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(45)

B. Proof of Convergence of DRS Algorithm
To prove Lemma 5, it is equivalent to prove the following

two statements: 1) Algorithm 2 converges as iteration index
tends to ; and 2) every convergence point is a VI solution of

formulated in Section IV-C.2.
First, we represent domain set defined in (9)–(11) using a

new set of functions as follows:

(37)
(38)
(39)
(40)

where is the relay selection profile of all sessions
defined in Section III; functions , , , and are
defined as

(41)
(42)
(43)

(44)

respectively. Here, constraints (37) and (38) together corre-
spond to constraint (9), and (39) and (40) correspond to (10) and
(11), respectively. Constraints (37)–(39) impose a constraint on
the relay selection strategy for each session , while (40)
imposes a coupled constraint for all the sessions in .
Next, we show that the implication in (45) at the top of the

page holds for any , where ,
, , and
. For this purpose, we investigate

the gradient vector of , , , and with
respect to the relay selection profile . We have the following
observations, where and represnt the cardinality of set

and , respectively.
• For each , , or , the gradient is a
dimensional vector, with each element being either 1 or 0,
and at least one element being 1. For example, the gradient
vector of can be given as ,
where the single 1-element corresponds to that the relay
node is selected by the session.

• For each , the gradient vector can be given as
, where the single -element

corresponds to that the relay node is not selected by
the session.

Since it is impossible for all tuples to be included in
(no relay node selected by any sessions) while at the same time
some tuples are also included in or (some relay
nodes selected by some sessions), the above two observations
imply that the gradient vectors in (45) are linearly independent,
which proves the implication.
Then, it follows immediately [54, Theorem 3] that the limit

of any convergent subsequence generated by Algorithm 2,
denoted by , is a VI solution of ; moreover, the
sequence generated using (27) is bounded, implying that
the penalization item in (24) tends to 0 as . Hence, the
second statement at the opening of the proof holds.
Finally, the bounded implies that is also the limit of

the entire sequence since: 1) for sufficiently large iteration index
, the modified utility in (24) reduces to the original utility as the
penalization vanished; 2) any solution of is a Nash
equilibrium of the relay selection game formulated
in Section IV-C; and 3) at an NE point no session has incentives
to unilaterally deviate from its current relay selection strategy,
and otherwise its (original) utility will be decreased. Therefore,
the first statement also holds.

REFERENCES
[1] Z. Guan, T. Melodia, D. Yuan, and D. A. Pados, “Distributed spec-

trum management and relay selection in interference-limited cooper-
ative wireless networks,” in Proc. ACM Int. Conf. Mobile Comput.
Netw., Las Vegas, NV, USA, Sep. 2011, pp. 229–240.

[2] A. Sendonaris, E. Erkip, and B. Aazhang, “User Cooperation diversity-
part I: system description,” IEEE Trans. Commun., vol. 51, no. 11, pp.
1927–1938, Nov. 2003.

[3] J. N. Laneman, D. N. C. Tse, andG.W.Wornell, “Cooperative diversity
in wireless networks: Efficient protocols and outage behavior,” IEEE
Trans. Inf. Theory, vol. 50, no. 12, pp. 3062–3080, Dec. 2004.

[4] G. Jakllari, S. V. Krishnamurthy, M. Faloutsos, P. V. Krishnamurthy,
and O. Ercetin, “A cross-layer framework for exploiting virtual MISO
links in mobile ad hoc networks,” IEEE Trans. Mobile Comput., vol.
6, no. 6, pp. 579–594, Jun. 2007.

[5] G. Kramer et al., “Special issue on models, theory, and codes for re-
laying and Cooperation in communication networks,” IEEE Trans. Inf.
Theory, vol. 53, no. 10, pp. 3297–3301, Oct. 2007.

[6] B. Aazhang et al., “Special issue on cooperative communications and
networking,” IEEE J. Sel. Areas Commun., vol. 25, no. 2, pp. 241–244,
Feb. 2007.

[7] G. Kramer, I. Maric, and R. D. Yates, “Cooperative communications,”
Found. Trends Netw., vol. 1, no. 3–4, pp. 271–425, Jun. 2007.

[8] K. J. R. Liu, A. K. Sadek, W. Su, and A. Kwasinski, Cooperative Com-
munications and Networking. Cambridge, U.K.: Cambridge Univ.
Press, 2009.

[9] A. H. Madsen and J. Zhang, “Capacity bounds and power allocation
for wireless relay channels,” IEEE Trans. Inf. Theory, vol. 51, no. 6,
pp. 2020–2040, Jun. 2005.

[10] G. Kramer, M. Gastpar, and P. Gupta, “Cooperative strategies and ca-
pacity theorems for relay networks,” IEEE Trans. Inf. Theory, vol. 51,
no. 9, pp. 3037–3063, Sep. 2005.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

14 IEEE/ACM TRANSACTIONS ON NETWORKING

[11] J. Huang, Z. Han, M. Chiang, and H. V. Poor, “Auction-based re-
source allocation for cooperative communications,” IEEE J. Sel. Areas
Commun., vol. 26, no. 7, pp. 1226–1237, Sep. 2008.

[12] B. Wang, Z. Han, and K. J. R. Liu, “Distributed relay selection and
power control for multiuser cooperative communication networks
using Stackelberg game,” IEEE Trans. Mobile Comput., vol. 8, no. 7,
pp. 975–990, Jul. 2009.

[13] J. Zhang and Q. Zhang, “Stackelberg game for utility-based cooper-
ative cognitive radio networks,” in Proc. ACM Int. Symp. Mobile Ad
Hoc Netw. Comput., New Orleans, LA, USA, May 2009, pp. 23–31.

[14] J. Mitola, “Cognitive radio for flexible mobile multimedia communi-
cations,” in Proc. IEEE Int. Workshop Mobile Multimedia Commun.,
San Diego, CA, USA, Nov. 1999, pp. 3–10.

[15] G. Scutari, D. P. Palomar, F. Facchinei, and J.-S. Pang, “Convex op-
timization, game theory, and variational inequality theory in multiuser
communication systems,” IEEE Signal Process. Mag., vol. 27, no. 3,
pp. 35–49, May 2010.

[16] Y. Shi, S. Sharma, Y. T. Hou, and S. Kompella, “Optimal relay assign-
ment for cooperative communications,” in Proc. ACM Int. Symp. Mo-
bile Ad Hoc Netw. Comput., Hong Kong, China, May 2008, pp. 3–12.

[17] S. Sharma, Y. Shi, Y. T. Hou, H. D. Sherali, and S. Kompella, “Co-
operative communications in multi-hop wireless networks: Joint flow
routing and relay node assignment,” in Proc. IEEE Int. Conf. Comput.
Commun., San Diego, CA, USA, Mar. 2010, pp. 1–9.

[18] M. Rossi, C. Tapparello, and S. Tomasin, “On optimal cooperator se-
lection policies for multi-hop ad hoc networks,” IEEE Trans. Wireless
Commun., vol. 10, no. 2, pp. 506–518, Feb. 2011.

[19] D. Yang, X. Fang, and G. Xue, “HERA: An optimal relay assignment
scheme for cooperative networks,” IEEE J. Sel. Areas Commun., vol.
30, no. 2, pp. 245–253, Feb. 2012.

[20] S. Zhou, J. Xu, and Z. Niu, “Interference-aware relay selection scheme
for two-hop relay networks with multiple source–destination pairs,”
IEEE Trans. Veh. Technol., vol. 62, no. 5, pp. 2327–2338, Jun. 2013.

[21] Y. Yao and X. Dong, “Low complexity timing synchronization for de-
code-and-Forward cooperative communication systems with multiple
relays,” IEEE Trans. Veh. Technol., vol. 62, no. 6, pp. 2865–2871, Jul.
2013.

[22] J. Habibi, A. Ghrayeb, and A. G. Aghdam, “Energy-efficient coopera-
tive routing in wireless sensor networks: AMixed-integer optimization
framework and explicit solution,” IEEE Trans. Commun., vol. 61, no.
8, pp. 3424–3437, Aug. 2013.

[23] K. Xie, J. Cao, X. Wang, and J. Wen, “Optimal resource allocation
for reliable and energy efficient cooperative communications,” IEEE
Trans. Wireless Commun., vol. 12, no. 10, pp. 4994–5007, Oct. 2013.

[24] L. Song, H. Guo, B. Jiao, and M. Debbah, “Joint relay selection and
analog network coding using differential modulation in two-way relay
channels,” IEEE Trans. Veh. Technol., vol. 59, no. 6, pp. 2932–2939,
Jul. 2010.

[25] L. Song, “Relay selection for two-way relaying with amplify-and-for-
ward protocols,” IEEE Trans. Veh. Technol., vol. 60, no. 4, pp.
1954–1959, May 2011.

[26] T. Liu, L. Song, Y. Li, Q. Huo, and B. Jiao, “Performance analysis of
hybrid relay selection in cooperative wireless systems,” IEEE Trans.
Commun., vol. 60, no. 3, pp. 779–787, Mar. 2012.

[27] D. Yang, X. Fang, and G. Xue, “Game theory in cooperative commu-
nications,” IEEE Wireless Commun., vol. 19, no. 2, pp. 44–49, Apr.
2012.

[28] Y. Liu, M. Tao, and J. Huang, “An auction approach to distributed
power allocation for multiuser cooperative networks,” IEEE Trans.
Wireless Commun., vol. 12, no. 1, pp. 237–247, Jan. 2013.

[29] D. Liu et al., “Stackelberg game based cooperative user relay assisted
load balancing in cellular networks,” IEEE Commun. Lett., vol. 17, no.
2, pp. 424–427, Feb. 2013.

[30] G. Zhao, C. Yang, G. Y. Li, D. Li, and A. C. K. Soong, “Power and
channel allocation for cooperative relay in cognitive radio networks,”
IEEE J. Sel. Topics Signal Process., vol. 5, no. 1, pp. 151–159, Jan.
2011.

[31] H. Ding, J. Ge, D. B. da Costa, and Z. Jiang, “Asymptotic analysis
of cooperative diversity systems with relay selection in a spec-
trum-sharing scenario,” IEEE Trans. Veh. Technol., vol. 60, no. 2, pp.
457–472, Feb. 2011.

[32] D. Xue and E. Ekici, “Cross-layer scheduling for cooperativemulti-hop
cognitive radio networks,” IEEE J. Sel. Areas Commun., vol. 31, no. 3,
pp. 534–543, Mar. 2013.

[33] M. Karaca, K. Khalil, E. Ekici, and O. Ercetin, “Optimal scheduling
and power allocation in cooperate-to-join cognitive radio networks,”
IEEE/ACM Trans. Netw., vol. 21, no. 6, pp. 1708–1721, Dec. 2013.

[34] K. R. Chowdhury, M. D. Felice, and I. F. Akyildiz, “TCP CRAHN: a
transport control protocol for cognitive radio ad hoc networks,” IEEE
Trans. Mobile Comput., vol. 12, no. 4, pp. 790–803, Apr. 2013.

[35] Y. Shi, Y. Hou, S. Kompella, and H. Sherali, “Maximizing capacity
in multi-hop cognitive radio networks under the SINR model,” IEEE
Trans. Mobile Comput., vol. 10, no. 7, pp. 954–967, Jul. 2011.

[36] C. Gao, Y. Shi, Y. Hou, and S. Kompella, “On the throughput of
MIMO-empowered multi-hop cognitive radio networks,” IEEE Trans.
Mobile Comput., vol. 10, no. 11, pp. 1505–1519, Nov. 2011.

[37] J. Jia, J. Zhang, and Q. Zhang, “Cooperative relay for cognitive radio
networks,” in Proc. IEEE Int. Conf. Comput. Commun., Rio de Janeiro,
Brazil, Apr. 2009, pp. 2304–2312.

[38] H. Xu and B. Li, “Efficient resource allocation with flexible channel
Cooperation in OFDMA cognitive radio networks,” in Proc. IEEE
Int. Conf. Comput. Commun., San Diego, CA, USA, Mar. 2010, pp.
561–569.

[39] J. Jin and B. Li, “Cooperative resource management in cogni-
tive WiMAX with femto cells,” in Proc. IEEE Int. Conf. Comput.
Commun., San Diego, CA, USA, Mar. 2010, pp. 1–9.

[40] T. Jing, S. Zhu, H. Li, X. Cheng, and Y. Huo, “Cooperative relay se-
lection in cognitive radio networks,” in Proc. IEEE Int. Conf. Comput.
Commun., Turin, Italy, Apr. 2013, pp. 175–179.

[41] B. Cao et al., “On optimal communication strategies for coopera-
tive cognitive radio networking,” in Proc. IEEE Int. Conf. Comput.
Commun., Turin, Italy, Apr. 2013, pp. 1726–1734.

[42] P. Li, S. Guo, W. Zhuang, and B. Ye, “On efficient resource alloca-
tion for cognitive and cooperative communications,” IEEE J. Sel. Areas
Commun., vol. 32, no. 2, pp. 264–273, Feb. 2014.

[43] L. Ding, T. Melodia, S. N. Batalama, and J. D. Matyjas, “Distributed
routing, relay selection, and spectrum allocation in cognitive and co-
operative ad hoc networks,” in Proc. Annu. IEEE Commun. Soc. Conf.
Sensor, Mesh Ad Hoc Commun. Netw., Boston, MA, USA, Jun. 2010,
pp. 1–9.

[44] Z. Guan, T. Melodia, and D. Yuan, “Jointly optimal rate control and
relay selection for cooperative wireless video streaming,” IEEE/ACM
Trans. Netw., vol. 21, no. 4, pp. 1173–1186, Aug. 2013.

[45] J. Nash, “Equilibrium points in N-person games,” Proc. Nat. Acade.
Sci., vol. 36, no. 1, pp. 48–49, Jan. 1950.

[46] F. Facchinei and J.-S Pang, Finite-Dimensional Variational Inequali-
ties and Complementarity Problem. New York, NY, USA: Springer-
Verlag, 2003.

[47] S. Boyd and L. Vandenberghe, Convex Optimization. New York, NY,
USA: Cambridge Univ. Press, 2004.

[48] J. Nocedal and S. Wright, Numerical Optimization, 2nd ed. New
York, NY, USA: Springer-Verlag, 2006.

[49] G. Scutari, F. Facchinei, P. Song, D. Palomar, and J.-S. Pang, “Decom-
position by partial linearization: Parallel optimization of multi-agent
systems,” IEEE Trans. Signal Process., vol. 62, no. 3, pp. 641–656,
Feb. 2014.

[50] Z. Guan, T. Melodia, and G. Scutari, “Distributed queuing games
in interference-limited wireless networks,” in Proc. IEEE Int. Conf.
Commun., Budapest, Hungary, Jun. 2013, pp. 1810–1815.

[51] S. Boyd and J.Mattingley, “Branch and boundmethods,” StanfordUni-
versity, Notes for EE364b, 2015 [Online]. Available: http://stanford.
edu/class/ee364b/lectures/bb_slides.pdf

[52] G. Scutari, D. P. Palomar, F. Facchinei, and J.-S Pang, “Monotone
games for cognitive radio systems,” in Distributed Decision-Making
and Control, ser. Lecture Notes in Control and Information Sciences,
A. Rantzer and R. Johansson, Eds. New York, NY, USA: Springer-
Verlag, 2011.

[53] R. W. Cottle, J.-S. Pang, and R. E. Stone, The Linear Complementarity
Problem. Cambridge, MA, USA: Academic Press, 1992.

[54] J.-S. Pang and M. Fukushima, “Quasi-variational inequalities, gen-
eralized Nash equilibria, and multi-leader-follower games,” Comput.
Manage. Sci., vol. 2, no. 1, pp. 21–56, 2005.

Zhangyu Guan (M’11) received the Ph.D. degree in
communication and information systems from Shan-
dong University, Jinan, China, in 2010.
He is currently a Postdoctoral Research Associate

with the Department of Electrical and Computer
Engineering, Northeastern University, Boston, MA,
USA. He was a visiting Ph.D. student with the
Department of Electrical Engineering, The State
University of New York (SUNY) at Buffalo, Buffalo,
NY, USA, from 2009 to 2010. He was a Lecturer
with Shandong University from 2011 to 2014. He



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

GUAN et al.: DISTRIBUTED RESOURCE MANAGEMENT FOR COGNITIVE AD HOC NETWORKS WITH COOPERATIVE RELAYS 15

was a Postdoctoral Research Associate with the Department of Electrical
Engineering, SUNY Buffalo, from 2012 to 2015. His current research interests
are in cognitive radio and software-defined networking, wireless multimedia
sensor networks, and underwater networks.
Dr. Guan has served as a TPC member for IEEE INFOCOM 2016, IEEE

GLOBECOM 2015, IEEE ICNC 2012–2015, and IEEE VTC 2011-Fall
and 2015-Fall, among others, and served as a reviewer for the IEEE
TRANSACTIONS ON COMMUNICATIONS, the IEEE JOURNAL ON SELECTED
AREAS IN COMMUNICATIONS, and the IEEE COMMUNICATIONS SURVEYS AND
TUTORIALS, among others.

Tommaso Melodia (M’07) received the Ph.D. de-
gree in electrical and computer engineering from the
Georgia Institute of Technology, Atlanta, GA, USA,
in 2007.
He is an Associate Professor with the Depart-

ment of Electrical and Computer Engineering,
Northeastern University, Boston, MA, USA. His
research has been supported by the National Science
Foundation, Air Force Research Laboratory, and the
Office of Naval Research, among others. His current
research interests are in modeling, optimization, and

experimental evaluation of networked communication systems, with applica-
tions to ultrasonic intrabody networks, cognitive and cooperative networks,
multimedia sensor networks, and underwater networks.
Prof. Melodia was the Technical Program Committee Vice Chair for IEEE

GLOBECOM 2013 and the Technical Program Committee Vice Chair for In-
formation Systems for IEEE INFOCOM 2013. He serves on the editorial boards
of the IEEE TRANSACTIONS ON MOBILE COMPUTING, the IEEE TRANSACTIONS
ON WIRELESS COMMUNICATIONS, the IEEE TRANSACTIONS ON MULTIMEDIA,
and Computer Networks. He was a recipient of the National Science Founda-
tion CAREER Award and coauthored a paper that was recognized as the ISI
Fast Breaking Paper in the field of Computer Science for February 2009 and of
an ACM WUWNet 2013 Best Paper Award.

Dongfeng Yuan (SM’01) received the M.S. degree
from ShandongUniversity, Jinan, China, in 1988, and
the Ph.D. degree from Tsinghua University, Beijing,
China, in 2000, both in electrical engineering.
Currently, he is a Full Professor with the School

of Information Science and Engineering, Shandong
University, China. From 1993 to 1994, he was with
the Electrical and Computer Department, University
of Calgary, Calgary, AB, Canada. He was with the
Department of Electrical Engineering, University of
Erlangen, Erlangen, Germany, from 1998 to 1999;

the Department of Electrical Engineering and Computer Science, University

of Michigan, Ann Arbor, MI, USA, from 2001 to 2002; the Department of
Electrical Engineering, Munich University of Technology, Munich, Germany,
in 2005; and the Department of Electrical Engineering, Heriot-Watt University,
Edinburgh, U.K., in 2006. He has published over 300 technical papers in the
international journals and the proceedings of some important international con-
ferences. His research interests are in the areas of wireless communication and
networks, including coding theory, cross-layer design, and techniques toward
5G wireless communications.

Dimitris A. Pados (M’95–SM’15) was born in
Athens, Greece, in 1966. He received the Diploma
degree in computer science and engineering
(five-year program) from the University of Patras,
Patras, Greece, in 1989, and the Ph.D. degree in elec-
trical engineering from the University of Virginia,
Charlottesville, VA, USA, in 1994.
From 1994 to 1997, he was an Assistant Professor

with the Department of Electrical and Computer
Engineering and the Center for Telecommunications
Studies, University of Louisiana, Lafayette, LA,

USA. Since 1997, he has been with the Department of Electrical Engineering,
The State University of New York at Buffalo, Buffalo, NY, USA, holding
in sequence the titles of Assistant Professor, Associate Professor, Professor,
and currently Clifford C. Furnas Eminent Professor of Electrical Engineering.
He served the department as Associate Chair from 2009 to 2010. He was
elected three times University Faculty Senator (terms 2004–2006, 2008–2010,
2010–2012) and served on the Faculty Senate Executive Committee in 2009 to
2010. His research interests are in the general areas of communication theory
and systems and adaptive signal processing with applications to interference
channels and signal waveform design, secure wireless communications,
cognitive radios, and networks.
Dr. Pados is a member of the IEEE Communications, Signal Processing,

Information Theory, and Computational Intelligence societies. He served as
an Associate Editor for the IEEE SIGNAL PROCESSING LETTERS from 2001 to
2004 and the IEEE TRANSACTIONS ON NEURAL NETWORKS from 2001 to 2005.
He received a 2001 IEEE International Conference on Telecommunications
Best Paper Award, the 2003 IEEE TRANSACTIONS ON NEURAL NETWORKS
Outstanding Paper Award, the 2010 IEEE International Communications Con-
ference Best Paper Award in Signal Processing for Communications, the 2013
International Symposium on Wireless Communication Systems Best Paper
Award in Physical Layer Communications and Signal Processing, and a Best of
IEEE GLOBECOM 2014—Top 50 Papers distinction for articles he coauthored
with students and colleagues. He is a recipient of the 2009 SUNY-system-wide
Chancellor's Award for Excellence in Teaching and the 2011 University at
Buffalo Exceptional Scholar—Sustained Achievement Award.


