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Abstract

Evidences indicate that, due to the limited caching capacity or inaccurate estimation on users’
preferences, the requested files may not be fully cached in the network edge. The transmissions of
the un-cached files will also lead to duplicated transmissions on backhaul channels. Buffer-aided re-
lay has been proposed to improve the transmission performance of the un-cached files. Because of
the limited buffer capacity and the information asymmetric environment, how to allocate the limited
buffer capacity and how to incentivize users in participating buffer-aided relay have become critical
issues. In this work, an incentive scheme based on the contract theory is proposed. Specifically, the
backlog violation probability, i. e. , the buffer overflow probability, is provided based on the martin-
gale theory. Next, based on the backlog violation probability, the utility functions of the relay node
and users are constructed. With the purpose to maximize the utility of the relay node, the optimal
contract problem is formulated. Then, the feasibility of the contract is also demonstrated, and the
optimal solution can be obtained by the interior point method. Finally, numerical results are presen-

ted to demonstrate effectiveness of the proposed contract theory scheme.

Key words: coniract theory, buffer resource allocation, wireless caching network, incentive

mechanism design

0 Introduction

Due to the surge of duplicated transmissions in
wireless networks, wireless caching technology has
been proposed in order to release the transmission re-

1141 The advantages of

dundancy on backhaul channels
wireless caching technology have been provided as re-
leasing traffic pressures on backhaul channels, reduc-
ing the transmission latency and improving the overall
network energy efficiency, etc. The recent researches
on wireless caching technology can be roughly classi-

[5,6

fied into 2 aspects; content placement”>**) and content

78] Most of these works have assumed that

delivery
the popular files can be pre-cached into the edge
nodes. However, due to the limited caching capacity,
or the inaccurate estimation on user preference pro-
files, the requested files may not be cached or only be
partially cached in the edge nodes. The transmissions

of the un-cached files/parts may still induce the dupli-

cated transmissions on backhaul channels or lead to
transmission latency.

In order to further enhance the performance of
wireless caching, researchers begin to investigate the
joint buffer and cache allocations in wireless caching
networks. Cache resource can be considered as a long-
term memory to pre-cache the popular files during off-
peak time. The pre-cached files can be directly trans-
mitted upon requesting without triggering traffic on
backhaul channels. Buffer resource is a kind of short-
term memory. It can be used to store the fetched files
from the remote servers or from the cache memory.
Thus, it can be utilized to enable buffer-aided relay to
improve the delivery performance of the un-cached
files. Buffer usually has a high input/output (1/0)
speed, and therefore, it is allocated with an expensive
primary memory. In practice, due to the limited
battery capacity, users usually have their personal use
purposes or privacy concerns ). It is impossible for the
edge node to contribute all its buffer resource. Gener-
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ally, it will devote a limited buffer capacity to help
transmissions. It is known that, due to users’ unbal-
anced data arrival and service rates, there may be
some backlogs inside an edge or a relay node. In this
paper, the edge node also acts as a relay node. The
term ‘relay node’ is used for the ease of discussions.
Backlogs may lead to queueing delay, and backlog
overflow which is induced by the limited buffer capaci-
ty, and even induce re-transmissions over backhaul
channels. How to allocate the limited buffer capacity to
maximize relay node’ s utility has become a critical is-
sue in realizing the buffer-aided relay in wireless cac-
hing networks. At the same time, users are willing to
utilize the buffer-aided relay scheme to enhance its
transmission performance. How to design a proper in-
centive scheme to incentivize users in participating
buffer-aided relay communications has also become an
important issue. In order to solve the above 2 issues, 2
problems need to be figured out.

First, the relationship among the arrival rate, the
service rate, the backlogs, and the buffer capacity
should be determined. In this way, the buffer capacity
on relay node’ s side can be linked to each user’ s
backlogs which are determined by this user’ s arrival
and service rates. The effective bandwidth theory is a
useful framework to analyze the backlog performance of

: 10,11
broad classes of arrivals''®!"

. However, it may lead to
loose estimation for non-Poisson processes, and it is
not realistic to assume user’ s arrival or service data
follow Poisson processes. At the same time, the mar-
tingale theory is proposed as an alternative in analyzing
the backlogs, which is flexible and suitable for any
kind of arrival and service processes''>). A lot of works
have demonstrated that the martingale theory can pro-
vide a tight bound compared with the real data trace.
Moreover, the derived bound can be used as an objec-
tive function or as a constraint to further optimize the
1346 " Thus, in this work, the

martingale theory will be used to determine the rela-

network performance

tionship among the arrival rate, the service rate, the
backlogs, and the buffer capacity.

Second, in the concerned wireless caching net-
works, user’ s specific parameters cannot be fully ob-
served by the relay node. Information asymmetry exists
in this scenario. The relay node only knows the set of
user’ s parameters, but it cannot observe the specific
value of each user. Contract theory is known as a pow-
erful tool in solving this kind of information asymmetry
problem'"”) . Most of the existing works on contract the-
ory can be classified into 2 categories: one is adverse

[18-21]
»

ard'”®! . The existing works have highlighted that sol-

selection and the other one is moral haz-

ving the problem of asymmetric information in resource
allocation is the major advantage of contract theory.

In this work, an incentive mechanism for buffer
resource based on the contract theory in the wireless
caching networks is designed. The proposed scheme
can provide proper economic incentives to users. The
main contributions of this paper are summarized as fol-
lows.

(1) A commercial wireless caching network is
constructed, where user’ s backlog violation probability
is derived based on the martingale theory. Then, the
utility functions of the relay node and the users are for-
mulated.

(2) Contract theory is proposed to design the
buffer resource allocation scheme between the relay
node and the users. The users are classified into differ-
ent types according to their distances from the relay
node. Correspondingly, the relay node divides its de-
voted buffer resource into different portions, defined as
quality. The optimal contract problem is then construc-
ted in maximizing the utility of the relay node.

(3) Next, the conditions of a feasible contract are
developed, and they are considered as constraints in
the constructed optimization problem. In order to ob-
tain the optimal contract, the constraints need to be re-
duced by several steps, which are also elaborated.

(4) Numerical results are provided to demonstrate
effectiveness of the proposed contract theory scheme.
Also, it can be found that in terms of maximizing the
relay node’ s utility, the proposed scheme is superior to
the equally allocated scheme.

The remainders of this paper are organized as fol-
lows. The system model and the backlog violation
probability derived from the martingale theory, as well
as the utility functions of the relay node and users are
presented in Section 1. The detailed incentive mecha-
nism design steps based on the contract theory are
elaborated in Section 2. Numerical results are presen-
ted in Section 3, and finally conclusions are drawn in
Section 4.

1 System model

In a wireless caching network, instead of direct
transmitting files from the base station (BS) to the us-
ers, as shown in Fig.1, a nearby node will be em-
ployed as a relay to enhance the delivery performance.

1.1 User’s data arrival model
A user U, requires a file. Data are transmitted

using the buffer-aided relay scheme. Assuming that the
bursty file amount a; (k) for user U, arriving at the relay
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Fig.1 System model of a wireless caching network

and the details inside a relay node

node at time k follows a Markov-modulated on off
(MMOO ) process which has 2 static status [ II°,
II']. On state II°, there is no data arriving, i. e. ,
a(k) =0, while on state IT', a,(k) = R bits/s, and
R > 0. The corresponding state transition matrix Tr* is
defined as

Tr“:[l;ﬁTa li‘“yﬁ] (1)

where, T* represents the transition probability from
state TI° to state IT' . fid represents the transition proba-
bility from IT' to TI°. Accordingly, the steady state dis-
tribution of @, (k) is calculated as
[ I , ™ ] (2)
™ +T° T +T°
Therefore, the cumulative arrival data over time

interval [ m, n] is represented as

Aifmgn) = k_ia,(k) x1 (3)

where the unit of time interval is one second, and
A,(m, n) can be regarded as a bivariate arrival
process. If m =0, A,(0,n) = A;(n) is used for brevi-
ty.

1.2 Data service model

Assuming that the relay node devotes a buffer ca-
pacity Cj to help the surrounding NV users relay their da-
ta. The transmission bandwidth is B. The N users
equally share the bandwidth. A constant transmission
power P, is utilized for each user. According to Shan-

[24]

non’ s channel capacity theorem*”" , the service rate,

i. e. , the transmission rate, from the relay node to the

user can be written as
B —tr e,
s.(k) = log| ' F B (4)

where, d, is the distance between a user U, and the re-
lay node, [ is the pathloss exponent, ¢ is the noise
density. The accumulative transmission amount S, over

time interval [ m, n] can be written as

S;(m, n) = kz,si(k) x 1 (5)

Note that when the user’ s location is known, the
service rate is irrelevant to time k. s,is used for brevi-
ty.

Also, the following assumption is provided to
make the analysis non-trivial.

Ela;(k)] <s; <supa;(k), Vi (6)

Eq. (6) means that the service rate is larger than
the average arrival rate, and it is smaller than the peak
arrival rate. In this way, there will be some backlogs
inside a relay node’ s buffer.

1.3 Backlog violation probability

Since there are some backlogs inside a relay
node’ s buffer, i.e. ,

Q; = supiA;(n) - Si(n)} (7)
and the relay node only devotes a limited buffer capaci-
ty C,. Moreover, each user is allocated with a dedica-

ted buffer with capacity o;Cy, where @, represents the
N

portion assigned to user U;, a; = 0, and Z o, = 1.
i

The backlog violation probability is defined as follows.

Definition 1 Backlog violation probability is the
probability that a user U, ’ s allocated buffer o;C is
overflowed, i.e. , Pr(Q;, = (a,Cy)).

The backlogs in Eq. (7) show a stochastic char-
acteristic, and it is infeasible to determine the precise
value of the backlogs. The martingale theory is known
as a power tool in handling this kind of problem. In the
following, the martingale theory is utilized to analyze
the property of the backlogs. First, 2 martingales
should be constructed, i. e., the arrival martingale
M!(n),i.e.,

Mi(n) = hi(a,(n))e ™™ n=0 (8)
and the service martingales M’ (n) , i.e. ,

M (n) = hi(s;(n))e" ™% n =0  (9)

The scheduling policy is first in first out (FIFO).
Many works have contributed to derive the backlog vio-
lation probability. Here, it is provided directly in The-
orem 1.

Theorem 1 The backlog violation probability is
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calculated as

E[£(a;(0))] _sruc,
H ;

i

Pr(Q;, = (a,Cp)) <

(10)
where H, = min{h{(a;)h;(s;) | a, —s;, > 0}.
Proof Please refer to Refs[ 12,14 ] for the rigor-
ous deduction.
Since all the users have the same arrival model,
and the service rate s, is irrelevant to time £.

E[h“(a.(O
w—‘(m in Eq. (10) can be derived as a con-

i

stant''>' . Thus, it is defined as

E [h{(a;(0))]

b = s (11)
and Eq. (10) can be rewritten as
Pr(Q;, = (a;Cy)) < he % @i (12)

1.4 Users’ utility

Assuming that a user U, rents an q; portion, it
needs to pay r; to the relay node. If the data is over-
flowed, the overflowed data will be re-transmitted
through the cellular link, and this will cost the user U,
with some extra money. The utility of the user U, is

shown as follows.

Ufniliay = Po(l _he_gi*aiCB) -, Vi (13)
where, p,(1 — he % *“#) is the saving cost which is-
gained from renting the relay node’ s buffer portion, 6"
is a parameter that is jointly determined by the data
generation rate a, (k) and the service rate s; (k). In the

following, 6," is defined as user’s type.

Definition 2 User’ s type; 6, which is jointly
determined by its data generation rate and service rate,
is defined as user’s type. User’s type is sorted by an
increasing order. That is

0, <0, < <0y (14)
due to information asymmetry, the relay node only
knows the set of user’ s parameters, but it cannot ob-
serve the specific value of each user.

1.5 Relay node’ s utility

Relay node will make profits by renting out its
buffer resource to the surrounding users. The relay
node rents out an q; portion to the user U,, and corre-
spondingly the user U, will pay m; to the relay node.
Thus, the utility function of the relay node is represen-
ted as

N

URL(/\, o, 1T) = 2 (Tri +60(1 _he—gi*aiCB))
i=1

(15)

where, 1 — he ™ *“ denotes the probability that the

backlog does not overflow. In other words, it means
the probability of success that the relay node can buffer
the transmission data. Otherwise, the overflowed data
will be transmitted through the cellular link. Thus, the

corresponding saved cost is 8, (1 — he " *%F),

2  Incentive mechanism design based on
contract theory

The relay node designs the optimal contracts {a

m;}, 1= {1, ,N| to maximize its own profits. The
optimal contracts also need to comply with the following
2 constraints; individual rationality (IR) and incentive
compatibility (IC) for all intended users. The defini-
tions of the IR and IC constraints are as follows.
Definition 3

sumed to be rational, and it will not accept a contract

IR constraint: each user is as-

entry which produces a negative utility for its type.
Therefore, IR constraint is provided as follows.

po(1 = he ) . =0, Vi (16)

IR constraint means that the savings must compen-
sate the payment. In the case of U, < 0, the user will
not purchase the buffer portion.

Definition 4
patibility constraint means that V, cannot gain more util-

IC constraint: The incentive com-

ity by accepting a contract entry which is not designed
for its type. That is

po(1 —he™® ) — @, =p (1 - he %) — .

=i (17)
where the contract {a;, ;| is designed for type i.

In other words, user with type ¢ should obtain the
maximum utility if and only if it chooses the contract
{a;, m,} designed for its type.

The optimal contract problem aims to maximize
the relay node’ s utility, and also complies with the IR
and IC constraints. Thus, the optimal contract problem
is formulated as follows.

{a, /| = argmaxU,, (18)

N
s.t.IR(16), IC(17), Y oy <1,0 <@, <1,V
i=1

2

Contract theory is a kind of economical tool that
can provide enough incentives to the users that motivate
them choose the intended contract entry. This mecha-
nism is guaranteed by the IR and IC constraints. That
is to say, if users are not interested in paying anything,
they will gain nothing, and if they do not choose the
intended contract entry, they will not obtain the maxi-
mum profits.

2.1 Constraints reduction
Since in Eq. (18) , there are N IR constraints and
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N x (N = 1) IC constraints. It is not tractable to solve
an optimization problem with so many constraints.
First, the number of constraints should be reduced by
the following lemmas.

2.1.1
Lemma 1 is provided to reduce the IR constraint.
Lemma 1 (IR constraint Reduction) The IR

constraint for the lowest type ," is binding, i.e. ,

po(1 = he™) _ . =0 (19)

Proof From Definition 2, 6, < =+ < 0, < -
< 0y. E(6 ,a,) is used to represent 1 — he ™" % for
simplicity, i.e. ,

E<0i* ;) =1 - fg™ e (20)

Considering the properties of IC constraints and
the increasing property of function p E(6," , a;) — m,

IR constraint reduction

over §. , i.e.

S

(a)
pOE(ai* ;) = W BPOE(G; , 0y) —
(b)
BPOE(G:,O‘J -m, Vi (21)

where the property of IC constraint can assure (a),

t )

while the increasing property of function E(6," ,a;)
over 0, assures (b). Therefore, if p,E(0, ,7,) — m,
= 0, all the computation nodes will satisfy the IR con-
straints. This completes the proof.

2.1.2

First, in order to make the analysis consistent

IC constraint reduction

with the contract theory.  Quality’ is defined in this
paper.

Definition 5 Since the buffer resource is consid-
ered as trading goods, the buffer portion ;, V1, is de-
fined as quality.

The IC constraints can be reduced by the following
lemmas.

Lemma 2 If the contract entries satisfy the IC
constraints, the following relationship holds. Given the
quality o; > o, if and only if the price satisfies mw, >
w3

Proof Lemma 2 is demonstrated from 2 aspects,
i. e., sufficient condition and necessary condition.

(1) Sufficient condition: if the contract satisfies
the IC constraints shown in Eq. (17), i.e., p,E(6; ,
o) - =p k(6 ,a;) —m,, Vi1, itcan be re-
written as p,E(0; ,a;) —poE(6" ,a;) = m; -, is an
increasing function of o;, given o; > o;=E(0; ,0;;) -
E(6 ,a,) < 0=, > ;.

(2) Necessary condition: if the contract satisfies
the IC constraints, i. e., p,E(0 ,a;) — m =
poE(8] ,a;) — m;, Vi # i, it can be rewritten as
poE(0 ;o) —poE(O] ,a;) = m, — ;. Given m, >
i, poE(0” ,a;) — poE(6 ,a;) = 0 holds. Since

E(6; ,a;) is increasing with o, then o; > a;. This
completes the proof.

Lemma 3 If the contract entries satisfy the IC
constraints, the quality o; monotonically decreases with
type 0 , i.e., if 0 > 6], thena; < ;.

Proof Given the IC constraints, i.e., p,E(6,",
o) —m =ZpE(0 ;) —mandp E(6] ,a;) —m; =
poE(6" ;) —m,,Yi# i, then

pOE(ei*’ai) _POE(Bi*’ai') =Zm - m (22)
and

poE (6 ;) —poE(6 o) < m - (23)

Observing Eq. (22) and Eq. (23), then

E(6] ,a;) —E(6; ,0;) = E(6] ,a;) ~E(6] ,;)
(24)

Substituting Eq. (20) into Eq. (24), and after
some manipulations, then
07 eiCp e-ﬂi*OGCB + e-(ﬁ*ﬂicﬂ _ e-ﬁ*ﬂicls =0

(25)

- e

Eq. (25) can be rewritten as

g el _ 6l = -6 aCp
-

— e el (26)
Since §; > 6, in order to satisfy the relationship
in Eq. (26), e %" %% _ g707 s

ing function over §,". Then, it is defined as

needs to be an increas-

F( ei* ) - e’ai*oficﬂ _ e*ﬂi*aiCB (27>
If F(6, ) is an increasing function, then
aF(6; . ¥

(")(0: ) = CB(aie_gi HE aie—gi aicg) =0

(28)

In order to derive the relationship between «; and

o;, A, = 0, Cyis defined. Then, Eq. (28) can be re-
written as

(e ™ — gze™) =0 (29)

Whena; > AL and 0" > 0; , then; < a;. «; and

i

a; have the following relationship, i.e. ,

(30)

=0 =

A, ’ '

This completes the proof.

Moreover, if user’ s utility function satisfies the
local downward incentive constraint ( LDIC) and the
local upward incentive constraint ( LUIC) simultane-
ously, the IC constraints will be satisfied. Further-
more, the LUIC can be derived from the LDIC, and
vice versa. The IC constraints can be replaced by

poE(0 ;) —m = pE(0] ;) — iy

(31)

By integrating the above lemmas, the original
problem will be reduced to the following formulation.

la) ,m/ | = argmaxU,, (32)
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W Table 1 System parameters
s.t.IR(19),IC(31), Z{ai =1,0,=0,Vi — —
- T, T. = 0.4
2.2 Optimal solution T, T, =0.5
By iterating IR and IC constraints shown in User number N = {4,5, 6}
Eq. (32), the summation of 17, can be written as a gen- R R, €[4,5] MB/s
eral equation, i.e. , Total bandwidth B =0.5 MHz
N Transmission power p, =23 dBm'*!

Y omo= Y (N+1-i)pE(6] ,a,)

1= i=1
N
- X (N =0)pE(65,0;) (33)
i=1

Substituting Eq. (33) into Eq. (32), the problem
will be further reduced to the following brief formula-
tion.

la} = argmasz: G: (34)
. 1=1
s.t. Yo, =1,0,20, Vi
where , o
C,= ((N+1-0)p, +8,)E(6 ,a,)
- (N—i)PoE(aiinai) (35)

It can be seen that each C;in Eq. (34) is only re-
lated to ;. In other words, it is not coupled with other
a;. The first and second derivations of C; are

aC; .
S (N +1 = i)py + 8,) kO Cye ™o
— (N = i)pyh8., Cpe s (36)
and
BCIZ § * 2 -0;*a;C
f = = ((N+1=i)p, +8,)h(6 Cp)e™ "
o;
+ (N - i)Poh(aiichye_emaicg (37)

respectively.

It is easy to verify that Eq. (36) =0, and Eq. (37)
<0, Eq. (34) is a typical convex optimization prob-
lem. The optimal solution can be obtained by the inte-
rior point method. The numerical results are provided
in the next section.

3 Numerical results

In this section, numerical simulation results are
presented to demonstrate effectiveness of the proposed
scheme. The simulation settings are listed in Table 1.
Some simulation parameters are assumed, for example,
T,, Ty, user numbers, R;, total bandwidth and buffer
resource capacity. Some simulation parameters are
commonly used, for example, the noise density and
path loss exponent. The specific simulation settings
will be elaborated if the
changed.

simulation scenario 1is

o’ = =174 dBm
d, €[20,40] m'*’
=4

C, €[60,600] MB

Noise density
Distance between relay and user
Path loss exponent

Buffer resource capacity

Fig. 2 plots the variation of user’ s utility when the
user chooses different contract entries. It can be seen
that each user will obtain the maximum utility when it
chooses the contract entry intended for its type. For in-
stance, user 1 will obtain the maximum utility when it
chooses the 1st contract entry. User 2 can achieve the
maximum utility in the 2nd contract entry. The 3rd
contract entry can make user 3 get the maximum utili-
ty. Similarly, contract entry 4th, S5th, and 6th will
provide user 4, 5, and 6 with the maximum utility, re-
spectively. The incentive compatibility can be verified
from Fig.2 that users cannot gain more utility by ac-
cepting a contract entry which is not designed for its
type.

0.02f — 1

—o— User 6

-0.1

01 \
2 -0.02} 1
B
w =0.041 N
2
=] —o— User 2
-0.06 —=— User 3 1
—— User 4
-0.08 —a— User 5 b
1 2 3 4 5

6
Contract entry index

Fig.2 The variation of users’ utility values when the user
chooses different contract entry

Table 2 presents the set of the parameter §," , and
Fig.3 depicts the optimal contract eniry which is a
combination of the optimal portion ¢," and the optimal
price 7, . In this scenario, there are 6 users, and their
data arrival rates R = {5, 4.8, 4.6, 4.4, 4.2, 4/
MB/s, respectively. Assuming that they are located in
the same place, i.e. , the distances between the relay
node and the users are all 20 m. The overall buffer ca-
pacity in the relay node is 200 MB.
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Table 2 The set of the parameter 6"

* * * *

6, 6, 0, 0, 0s 0
0.112 0. 148 0.191 0.243 0. 308 0.39
0.3 1
0.99
0.25 0.98
02 0.97
& 0.96
=1 -
.‘g 0.15 & 0.95
] 0.94
0l 0.93
0.05 032
0.91
0.9
123456 123456
User index User index

Fig.3 The optimal contract entry which is a combination of the
optimal portion and the optimal price

The parameter g, , i. e. , user’ s type, is jointly
determined by its data arrival rate and the service rate.
The major difference among these users is their data ar-
rival rate, and it can be noticed in Table 2 that the us-
er with a higher data arrival rate has a smaller §," , and
vice versa. Parameter 0, can reflect the inherent rela-
tionship between the arrival rate and the service rate,
and further determine the backlogs inside the relay
node. For example, when 0, is small, i.e., 9, =
0.112, there are relatively more backlogs inside the

=0.39, few

backlogs exist inside the relay node. Accordingly, in

relay node, while 6, is large, i. e., 6,
Fig. 3, the optimal portion o," grows along with the in-
crease of user’s index. This is consistent with Lemma
3 that if the contract entries satisfy the IC constraint,
the quality ;" monotonically decreases with type 6," in-
creasing.

Moreover, in Fig.3, the optimal portion ¢," and
optimal price ," designed for each user decrease as us-
er’s index increases. This is consistent with Lemma 2
that when o; > «;, if and only if the price satisfies ,
> ;.

Fig.4 compares the utility of the relay node and
the users between the contract theory scheme and the
equally allocated scheme. The equally allocated
scheme evenly divides the buffer capacity. It can be
seen from Fig.4 that, the proposed contract theory
scheme can achieve a larger utility compared to the
benchmark scheme from the perspective of relay node.
User’ s utility decreases as user’ s index increases
when contract theory scheme is used. While this kind

of trend cannot be observed when the equally allocated
scheme is employed. Moreover, the user with index 1
has the maximum utility. This observation is consistent
with the intuition that user 1 purchases the maximum
portion and pays the most to the relay node, it should
gain the most utility. On the other hand, as shown in
Fig. 4, the proposed scheme is superior to the equally
allocated scheme from the perspective of relay node.
The relay node who designs the mechanism will choose
to use the proposed contract scheme. At the same
time, users can obtain the positive utility by using the
proposed contract scheme. Therefore, users would also
be willing to participate in the proposed scheme.
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Fig.4 Comparison between the contract theory approach and
the equally allocated scheme from the perspective of
utility

4 Conclusion

In this paper, the incentive mechanism incentiv-
izing users in participating buffer-aided relay is investi-
gated in wireless caching networks. Because of the in-
formation asymmetric environment, contract theory is
utilized to design the incentive mechanism. Specifical-
ly, considering the limited buffer capacity, the backlog
violation probability, i. e., the buffer overflow proba-
bility, is first provided based on the martingale theory.
Based on the backlog violation probability, the utilities
of relay node and users are formulated. Then, the opti-
mal contract problem is modeled in order to maximize
the utility of relay node, while the utilities of users are
considered as IR and IC constraints. The feasibility of
the contract is also demonstrated. Next, the optimal
solution can be obtained by the interior point method.
Numerical results are illustrated to demonstrate effec-
tiveness of the proposed scheme. The proposed contract
theory scheme has a better utility performance com-
pared to the benchmarks.
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