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ABSTRACT
Content-centric networking (CCN) is a new paradigm to
better handle contents in the future Internet. Under the
assumption that CCN networks will deploy a similar con-
gestion control mechanism than in today’s TCP/IP (i.e.,
AIMD), we can build an analytical model of the bandwidth
sharing in CCN based on the “square-root formula of TCP”.
With this model we compare CCN download performance
to what users get today. We consider di!erent factors such
as the way CCN routers are deployed, the popularity of con-
tents, or the capacity of links and observe that when AIMD
is used in a CCN network less popular content throughput
is massively penalized whilst the individual gain for popular
content is negligible. Finally, the main advantage of using
CCN is the decrease of load at the server side. Our observa-
tions advocate the necessity to clearly define the notion of
fairness in CCN and to design a proper congestion control
to avoid less popular contents to become hardly accessible
in tomorrow’s Internet.

Categories and Subject Descriptors
C.2.5 [Computer-Communication Networks]: Local and
Wide-Area Networks—Internet (e.g., TCP/IP)

General Terms
Performance
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AIMD, Caching, Content-Centric Networking, square-root
formula
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1. INTRODUCTION
The host-centered communication principle is at the basis

of the Internet architecture and has satisfied the needs of
most applications so far (e.g., Web, Email, etc). However,
Internet usage undergone a substantial evolution during last
years [6]. On the one hand, services are now distributed
across large platforms (such as Content Delivery Networks
(CDN) and Clouds). On the other hand, end users are now
more concerned by accessing services themselves rather than
caring about the host on which they are running. As a mat-
ter of fact, most of the Internet tra"c of our days is related
to content dissemination, like file sharing and media stream-
ing [7]. Unfortunately, the current Internet architecture does
not handle the challenges of this new content-centric context
in an e!ective way and thus has to be adapted to provide
inherent support of content distribution.

Among the Future Internet solutions, the information-
centric networking (ICN) approach is one of the most promis-
ing ones [1] and the Content-Centric Networking (CCN) [6]
has the most promising ICN architecture. CCN presents
the main functional blocks for e"cient content support such
as content protection, routing by content names, and in-
network caching. In CCN, contents are independent entities
that users can retrieve without having any awareness about
the location of service providers. CCN communications are
receiver-driven [6]. A user asks for contents by issuing Inter-
est packets, which are routed toward the nodes possessing
the required information; such nodes reply with Data pack-
ets, that are routed along the reverse path followed by the
Interest packets. Every intermediate node can cache the for-
warded contents, reducing network congestion and servers
load, and improving end users experience. The important
role of in-network caching in CCN has resulted in many re-
search works on caching strategies and their performance in
terms of hit/miss ratios [9, 8, 4, 10]. The focus on caching
has deviated the attention from the congestion control prob-
lem and its relation to bandwidth sharing. This latter prob-
lem strongly influences the overall network performance and
the quality of service perceived by end users, especially when
popular contents are cached inside the network. Carofiglio
et al. propose a window-based Interest flow Control Pro-
tocol (ICP) driven by an Additive Increase Multiplicative
Decrease (AIMD) mechanism to regulate the Interest rate
at the downloader [3]. Even though ICP guarantees opti-
mal fair and e"cient bandwidth sharing we further explore
the problem of congestion control and bandwidth sharing in
CCN and compare it with the situation in the existing In-
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Figure 2: Single hop scenario (H=1).

ternet to answer the fundamental question: Who wins and
who looses with CCN?.

Pure performances are important but we must understand
how everyone’s performance would change if CCN were de-
ployed tomorrow. To answer this question, we follow the as-
sumption that CCN clients requesting contents will deploy a
congestion control mechanism based on AIMD to control the
rate at which they send Interest packets, as does TCP [5].
We can then use the “square-root formula of TCP” to de-
fine an analytic throughput model for CCN and compare the
end-to-end throughput CCN would provide to content down-
loads with respect to the end-to-end throughput the client
would realize with TCP in the current Internet. By coupling
the AIMD throughput model with expressions for hit/miss
rates in network of caches and for link loss rates, we devise
a general mathematical model for AIMD in CCN and derive
preliminary results by applying our model to the study of a
chain topology. Provided that the underlying assumptions
of the present analysis hold, our findings can be summarized
as follows. CCN helps in reducing the load at the server but
is biased against less popular contents. These contents will
see their throughput decrease compared to toady’s Internet,
and the decrease factor in a chain topology can be up to
the number of CCN hops over the path to the content. On
the contrary, popular contents will get higher end-to-end
throughput but given the bandwidth limitation inside the
network, this increase is limited and might even go unno-
ticed. Moreover, the global server load reduction is func-
tion of the total caching capacity and is little sensitive to
the number of hops in the considered chain topology. Even
though this work is built around CCN, our results can be
applied to any information-centric architecture presenting
similar functionalities.

Our analysis confirms the benefits of CCN in terms of load
reduction on the network and the servers, but points out a
problem of fairness against low popularity contents. Our
results advocate the necessity of clearly defining the notion
of fairness in CCN in order to carefully design a congestion
control mechanism, and hence a transport protocol, so as to
avoid the starvation of less popular content downloads.

In Sec. 2, we present our general problem and derive the
main results. In Sec. 3, we instantiate these general results
to particular network scenarios. Sec. 4 follows up with nu-
merical results and main observations. Finally, we conclude
in Sec. 5 with a summary of our contributions and perspec-
tives on future work.

2. PROBLEM FORMULATION

Table 1: Model Notation.
Symbol Meaning

L Set of links
N Number of downloads
C Set of downloaded contents
L(c) ! L Ordered set of links along the path from the

requester to the server of content c " C
len(c) Length of path L(c)
T (c) Throughput at the receiver for the download of

content c " C
RTT (c) Mean Round-Trip Time during the download of

content c " C
p(c) The probability a Data packet for a chunk of

content c " C is lost due to congestion
!i(c) The probability that a given chunk of content

c " C is available at i hops distance from the
requesting client

!(c, l) The overall hit ratio for content c " C at all
downstream routers with respect to the link l "
L

b(l) Capacity of a link l " L
"(l) Overall tra#c at the link l " L
ordl(c) Position of the link l with respect to the path

used for the download c " C: ordl(c) = 1 means
that l is the first link encountered by Interest
packets

In this paper, we focus on the bandwidth sharing prob-
lem in Content-Centric Networking [6] and compare it with
today’s Internet. To that aim, we leverage the well-known
results regarding the throughput of AIMD congestion con-
trol within TCP/IP, known under “the square-root formula
of TCP”[2]. In CCN, every content is divided into chunks re-
quested by users via Interest packets. Interest packets head
toward the server and stop when they find a router caching
copies of the requested chunks otherwise they reach the
server. The requested chunks are sent back to the requester
in Data packets. In such an environment, a rate control
mechanism is necessary to avoid congestion that would de-
grade performance. However, there is no standard such con-
trol in CCN so far. Therefore, we assume that CCN clients
will implement a window-basedAdditive Increase Multiplica-
tive Decrease (AIMD) congestion control, as does TCP [5].
Congestion is detected by Data packet losses and the conges-
tion window is increased linearly between congestion events
and is decreased multiplicatively upon congestion. We fur-
ther assume that congestion only occurs in the download
direction which is used by Data packets. The upload di-
rection does not experience losses as Interest packets are of
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Algorithm 1 CCN throughput calculation routing
for each link l " L do " For every link l of the CCN overlay

"(l)# 0 " Aggregate throughput at link l
for each download of content c " C do " and for every download through l

!(c, l)# 1$
!

j<ordl(c)
(1$ !j(c)) " Part of c that can be retrieved from CCN routers downstream l

"(l)# "(l) + T (c) · (1$ !(c, l)) " T (c) can be evaluated from Eq. (2)
" T(c) is a function of #(l), l " L(c) and !i(c), i = 1 : len(c)

end for
#(l)# max

"
0, !(l)!b(l)

!(l)

#
" Congestion probability at link l

end for " A system of equations having #(l) as unknowns is now available

small size compared to Data packets and hence do not con-
gest the network. As a first e!ort, we assume downloaded
contents to be of large and equal size S, we leave the case
of small sized downloads to a future research.
General throughput expression: Denote by W the In-
terest transmission window, which defines the number of in-
flight Interest packets waiting for their corresponding Data
packets (see Fig. 1). The AIMD for CCN controls the win-
dow W in this way is:

W =

!
W + 1/W if a Data packet is received,
! ·W otherwise.

(1)

If p(c) is the probability that a Data packet for a chunk
of content c is lost due to congestion1, and RTT (c) is the
mean round-trip time to retrieve chunks of content c, the
mean download rate T (c) for content c is:

T (c) =
K

RTT (c)
"

p(c)
, (2)

where K is a constant. This is known as the square-root
formula for AIMD throughput [2]. The main di!erence in
our case is that copies of the chunks can be found on the
path to the server, and so the round-trip can be shorter
than in the case of TCP where the download is end-to-end.
The probability to find chunks over the path depends on the
hit ratio of CCN caches, which in its turn depends on the
popularity of the requested content c.
Throughput specification to CCN: We require expres-
sions for both congestion probability p(c) and mean round-
trip time RTT (c) to determine the throughput of a content
download c.

RTT (c) depends on the number of CCN hops between the
node that requests the content and the CCN routers provid-
ing copies of the chunks. In fact, if a content is very popular,
it is likely to be cached at intermediate CCN routers, so that
a small RTT (c) is be obtained. On the contrary, contents
with a very low popularity are mostly retrieved from the
original server so achieving a large RTT (c). In other words,
while p(c) reflects, to some extent, the load on the physical
paths of the CCN overlay, RTT (c) is related to the content
popularity.

If "i(c) is the probability that a given chunk is available
at i hops distance from the node willing to download it (the
so called hit ratio of the cache of a CCN router), we can
derive an expression for RTT (c) as follows:

1Losses of Data packets, p(c), can be learned either explic-
itly with intermediate routers sending congestion notifica-
tion, or implicitly with timeouts and sequence number holes
detection as in current TCP.

RTT (c) = d
len(c)#

i=1

i"i(c)
$

j<i

[1" "j(c)], (3)

where d is the average link delay, which we suppose to be
the same for all links for simplicity of the presentation, and
len(c) is the number of links located on the path between
the requester node and the original server. For very popular
contents, RTT (c) will be close to d and for less popular ones,
it will be close to the end-to-end delay d · len(c).

To determine p(c) we define L as the set of links belong-
ing to the CCN overlay and L(c) # L as the ordered set of
links along the path from the requester to content c’s server,
L(c) = {l1(c), l2(c), . . . , llen(c)(c)}, with lj(c) being the jth

link traversed by the Interest packets issued by the requester.
The congestion probability p(c) can hence be written in this
compact form by summing over all links that can be poten-
tially crossed by Data packets:

p(c) =
len(c)#

i=1

"i(c)
$

j<i

[1" "j(c)][1"
$

k"i

(1" #(lk(c))] (4)

= 1"
len(c)#

i=1

"i(c)[1" #(li(c))]
$

j<i

[1" "j(c)][1" #(lj(c))]. (5)

#(li(c)) denotes the probability of a congestion event at the
link at i hops distance from the requester. It is function of
the load on links and is to be determined.

The hit ratio "i(c) is a function of content popularity [8]
and hence we assume it to be the input of the problem
that depends on how frequently the di!erent contents are
requested and the size of CCN caches.
Closing the loop with a view at links: Whereas "i(c)
is an input to the problem, the congestion probability at a
link l $ L, #(l), is a function of the tra"c on this link and
the available capacity. If b(l) denotes the capacity of link
l, we can derive an expression for the data tra"c at link l,
and hence for the link congestion probability, by summing
over the di!erent downloads going through it. Such expres-
sions for all links closes the loop between AIMD and network
links and provide the missing system of equations to solve
the entire problem. Note that in our problem formulation a
content download goes through a link l if this link is on the
path between the requesting client and the original server.
Interest packets themselves can be satisfied by any interme-
diate router and might not even reach the link l.

For each content download c $ C, we denote by T (c) its
throughput (see Eq. (2)), and by#( c, l) the overall hit ratio
for this content at all CCN routers between the requesting
client and link l, i.e., 1 "

%
j<ordl(c)

(1 " "j(c)). The load
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caused by this download on link l then becomes T (c) · (1"
#(c, l)). We sum the load of all downloads through link l to
obtain its total load,$( l). This total load on link l drives
its congestion probability, which can be assumed equal to
the ratio of dropped Data packets, #(l) = max(0, ($(l) "
b(l))/$(l)). This probability is a function of content hit
ratio and congestion probabilities at other links.

By combining the set of expressions of #(l) with the ex-
pressions of the throughput of the di!erent downloads as
provided in Eq. (2), we can derive a system of equations
with the #(l) as unknowns, that we can later solve for the
throughput of each download. Pseudocode 1 summarizes
the rationale of our approach.

3. USE CASES
The above model can be applied to any network topology

and can be solved numerically for the download rate of ev-
ery content, and hence for network resource utilization. In
this section, we specify the results and provide closed-form
expressions for two simple but yet very useful cases, the one-
hop and the multi-hop chain scenarios, with congestion at
the access close to client. The access is often the bottleneck
in today’s Internet, and this is very likely going to continue
with CCN as the in-network caching will relax the core and
put further the pressure on the access.

Our main focus is on the way CCN would a!ect content
download throughput, the fairness among di!erent contents,
and the load at servers. For this, we introduce two metrics
that provide insights on the aforementioned issues. On the
one hand, for content c $ C, $(c) models the ratio of the
download rate achieved by CCN (i.e., using AIMD) and the
one achieved by TCP/IP over the same network topology.
$(c) > 1 (resp. $(c) < 1) means that CCN will improve
(resp. worsen) the throughput of download c with respect
to TCP/IP. On the other hand, % compares the overall load
at the server side in a CCN network with the one the server
would experience with TCP/IP. The closer to zero is % the
larger is the contribution of CCN in decreasing the tra"c
load at the server side.

To evaluate $ and % we have to introduce the new variables
T̂ (c) and $̂(l), defining the download throughput for content
c and the load at link l, respectively, if classic TCP is used
instead of CCN.

Proposition 1. In a chain topology with H hops (see
also Fig. 2) composed of (i) a network of users that trigger
N downloads, i.e., c1 . . . cN ; (ii) H+1 links, i.e., l1 . . . lH+1;
and (iii) H CCN routers, assuming only l1 is congested, the
$(ci) metric for the ith download can be approximated as:

$(ci) =
T (ci)
ˆT (ci)

% 1/RTT (ci)
!N

j=1 1/RTT (cj)

N

. (6)

The Proof is reported due to lack of space in [11].
Proposition 1 means that the throughput gain using CCN

is inversely proportional to the mean round-trip time. It is
also proportional to the harmonic mean of round-trip time
over all downloads (having di!erent popularity). Since the
mean round-trip time decreases with popularity because of
a higher hit rate at first routers, popular contents get higher
throughput than non-popular ones. In our case, the di!er-
ence can be up to a factor of H+1 between the most popular

contents and the less popular ones (a chain of two links of
equal delay). However, as we show later in the text, popular
contents do not realize high gain with respect to TCP/IP
though since they drive the harmonic mean of round-trip
time with their popularity. The download of less popular
contents, instead, can significantly be impaired with respect
to today’s TCP/IP.

Proposition 2. Under hypotheses of Proposition 1, the

server load ratio % =
!(lH+1)

!̂(lH+1)
can be approximated as follows:

% =
$(lH+1)

$̂(lH+1)
=

&N
i=1

"H
j=1[1!!j(ci)]

RTT (ci)&N
j=1

1
RTT (cj)

. (7)

Again, we report the Proof in [11].

4. NUMERICAL EVALUATION
In this section, we compare the performance of the com-

bination of CCN and AIMD with those of current TCP/IP
for di!erent tra"c patterns and chain topologies. To that
aim, we first determine the gain in terms of download rate
and then the impact of caching on the fairness.

In our evaluation, we always consider 1, 000, 000 contents
forming the set C and a total of N = 100, 000, 000 down-
loads with a content popularity distribution following a Zipf
law. We change the way tra"c behaves by modifying the
steepness of the popularity distribution. We take two ex-
treme cases; on the one hand, the di!erence of popularity
between contents is low which is materialized with an alpha
Zipf’s parameter of 1.1. On the other hand, the di!erence
of popularity between contents is high with alpha equals to
2.

In this paper, we consider networks composed of a chain
of LRU caches. For the sake of the evaluation, we fix the
end-to-end delay (i.e., the delay between the two ends of
the chain) to 100 ms but change the number of hops H
(i.e., caches) in the network and adapt the hop delay so
that the end-to-end delay remains the same. Our evaluation
considers H $ {1, 2, 5, 10} with a delay at each hop equal
to 100

H+1 ms. Analytic expressions for the hit rates of caches
in chain topologies are given in [8] which capture the influ-
ence of cache sizes and network tra"c load. We simulate
di!erent caching capacity in the network and evaluate the
impact of di!erent memory allocation policies among caches.
More precisely, we use three di!erent allocation policies.
The small first policy is such that the size of the mem-
ory allocated to each router exponentially increases with the
distance from the client, whereas the big first allocation
policy behaves in a contrary way. Finally, the equal alloca-
tion policy uniformly distributes memory among caches.

4.1 RTT behavior
The mean round-trip time has a direct impact on the

download rate as can be seen in Eq. (6). From the liter-
ature of TCP/IP and AIMD [2], it is known that the down-
load rate for long transfers is inversely proportional to the
mean round-trip time. Fig. 3 gives the mean RTT defined
in Eq. 3, for each content in C, ordered by its popularity,
for the two popularity distributions and for di!erent values
of H. The total caching capacity is equal to 10, 000 and the
equal memory allocation policy is used. As one can expect,
the popularity of content has a direct impact on its mean
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delay when CCN is used, which is not the case in TCP/IP
where all contents are served by the server. In CCN, popu-
lar contents tend to be cached close to the clients and least
popular contents are cached close to the server or not cached
at all. As a result, the most popular contents have a delay
close to 100/H ms while the least popular contents have a
100 ms delay. In addition, we observe that if the popular-
ity distribution is steep, caching is more selective leading to
more contents served with low delay.
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Figure 3: Impact of the chain length on the mean
RTT.

4.2 Throughput gain
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Figure 4: Impact of the chain length on the through-
put gain.

As said before, popularity leads to a smaller round-trip
time in CCN which is not the case in TCP/IP where all
contents are served on an end-to-end basis. We know from
the square-root formula that the throughput of AIMD is
inversely proportional to the mean round-trip time [2]. In
CCN, the round-trip time is influenced by the hit rate (i.e.,
Eq. (2) ) which is a function of the popularity, thus one
should expect di!erent throughput for di!erent popularity.
We thus evaluate $(c), the throughput gain for content c ob-
served by the client, based on Eq. (6). Fig. 4 shows $(c) for
every content c with a total of 10,000 caching entries allo-
cated among caches with the equal policy. It is not surpris-
ing to observe that the more the content is popular (i.e., the
lower its delay) the higher is its throughput gain. However,
we can see that when the popularity distribution is steep
(e.g., alpha = 2), the throughput gain for contents having a
high popularity is close to 1 and close to 1

H+1 for less pop-
ular ones. Indeed, when popular contents are much more
requested than the other contents, the caching for them at
the first hop is very e"cient, leading to almost equal delay
and equal throughput for all of them. Given their popu-
larity, they drive the harmonic mean of the RTT over all

contents and make it equal to their own RTT. According to
the expression of $(c) in Eq. (6), the gain for them is hence
almost equal to one, whereas the throughput for less popular
contents decreases by a factor of H + 1 compared to stan-
dard TCP/IP. A practical explanation for this behavior is
that contents having a high popularity saturate the access
link in both TCP/IP and CCN. Since they realize equal
throughput in both cases, they do not notice an increase in
their throughput when deploying CCN with steep content
popularity demand. This is clearly not the case when the
popularity distribution is gradual where caching is less ef-
ficient and reduces the hit rate of popular contents. The
harmonic mean of the RTT hence increases and the gain for
very popular contents can reach larger values than 1 as ex-
pressed in Eq. (6), whereas for others it drops below one.
In this case, the access is always saturated by popular con-
tents, but given they have di!erent throughput; they behave
di!erently compared to standard TCP/IP. Concerning less
popular contents, they keep loosing compared to standard
TCP/IP even if they realize a slightly better throughput
than in the case of steep popularity because of a larger har-
monic mean of RTT.

4.3 Caching capacity and throughput gain
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Figure 5: Impact of the total caching capacity on
throughput gain.

Fig. 5 determines the impact of the total caching capacity
on the throughput gain, for the equal memory allocation
policy. As expected, the less the caching capacity of the
network, the higher the throughput gain for very popular
contents since they are fewer and fewer to leverage the small
RTT provided by caching and hence the better throughput
of AIMD. The harmonic mean of RTT increases when the
network caches fewer contents, leading to the observed re-
duction in the throughput of less popular contents. Fig. 6
complements the study by showing the impact of the cache
placement policy. For the sake of readability, Fig. 6 only
shows the results for a total of 10,000 caching entries and
H = 10 hops. On the one hand, when using the small
first cache sizing policy, a very limited set of popular con-
tents is able to reach a remarkable gain with respect to TCP,
whereas remaining ones will experience less throughput than
in a TCP/IP network. On the other hand, pushing mem-
ory towards client (i.e., big first) reduces the harmonic
mean of RTT and increases the number of content with a
short RTT. As a result more contents have a gain, but the
less popular ones (i.e., those with a longer RTT) su!er from
a higher throughput degradation. A large harmonic mean
of RTT (e.g., with small first) implies longer paths but
limits the throughput degradation for less popular contents.
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On the contrary, a smaller harmonic mean of RTT (e.g.,
with big first) shortens the paths but degrades more the
throughput of less popular contents.
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Figure 6: Impact of the cache placement on the
throughput gain.

4.4 Server load
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Figure 7: Impact of the total cache capacity on the
server load.

Fig. 7 shows the impact of the total caching capacity and
the chain topology (i.e., number of routers) on the server
load. The figure plots %, where % is defined in Eq. (7) as
being the server load with CCN compared to TCP/IP. As
one can expect, there is a considerable reduction of server
load with CCN and the load consistently decreases with the
overall caching capacity. Indeed, the more the caching ca-
pacity in the network, the more likely contents are cached
and server does not intervene. The gain from increasing
the total capacity has more impact on the server load than
how memory is distributed in the topology. The figure also
shows that the more the total capacity, the less the topology
impacts this gain.

5. CONCLUSION
In this work, we have modeled and studied the perfor-

mance of the CCN architecture adopting classic AIMD con-
gestion control. Our work focuses on performance gain/loss
every user would experience based on the popularity of con-
tents she retrieves from the network with respect to the cur-
rent Internet. Our results clearly point to a fairness issue if
AIMD is used with CCN. Indeed, combining blindly AIMD
and CCN can severely worsen the download throughput of
less popular contents with respect to the today’s Internet
due to subtle interactions with in-network caching strate-
gies. The way cache memories are distributed within chain
topologies has been investigated too, showing that for small
and heterogeneous cache spaces, placing the biggest caches

close to clients improves performance due to a smaller RTT
on average. On the other hand, CCN can significantly re-
duce the load at the server side independently of the cache
allocation strategy. Our findings advocate the urge of clearly
defining the notion of fairness in CCN and designing conges-
tion control algorithms able to limit the unfairness observed
between contents of di!erent popularities. In addition, for
the sake of generality, our model must be extended to com-
plex topologies and validated with experiments.
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