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Due to the limited resource of Delay-Tolerant Network (DTN) nodes, in order to prolong
their life cycles, the nodes would exhibit a “selfish” behavior, which is quite common in
DTN, and will seriously affect the overall performance of the network. Targeting at these
issues, to suppress such behavior and improve the overall performance of DTN, this paper
proposed a DTN routing algorithm based on the auction price game, which converted the
routing process into a data forwarding service auction process, and took the “prices” and
the history data of the nodes as the main basis for the selection of data nodes. The

experimental results showed that, compared with Epidemic algorithm and FC algorithm,
the proposed algorithm showed good performance in time delay and cost ratio, which had
well suppressed the “selfish” behavior of the nodes, and the proposed algorithm is a DTN
routing algorithm with balanced performance.

1. INTRODUCTION

DTN is a new-type network structure used to cope with the
“challenging environments” such as frequent link interruption,
long time delay, and high bit error rate, etc., and it is a
development direction of future networks [1]. The “selfish”
behavior of nodes is an important problem in DTN, and the
emergence of such problem will seriously affect the
performance of the network. Therefore, how to utilize the
resources of DTN more economically and avoid or reduce the
“selfish” behavior is a challenge for the designer of the
network [2, 3]. The so-called “selfish” behavior of nodes
means that, in a DTN, the resources such as the node storage
space, remaining energy, data processing capacity, and
bandwidth between links are quite limited. To extend their life
cycles, the nodes often display the phenomenon of unwilling
to undertake data forwarding tasks, and such phenomenon is
called the “selfish” behavior of DTN nodes [4-6].

Research found that the root cause for the “selfish” behavior
of most DTN nodes is the conflict of interests between the
nodes. If the interests between the nodes can be effectively
balanced, then an effective cooperation mechanism could be
constructed [7] so as to effectually solve the problem of
“selfish” nodes during the routing process of DTN and
improve the efficiency of the network [8, 9]. Cho et al. [10]
proposed a military DTN routing framework, the PROVEST,
which used a data-driven method to reduce the resource
consumption of selfish nodes, meanwhile, it dynamically
estimated the credibility of the nodes based on the changes in
the environment and node conditions and adopted it to build
the information transmission paths. Zhang et al. [11] designed
a node cooperation mechanism called the PRI, which
introduced the concept of reputation into the DTN node data
forwarding process, and set a reputation value for each
network node; a higher reputation value represented the more
times a node provided data forwarding to other nodes, and a
node with a higher reputation value also had a higher success
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rate in receiving data forwarding services from other nodes; on
the contrary, a node with a lower reputation value had a higher
probability of data forwarding requests being rejected. Wu et
al. [12] proposed an incentive mechanism for routing nodes
based on the game theory, in the process of data forwarding,
the probability value was modified according to the
performance of the node, the message was transmitted from
node with a lower probability to the node with a higher
probability, and virtual currency was adopted to reward the
nodes with more forwarded data and increase the probability
value. Wang et al. [13] designed a DTN incentive model called
the ODEs, they introduced the concept of “reward” in data
forwarding; nodes with more forwarded data had more
“rewards” and nodes with less forwarded data had less
“rewards”; the accumulated "reward" value was associated
with the priority of the node, which had suppressed the “selfish”
behavior of nodes to a certain extent.

Most of the above studies were solely based on the current
status of the network nodes or solely based on the historical
reputation information of the nodes, although they had
suppressed the “selfish” behavior of nodes to some extent, if
the two could be considered comprehensively, it’ll not only
suppress the “selfish” behavior of nodes, but also balance the
network loads, extend the overall service life of the network,
and improve the routing performance [14]. Therefore, this
paper proposes a DTN routing algorithm based on the auction
price game, which completes the routing selection process by
comparing the quoted prices of neighbor nodes; the
composition of the prices of neighbor nodes includes the
current status and historical forwarding performance of the
nodes, it suppresses the “selfish” behavior of nodes by
strengthening the price factor, and improves the overall
network performance while completing the routing.

This paper consists of five parts. The first part is an
introduction to the research background and related issues, it
outlines the basic ideas for solving the DTN routing problem
and the “selfish” behavior of nodes; the second part describes
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the routing model proposed in this paper in detail; the third
part converts the model into the routing algorithm; the fourth
part compares the proposed model with other routing models
through experiments to verify the effectiveness of the
proposed model; the fifth part gives the conclusion.

2. DTN AUCTION GAME MODEL

According to above analysis, the game theory can regulate
and balance the benefits of event participants [15], and the
introduction of this theory can suppress the “selfish” behavior
of DTN nodes [16, 17] and improve the network performance.
As the scale of DTN continues to expand, the node selfishness
problem will be very prominent and will definitely become the
bottleneck of DTN performance. Therefore, it is of great
necessity to study how to effectively suppress the “selfish”
behavior of DTN nodes, to this end, this paper proposes a DTN
routing algorithm based on price game, in the hopes of solving
the routing problem of DTN while suppressing the “selfish”
behavior of nodes, as well as enhancing the overall
performance of DTN.

2.1 DTN routing mode analysis

The number of DTN nodes is limited, and the locations of
the nodes change frequently, lacking the fixed end-to-end
connections, and the routing adopts the "storage-carry-
forward" mode [18]. Therefore, the core problem of DTN
routing lies in the process of finding a suitable data forwarding
node which can make sure the data reach the target node while
reducing the network consumption as much as possible.

When a node in DTN needs to send data, it usually has
several alternative neighbor nodes. If the Epidemic routing
algorithm is adopted at this time to spread the data to the entire
network, the data will eventually reach the target node, but it’ll
make the network full of the copies of the data, increase the
consumption of the network, and greatly increase the
probability of network congestion [19], therefore, multi-copy
routing algorithms such as the Epidemic routing algorithm are
not suitable for DTN. When designing routing algorithms for
DTN, single-copy routing mode or finite-copy routing mode
should be taken as priority, and choosing a proper data
forwarding node is especially important.

Second auction

game

. First auction game

Figure 1. DTN routing process

As shown in Figure 1, the DTN source node has data to send
to the target node, during this period, it has to go through
multiple node selections before finally hand over the data to
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the target node. In the process, since the nodes numbered 2 and
5 are more suitable due to their own conditions, they are
chosen from multiple adjacent nodes to participate in data
forwarding. The process described here seems to be quite
simple, but the actual node selection process is much more
complicated. Each forwarding node selection process in the
routing process is very similar to the actual goods auction
process. Therefore, the entire routing process can be abstracted
into a multi-stage auction game model [20].

The source node is defined as the buyer, the "auction goods"
purchased by it is the data forwarding service; the neighbor
node is defined as the seller, and the "auction goods" provided
by it is the data forwarding service as well. Each time a data
forwarding service has been completed, the source node needs
to pay a certain fee to the forwarding node [21]. At last, when
the target node receives the data sent by the source node, it
needs to pay the source node a certain fee to reward the source
node to send the data to the target node. The entire routing
process is divided into several nodes. Each stage is an auction
game, and every auction game pursues the Nash equilibrium.
Finally, the multi-stage auction games constitute a subgame
perfect Nash equilibrium [22, 23].

2.2 Auction game model

The participants of the auction game are the source node and
neighbor nodes of DTN, wherein the source node is the buyer
of the data forwarding service, and it searches for reliable
forwarding nodes through bidding; the neighbor nodes are the
sellers of the data forwarding service, and they auction their
own data forwarding services. During the process of the game,
both the buyer and the seller need to make a quote of the
service based on their own status and the status of other nodes
they have mastered.

2.2.1 Definition of data forwarding service prices

(1) Quoted price of neighbor nodes

The neighbor nodes here refer to the seller nodes that
provide data forwarding services during each game. If there is
a node i that needs to forward data, then n nodes that are
adjacent to it and have data forwarding conditions need to
make a quote. The quoted price of any neighbor node j is
defined as:
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where, #; represents the number of hops from node j to the
target node, s; represents the remaining storage space of node
J» and there is L;(£)=32.44+201gd;(1)+201gf;, it represents the
space transmission loss generated during the information
transmission process from node i to node j at time ¢, and is
called the free space transmission loss; dji(f) is the distance
between nodes v; and v; at time ¢, f; is the link carrier frequency
[24].

Formula (1) defined the quoted price of the data forwarding
node. Under the same conditions, the more the number of hops,
the greater the free space transmission loss, and the higher the
price; the more remaining storage space, the lower the price.
This design has fully considered the actual characteristics of
DTN. The number of node hops, the free space transmission
loss, and the remaining storage space are all closely related to
the routing performance of DTN. Larger number of hops
generally represents longer distance, and means that the data



processing time delay is longer; under the same conditions, the
fewer hops from the target node, the better. The greater the
free space transmission loss, the worse the link quality. A
larger remaining storage space is particularly important for
DTN, larger remaining storage space means that the node
could receive a large amount of data, its data forwarding
ability is stronger, and the probability of network congestion
is lower. Therefore, Formula (1) clearly reflects the data
forwarding service ability of the current data node, the lower
the quoted price, the stronger the service ability.

(2) Quoted price of source nodes

The so-called source nodes here refer to the buyers of the
data forwarding service during each auction game, including
the data source node that initiated the routing service for the
first time, and the data forwarding nodes during the whole
routing process. Assume the data source node number is i, then
i's quoted price is:
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where, n represents the total number of i’s neighbor nodes that
can provide data forwarding services, and the quoted price of
the data source node defined by Formula (2) is the mean of the
quoted prices of all neighbor nodes, it is the average level of
the data forwarding service prices of the neighbor nodes, and
can reflect the general status of data forwarding services that
could be provided by the current network. The purpose of this
design is to make the routing data evenly distributed, so as to
prevent individual nodes from taking too many tasks and
failing prematurely, and the goal is to delay network
congestion at the greatest extent.

2.2.2 Node earnings

During the routing process, the target node must pay
corresponding reward to the source node to compensate for the
energy it consumed for sending the data. At the same time, the
source node must pay certain rewards to the forwarding nodes
as well. In this way, neighbor nodes would start to compete
with each other in order to obtain earnings from the data
forwarding tasks. By comparing the prices, the source node
selects a node from the many neighbor nodes to undertake the
data forwarding service, and pays the reward. The earning is
the core part of the auction game, it consists of two parts: the
reward and the cost, this section will give an introduction to
the earnings of the nodes.

(1) Definition of earning rules

In DTN, due to the different roles of nodes in the routing
process, their earning rules vary as well, the specific rules are
as follows:

1) In the entire DTN routing process, participant nodes can
be divided into three types: data source node, forwarding node,
and target node;

2) If a node belongs to none of the above types, its earning
is 0;

3) If the node is a source node, its earning comes from the
compensation provided by the target node;

4) If the node is a forwarding node, its earnings can be
divided into two parts, the earning from data receiving game
and the earning from data sending game, respectively;

5) If the node is a target node, it has no earning at all, it is
only responsible for paying for the service behavior of other
nodes, and its role is similar to the “central bank”;
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6) The final earnings of the source node and forwarding
node need to deduct the costs.

(2) Data forwarding service transaction price

The previous section introduced the quoted price of the
source node and the neighbor nodes, and the Formula (3)
below describes the transaction price of the data forwarding
service. When a neighbor node's quoted price is lower than the
data source node's posted price, then the neighbor node
satisfies the basic conditions for forwarding data, and such
nodes constitute a set of alternative data forwarding nodes.

0,p,()>q @
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In order to suppress the selfish behavior of the nodes and
avoid the “routing black hole” in the network caused by only
receiving data without sending data, here we introduce the
node forwarding rate o; to represent the data forwarding
history of node j. As shown in Formula (4), after dividing the
quoted price by the forwarding rate, the results are sorted, and
the node with the smallest result is selected as the data
forwarding node.

Oy = pj(i)’ j:argmin(pj(i)/a]‘) 4)

(3) Definition of the payoff function of source node

In the auction model, source node i is the buyer of data
forwarding service, it generates data and completes a
transmission, after the data forwarding is completed, the target
node will pay a reward y, the forwarding node uses this reward
to pay the data forwarding service fee, and the remaining part
is its own earning. The payoff function of source node i is:
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where, y represents the reward paid by the target node, oy
represents the reward paid by the source node to the
forwarding node, e; is the consumed energy for data
forwarding, e/(¢) is the remaining energy of the source node, s;;
is the newly-added storage space after the source node sends
the data, s; is the total remaining storage space of the source
node. In order to ensure that the node earning is positive, the
reward y paid by the target node should satisfy:

y>o+ S (6)
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(4) Data forwarding node earnings

The forwarding node is not target node, but intermediate
node. Assume that forwarding nodes do not consume energy
when receiving data, and their energy consumption cost is 0;
however, they still need to pay the cost of storage space, then
the earnings of the forwarding nodes for receiving data can be
expressed as:

()
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i
where, o represents the reward paid by the source node to the
forwarding node, s; is the reduced storage space after the
forwarding node receives the data, and s;is the total remaining



storage space of the forwarding node. Because as a data
forwarding node, besides receiving data, it also needs to send
data, so its earning also includes the data sending part, and the

sending process is basically the same as that of the source node.

Therefore, the final total earning can be expressed as:
Ui = Uj s (®)

where, u;, is the data sending earning, which can be expressed
as:
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where, k represents the selected node in the twice sending
process, and the meaning of other parts of the formula is the
same with Formula (5).

3. ROUTING ALGORITHM DESIGN

According to the description in the previous section, an
auction game-based DTN routing model has been constructed.
With the help of this model, an economical, efficient, and
reliable path can be found between the source node and the
target node. With this model as the basis, a price routing
algorithm based on auction game is constructed in this section;
the algorithm is named the “Auction Price Routing Algorithm”,
abbreviated as APRA, which will be introduced in this section
as well.

When a node in DTN needs to send data, it will first start
the quotation mechanism, wait for the quoted prices and
history data forwarding success rates of the neighbor nodes,
and calculate the posted price of data forwarding. After it gets
the quoted prices and success rates of the neighbor nodes, the
routing model is adopted to process the prices and make
routing selection.

==

source

targe

node i,

[

Determine transaction price
according to posted price and
history data forwarding

success rates

1

Determine forw:

rding node and

send the data

Figure 2. Flow of the routing algorithm based on price game

The flow of the DTN routing algorithm based on the auction
game mechanism is shown in Figure 2. The specific steps are
as follows:

Stepl: When node i needs to send data, it initiates a data
transmission task and determines node j as the target node;

Step2: Judge whether the target node j is one of the neighbor
nodes, if it is a neighbor node, directly deliver the data, skip
other steps, and the algorithm terminates; if it is not a neighbor
node, go to Step3;

Step3: Send price inquiry data packets to the neighbor nodes
and wait for reply;

Step4: Receive the quoted prices and the history data
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forwarding success rates of neighbor nodes;

Step5: The data source node i calculates the posted price;

Step6: Determine the transaction price according to the
posted price, quoted prices, and history data forwarding
success rates;

Step7: Determine the data forwarding node and send the
data;

Step8: The node which received the data repeats Step 2.

It should be noted that, in the Step 3 of the routing algorithm,
the inquired node needs to exclude the “previous node”, which
refers to the node that has sent the data to the current node in
the previous routing step, and such design could effectively



avoid the emergence of "routing loops". abbreviation of "Opportunistic Network Environment". The
tool was developed by Ari Kerédnen, Jorg Ott and others of the
Aalto University of Helsinki, Finland. The programming

4. ROUTING ALGORITHM SIMULATION ANALYSIS language is Java. At present, the tool is jointly maintained by
researchers at the University of Aalto, Finland, and the
4.1 Simulation tool and scenario design Technical University of Munich, Germany. The software can

be compiled and run on platforms such as Windows, Linux
This study adopted ONEL.5 to conduct the simulation and MacOS.
experiment of the routing algorithm. This software is a special The main simulation parameters of related simulation
software designed for DTN simulation. ONE [25] is an scenarios in this paper are shown in Table 1.

Table 1. Main simulation parameters

Parameters Values Descriptions
Communication rate 500 500kbps
Node communication radius 3000 The communication radius of the nodes
Node movement model MapRouteMovement The movement model of the nodes
Node movement speed 3,5 Movement speed per second
Node storage space 1000MB Storage space of the nodes
Data lifetime 120 The data packet lifetime is 120 minutes
Under such scenario, the routing model proposed in this the first two, its network time delay was slightly longer than
paper was compared with the Epidemic routing algorithm and that of the Epidemic routing model, but with the progress of
the FC (First Connection) routing algorithm. the simulation time, the large number of copies of the
Epidemic model gradually lowered the performance of the
4.2 Simulation results network and the average time delay increased; while the
performance of APRA gradually tended to be stable, and
4.2.1 Average time delay outperformed the other two routing models in terms of time
In DTN, there are a large number of messages and their delay.
copies at the same time, so it’s quite meaningful to analyze the
average time delay of the messages, so as to reflect the network 4.2.2 Network cost ratio
status and performance more accurately. Figure 3 is a The network cost ratio refers to the proportion of the total
comparison of the average time delay of three routing models. amount of data that did not reach the target node successfully

in the total amount of data that successfully reached the target
node during various simulations. This ratio is generally used

00 e to reflect the overall transmission performance of the network.
N 88 BATRA Figure 4 shows the network cost ratios of the three routing
. i et models during the simulation.
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Figure 3. Average time delay of different routing models
4 8 1. 16 20 4
As can be seen from the Figure 3 that the average time delay Simulation time(h)
of the FC is the longest among the three routing models, it’s
because the FC routing algorithm uses a single-copy mode to Figure 4. Network cost ratio of different routing models
transmit the data, which reduces the data arrival probability,
and increases the’ trangmissio'n time delay; The average time It can be seen from the Figure 4 that the network cost ratio
delay of the Epidemic routing model is the shortest, it’s of APRA model was significantly lower than that of the
because in an ideal network state, the epldemlc.routmg method Epidemic model, and it’s basically at the same level as the FC
generates a large number of data copies, which reduces the model. The goal of the proposed model is to improve network
average time delay of data transmission, but this method can performance while saving network resources, the model won’t
easily cause network congestion; At the beginning of the generate a large number of data copies or cause serious
simulation, the average time delay of the APRA was between network congestion, so it has an ideal network cost ratio.
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In summary, this section conducted a simulation experiment
on APRA, the DTN routing algorithm proposed in this paper,
and compared it with the Epidemic algorithm and the FC
algorithm. APRA exhibited excellent performance, and it
outperformed the other two algorithms in terms of
comprehensive performance. It is a routing algorithm with
balanced performance, and it achieved the original intention of
the algorithm design: to find an economical, reliable and
efficient transmission path.

5. CONCLUSION

This paper proposed a DTN routing algorithm based on the
auction price game, the APRA, which converted the DTN
forwarding node searching process to the auction price game
process, it correlated the objects and behaviors in the routing
process to the elements in the game, and found out a relatively
economical data transmission path through the games between
data sending nodes and data forwarding nodes; at the same
time, it had effectively suppressed the “selfish” behavior of the
nodes, and optimized the overall performance of the network;
compared with Epidemic and FC algorithms, it could better
save the network resources, and its routing performance is
more balanced.
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