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ABSTRACT In-network caching as a core function in ICN can greatly improve the content distribution
efficiency and reduce redundant network traffic. It is a challenge to design caching strategies in ICN to
improve the performance of in-network caching. Traditional lightweight strategies are inefficient due to
problems such as edge caching pollution and slow diffusion speed. Current caching strategy with popularity
prediction does not fully consider the content capacity of ICN network. They usually have huge computation
overhead and cannot meet line-speed requirement. This paper focuses on the research of lightweight on-path
caching. Our caching strategy is proposed according to the edge-degree of routers along the forwarding
path. This strategy can quickly form a hierarchical content placement with little overhead. A large number
of experiments are conducted to examine the performance of our strategy in different topologies and
workloads. The simulation result reveals that our caching strategy can reduce the average download latency

by 10.2% and increase the cache hit ratio by 9.6% at most compared with other lightweight strategies.

INDEX TERMS Information-Centric Networking, In-network caching, Caching strategy, Lightweight

I. INTRODUCTION

Information-Centric Networking (ICN) [1] is proposed as an
effective future Internet architecture to address the problem
of content distribution efficiency in current network architec-
ture. Pervasive in-network caching is regarded as a funda-
mental function of ICN [2]. The pervasiveness makes ICN’s
caching mechanism different from traditional Web caching.
The caching network topology in ICN is no longer hierar-
chical but arbitrary [3]. Meanwhile, as basic service, caching
in ICN router should support line-speed operation [4], which
limits the computation consumption of each router and the
caching strategies must be simple enough [5]. Caching strate-
gies determine the content placement in the network [6]. The
content placement is a process in which the user’s requested
content is cached in the caching nodes along the forwarding
path. It has a significant role to improve the overall network
performance [7] [8].

ICN caching strategies can be divided into three types: in-
dividual caching, on-path caching and collaborative caching.
Simple as it is, individual caching usually have poor perfor-
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mance due to the limited information in each node. In on-
path caching, a content is cached in the routers along the
return path when it is served from the source of the content
to the user, so the information along the path can be used to
improve the performance of strategies. Collaborative caching
strategies often need to communicate with the nodes beyond
the forwarding path but they introduce too much additional
overhead to the device and bandwidth to support the line-
speed operation. For example, some collaborative off-path
caching strategies add too many mechanisms to the network,
resulting in heavy load for the link and decrease in node
performance [9] [10]. Therefore, these strategies are out of
our scope and this article will only focus on the on-path
caching strategies.

The primary goal of on-path caching strategies is to cache
the replica of popular content to the edge of the network as
quick as possible [11]. Traditional on-path caching strategies
may cause unpopular contents to occupy the cache due to the
simple mechanism, or the popular contents can not spread to
the edge of the network quickly [12]. Some recent strategies
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make caching decisions in a priori way by counting the
request times of passing content, which can significantly
improve the hit ratio of cache compared to the traditional
strategies [13] [14]. However, these strategies tend to con-
servatively estimate the huge content space constraint. It is
difficult for hardware devices to implement these idealized
strategies due to the cache capacity limitation. Therefore, we
design a lightweight caching strategy that can handle network
traffic at line-speed, using filtering mechanism to prevent
content that is only requested once from being cached to the
edge of the network. We collect route information instead
of popularity information to spread the replica of popular
content quickly to the edge of the network.

The main contributions of this paper are as follows.

1) We formulate the caching revenue maximization prob-
lem as the average latency minimization problem in
the general cache system model and propose the ideal
content placement in the model. Different caching
strategies are compared and evaluated according to this
model.

2) We propose a Node Edge-degree-based Caching strat-
egy to push popular content to the edge of the network
quickly and to help forming a hierarchical content
placement in the network. We implement our strategy
in our self-developed content router based on Protocol-
Oblivious Forwarding(POF) switches and design cor-
responding protocols and flow tables.

3) We evaluate our caching strategy in simulations based
on real-world network topologies and various work-
loads, which reveals that our strategy can reduce the
average download latency and increase the cache hit
ratio. Throughput and computational overhead of our
strategy implemented in content router are tested to
verify the scalability of our design.

The rest of this paper as follows: Section II provides
related research work on ICN on-path caching strategies.
System model is presented as Section III. Section IV presents
the Node Edge-degree-based Caching Strategy. Section V is
experimental results. Section VI concludes the paper.

Il. RELATED WORK
On-path caching is performed at the routers of a network,
following either a chunk or a packet naming granularity. On-
path caching is highly influenced by the dynamic networking
enviroment of ICN, which means operations such as mon-
itoring and collection of statistical information tend to be
impractical and inefficient. Due to these limitations, on-path
caching is considered to be a short-term decision where the
lighweight and heuristic tecnhiques are usually used [15].
Many current on-path strategies filter the content based
on popularity [20]. Only the most popular content can be
cached in the edge routers while unpopular content may only
be cached in the center of the network. MPC [13] records
the popularity of content items by adding a counter for
each entry in the hash table and predicts the popularity of
content based on the number of requests for the content in
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the past. However, it needs to monitor all the content requests
passingby, which consumes a large amount of CPU resources
and dram memory. The overhead is so large that line-speed
requirement can not be met and the current cache capacity
is not enough to hold all the record. Despite the trade-off
between popularity accuracy and memory consumption in a
multi Bloom filter strategy [18] and CBF-Hash tables hybrid
scheme [19], the forwarding performance of the routers are
severely affected unless consuming huge amounts of memory
[20]. Other proactive strategies try to cache content only in
the wireless edge [21] [22], they are just optimization of the
edge cache, ignoring consideration of the overall network
caching performance.

Strategies mentioned above act in a priori way. They
predict the content popularity as prior knowledge and make
caching decision according to it with huge memory consump-
tion. Some traditional lightweight strategies make caching
decisions without prior knowledge and cache content fre-
quently with simple replacement strategies used [23]. Grad-
ually, content that remains in the cache is supposed to be
popular. These strategies use meta algorithms to determine
the caching location of a content item with little overhead.
LCE as the default algorithm caches the content in all the
nodes along the path by default, which leads to much re-
dundancy. EDGE caching [24] [25] caches all the content
items at the edge of network. However, this strategy will
run out of edge cache capacity and result in fast content
replacement. Replacement errors will happen frequently due
to the existence of a very high percentage of objects that
are requested only once. These so called one-timer objects
usually amount up to 45% of the total requests and 75% of
the total distinct objects presented in the workload [26]. The
caching for these one-timer objects will result in reduced
performance. ProbCache [11] uses a probabilistic approach
to cache content in a subset of on-path nodes, which reduces
the frequency of edge replacement. But the proportion of
one-timer objects on the edge is still not changed. Both
popular and unpopular content are cached in the edge without
distinction, which we call edge caching pollution.

In LCD [12], a new copy of the requested content item
is cached only at one hop downstream on the path from the
location of the hit router to the user. LCD is more “conserva-
tive” than LCE or ProbCache as it requires multiple requests
to bring a content item to an edge router, with each request
advancing a new copy of the content item one hop closer to
the user. So one-timer content items are hardly cached in the
edge and rate of replacement errors will be greatly reduced.
But for the same reason, the spread of popular content is also
suppressed because a popular content item can not be cached
in the edge before being requested for enough times. The
slow diffusion speed brings a bad time adaptability. There
will also be much redundancy along the path, which will
affect the performance of caching.

Other on-path strategies in [27] [28] are based on global
topological information of nodes. These strategies believe
that content should be cached at a node with higher centrality.
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FIGURE 1. A generic caching mechanism in an ICN network.

Many centrality measures are proposed including Degree
Centrality, Stress Centrality, Betweenness Centrality, Close-
ness Centrality, Graph Centrality and Eccentricity Centrality.
Except the Degree Centrality, the other centrality measures
are impossible to be calculated locally. The system has to
have a holistic view of the topology and manage the dynamic
topology with very high cost. Moreover, these strategies can
improve the cache hit ratio by putting popular content copies
in the center of networks, but they cannot effectively reduce
the download latency because requests have to travel multiple
routers to hit the node with high centrality.

lll. SYSTEM MODEL
A. MODEL SET UP

In this section, we model and study a general caching net-
work in ICN. As shown in Fig.1, before requesting a content
c in the caching network, user U1 needs to ask the local fast
name resolution system(NRS) where is the nearest content
replica. Then Ul will send an interest packet(request) to
the corresponding node S(which is the server of content c
and published content ¢ in NRS previously) when receiving
the response from the NRS. Once the request hits the node,
content will be retrieved along the symmetrical path S-R3-
R2. All routers in the network are equiped with caching
abilities and R3 decides to cache the content ¢ according to
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FIGURE 2. Network topology and the genration process of forwarding path for
f. Nodes in forwarding tree T's; will forward local request for content f to the
node s; along the shortest path. All these forwarding tree T's; make up
forwarding forest G .

the local caching strategy and publishes it to the NRS. When
user U2 requests the content ¢, the NRS will respond to U2
with the node R3. So U2 can quickly get the content c at node
R3 without travelling to S.

A possible topology of network is an arbitrary directed
graph G= (V, E) as shown in Fig.2, where node set V'
represents content routers and edge set E is the set of links
between these nodes. C; is the cache size of node 7 € V' and
(i,4) € E denotes the link between node ¢ and node j.

The request generated by users attached to each node is
i.i.d. and follows a Poisson process based on the parameter \.
The content setis F'={ f1, fo, ...} with asize of | F'|. Contents
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in the network exist in chunks. Each chunk corresponds to a
content request. Thus, each chunk can be considered as an
item. We commonly set each content item following Zip-f
distribution with a unified size M [16]. A content server sg is
set in the network with infinite storage to hold all the content
items in F' for which all the request can be served in the
network. For the content item f requested by any user, the
total number of content copies in the network is denoted by
k(k >=0), and the set of nodes storing the content item f is
Sf = {So, S1, 82, Sk}

TABLE 1. List of main notations used in the system model

notation representation
% node Set
E edge Set
(3,7) links between node ¢ and node j
C; cache size of node 7
F content set
fi it content in F
Sy set of nodes which have content f
S0 server node which has long-term storage for all content in F'
si(il = 0) an arbitrary node in Sy caching content f
D latency of transmitting a content item along (¢, )
T4 forwarding tree for content f which is rooted at s;
Gy forwarding forest which is composed by T'y; for all s; € Sy
'rzf request rate for content f by direct users in node ¢
szj request rate for content f in node j from node 4
X Zf boolean variable indicates whether content f is in node ¢

When a user requests a content, the content resolution
system will automatically respond the user with the closest
node among all the node caching this content item. Then
the user will send a request message to that node. Here we
assume that the request message will be sent along the path
with the minimum distance. The latency of transmitting a
content item between any two neighbour nodes 4,5 is the sum
of transmission latency and processing latency. We set the
latency as a constant value D;; and use the latency D;; to
measure the distance between ¢ and j. The network devices
and link bandwidth can process and forward all the traffic in
time without denial of service or network congestion.

B. PROBLEM FORMULATION AND ANALYSIS

Average download latency is an important indicator to mea-
sure performance of network caching, which is the time
interval between when the content request is sent and the
data packet arrives. In this subsection, we will formalize
the average download latency minimization problem, then
analyse the impact of related parameters and factors.

Given the content distribution status in the network, for
any request for content item f, we first construct a path tree
to determine the node where users can request content item f.
The set of sources for content item f is Sy= {9, 51, S2, ...5k }
as shown in Fig.2(where k& = 2). The nearest source s; will
be chosen for each node to forward the content request and
the shortest path can be determined. For example, node s;
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will be chosen as the source of content item f for node e
because it is closest to node e among {sg, s1, $2}. At each
node there must be one and only one next hop to forward
an unsatisfied request for content f. Therefore, a tree (1'y; =
(Vii, Ep;)) rooted at s; can be derived from these forwarding
path (Fig.2(b)), where V; is a subset of V and Ey; is a subset
of E. As shown in Fig.2(b), requests for content item f in
node ¢ will only be forwarded to s;, so the edge between
50 and c is neither included in T'¢y or T'rq. Then we can get
the forwarding path map Gy composed by all the £ + 1 path
trees as shown in Fig.2(b), where Gy =To U1y U.. Ty;. An
unsatisfied request for f at node ¢ will be forwarded to the
parent node of ¢ in Gy, from which we can derive forwarding
path of all the requests for content item f at any node.

Now that we have the request path of each node for the
content item f according to the spanning forest G ¢, which
can be derived from all the connected graph T';, we can
start to calculate the download latency. Here we define rzf as
the average local request arrival rate for content f in node 7,
which is contributed by local users. And we define szj as the
request rate from node 4 to node j for f. Therefore, in node 3,
the request rate for content f is rif plus the sum of the request
rate of its child nodes in G'¢, the request rate will be ended at
the node if it stores the content item f, otherwise the request
will be forwarded towards the parent node as illustrated in
Fig.3. So we have lej for (,5) € Gy:

lejz(rlf—&- Z

k:(k,i)EGy

RL)(1 - X)) (1)

Xif is 1 if content f is in node 7 and O otherwise. Because
D;; represents the physical transmission latency between
nodes %,j. According to our assumption that all packets
travel in a shortest path, each content request forwarded
upstream traversing link (¢, j) corresponds to a content chunk
traversing the reverse link (7, ¢) downstream. The requests of
each node obey IRM distribution [33], and the total number
of requests in the network per unit time is a steady-state value
which can be set as a constant (). So we get the average
download latency(ADL) function:

ADL =" 3" 2R[D;i/Q 2

fEF (i,5)€Gy

The average download latency minimization problem can
be formulated as follows:

mlnz Z QRZJ-DJ@‘/Q (3)

fEF (i,5)€Gy

P
s.t.C; > Z x/ Vie N,Vk e F )
=1
x/ e {0,1}

x/ =1

Vie N,Vk € F (®)]
Vie S, VkeF 6)
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FIGURE 3. S is the source of content f and a, b, ¢, g do not have the content
item f in cache. a, b, c are leaf nodes and R is equal to r. g is parent of a,
bandc, so R/, is the sum of R/, R{g, Rf, andr/.

The construction of forwarding path map is an MDS prob-
lem [17]. The minimum average latency solution is essen-
tially a static content placement problem which is a complete
knapsack problem. Therefore, the problem can not be solved
in polynomial time in a resource-constrained ICN router.
When the network and content scale increase, the solution
time will increase exponentially and line-speed requirement
of ICN can not be meet.

Since it is a NPC problem unable to be solved in polyno-
mial time, we analyse the formulation and can figure out from
our experience that:

Proposition 1 Contents with higher popularity can reduce
more latency.

We denote request rate from node 7 to node j for f as
follows:

Rfcj:(rlf—&- Z

k:(k,i)eGy

RlH)a-x/)=Pa-Xx{)

It means the traffic generated by each node is related to the
content popularity Pf .if we have X zf =X Zf *=0and Pif >
Pif 2, it will reduce more latency to cache f; than f; because
target function has more reduction according to Pif ! than Pif 2

Proposition 2 Along the path from content source to the
user, caching farther away from source reduces more latency.

We consider two nodes 7, j € G ¢, where 7 and j are on the
path of the leaf node [ to source node s. j is the parent node of
i in Gy, and therefore closer to node s. For content f, X f =
X Jf = 0, when storing at node j and not at node i, the total la-
tency can be cutdownby Dj =37, . (e ;. Bun Dnm
where Pj, is the link set composed by the link from j to s
in G¢, and when f is stored in ¢ instead of j, the average
latency will reduce D; = >, ). (m.n)e P, R}, Dy We
have Di — Dj = Rij Dj; > 0, so caching farther away from
source will cut down more downloading latency.

With Proposition 1 and 2, we conclude that content should
be cached hierarchically in the network, the more popular
content should be closer to the edge of the network.
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IV. DESIGN OF NEC

In this section, the brief design idea about our strategy
is proposed. We first describe the edge-degree estimations
process in the algorithm, which is the foundation of caching
decision in the strategy. Then we will show our Node Edge-
degree-based Caching overall as well as the details and an
example of the strategy.

A. EDGE-DEGREE ESTIMATION

According to the conculsion in Section II, the motivation of
our research is to cache content hierarchically and quickly in
the network. So the more popular content should be closer to
the edge of the network and popular content needs as few
request times as possible to diffuse to the edge . Explicit
knowledge about popularity of content is not involved in our
strategy for the lightweight consideration. We make caching
decisions based on the node location information which
implicitly reflects the popularity of content inside. Here we
define the edge-degree as a basic parameter which measures
how many hops a node is away from the nearest edge node. In
traditional strategies, node information has to be maintained
by central system, for example using SDN, because the node
information only makes sense in the whole network. It will
put heavy overhead on the controller when the network scale
becomes large. So we will get the edge-degree in a distributed
manner.

To get the edge-degree of all caching nodes in the network,
the edge nodes are marked in advance with the edge-degree is
zero by default. An edge node will periodically send broad-
cast packets to inform its one-hop neighbour of its edge-
degree. After receiving the broadcast packet, the neighbour
node will use the the edge-degree value plus one in the
broadcast packet as a candidate value. The original value of
edge-degree will be updated if it is larger than the candidate
value. For example, as shown in Fig,4, the broadcast packet
sent by node ¢ to f tells f that the edge-degree of c is 0,
and the default edge-degree of f is 16(16 is the default edge-
degree for all caching nodes). So the edge-degree of node f
is updated to 1. When f receives the broadcast packet from g,
it will not update because the original edge-degree is 1, and
the candidate edge-degree in the broadcast packet from g is
2. If the edge-degree of a node changes, it will send broadcast
packets to inform its one-hop neighbour in the same way like
an edge node, otherwise no operation is performed. The result
of the update process of all nodes is shown in Fig.4.

B. NODE EDGE-DEGREE-BASED CACHING

In our target content placement, content in routers closer
to the edge is supposed to be more popular. So a content
hit in a router should be cached in a router with a smaller
edge-degree. In our caching strategy, each time a content is
hit or served, it is tend to be cached near the midpoint of
the forwarding path. For a k-hop path, it takes O(log(k))
requests to bring the content to the edge of the network.
It can be seen as a trade-off between Edge caching and
LCD caching. It obviously reduces redundancy and avoids
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FIGURE 4. Caculation of edge-degree for caching node.

caching pollution in edge caching. Our caching strategy also
accelerates content diffusion in LCD because LCD needs at
least O(k) requests to bring a popular content to the edge
of the network compared with O(log(k)) requests in our
strategy.

We use the edge-degree as a measure to find the midpoint
of this path. For the node where a request is hit, if the edge-
degree of the node is e, we select the node along the path with
edge-degree |e/2] as the caching node. As shown in Fig.4,
the request from U1 for content c is served at k and content ¢
returns along k — j — h — e — b, the caching will take place
at a node with an edge-degree of 2, which is node h, just near
the midpoint of the forwarding path.

C. PROBLEM AND DISCUSSION IN NEC

Broadcast Storm. The process of calculating edge-degree
requires a lot of interactions between neighbour nodes which
may cause broadcast storm problems. Considering the worst
case scenario, each node may cause n updates where n is
in-degree of the node. The number of updates may be signif-
icantly large when recursing to the central node. Therefore,
in each caching node, broadcast packets are sent only when
the edge-degree updates, and the broadcast can not be sent
before waiting for a delay (set to 100ms) to collect all the
broadcast messages from neighours. Then the node will send
the broadcast packet with local minimum edge-degree, which
can effectively reduce the number of broadcast packets and
the load of the central links and nodes.

Cache redundancy. Nodes on one given path may have

the same edge-degree, which will cause duplicate caching of
content on the path. Referring to Fig.4, when U2 request the
content ¢ from node h, data packets will be forwarded along
the path of h — f — g — d. Node f and node g have the same
edge-degree(1), which is exactly 1/2 of the edge-degree of
node h(2). According to our caching mechanism, both f and
g need to cache the content. To avoid redundancy, we will
set a caching flag bit 1 in the content packet. The flag bit is
set to 0 after caching. When the packet arrives at node g, no
caching is performed because the flag bit has been set to O at
node f.

Uneven Content distribution. The caching position of
the content item sent from a certain node can be determined
according to NEC. But the network topology is usually fixed
or has little change, so the caching position from the same
source along the same path is usually fixed. For example,
when the content sent by node k travels through the path
k —j — 14— g — d, content can only be cached in i or
downstreams. This will cause load imbalance and low cache
space utilization in node j. Therefore, we need to distribute
the caching from source to the midpoint of the path. So we
adjust the value of |e/2] to |e/2+p], where p is the discrete
factor generated based on an uniform random generator to
ensure a balanced caching distribution within the network.

Implementation. We implement our caching strategy in
our POF-based ICN content router. The design of our soft
router adopts a split architecture composed by a switch end
and a storage end to prevent caching from blocking forward-
ing operations as shown in Fig.5 [29].The switch end is only
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FIGURE 5. Architecture of POF-based content router.

responsible for the filtering and forwarding of packets. We
use a POF-switch to build the switch end enabling a white-
box design so that flexible protocals and forwarding mech-
anisms can be supported [30]. The storage end manages the
local storage with a DRAM-SSD-based hierarchical content
store and communicates with the switch end through a NIC
by our proprietary protocol.

When the content router receives an interest packet, the
interest packet will be forwarded to the storage end. If the
interest packet hits the content store in the storage end, the
corresponding data packets for the interest will be encapsu-
lated with caching control field in the packet header by the
storage end. The caching control field for NEC is designed
in header of transport layer and is shown in Fig.6(a). The
caching control field marking process is shown in Algorithm
1. As the ICN standard is being developed [31], it cannot
guarantee that all servers and producers support this strategy
natively. In this case, an additional default caching field needs
to be added to the caching control field, which is initially
set to 1. All caching nodes will immediately cache the data
packets marked by 1 in the default caching field and set the
field to O after caching. So our router which supports the
NEC strategy will set the default caching to O in storage
end as line 4 in Algorithm 1. In the line 6 of Algorithm
1, caching flag is set to 1 according to previous description
about cache redundancy in section IV.C. Target edge-degree
is set to |e/2 + p| where e is local edge-degree informed
by the switch end and p is a discrete factor generated by
Caching-Control-Field-Marking component ranged from 0 to
e/2 in line 5. When the caching control field is marked into
the header of the data packet, the packet is forwarded to the
switch end and the switch end will forward the packet back
towards the user.

When the data packet arrives at the router on the delivery
path, the switch end of the router processes the packet first.
Switch end will make a caching decision quickly according
to the caching control field in the packet header. The decision
making is shown as the data packet filtering in the algorithm
2. The default caching field in the header is first checked

VOLUME 4, 2016

Caching Control Field(2Byte with 6bit reserved)
LS

e 8

Default caching(1bit) ~ Caching flag(1bit) Target edge-degree(8bit)
A

Transport Layer

Network Layer

(a) Caching control field for NEC

01234567012345670123456701234567

Type H-Length E] Aﬂ?lg Edge-Dgree
TimeStamp
Node ID
Updating Node ID
Hop number Checksum

(b) Edge-degree Discovery Protocol

FIGURE 6. Packet header of NEC and protocol for EDP.

in line 4. If the default caching field is 1, the packet will
be duplicated and forwarded to the storage end and next
router respectively with default caching field reset to zero as
shown in line 5. Otherwise the caching flag field is checked
in line 7. If the caching flag is O, the packet will not be
cached. Otherwise, the following target edge-degree filed in
the packet will be checked. Only when the target edge-degree
in the packet is equal to the edge-degree in local meta-data,
the caching can happen and the packet will be duplicated and
forwarded to the storage as shown from line 8 to line 10.

Algorithm 1 Caching Control Field Marking
1: Storage end gets a interest packet for content
2: if content € local CS then
3:  read the local edge-degree from metadata as e
de fault caching =0
discrete factor p = randomint(0, ¢/2)
caching flag =1
target edge dgree =p + e
encapsulate the data packet with default caching,
caching flag and target edge dgree
9:  forward the data packet
10: else
11:  pass
12: end if

® N s

Edge-degree calculating is based on Edge-degree Dis-
covery Protocol(EDP). Edge-degree discovery protocol is
a point-to-point communication protocol used to exchange
edge-degree information. It is neither an interest packet or
a data packet. An EDP frame adopts Ethernet encapsulation
format which should be friendly to the forwarding layer and
easy to decode.
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Al

gorithm 2 Data Packet Filtering TABLE 2. Simulation Environment

: Switch end receives a data packet

: read the local edge-degree as e
. Get caching flag field and target edge degree field in Prameter value
the packet header Simulator Icarus
. p ) Traffic Workload Stationary/Youtube Vedio tratfic
: if default caching == 1 then Catalog Size 1 x 106/581, 527
duplicate the data packet to storage end Topology Cascade, Tree, GEANT, WIDE, TISCALI, GARR
de fault caching &= 1 Cache Size Uniform
g &= Replacement LRU
else Request number 2x106/1.46x108
if caching flag == 1 then Request distribution Poisson
if target edge degree == e then Request rate 10req/s
caching flag &=1
duplicate the data packet to storage end
end if A. SIMULATION SETUP
end if We implement NEC in the Icarus simulator [32], which
: end if is a Python-based discrete-event simulator for evaluat-
: forward the data packet ing caching performance in Information-Centric Network-

ing(ICN). Icarus is not bound to any specific ICN architec-
ture. Its design allows users to implement and evalute new
caching policies or caching and routing strategies conve-
In our design, we operate the EDP frames through POF niently. We compare the performance of NEC against the

controller. The protocal format is shown in Fig.6(b). Type and most widely used strategy LCE, two of the best on-path
H-Length field are used to fast decode the frame. The Flag caching strategies Leave Copy Down(LCD) [12] and Prob-

fie

1d includes error flag, ack flag and updating flag, which is Cache [11], and degree centrality based strategy CL4M [27].

used to mark different EDP frame types. The Node ID field We use LRU as a default replacement policy for all strategies.
marks the node which sends out the broadcast packet. The Caches are installed on all routers in the network and cache
Updating Node ID field marks the node which causes the indexing is performed at the content level. Table 2 shows

up
fie

date of the node marked by Node ID. The Edge-degree the basic parameters which are selected for our simulation.
1d is the edge-degree of the node marked by Node ID. Cascade and Binary tree topology are used for testing basic

Timestamp is the time interval since last update in the node characteristics of NEC. A total of four real world topologies
marked by Node ID caused by the Updating Node ID. While are further used to evaluate performance of caching strate-

ho

p number is used for extension of multihop neighbour gies. They are ISP-like topologies{nodes(consumer, caching

discovery. node, source), edges}: GEANT{53(8, 32, 13), 61}, TIS-

frame from content router 7, it first calculates the checksum.
Then the TimeStamp and Updating Node ID are checked
according to local update tables which records the time of
the last update from all the neighbour nodes respectively. If
Updating Node ID is local node ID and the time interval

do
to
wi
fie

in

CALI{240(36, 160, 44), 810}, WIDE{30(6, 13, 11), 33} and
GARR({61(21, 27, 13), 75}. Each result is averaged over ten
distinct runs of the same scenario. Both stationary(IRM) [33]
and real world traffic workloads are tested. The stationary
workload uses a catalog of N = 1x105 content objects with
popularity defined by the Zipf distribution (o = 0.8). A total
of 2x10° requests are generated in these scenarios. The first
1x10° requests are used to allow caches to converge and
are not used for gathering statistics; the remaining 1x10°
requests are logged and used to gather statistics. In the
real world temporal scenario, we use Youtube Vedio traffic
generated by campus [34]. This workload includes a total

When a content router j receives an edge-degree discovery

es not exceed the threshold, the frame will be discarded
avoid frequent updates. Otherwise, the edge-degree field
11 be compared with local meta-data. If the edge-degree
1d is smaller, local edge-degree and the update tables in
the meta-data will both be updated. Then the timer will

be checked. If the time is up, new edge-degree discovery 0 . p

frames from content router 7 will be encapsulated. In the new of 581,527 d1t.1nct cgntent ltems gnd 1.46x10” requests.

encapsulated EDP frame, Node ID is Node ID of the content Temporal locahtgf varies between different cpqtent. We use

router j and Updating Node ID is Node ID of the content tlset.ﬁsst 4.6x10” to warm up and the remaining to gather
statistics.

router 7. The TimeStamp is O if the edge-degree of content

router j is never updated by the content router ¢ before.

Otherwise, the TimeStamp is set to the time interval from

no
wi

V.

8

B. EFFECT OF NEC PROPERTIES

Caching location. NEC expects content can be cached in
midpoint of the delivery path. In order to observe the caching
location in NEC strategy, we use a binary tree topology with
depth of 8 for experiments. We record the length of path
PERFORMANCE EVALUATION from each user to the serving node as T-length and the length

w since last update. After encapsulation, the EDP frame
11 be broadcast from all ports of router j.
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FIGURE 9. Expected times of request to cache content into node with
different edge-degree.

of path from the user to the caching node as C-length. The
length of path is denoted by number of hops. We take an
average of C-length under the same T-length, and the ratio of
C-length to T-length is shown in Fig.8. When the T-length is
short, the ratio tends to be less than 1/2 which means caching
location is closer to the user. This is because the serving node
is close to the edge(requester) and the rounding error will
cause the length to be shorter. Moreover, when the serving
node is near the edge but not near the user, it will also cause
the actual caching location far away from the midpoint. But
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FIGURE 10. latency under different numbers of requests.

in this case, because the content in the serving node can be
considered as popular content, it should be cached closer to
the edge. When T-length is large, the C-length is usually more
than half of T-length, because the rounding has little impact
on the overall, and the probability of the edge serving can be
ignored. The discrete factor mentioned in Section III.C will
make the distance from cache location to the user longer than
the serving node.

Diffusion rate. NEC usually caches content in the mid-
point of the path, so the diffusion of popular content to
the edge is usually faster than LCD and slower than Prob-
Cache.We tested the diffusion speed of the three strategies
in an eight-layer cascaded linear topology. The experimental
results are shown in the Fig.9. Each point (n,r) represents
the average number of requests r required to diffuse content
1 (here we choose 7 as the most popular content to enhance
the experimental effect) in node n or nodes closer to the user
than node n. Obviously NEC outperforms LCD in terms of
diffusion speed. Unexpectedly, NEC has a faster diffusion
speed than ProbCache, which means NEC requires fewer
requests to diffuse content to the edge. This may be due to
the setting of caching probability in ProbCache. It is found
that the diffusion speed of ProbCache is basically stable at

9
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FIGURE 11. Comparison of cache-hit ratios and latencies with cache-to-population ratios{0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1}.

various levels. Therefore, the ratio of the expected value of
the number of requests in ProbCache to the expected value
of the number of requests in LCE is roughly the reciprocal of
the probability in ProbCache. We can find that NEC solves
the problem of slow diffusion speed in LCD. In workloads
that change over time, LCD will have worse adaptability
than NEC and ProbCache. We record the average download
latency under different numbers of requests, and the results
are shown in Fig.10. It can be found that the performance
of the LCD is the worst when the number of requests is
small, and NEC and ProbCache perform better because of the
faster diffusion rate. NEC outperforms ProbCache by virtue
of the content filtering feature. The performance of LCD will
gradually exceed ProbCache with the increase of number of
requests.

Filtering effect. We hope NEC can keep the content in
caches with different edge-degrees according to its popularity
which means each router needs to perform like a Low-pass
filter and most popoular content can be reserved without
unpopular ones. We perform experiments in a binary tree
with depth of four and measure the number of hits for content
of different popularity levels in nodes with different edge-
degrees(0/1/2/3). As shown in the Fig.7, top popular content
can get the higher hit rate at the edge nodes in NEC than
ProbCache, and so is the total hit rate. In the nodes near
the center of network(nodes with edge-degree 3), popular
content is also hit with a high probability in ProbCache. This
is because the edge nodes have frequent cache replacements
in ProbCache so the popular content with highest hit rate can
wander between different levels of cache. There are more hits
and fewer wrong replacements in NEC, so the curve of NEC
is smoother. Therefore, NEC has formed a more perfect low-
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FIGURE 12. Comparison of on-path strategies under the temporal popularity
workload.

pass filtering structure than ProbCache, so as to make the
most popular content closer to the users.

C. COMPARISON WITH STATE OF ART

We will compare the caching performance of NEC to LCD,
ProbCache, CacheLessForMore(CL4M) and LCE in differ-
ent scenarios. We select the average download latency and
cache hit ratio as the evaluation metrics. Latency refers to the
time interval between when content request is sent and data
packet arrives while cache hit ratio refers to the proportion
of content requests served by cache before arriving at source
server. The former reflects the the traffic cost and user expe-
rience and the latter indicates the server load. Higher cache
hit ratio brings lower server load, and lower latency means
lower traffic cost.

Comparison in Real-world ISP Topology We first com-
pare the performance of each strategy under different topolo-
gies with stationary popularity workload. The results of sim-
ulation are shown in Fig.11. It can be found that in GEANT
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and TISCALLIL NEC can significantly reduce the user’s down-
load latency and has the highest cache hit rate among all
the strategies. With the increase of cache size, advatages of
NEC grow and our strategy can reduce the average access
latency by 10.2% and increase the cache hit ratio by at most
9.6% when total cache-to-population ratio is 100%. NEC
also outperforms the degree centrality based caching strategy
CL4M for the reason that CL4M tends to keep contents in
the nodes with higher betweenness centrality, which leads to
low diffusion rate. CL4M not only has the same problem with
LCD but also causes unbalanced caching load in the network
because some nodes with small betweenness centrality along
the route will hardly have chance to cache content. Although
in WIDE and GARR, the performance of NEC is similar to
LCD, it s still better than the other strategies. This is because
the size of both WIDE and GARR network is small, and the
length of the content request path in the network is short(no
more than five hops). The advantages of NEC’s rapid dif-
fusion cannot be exerted. In a small network, the function of
NEC will degenerate to LCD, and the performance difference
between strategies will be small.

Comparison in Real-world Traffics Fig.12 presents the
comparison for all the strategies under the temporal popular-
ity workload of YouTube traces from the campus network.
It can be found that the performance of ProbCache is poor,
which is obviously weaker than other performances. This
is because the content popularity in Youtube’s traffic has
time locality, which means popular content may be accessed
multiple times in a short period, and the number of requests
will be significantly reduced in the future. Compared with
other caching strategies, ProbCache’s probabilistic caching
method cannot always guarantee to keep popular content. In
the previous stationary workload, LCE always has a poor
performance because it generates excessive redundancy, but
this also results in LCE having better adaptability to time-
varying traffics. It can be seen that the performance of LCE
is significantly better than LCD and CL4M, because these
two strategies are difficult to cache content to the edge of the
network in time-varying traffic. NEC has better performance
because it can cache popular content to the edge of the
network in the short time, while avoiding redundant replicas
occupying the cache space.

D. STRATEGY IMPLEMENT

To actually deploy a caching strategy into an ICN router, the
line speed requirement must be taken into account. Many
strategies based on content popularity predict the popularity
of content and then make caching decisions in a priori way
which causes huge memory overhead and processing delay.
We choose two of the simplest popularity-based caching
stratgies DBF and MPC for comparison(the implementation
of our strategy is based on the cache architecture proposed
in [35], and the corresponding results are also given in the
article). As the content space grows, the memory overhead
for a single content router is shown in the Fig.13. Popularity
based strategies need to allocate a counter for every passed-
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by content item to record the request times. But NEC does not
explicitly record the request times of content. So the memory
consumption for content information in NEC is only related
with the caching size of content router while consumption in
popularity based strategies grows with content scale rises. In
addition, we implemented a strategy prototype in Xeon(R)
E5-2620 v2 CPU (2.10 GHz x 2 CPU cores) which functions
as an ICN software router, and we keep sending data packets
to test the processing delay and the throughput performance.
The number of CPU clock cycles required for processing a
single data packet is shown in the Fig.14. FWD is a reference
which is the CPU clock cycle consuming by forwarding
in a high-speed software NDN router [36]. The throughput
performance is shown in the Fig.15. Compared with the
popularity based strategies, our strategy has no performance
bottleneck under the capability of current devices. It can be
determined that our strategy will have better scalability and
lower cost when deployed in an ICN content router.
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VI. CONCLUSION

This paper proposes a lightweight caching strategy based on
the network location information of routers. This strategy
does not need to know the popularity of the content in ad-
vance. In essence, NEC provides a way to identify the content
popularity by the edge-degree of the node where the content
is located. Unpopular contents are filtered in the nodes far
away from the edge, and the popular content is gradually
distributed to the edge. Compared with existing location-
based filtering strategies such as LCD and CL4M, NEC
strategy can distribute popular content to the edge faster, with
lower caching redundancy and better overall performance.
Compared with the strategies based on the popularity of
content, NEC is more lightweight and can be easily deployed
in the current architecture of ICN routers. The contribution
of NEC strategy is to introduce the edge-degree as a metric
for decision-making. The number of metrics for the network
node location is far from one. We hope that this paper can
provide ideas for more researches on lightweight caching
strategies in the future.
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