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Shortcut Creation for MeNW in the Consideration of Topological
Structure and Message Exchanged
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SUMMARY This article proposes a method to improve the perfor-
mance of Message Exchange Network (MeNW) which is modern data dis-
tribution network incorporating the search and obtain mechanism. We ex-
plore an idea of shortcut creation which can be widely adapted to a topo-
logical structure of various network applications. We first define a metric
called Efficiency Coefficient (EC) that quantifies the performance enhance-
ment by a shortcut creation. In the design of EC, we consider not only
diameter of the topology but also the amount of messages exchanged in the
network. Then, we theoretically analyze the creation of a single optimal
shortcut in the system based on the performance metric. The simulation
results show that the shortcut by the proposed method reduces the network
resource to further 30% compared with conventional approaches.
key words: topological structure, message exchange, metric, shortcut, re-
source optimization

1. Introduction

All forms of data continue to grow its heterogeneity and
number. Thus, the role of a network has been shifted from
communication between two end users to data delivery, es-
pecially large data file for content delivery and many to
many/frequent communication caused by machine to ma-
chine (M2M) or SNS∗. This trend has been demanding the
networks to continuously provide users with enormous num-
ber of data, which results in the emergence of various net-
work technologies/architectures; Information-Centric Net-
working (ICN) [1]–[3], Content Delivery Network (CDN)
[4], Cloud Based Networking (CBN) [5], and Internet of
Things (IoT) [6]. The kernel of the design in such network
architectures lies in two important operational principles,
namely search and obtain. Technically speaking, the former
is known as name resolution process which maps the name
of data to its location information, e.g. IP address. Then,
a user request can be forwarded to the destination which
holds the data. The latter involves delivering the data to
the requester, which generally consumes more network re-
source than the former. Thus, these mechanisms should be
designed carefully in order to provide fundamental perfor-
mance improvement for the modern network architectures.
Here, we call various object exchanged in these network sys-
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tems as message, and define an architectural framework as
Message Exchange Networks (MeNW), which incorporates
highly optimized search and obtain mechanism.

In this article, we aim to optimize the performance of
a MeNW by creating a shortcut on the topology of the sys-
tem. The topology design is the core of such a system design
from the perspective of message delivery time and network
resource occupancy. Also, a shortcut creation is a funda-
mental approach to achieve the performance improvement
natively. We initially define a performance metric called Ef-
ficiency Coefficient (EC) to quantify the efficiency of a short-
cut in the system. Since we deal with communication net-
works, in the design of EC, we consider not only diameter of
the topology but also the amount of messages exchanged in
the network. Based on the metric, we theoretically analyse
the creation of a single optimal shortcut in the system. The
analysis leads us to propose a method that creates a shortcut,
which enables us to enhance the performance of MeNW.
Simulation studies show that a shortcut creation based on
the proposed method can reduce the network resource by
average 30% further comparing to conventional approaches.

This paper is organized as follows. In Sect. 2, we re-
view its related researches. In Sect. 3, we propose a per-
formance metric called EC. Then, we theoretically analyse
a creation of shortcut in a general topology, and propose a
method to create shortcuts inspired by the analysis in Sect. 4.
In Sect 5, we evaluate the method through simulation. Fi-
nally, we conclude this article in Sect. 6.

2. Related Works

There have been various attempts in the development of a
network architecture which supports efficient data distribu-
tions: from traditional peer to peer (P2P) networks to infor-
mation centric networks (ICN) considered as a future net-
work architecture for efficient data dissemination. While
P2P was introduced to get operated on top of IP networks,
ICN initially aimed to replace current IP networks to achieve
the goal of efficient data dissemination. Due to the reason,
one main concern of P2P is how to create an efficient over-
lay logical topology over IP networks: low diameter or low
latency. Similarly, ICN tends to adapt an overlay approach
to deal with its early deployment issue.

∗According to [7], around 29 billion connected devices are
forecasted by 2022, of which around 18 billion will be related to
IoT, and video traffic will be 82% of all consumer Internet traffic
by 2021, up from 73% in 2016 [8].
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Traditionally overlay logical topologies have been con-
structed based on Distributed Hash Table (DHT) mechanism
such as CoDoNS [9], SFR [10], and LISP-DHT [11]. More
recently, these approaches work on the design of topologi-
cal structure to reduce the latency such as Multilevel DHT
(MDHT) [12], [13] and Hierarchical SkipNet (HSkip) [14].
PSIRP [15] has chosen Hierarchical Chord [16] among the
many available overlay designs. For a general network ar-
chitecture, Kostas et al proposed hierarchical Pastry [17].
The process of building a topology in DHT systems can be
considered as the process of creating shortcuts. For instance,
when a node joins to the system in Chord [18], it connects
to the destination nodes which are a certain number of hops
away from the joining node, e.g. 2s|s=0... logN

2
(N: total num-

ber of nodes in the system). In a broad sense, a shortcut
creation can be understood as a process of creating a small
distance topology. However, the conventional approaches
mainly consider a distance metric to build a static topology
without considering actual message exchanges in the sys-
tem, which results in a non-optimal solution. In a commu-
nication network, a few popular traffic flows dominate the
total network traffic and the popularity fluctuates. Thus, a
dynamic approach to create shortcuts considering not only a
network distance but also actual message exchanges in the
system is highly demanded.

In [19], the authors introduced “path caching with ex-
piration” which creates shortcuts in a topology, and the con-
nection disappears after a time threshold. Individual peers
store routes to other peers learned while handing forward-
ing requests. Then, one of the peers learned is selected as
a destination peer of a shortcut in terms of the reduction of
hop counts.

In [20], the authors proposed three different types of a
shortcut: local hint cache, path hint cache, and global hint
cache. The local hint cache can be considered as an enlarged
successor list, which includes connections to its immediate
neighbors. Path hint cache extends “path caching with ex-
piration” proposed in [19] in a way that the selection of a
shortcut destination is based on the reduction of overall la-
tency rather than simple hop counts. The global hint cache
aims to reach every peer in a topology approximately within
two-hops. Local hint cache has a successor list which in-
cludes around 1000 neighbors’ peers.

In [21]–[23], the authors considered the reduction of
the stretch factor in a graph. Without complete routing in-
formation, traffic between two nodes tends to follow other
than a shortest path. Their approaches aim for the reduction
of the calculation time or space of routing table in terms of
decreasing the stretch factor.

In summary, the previous approaches mainly focused
on the reduction of hop counts and delay, which are purely
based on topological structure without considering other
performance metrics such as traffic demand. However, we
believe that shortcuts should be created considering not only
the reduction of delay but also traffic demand simultane-
ously to use network resources more efficiently. For this
reason, we propose a method to create shortcuts considering

the both as performance metrics.

3. EC (Efficiency Coefficient): Performance Metric for
MeNW

In this section, by considering not only the distance on the
topology or the amount of messages exchanged, but also the
combination of both, we discuss about a shortcut creation
which improves the efficiency of the network resources in
the whole MeNW.

3.1 The Definition and Example of EC

We define new metric EC (Efficiency Coefficient) that
shows efficiency of shortcut:

EC = (Reduced Distance) × (Amount of Message) (1)

By combining the distance on the topology with the amount
of messages exchanged, EC represents an improvement of
the efficiency that a shortcut brings into the network re-
garded as a communication system. In Fig. 1, consider a
path from node0 to noden (henceforth, path0, n), and the
nodes on this path are represented as nodei (1 ≤ i ≤ n−1). In
the example, node0 creates a shortcut to nodei. Among sub-
graphs linked to nodei, the subgraph which does not include
the nodes on path0, n is represented as subgraphi. Here, let
ai be the amount of messages that node0 exchanges with the
nodes in subgraphi (i.e. the shaded area) via nodei. Fig. 1
shows one branch subgraph, but in a general network there
are multiple subgraphs. In such a case, the amount of mes-
sages in the subgraphs is aggregated and can be modeled as
the amount of messages to one virtual subgraph (Fig. 2).

The distance from node0 to nodei is i hops, and the
hops reduced by the shortcut are i − 1 since the original dis-
tance i is reduced to one. That is, the shortcut saves the
network resources by O(i − 1) for each message exchanged.
Consequently, in the case where node0 creates a shortcut
to nodei and exchanges messages with a node in subgraphi
via this shortcut (Fig. 1), the following network resources
are saved and this is the EC value for subgraphi given by
the shortcut:

Fig. 1 Illustration of the efficiency coefficient (EC).
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Fig. 2 Modeling the amount of messages in multiple subgraphs (general
network topology).

EC(i)
i = (i − 1) · ai

(superscript: subgraph, subscript: shortcut)
(2)

Moreover, node0 exchanges messages with the other
subgraphi−1 via this shortcut, and calculates the EC value
for subgraphi−1 (i.e. EC(i−1)

i ) different from Eq. (2). Thus,
the final EC value in the case of creating a shortcut to nodei
(i.e. ECi) is

∑n−1
t=1 EC(t)

i . Thereafter, the optimal end node of
a shortcut from node0 is determined by comparing all these
final EC values calculated while changing the end point.

Each node needs to record the amount of message ai for
each subgraphi in order to calculate the EC value. This can
cause scalable problems. However, the amount of message
(e.g. ai in Fig. 2) can be described by a power-law distribu-
tion [24]. In other words, a few popular contents dominate
the traffic in a communication network [8]. In this sense,
recording only popular contents will be enough instead of
tracking all messages, which resolves the scalability issue.

3.2 The Control Scheme and Utility Based on EC

First, we consider the control scheme based on EC. In order
to decide the optimal end node of a shortcut by EC, each
node needs to recognize the topology where a message is
exchanged. On the Internet, the topology for all routes is
obtained by a routing protocol. However, since the network
like DHT, for example, can not obtain all topology in the
network, it builds its own logical network and locally de-
cides the route for each exchange message. In the case of the
MeNW like the former, it is enough to notify the start node
the information of the end node (e.g. node ID, address, etc.;
henceforth, the same) as the control information exchanged
between the nodes. In the case of the MeNW like the latter,
it is necessary to add the information of each transfer node
to the message exchanged and notify the start node to this
list as well, so that each node can recognize the topology.
This is a large overhead in control. However, since it is gen-
erally expected that the frequency of the logical topology
change is few, it is not necessary to create a list of transfer
nodes for each message exchanged. For example, sampling
and recording may be performed within the allowable range
of control overhead as follows;

1. The start node adds its own information to the ex-

change message timely (e.g. probabilistic selection of
messages to start exchanging, etc.).

2. Each transfer node adds its own information if the node
information is included in the received message, other-
wise it forwards as it is.

3. The end node notifies the start node its own information
and the node list as the control information, if this list is
included in the message exchanged (otherwise it does
not notify).

Next, we consider the utility of a shortcut creation
based on EC. The utility that can be expected for a short-
cut is to reduce the time required for communication and the
amount of used network resources by reducing the number
of hops required for communication. In particular, the lat-
ter can be expected to resolve a bottleneck of the network
resources. One of the resolution for a bottleneck is traffic
engineering (TE) [25]. In TE, not only topology but also
resources utilization situation is required as the control in-
formation exchanged between the nodes. By adding this to
the message exchanged and extending the definition of EC,
TE based on EC is also possible. However, because the
usage situation of the resources fluctuates drastically more
than the topology, it may be difficult in some cases by this
method alone. Even in such case, a shortcut creation based
on EC can be operated simultaneously with TE that man-
age resources more directly (e.g. as operations in different
layers like DHT + lower network). Consequently, by us-
ing these properly according to the situation, we think that a
bottleneck problem can be settled.

As the method of resolving the bottleneck, there is a
cache system used for ICN, CDN etc. in addition to the
above TE [26]. Here, in order to clarify the relation between
a shortcut based on EC and a cache, if we consider again
the meaning of a shortcut, it is considered that a shortcut
creation is to move its start node to the end of the shortcut
virtually. That is, if the start node of message exchanged
is regarded as a server and each end node is regarded as a
client, it can be said that a shortcut creation using EC is the
server migration to the location which can efficiently deal
with each client access. Thus, the server can determine the
efficient cache location by calculating the EC value for only
the node of Case 1 in Sect. 4.1 (i.e. in this case, the cache is
placed on the route from the server to the client). Thereafter,
when the server again performs this calculation, its target
becomes only the client that does not hit the above cache
(that is, in the previous calculation, non-target node corre-
sponding to Case 2). Therefore, by repeating this process,
each cache is efficiently located within the network based
on EC, we think that reduction of network load can be ex-
pected.

In the next section, we describe the method for effi-
ciently determining the node with optimal EC value. This
node is the best end node (destination) of a shortcut.
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4. Theoretical Analysis: End Node of a Shortcut that
Maximizes the EC Value

In this section, we analyze how to determine the end node of
a shortcut, which results in the maximization of the EC value
defined in Eq. (1). We prove there is only one maximum EC
value in a creation of a shortcut, and determine its end node
that leads to the maximum EC value. Due to this proposal
to create a shortcut in MeNW, the optimal performance of
MeNW can be achieved.

4.1 Reduction of Distance by a Shortcut

First, we analyze reduction of distance by a shortcut. This
result is used for calculation of the maximum EC value in
the next section.

The topology of the network we target in the paper is
an undirected graph. In the following, a set of links consti-
tuting a route from a node to another node is called a path,
and a path between nodei and node j is defined as pathi, j.
Furthermore, a path which consists of three or more nodes
(i.e. a link set on the route from nodei via node j to nodek) is
defined as pathi, j, k = pathi, j || path j, k if needed. Especially,
when pathi, j is a shortest path, it is defined as path(s)

i, j. A
length of pathi, j is defined as |pathi, j|. Let take up a short-
est path tree with node0 as root, in the following, we con-
sider the case to create a shortcut from node0 to nodei on
this shortest path tree†. Hereafter, a path before the shortcut
creation and after the creation is expressed as “path” and
“p̂ath”, respectively. Similarly, the distance is regarded as
the number of hops (i.e. path length), and we consider the
amount of change in a hop count. When the shortcut is cre-
ated, the distances between node0 and all nodes connected
via nodei changes. These nodes whose distance from node0
change are classified into the following two cases;

Case 1: The node whose new shortest path does not pass
through the old shortest path between node0 and
nodei ((path(s)

0, i ∩ p̂ath
(s)
0, x) = ∅).

Case 2: The node whose new shortest path passes
through the old shortest path between node0 and
nodei ((path(s)

0, i ∩ p̂ath
(s)
0, x) , ∅).

The nodex which belongs to Case 1/2 respectively and
path(s)

0, i, p̂ath
(s)
0, x are shown in Fig. 3.

First, about the node which belongs to Case 1, we prove
the basic propositions used in subsequent analysis, regard-
ing reduction of the distance by shortcut.

Proposition I:
Consider nodex which satisfies the following conditions.

†Since the component nodes of a large system, e.g. DHT, do
not have the global view of the system, each node can only create
an incomplete shortest path tree. The influence by the difference
among both is evaluated with Sect. 5.2.

Fig. 3 Classification of nodexs whose distance from node0 change by a
shortcut creation.

p̂ath
(s)
0, i ⊂ p̂ath

(s)
0, x

The following proposition holds.

|path(s)
0, x| − | p̂ath

(s)
0, x| ≤ |path(s)

0, i| − 1

Proof:
Assume that the following equation holds.

|path(s)
0, x| − | p̂ath

(s)
0, x| > |path(s)

0, i| − 1 (3)

About p̂ath
(s)
0, x (i.e. p̂ath

(s)
0, i, x), the following equation holds.

| p̂ath
(s)
0, x| = |p̂ath

(s)
0, i| + | p̂ath

(s)
i, x| = 1 + | p̂ath

(s)
i, x| (4)

Next, consider path0, x = path(s)
0, i || path(s)

i, x, the following
equation holds.

|path0, x| = |path(s)
0, i| + |path(s)

i, x| (5)

By substituting Eq. (4) and Eq. (5) into Eq. (3), the following
equation holds.

|p̂ath
(s)
i, x| < |path(s)

i, x| + (|path(s)
0, x| − |path0, x|) (6)

Here, since path(s)
0, x is a shortest path and path0, x is not a

shortest path, the following equation holds.

|path(s)
0, x| − |path0, x| ≤ 0 (7)

From Eq. (6) and Eq. (7),

|p̂ath
(s)
i, x| < |path(s)

i, x|

Therefore, the shortest path between nodei and nodex
changes by the creation of the shortcut. Here, since the
added path is only p̂ath

(s)
0,i , p̂ath

(s)
i,x which changed contains

p̂ath
(s)
0,i surely. Consequently, the following relation holds.

p̂ath
(s)
0,x = p̂ath

(s)
0,i || p̂ath

(s)
i,x

= p̂ath
(s)
0,i || ( p̂ath

(s)
i,0 || p̂ath

(s)
0,i || p̂ath

(s)
i,x )

From the above, there is a loop in the shortest path p̂ath
(s)
0,x,
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and this is contradictory to the definition of a shortest path.
�

Next, about the node which belongs to Case 2, we
prove similarly the basic propositions used in subsequent
analysis, regarding reduction of the distance by shortcut.

Proposition II:
Consider nodex and nodey which satisfy the following con-
ditions.

nodey ∈ (path(s)
0, i ∩ p̂ath

(s)
0, x) (8)

p̂ath
(s)
0, i ⊂ p̂ath

(s)
0, y ⊂ p̂ath

(s)
0, x (9)

The following equation holds.

|path(s)
0, x| − | p̂ath

(s)
0, x| ≤ 2 · |path(s)

0, y| − |path(s)
0, i| − 1

Proof: Assume that the following equation holds.

|path(s)
0, x| − | p̂ath

(s)
0, x| > 2 · |path(s)

0, y| − |path(s)
0, i| − 1 (10)

About p̂ath
(s)
0, x (i.e. p̂ath

(s)
0, i, y, x), the following equation holds.

| p̂ath
(s)
0, x| = | p̂ath

(s)
0, i| + |p̂ath

(s)
i, y| + | p̂ath

(s)
y, x|

= 1 + | p̂ath
(s)
i, y| + | p̂ath

(s)
y, x| (11)

Next, consider path0, x = path(s)
0, y || path(s)

y, x and path(s)
0, i. Since

path(s)
0, i = path(s)

0, y || path(s)
y, i from Cond. (8), the following

equations hold.

|path0, x| = |path(s)
0, y| + |path(s)

y, x|

|path(s)
0, i| = |path(s)

0, y| + |path(s)
y, i|

 (12)

From Eq. (12),

2 · |path(s)
0, y|

= |path0, x| + |path(s)
0, i| − |path(s)

y, x| − |path(s)
y, i| (13)

By substituting Eq. (11) and Eq. (13) into Eq. (10), the fol-
lowing equation holds†.

| p̂ath
(s)
i, y| + | p̂ath

(s)
y, x|

< |path(s)
i, y| + |path(s)

y, x| + (|path(s)
0, x| − |path0, x|) (14)

Here, since path(s)
0, x is a shortest path and path0, x is not a

shortest path, the following equation holds.

|path(s)
0, x| − |path0, x| ≤ 0 (15)

From Eq. (14) and Eq. (15),

| p̂ath
(s)
i, y| + |p̂ath

(s)
y, x| < |path(s)

i, y| + |path(s)
y, x| (16)

† ∵ |path(s)
y, i| = |path(s)

i, y|

Therefore, the shortest paths between nodei and nodey or be-
tween nodey and nodex change by the creation of the short-

cut i.e. from Cond. (9), p̂ath
(s)
i, x changes. Here, since the

added path is only p̂ath
(s)
0,i , p̂ath

(s)
i,x which changed contains

p̂ath
(s)
0,i surely. Consequently, the following relation holds.

p̂ath
(s)
0,x = p̂ath

(s)
0,i || p̂ath

(s)
i,x

= p̂ath
(s)
0,i || ( p̂ath

(s)
i,0 || p̂ath

(s)
0,i || p̂ath

(s)
i,x )

From the above, there is a loop in the shortest path p̂ath
(s)
0,x,

and this is contradictory to the definition of a shortest path.
�

4.2 The Node with the Maximum EC Value

In this section, we analyze about the end node of a shortcut
that maximizes the EC value.

Generally, a multipath exists between nodes in an arbi-
trary topology. For example, in Fig. 4, although node[(n+1)/2]
and node[(n+1)/2]+1 adjoin, both are end nodes of differ-
ent shortest paths path0, 1, [(n+1)/2] and path0, n, [(n+1)/2]+1 with
node0 as root (i.e. |path0, 1, [(n+1)/2]| < |path0, n, [(n+1)/2]|). If a
shortcut is created to nodei in this graph, some nodes on
path0, n, [(n+1)/2] can be reached with less number of hops
through the new shortest path including nodei (i.e. the dotted
path in Fig. 4). However, not only the length of the path, but
also the amount of the message is involved in the calculation
of the EC value. Consequently, in the case where a shortcut
is created from node0 to nodei, for simplicity, calculation of
the EC value for determining the end node of the shortcut is
aimed at nodex which satisfies Eq. (17),

(path(s)
0, i ⊂ path(s)

0, x) ∪ (path(s)
0, x ⊂ path(s)

0, i) (17)

from the following reasons.

• The node that satisfies Eq. (17) can obtain the maxi-
mum reduction by a shortcut, among hop count reduc-
tion ranges indicated from Proposition I/II.

• If the amount of messages to the node′ on
path0, n, [(n+1)/2]+1 is smaller than the node on

Fig. 4 Schematic illustration of two shortest paths (path0, 1, [(n+1)/2] and
path0, n, [(n+1)/2]+1) with node0 as root
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Fig. 5 Schematic illustration of a shortcut creation.

path0, 1, [(n+1)/2], even if the node′ is omitted, there is
no large effect on calculation of the EC value.

• If the amount of messages to the node′ on
path0, n, [(n+1)/2]+1 is more than the node on
path0, 1, [(n+1)/2], since it is more effective to directly cre-
ate a shortcut to node′j on path0, n, [(n+1)/2]+1, we do not
include the node′ in this calculation and calculate anew
the case of the shortcut creation to node′j.

The node branching from path(s)
0,i also can be considered in

the same way.
If we create a shortcut between node0 and nodei, since

nodei is i hops away from node0, we can reduce the actual
distance by i − 1 hops (Fig. 5). In this case, there are two
groups of nodes that benefit by the shortcut from node0 to
nodei: one group is called inner-nodes that are nearer than
nodei, and the other is called outer-nodes that are further
than nodei. From Proposition I, the shortcut always reduces
the distance between node0 and any outer-nodes which sat-
isfy Eq. (15) by i − 1 hops. However, not all inner-nodes
benefit from the shortcut, and so we still more consider the
case of a shortcut to inner-nodes to analyze its benefit. Let
us consider nodei− j among inner-nodes that is j hops away
from nodei. There are two cases to reach from node0 to
nodei− j: one is the path via the shortcut with the distance of
1+ j hops, and the other is the path which directly reaches to
nodei− j (not via the shortcut) with the distance of i − j. The
shortcut is valid only if Eq. (18) is satisfied (∵ 1 + j 5 i− j).

j 5
[ i − 1

2

]
(18)

In addition, we define another parameter to analyze the ben-
efit of the shortcut creation (Fig. 5).

ai: total number of requests from node0 to the node further
than nodei except for nodei+1.

Based on the definition and description above, the following
derives the Efficiency Coefficient (EC).

Once a shortcut is created from node node0 to nodei
(Fig. 5), it reduces the distance by i − 1 hops for any request
from node0 to outer-nodes. In addition, the shortcut also re-
duces the distance by i−2 j−1 hops, as derived Proposition
II, for requests from node0 to nodei− j on inner-nodes. Thus,
ECi is defined as follows:

ECi =

n∑
k=i

(i − 1) · ak +

[(i−1)/2]∑
j=1

(i − 2 j − 1) · ai− j

Then, ECi+1 (i.e. the case of the shortcut creation to nodei+1)
is defined sequentially as follows:

ECi+1 =

n∑
k=i+1

i · (ak) +

[i/2]∑
j=1

(i − 2 j) · ai− j+1

Therefore, the difference is as follows:

ECi − ECi+1

= i · ai −

n∑
k=i

(ak) − (i − 2) · ai +

[(i−1)/2]∑
j=1

(ai− j)

=

[(i−1)/2]∑
j=0

(ai− j) −
n∑

k=i+1

(ak)=

i∑
k=i−[(i−1)/2]

(ak) −
n∑

k=i+1

(ak)

(19)

Next, we prove the basic proposition used in subse-
quent analysis.

Proposition III:
Consider a positive numerical sequence st (st > 0). There is
at most one x which satisfies the following equation.

q−x∑
t=p

st =

r∑
t=q−x+1

st (20)

Proof:
Consider an integer sequence xi which satisfies Eq. (20).
Here, assume that plural terms exist in xi. Let x j, xk (x j <
xk) be terms in xi, and x j = xk − x̄ (x̄ ≥ 1) is substituted for
Eq. (20)

q−xk+x̄∑
t=p

st =

r∑
t=q−xk+x̄+1

st

From the above,

q−xk∑
t=p

st +

q−xk+x̄∑
t=q−xk+1

st =

r∑
t=q−xk+1

st −

q−xk+x̄∑
t=q−xk+1

st (21)

From Eq. (20) (x = xk) and Eq. (21), the following equation
holds.

q−xk+x̄∑
t=q−xk+1

st = 0

The above is contradictory to the definition of st (st > 0).
Therefore, plural x does not satisfy Eq. (20). Finally, con-
sider the case where st is constant (ex. st = u > 0). In
this case, for example, if q = p + A and r = p + 2B + 1
(A > B), then x = A − B satisfies Eq. (20). Consequently,
the proposition is proved. �

From Proposition III, a numerical sequence S q
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S q =

q∑
t=p

st −

r∑
t=q+1

st

becomes one of following cases according to p and r:

• only one q satisfies S q = 0.
• always S q < 0 or S q > 0

Therefore, from the above argument and Eq. (19), EC has
only global maximum value when i satisfies Eq. (22).

i∑
k=i−[(i−1)/2]

(ak) =

n∑
k=i+1

(ak) (22)

Otherwise, Eq. (19) is a monotonic function, and so this case
also has only one maximum value.

From this analysis, the EC value is a function of the
parameter i that represents the location of the destination
node. That is, as the parameter i changes, EC value becomes
one of following cases:

• Having one global maximum value
• Increasing monotonously
• Decreasing monotonously

From these, the number of change from positive to negative
is only at most one time in the case where the difference
of EC changes. Consequently, process of calculating the
maximum EC can be closed when the amount of its change
becomes negative. Moreover, Eq. (21) is derived without
considering special conditions of the network topology and
the distribution of requests ai. Therefore, in the case where
a shortcut is considered from a given node, we can scalably
determine one shortcut that maximizes the EC value consid-
ering not only the types of topology but also the amount of
messages exchanged in the network by sequentially check-
ing the signs of the differences in each value.

5. Evaluations

This section provides simulation results that evaluate the ef-
fect of the proposed shortcut creation to MeNW. In the fol-
lowing, the evaluation is carried out from next three points,

• Topological reduction
• Efficiency improvement of network resource
• Feasibility

and verifies how the shortcut creation based on EC affects
topological structure of the network as well as improves the
efficiency of the network resources usage. Finally, the feasi-
bility of the proposal is discussed.

5.1 MeNW for Evaluation

MeNW used for evaluation constitutes a tree topology con-
sisting of 2L+1 − 1 nodes, where L is the depth of the tree.
Also assume that each node holds the topology information
of the entire network. The kinds of messages exchanged in
the whole network are 2L, and these kinds are identified by

numbers from 0 to 2L − 1. In addition, the message num-
ber corresponds one-to-one with the destination of the mes-
sage. As the distribution of the appearance frequency ac-
cording to the kind of message (i.e. the destination of the
message), we use the normal distribution generated by the
Box-Muller transform [27]. However, in the Box-Muller
transform, since the standard normal distribution N(0, 12)
is generated from the uniform distribution (0, 1), we made
two modifications in this evaluation.

a) About the variance, we made the following modi-
fication. In order to set the final value range of the gener-
ated normal distribution random number to [0, 2L − 1] (i.e.
equal to the kind of message), first, it is necessary to limit its
range to [− 2L−1

2 , 2L−1
2 ]. We used the uniform random num-

ber “(random()% 2L) / (2L ·1.0)”† instead of a uniform distri-
bution (0, 1), and modified so that the max normal distribu-
tion value generated for the min uniform random value 1

2L·1.0

other than 0 is 2L−1
2 . Specifically, we calculated the coeffi-

cient “a” which transforms stochastic variable adaptively for
each evaluation, and adjusted the value range of the gener-
ated normal distribution random number to be [− 2L−1

2 , 2L−1
2 ]

(variance = a2 · 12).
b) About the mean, after changing the value range of

the normal distribution random number by the above coeffi-
cient “a”, we modified it so that the appearance frequency of
the message number 2L−1

2 was the maximum (mean = 2L−1
2 ).

By the modification of a) and b), the range of the fi-
nal value range of the generated normal distribution random
number is set to [0, 2L − 1].

In this evaluation, 2L · 20 messages are generated ac-
cording to the scale L of the network and exchanged. Each
of these messages are assigned the above normal distribu-
tion random number as the message number (i.e. the kind of
message). Since the message number corresponds one-to-
one with the destination of the message, that is, the distribu-
tion of the destination of the message follows a normal dis-
tribution. Each node in MeNW records frequent appearing
messages and their destinations while forwarding these. Af-
ter that, each node starts calculating the EC value along the
path to the recorded nodes, and creates a shortcut. Accord-
ing to the evaluation, we change the scale of its environment
by varying the value of L.

5.2 Topological Reduction

Figure 6 plots the efficiency coefficients versus the network
distances to confirm the goodness of the metric “efficiency
coefficient” as an indicator of topological reduction. In this
evaluation, we first define one leaf node of the initial tree
as the reference node. The reference node creates a mes-
sage, and sends it to the destination node which is other leaf
node. Then, the reference node records top 2% of the most
popular messages, and starts calculating the EC value. Sub-

†since random() used in this evaluation generates an integer
random value between from 0 to 232 − 1, the kind of uniform ran-
dom number generated from the above equation is finite.
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Fig. 6 Network distances vs. efficiency coefficients: correlation coeffi-
cient is −0.7268 (NW size = 2047).

sequently, when a shortcut is created to each node from the
reference node, we calculate the network distance, e.g. av-
erage shortest path. The network distances and their corre-
sponding efficiency coefficients are normalized and plotted
in the figure. The correlation coefficient between two data
sets is ≈ −0.73, which shows a strong correlation. It justi-
fies us to use the EC value as the metric for the analysis of
optimum shortcut destination.

Next, we evaluate the efficiency of the shortcut deter-
mined by the proposed method. As stated in the footnote
in Sect. 4.1, in a large-scale network, each node cannot be
aware of all shortcuts to other nodes, so there may be un-
known shortest paths. Therefore, we compare the difference
between the number of hops, (a) when messages are sent to
the next node recognized as the shortest path by each node
itself, and (b) when messages are sent to next node on the
truth shortest path. The difference between both is called
“stretch factor” generally. For example, in landmark rout-
ing, since triangle routing aiming at reduction of route infor-
mation is carried out, the stretch factor is generally 3 as the
standard values [21]–[23]. In this evaluation, all routes other
than via a shortcut are known, and only the influence of un-
known shortcut that other nodes create is evaluated, which
is different from general triangle routing. Figure 7 shows
the result. The stretch factor of the proposed method is al-
most 1.2 even when the scale of the network is increased.
Generally, as a shortcut increases in the network, the proba-
bility of passing through unknown shortcut (but, the shortcut
that each node itself determines as optimal) also increases in
the case (a) above. That is, even if (a) is selected, the path
through which the message is actually passed is close to (b).
Therefore, we think that the increase of the stretch factor
caused by the proposal is still applicable for practical use.

5.3 Efficiency Improvement of Network Resource

In this section, we evaluate the efficiency of the network re-
sources in the whole MeNW that the shortcut based on the
optimal EC value brings. First, we prepare two kind of the
network; one including the shortcut created by Path Hint
Cache (HC) [20], the other including the shortcut created

Fig. 7 Transition of stretch factor according to change of network size.

Fig. 8 Transition of network resource utilization according to change of
network size.

by the optimum EC value (EC), respectively. After that, we
measure the length of the path through which all messages
pass in these networks, and compare the approaches of EC
with HC. The same number of shortcuts is created for EC
and HC cases. Figure 8 shows the result. In utilization of
the network resources, EC is on average 30% better than
HC even when the scale of the network is increased. HC
creates the shortcut directly to the node with high possibil-
ity for destination of a message. However, EC determines
the end node of the shortcut considering not only one node
with high possibility but also the frequency of messages ad-
dressed to its neighbors (i.e. calculating the EC value). As a
result, it can be said that EC is higher in efficiency per one
shortcut.

5.4 Feasibility

Finally, we evaluate feasibility of our proposal. In the cal-
culation of the EC value, each node is necessary to record
the number of messages for each destination. As the scale
of the network grows (i.e. as contents or IoT objects types
increase), scalability problems can be caused, so in prac-
tice only a few popular messages can be recorded. In the
following, we compare the difference (the number of hop)
between true EC optimum node and calculated one accord-
ing to change of rank size which records popular messages.
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Fig. 9 Difference between true/calculated EC optimum node according
to change of rank size (the kind of message: 1024).

Figure 9 shows the result. This result indicates that if size of
a rank is about 0.3% of all message type (i.e. contents or IoT
objects type), the error from optimum value is kept within
3 hops. However, this sample size may not be enough as
compared with the amount of these expected in the future.
We think this issue as follows. Generally, since the distribu-
tion of popularity follows a power law rather than a normal
distribution, size of a rank can be still small [8], [24]. More-
over, since the latest server is equipped with TB (240) class
memory, it is expected that the list of the popular contents
following a power law is practically processed in the usual
server.

6. Conclusions

The usage forms of network continue to grow its hetero-
geneity and number. This trend has been demanding the nu-
merous network applications/services to continuously pro-
vide enormous number of data, and these have suffered from
high latency and inefficient use of network resource. We be-
lieve that a proper management of shortcuts in the system
can be a promising solution to deal with such problems.

We initially defined the performance metric called Ef-
ficiency Coefficient (EC). Since we deal with communica-
tion networks, in the design of EC, we consider not only
diameter of the topology but also the amount of messages
exchanged in the network. Based on the metric, we theo-
retically analysed the creation of a single optimal shortcut
in the system. The analysis leads us to propose a method
that creates a shortcut, which enables us to enhance the per-
formance. Simulation studies show that a shortcut creation
based on the proposed method can reduce the network re-
source by average 30% further comparing to conventional
approaches.
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