensive
context information, generating dynamic items whose content
may change with time and environment. In this regard, the
dynamic items should be refreshed to the newest versions
timely, when cached at the network edge. The state-of-the-
art content placement methods mostly target on static items,
and cache the popular items with priority to maximize the
local hit rate. However, popular content items may have higher
dynamics and require frequent cache refresh, which consumes
more transmissions and degrades the system efficiency. In this
work, we revisit the content placement problem at mobile edge,
where the content dynamics and popularity are jointly considered
when choosing items to cache. To this end, the effective hit
rate of an cached content item is derived with respect to the
corresponding request rate (i.e., popularity) and version update
rate (i.e., dynamics). Specifically, the effective hit rate is proved
to increase with the request arrival rate in an convex manner
and decrease with the version update rate. Then, the popularity-
and-lifetime-aware placement (PALAP) scheme is proposed to
maximize the overall effective hit rate of the local cache when
providing dynamic content services. Extensive simulations are
conducted on OMNeT++ platform to validate the obtained
analytical results. In addition, simulation results show that the
proposed scheme can double the cache hit rate compared with
the conventional most-popular-first placement (MPFP) scheme,
if the content requests are less concentrated. Accordingly, the
average service delay can be reduced effectively, especially when
the system is heavily loaded.

Index Terms—mobile edge caching, age of information (AoI),
content dynamics, edge intelligence

I. INTRODUCTION

The emerging mobile applications such as virtual/augment

reality and automated driving will require extensive context

information to get aware of surrounding environment,

generating dynamic content items (e.g., the availability of a

gas station, the real-time 3D map of a street, and the traffic

condition of surrounding blocks) [1]. For such content item,

age of information (AoI) is proposed as a new performance

metric to depict the content freshness, which is defined as the

time elapsed since the generation of the current content version
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[2]. Notice that delay and AoI are substantially different

concepts for a communication system. The former reflects

how soon users can obtain the request content, while the latter

indicates if the received content is fresh or staled. Accordingly,

efficient content delivery schemes should be designed to meet

both the AoI and delay requirements when providing dynamic

content services [3].

Mobile edge caching enables base stations (BSs) to deliver

cached content items directly to mobile users without remote

content fetching, bring three-fold benefits of reduced backhaul

pressure, low service delay and better quality of experience [4].

A body of works have been conducted on mobile edge caching

from aspects of architecture design [5], cache deployment [6],

content placement and delivery [7]. These works mostly target

on conventional static items with no need of cache refreshing.

One of the fundamental issues is to maximize the hit rate

of cached content items under constrained cache capacity. In

this regard, the most-popular-first placement (MPFP) scheme,

which caches the popular content items with high request

rates, has been proved to be optimal if BSs do not cooperate.

However, the MPFP scheme may not be optimal for dynamic

items. For instance, the cached version of a highly dynamic

item may always go outdated before serving the next request,

and the local cache will be merely used even if the item

has high popularity. Therefore, the placement of dynamic

items should also consider the content dynamics in addition

to popularity.

In this work, we revisit the cache placement problem for

dynamic content items to enhance the caching efficiency. A

typical mobile edge caching network is considered, wherein

a cache-enabled BS provides content items dynamically

generated by distributed source nodes. Part of the content items

are cached at BSs, and the source nodes will notify the BS

when the corresponding item has a new version generated.

The BS only refreshes a cached item upon user requests to

reduce transmissions. A cache hit happens if the requested

content item is cached and the cached version is still valid,

whereby the BS can directly serve the user without remote

content fetching. Otherwise, cache miss happens, and the

BS needs to fetch the up-to-date version remotely before

delivering the item to mobile users. The cache hit rate should

be maximized to fully utilize the cache resource, whereby

the service delay can be reduced with lower transmission
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load. The service process of the BS is modeled as a M/G/1

processor sharing queue, whereas the cache hit rate cannot

be derived accurately due to the coupling effect between

content caching, refreshing and delivery of all content items.

To address this challenge, we analyze the service of each

item by decoupling the service processes of different items

with dedicated transmission resource allocation. The hit rate

of a cached item is derived in closed form when new

content versions are generated following a Poisson process.

Specifically, the cache hit rate is proved to increase with

the request arrival rate in a convex manner, while decreases

with the version update rate. Then, the popularity-and-lifetime-

aware placement (PALAP) scheme is proposed, where the

items with higher hit rate are cached with priority. Extensive

simulations are conducted on the OMNeT++ platform to

validate the obtained analytical results. Both the analytical

and simulation results reveal the necessity of considering

content dynamics when designing cache placement schemes.

In addition, the proposed PALAP scheme is evaluated in terms

of cache efficiency and service delay. The results show that the

PALAP scheme can double the cache hit rate compared with

the conventional MPFP scheme, when the content requests are

less concentrated. In addition, the average service delay can

be reduced significantly when the BS is heavily loaded.

The remaining of this paper is organized as follows.

Section II reviews the existing works, Section III introduces

the mobile edge caching model with content placement and

dynamic refreshing, Section IV conducts theoretical analysis

on the hit rate of a single item, Section V shows simulation

results, and Section VI draws conclusions.

II. LITERATURE REVIEW

The cache placement problem mainly deals with the

contradictory between the explosive data and limited storage

resource, aiming at fully utilizing the storage resource by

choosing appropriate content to cache. Effective placement

schemes have been proposed for static content items with

different optimization objectives. The MPFP scheme caches

the most popular content items, which can maximize the

hit rate if BSs do not cooperate in caching or transmission

[8], [9]. Cooperative mobile edge caching enables users to

access the cached content of multiple BSs through wired

backhaul or joint wireless transmission, which is helpful to

enhance the overall cache hit rate [10]. In addition, different

network performance metrics are further optimized when

solving the content placement problem in various network

scenarios, such as reducing the average content delivery delay,

improving quality of experience (QoE), high mobility support

and minimizing specific network management cost functions

[11], [12]. Furthermore, adaptive content placement schemes

have been proposed considering that the popularity of an item

may fade with time, wherein the newly generated content items

are added in cache to replace the old unpopular ones [13], [14].

However, these works only consider the static items, and may

fail to meet the content freshness requirement when dealing

with dynamic items.
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Fig. 1: Illustration of mobile edge caching networks.

The content dynamics have attracted increasing attention in

recent years. AoI, the new performance metric depicting the

content freshness, has been adopted in recent studies of mobile

edge caching. Content refreshing schemes have been devised

to minimize the average AoI of edge caching systems, wherein

the cached content items are dynamically refreshed to the up-

to-date versions with constrained transmission resources [15],

[16]. Furthermore, the joint optimization of cache refreshing

and content delivery schemes have been investigated to

minimize the average delay while meeting the AoI requirement

of user received content. The interplay between AoI and delay

have been studied, demonstrating a tradeoff relationship due to

the constrained wireless transmission resource [17]. Although

insightful, these works do not consider the constraint of storage

resource, and the cache placement problem is still under

investigated.

III. MOBILE EDGE CACHING SYSTEM MODEL

We consider a typical mobile edge caching network where

a cache-enabled BS provides coverage and content service to

mobile users, as shown Fig. 1. S source nodes are deployed

to monitor the surrounding environment and generate content

items of the corresponding context information. Denote by

S = {1, 2, · · · , s, · · · , S} the set of generated content

items. As the context information may change with time and

environment, the source nodes keep generating new content

versions to reflect the up-to-date information. Denote by μL,s
the version update rate of item s, and suppose the life time of
each version follows exponential distribution.

Mobile users raise requests randomly. The request arrival

process of item s is modeled as a Poisson process of

rate λs. The traffic load is thus denoted by Λ =
{λ1, λ2, · · · , λs, · · · , λS}. The BS works as a wireless sink
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node, which collects the published content items from source

nodes and delivers to mobile users on-demand. In addition,

the BS utilizes the cache instant to store part of the content

items prior to user requests. Accordingly, the cached items can

be directly delivered to users upon requests without remote

fetching, which is beneficial to save wireless bandwidth and

reduce the end-to-end service delay. Denote by C the cache

size of the BS, which is usually constrained in practical

systems. Denote by I = {I1, I2, · · · , IS} the adopted content
placement scheme, where Is = 1 if content item s is cached

and Is = 0 otherwise. Considering the dynamics of context

information, the BS always records if the cached item is valid

or not. When a source node publishes a new version, the BS

will be notified that the corresponding item is invalid in cache.

Once becoming invalid, the cached item will be refreshed upon

the next user request.

The BS serves content requests in a First-In-First-Out

(FIFO) manner. A cache hit happens when the requested item
is cached and still valid. In this case, the BS will directly

deliver the cached item to the user. Cache miss happens if

the requested item is out of cache or the cached version is

invalid. In this case, the BS provides service through two-

hop transmissions as a relay, i.e., fetching the item from the

corresponding source node and delivering it to the mobile user.

Along this process, the cached items will be refreshed as well

for future use. Denote by TH and TM the service time of

one request in case of cache hit and cache miss, respectively.

TH and TM are random variables due to factors like channel

fading, interference of other cells, and the uncertain user

locations. To conduct theoretical analysis, TH and TM are

modeled to follow exponential distributions with parameters

of μH and μM, respectively. Notice that μH < μM in practice.

The key issue of content placement problem is to select C
items to cache, whereby the cache hit rate can be maximized.

Conventional cache placement problems dealing with static

content items, whereby the hit rate can be easily derived as∑S
s=1 Isλs. Accordingly, the optimal policy is to choose the

most popular items to cache. However, the analysis of hit rate

is non-trivial for the dynamic content items, due to three-fold

challenges: (1) cache hit happens dynamically, depending on

the user request, cache placement and freshness of cached

items; (2) content delivery and cache refresh are coupled,

together influencing the system status and BS service process;

(3) the service processes of different items are also coupled as

the transmission and cache resources are shared. To address

these issues, we analyze the service process of a typical

cached item with the assumption of dedicated transmission

resource (i.e., degraded to single-item system), whereby the

cache hit rate can be derived in terms of the request arrival rate

and version update rate. Then, the items with higher hit rate

are selected to cache, i.e., the index-based content placement

scheme. The details are introduced in the following sections.

IV. EFFECTIVE HIT RATE ANALYSIS

In this section, we analyze the service process of a typical

content item, which is stored in cache and allocated with

dedicated bandwidth. The service process of the BS can be

modeled as a M/G/1 queue, with request arrival rate of λ1.
The probability density function (PDF) of service time is the

key to analyze, which can be influenced by the status of the

cached version and cache refresh operations.

A. Service Time Analysis

Denote by T the time consumed by the BS to serve one

request. In specific, three cases may happen in the service

process:

Case 1. The cached version is valid throughout the service
process, and the user is served directly with local cache;

Case 2. The cached version is valid at the beginning but

becomes invalid before the BS accomplishing the service;

Case 3. The cached version is invalid at the beginning.

Notice that only Case 1 represents a successful cache hit, while

the BS needs to fetch content item from the source node in

both Case 2 and Case 3. In addition, the service time T differs

in the three cases:

T =

⎧⎨
⎩

TH, V = 1, TH ≤ TL,
TL + TM, V = 1, TH > TL,
TM, V = 0,

(1)

where V ∈ {0, 1} is a zero-one indicator showing if the cached
version is valid at the beginning, and TL is the remaining life

time when the BS starts to serve a request. Accordingly, TL
also follows exponential distribution, due to the memoryless

property of exponential distributions.

Denote by fT (t) the PDF of T , and

fT (t) =P {V = 0} fT (t|V = 0)

+ P {V = 1} fT (t|V = 1),
(2)

where fT (t|V = 0) and fT (t|V = 1) are conditional PDFs of
T . As the service time follows exponential distribution of μM
for V = 0 (i.e., Case 3), we have

P{T = t|V = 0} = μMe−μMt, (3)

In addition, fT (t|V = 1) can be derived, as Lemma 1.

Lemma 1. If the cached version is valid when the BS starts

to serve a request, the PDF of service time is given by

fT (t|V = 1) =
(μH − μM)(μH + μL)

μH − μM + μL
e−(μH+μL)t

+
μLμM

μH − μM + μL
e−μMt.

(4)

Proof : Please refer to Appendix A.

Although the conditional PDFs of service time have been

derived, the PDF of service time still depends on the

distribution of indicator V . Furthermore, the indicator V varies

dynamically with content delivery and cache refreshing. Thus,

the service process of the BS need to be analyzed to derive

P{V = 1} and P{V = 0}.
1The subscript s is omitted for notation simplicity.
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B. Service Process Analysis

For an M/G/1 queue, the variation of queue length at

customer departure, denoted as L, can be modeled as a Markov

chain. Denote by πL the stable probability distribution of L,
where L = 0, 1, 2, · · · and

∑∞
L=0 πL = 1. Notice that the

queue length L influences the service time. If L > 0, the
queue is non-empty when a request is served and leaves the

queue. In this case, the cached version is valid when the BS

starts to serve the next request, and the PDF of service time

is given by fT (t|V = 1). If L = 0, the queue becomes

empty when a request leaves the queue, and it is uncertain

whether the cached version is still valid when the BS starts

to serve the next request. Notice that V = 1 if a request

arrives before the cached version becoming outdated and

V = 0 otherwise. Denote by TA the remaining time of next

arrival under condition of L = 0, which follows exponential

distribution of λ. Thus,

P{V = 1|L = 0} = P {TA < TL}
=

∫ ∞

0

fTA(y)

∫ ∞

y

fTL(x)dxdy

=

∫ ∞

0

λe−λye−μLydy =
λ

λ + μL
,

(5)

since the request arrival is independent with the version update

of content items. Accordingly, P{V = 0|L = 0} = μL
λ+μL

. The

distribution of V is thus given by

P{V = 0} = π0
μL

λ + μL
,

P{V = 1} = 1− π0
μL

λ + μL
.

(6)

Then, by analyzing the PDF and average service time, π0 can
be obtained, given as Lemma 2.

Lemma 2. The probability of empty queue is given by

π0 =
1− μM+μL

μH+μL
λ
μM

1 + μH−μM
μH+μL

μL
μM

λ
μL+λ

(7)

Proof : Please refer to Appendix B.

As μH > μM, π0 decreases with the traffic load λ. This
is reasonable since the overall traffic load increases with λ.
In particular, lim

λ→0
π0 = 1. Furthermore, Eq. (7) indicates the

service capacity given by Corollary 1.

Corollary 1. The service capacity (i.e., the maximal request
arrival rate) is given by

λ̂ =
(μH + μL)μM

μM + μL
. (8)

Corollary 1 suggests the capacity of the cache-enabled BS

when serving dynamic content items. When caching a static

content item, the service capacity equals to the transmission

rate μH. However, the service capacity of a dynamic content

item is jointly determined by the wireless transmission rates

and its version update rate. Specifically, the capacity increases

with the transmission rates μH and μM. In addition, the

capacity also deceases with the version update rate μL, due
to the additional transmissions caused by cache refreshing. If

μL → 0, we have λ̂ → μH. In this case, the content item

is almost static with rare version update, and the result is

consistent with static item caching. If μL → ∞, we have

λ̂ → μM. In this case, the cached item expires soon after

refreshing, and caching such item is meaningless.

C. Cache Hit Rate

Denote by PH the probability that a request is served by

cache, i.e., cache hit probability. Denote by λH the cache hit

rate, and we have λH = λPH. PH and λH can be derived

based on Lemma 2.

Theorem 1. The cache hit rate is given by

λH = λPH =

μM+μL
μH+μL

μH
μM

λ
μL+λ

1 + μH−μM
μH+μL

μL
μM

λ
μL+λ

· λ. (9)

Proof : Please refer to Appendix C.

Corollary 2. The hit rate of a cached item increases with

the request arrival rate convexly, and decreases with the update

rate μL.
Proof : Please refer to Appendix D.

Theorem 1 and Corollary 2 reveal how the hit rate of an

cached item varies with its popularity and life time, which

further indicates the gain to cache an item. Several special

cases are provided to offer insights into cache hit rate.

a) Low request arrival rate (λ→ 0)

lim
λ→0

λH = 0,

lim
λ→0

PH = 0.
(10)

In this case, the cached version always become invalid before

the arrival of request, and the BS needs to fetch the new

version to refresh the cache upon user requests. Thus, the hit

rate of the cached item goes to zero, and the content item has

no value to cache.

b) High request arrival rate (λ→ λ̂)

lim
λ→λ̂

λH =
μH + μL
μM + μL

μM,

lim
λ→λ̂

PH =
μH

μH + μL
,

(11)

where λ̂ is the service capacity (maximal allowed request

arrival rate) given by Corollary 1. Accordingly, Eq. (11)

shows the maximal achievable hit rate for the given wireless

transmission rates (μH and μM) and version update rate (μL).
c) Low content dynamics (μL � λ)

λH|μL�λ � λ,

PH|μL�λ � 1,
(12)

where the equality holds when λ
λ+μL

→ 1. As the updating

rate is much slower than the request arrival rate, one cached

version can serve many requests before becoming invalid.

Specifically, the item will be seldom refreshed when μL → 0.
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Fig. 2: Illustration of cache hit rate with respect to request

arrival rate and version update rate.

d) High content dynamics (μL � λ)

λH|μL�λ � 0,

PH|μL�λ � 0,
(13)

where the equality holds when λ
λ+μL

→ 0. In this case, the

content item updates quite frequently compared with request

arrivals. Thus, it is very likely that the cached version becomes

invalid before serving any request. Therefore, the content item

has no value to cache.

The hit rate of a cached content item is illustrated with

respect to request arrival rate and version update rate, as

shown in Fig. 2. The lines represent the results obtained

under different version update rates, where the right endpoint

shows the corresponding maximal request arrival rate (service

capacity). Specifically, the service capacity of a cache-enabled

BS is influenced by the dynamics of the cached items, varying

within range of [μM, μH]. In addition, the hit probability of an
cached item can vary within range of [0,1], depending on the

relative version update rate μL
λ .

D. PALAP Scheme

In fact, the cache hit rate reflects the value of caching a

certain content item at the BS, i.e., how much requests can

be served by the local cache without remote content fetching.

Thus, we propose an PALAP scheme, whereby the content

items with higher effective hit rates are cached with priority.

V. SIMULATIONS

In this section, we conduct simulations on the OMNeT++

simulator to validate the analytical results. Besides, the

performance of the proposed PALAP scheme is also evaluated

by comparing with the conventional MPFP scheme, in terms of

cache hit rate and delay. We consider a file library containing

100 content items whose popularity follows Zipf distribution

of parameter 0.56. The content dynamics of all items can

be classified into three levels, with the corresponding version

TABLE I: Simulation parameters

Parameter Value
coverage radius R 1000 m
system bandwidth B 10 MHz

packet size L 10 KB
packet size L 10 KB

path loss factor α 4
addictive white noise σ2 -95 dbm
transmit power of BS PBS 1 W

transmit power of source nodes PSource 0.1 W
service rate of cache hit μH 4546 /s
service rate of cache miss μM 1225 /s

item number S 100
cache size C 20

update rates set to 100 /s (frequent), 10 /s (medium), and 1

/s (low), respectively. Each item randomly choose a content

dynamic level, independent with its popularity. The BS can

cache 20 items and implements the proposed PALAP scheme

at the initial stage. Then, we simulate the service process

of 10000 requests using the Monte Carlo method, wherein

the request arrival time, transmission time, version update

time are all randomly generated. The service delay, cache hit

rate and probability are thus calculated. Important simulation

parameters are listed in Table I2. In addition, the conventional

MPFP scheme is adopted and simulated as a baseline.

A. Analytical Results Validation

We first simulate the single-item case to validate the derived

analytical results of Theorem 1. In this case, there is only one

content item which is cached at BS. The simulation results

of cache hit probability and hit rate are illustrated in Fig. 3,

with respect to the request arrival rate. Figure 3 shows that

the simulation results are quite close to the analytical ones.

The results show that the cache probability increases with the

request arrival rate and finally converges to 1 in Fig. 3(a). In

addition, the cache hit probability curves shift to the right as

the version update rate increases, revealing the influence of

the version update rate. Specifically, the cache hit probability

converges to 1 rapidly if the version update rate is sufficiently

low. In this case, the cache hit rate equals to the request arrival

rate, which is the consistent with static item caching.

The results of effective cache hit rate is shown as Fig. 3(b).

The cache hit rate increases with the request arrival rate,

and shows an approximately linear form as the request

arrival rate goes to infinity. Furthermore, the gaps between

different curves narrow as the request arrival rate increases,

and finally disappears in the linear part. These results indicate

the necessity to consider version update rate when designing

content placement schemes. Consider two content items for

instance, i.e., (λ1 = 2/s, μL,1 = 1/s), and (λ2 = 8/s, μL,2 =
100/s). The second item is much more popular than the first

one, whereas the cache hit rate is still a bit lower. Accordingly,

the value of an item depends on both the content popularity

and version update rate when caching dynamic content items

at the network edge.

2The average service rates are obtained based on Shannon formula [17].
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Fig. 3: Analytical results evaluation with respect to request

arrival rate, (a) cache hit probability, and (b) cache hit rate.

The influence of version update rate is further illustrated,

as shown in Fig. 4. The cache hit probability and rate both

decrease with the version update rate, which is consistent

with the result of Fig. 3. Notice that the cache hit rate is

less influenced by the version update rate for larger request

arrival rate λ, as shown by the solid line marked with dots in
Fig. 4(b). The physical meaning is that a hot item is worth

to cache regardless of its dynamics, while the value of a less

popular content item is to determined by its dynamics.

B. Performance Evaluation

We further evaluate the performance of PALAP. The average

delay of serving a request is obtained through extensive

simulations, as shown in Fig. 5(a). The x-axis is the request

arrival rate of all items, representing the system-level traffic

load. The influence of content popularity distribution is

also considered by varying the setting of Zipf distribution

parameter σ. σ=0.56 corresponds to the typical video content
items [18], and larger σ represents more concentrated interests.

In general, the simulation results show that the proposed

PALAP scheme outperforms the conventional MPFP scheme

in term of average delay, especially when the user interests are

less concentrated (i.e., smaller σ). Furthermore, the proposed
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Fig. 4: Analytical results evaluation with respect to version

update rate, (a) cache hit probability, and (b) cache hit rate.

PALAP scheme also improves the service capability in

comparison with the MPFP scheme. For instance, the service

capability of the MPFP scheme is around 1000 /s if the delay

requirement is 20 ms and σ = 0.01, which can be increased

to 1100 /s if adopting the proposed PALAP scheme instead.

However, the performance gain is minor when the interests

is highly concentrated. In this case, the content popularity of

different items differs significantly, which dominant factor in

content placement. The corresponding effective cache hit rate

is illustrated in Fig. 5(b). Notice that the cache hit rate no

longer increases when the request arrival rate is sufficiently

large. The reason is that the system resource is exhausted and

no further requests can be served.

VI. CONCLUSIONS AND FUTURE WORK

This work has proposed the PALAP placement scheme

for mobile edge caching, where the content dynamics of an

item is also taken into consideration in addition to popularity.

Specifically, the hit rate of a cached item is derived in closed

form when the item is allocated with dedicated transmission

resources, whereby the items of higher hit rate are chosen to

cache. The hit rate increases with the request arrival rate in a

convex manner, and shows an asymptotic linear relationship.
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Fig. 5: Performance evaluation under Zipf content popularity

distribution, (a) average service delay, and (b) cache hit rate.

In addition, the hit rate decreases with the version update rate

of the item, indicating increasing cost to maintain the content

freshness in cache. The theoretical analysis has been validated

through extensive simulations on the OMNeT++ platform. In

addition, simulation results show that the proposed PALAP

scheme can double the cache hit rate in comparison with the

conventional MPFP scheme, whereby the average delay can

be effectively reduced. Future works will extend the PALAP

scheme to the case of time-varying content popularity.

APPENDIX A

PROOF OF LEMMA 1

For V = 1, the service time can be analyzed by cases:

P{T > t|V = 1}
= P{TH>t,TH≤TL|V =1}+P{TL+TM>t,TH>TL|V =1}
= P{t < TH ≤ TL}+ P{TM > t− TL, TH > TL}
= P{t < TH ≤ TL}+ P{TL ≥ t, TH > TL}

+ P{0 < TL < t, t− TL < TM, TL < TH}
= P{TL≥ t, TH≥ t}+P{0 < TL<t, t−TL<TM, TL<TH}.

(14)

As the content delivery time TH is independent with the

remaining life time of the current version, the first part can be

rewritten as

P{TL ≥ t, TH ≥ t}
= P{TL ≥ t}P{TH ≥ t}
= e−μLte−μHt = e−(μH+μL)t.

(15)

The second part can be rewritten as

P{0 < TL<t, t−TL<TM, TL<TH}

=

∫ t

0

(∫ ∞

t−z
fTM(x)dx

)(∫ ∞

z

fTH(y)dy

)
fTL(z)dz (16a)

=

∫ t

0

e−μM(t−z)e−μHzμLe−μLzdz (16b)

= μLe
−μMt

∫ t

0

e−(μH−μM+μL)zdz

=
μL

μH − μM + μL
e−μMt

(
1− e−(μH−μM+μL)t

)
,

=
μL

μH − μM + μL

(
e−μMt − e−(μH+μL)t

)

where fTL(·), fTH(·), and fTM(·) are the PDFs of TL, TH,
and TM, respectively. As the remaining life time of the cached
version TL, the content delivery time with/out cache refreshing
TH and TH are independent, Eq. (16a) holds. Substitute

Eqs. (15) and (16) into Eq. (14):

P{T > t|V = 1}
= e−(μH+μL)t +

μL
μH − μM + μL

(
e−μMt − e−(μH+μL)t

)
=

μL
μH − μM + μL

e−μMt +
μH − μM

μH − μM + μL
e−(μH+μL)t

(17)

Substitute Eq. (17) into

fT (t|V = 1) = −dP{T > t|V = 1}
dt

, (18)

and Eq. (4) can be obtained.

APPENDIX B

PROOF OF LEMMA 2

Substitute Eq. (6) into Eq. (2), and the PDF of service time

can be obtained:

fT (t) =

(
1− π0μL

λ + μL

){
(μH − μM)(μH + μL)

μH − μM + μL
e−(μH+μL)t

+
μLμM

μH − μM + μL
e−μMt

}
+

π0μL
λ + μL

μMe−μMt

=

(
1− μL

λ + μL
π0

)
(μH − μM)(μH + μL)

μH − μM + μL
e−(μH+μL)t

+

(
1+

μH−μM
μL+λ

π0

)
μLμM

μH−μM+μL
e−μMt.

(19)
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Thus, the average service time is given by

E[T ] =

∫ ∞

0

tfT (t)dt

=

(
1− μL

λ + μL
π0

)
μH − μM

μH − μM + μL

1

μH + μL

+

(
1+

μH−μM
μL+λ

π0

)
μL

μH−μM+μL

1

μM
.

(20)

For a stable queuing system,

π0 = 1− λE[T ]. (21)

Combining Eqs. (20) and (21), we obtain a linear function

with respect to π0, and π0 can be derived as follows

π0 =

μH−μM
μH−μM+μL

μH+μL−λ
μH+μL

+ μL
μH−μM+μL

μM−λ
μM

1− μH−μM
μH−μM+μL

μL
μL+λ

[
λ

μH+μL
− λ

μM

]

=
1−

[
μH−μM
μH+μL

+ μL
μM

]
λ

μH−μR+μL

1 + μL
μH+μL

μH−μM
μM

λ
μL+λ

=
1− μM+μL

μH+μL
λ
μM

1 + μL
μH+μL

μH−μM
μM

λ
μL+λ

.

(22)

Lemma 2 is thus proved.

APPENDIX C

PROOF OF THEOREM 1

According to the three service cases, cache hit only happens

in Case 1, and the hit probability is given by

PH = P{V = 1}P{TH < TL}
=

(
1− π0

μL
λ + μL

)
μH

μH + μL
.

(23)

Substitute Eq. (7) in Lemma 2 into Eq. (23), and we obtain

the explicit form of hit probability:

PH =
μH

μH + μL

[
1−

μL
λ+μL

− μM+μL
μH+μL

λ
μM

μL
μL+λ

1 + μH−μM
μH+μL

μL
μM

λ
μL+λ

]

=
μH

μH + μL

λ
λ+μL

+ μL
μM

λ
λ+μL

1 + μH−μM
μH+μL

μL
μM

λ
μL+λ

=

μM+μL
μH+μL

μH
μM

λ
μL+λ

1 + μH−μM
μH+μL

μL
μM

λ
μL+λ

.

(24)

Hence, Theorem 1 is proved.

APPENDIX D

PROOF OF COROLLARY 1

Denote by

X =
λ

μL + λ
,

A =
μM + μL
μH + μL

μH
μM

,

B =
μH − μM
μH + μL

μL
μM

.

(25)

for notation simplicity, where A > 0 and B > 0 are parameters
independent with λ. Then, the cache hit rate can be written as

λH = λPH =
AX

1 + BX
· λ. (26)

Taking derivative with respect to λ, we have

dλH
dλ

= λ
dPH

dλ
+ PH

=
A

(1 + BX)2
μLλ

(μL + λ)2
+ PH

=
AX(1−X)

(1 + BX)2
+ PH > 0,

(27)

as 0 < X < 1. In addition,

d2λH
dλ2

=
1

dX

(
dλH
dλ

)
dX

dλ

=

[
A(1− 2X)

(1 + BX)2
− 2ABX(1−X)

(1 + BX)3
+

dPH

dX

]
dX

dλ

=
2A(1−X)

(1 + BX)3
·X(1−X) =

2AX(1−X)2

(1 + BX)3
> 0.

(28)

Thus, λH increases with λ convexly.

To analyze the relationship between λH and μL, we rewrite
λH as

λH =
(μM + μL)μHλ

2

μM(μH + μL)(λ + μL) + (μH − μM)λμL

=
μHλ

2μL + μHμMλ2

μMμ2L + μH(μM + λ)μL + μMμHλ
,

(29)

Take derivative with respect to μL, and we have

dλH
dμL

=
−μHμMλ2

(
μ2L + 2μMμL + μMμH

)
(μMμ2L + μH(μM + λ)μL + μMμHλ)

2 < 0 (30)

Hence, Corollary 1 is thus proved.
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