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Abstract—Recently, network selection in heterogeneous wire- Among all the factors, network attributes compose a large
less networks has been widely studied by using various mathe category, which are generally used as decision criteria to
matical models, in which MADM is one of the most popular. - .haracterize different aspects of a network’s capaksligince

However, this model still has lots of existing issues in many - . h
scenarios, and there is lack of study on how to solve thesethese criteria have different measurement units, uslited

issues in the scope of MADM-based network selection. Based o inexactness, their values need to be adjusted before cargbin
our previous survey, we firstly provide in this paper extensie together. Usually, besides normalization, utility theampd
simulations to demonstrate this model’s feasibility in vafous fuzzy logic can also be used for these adjustments [6], [13].
scenarios. Meanwhile, we identify several important issuethat Meanwhile, in order to combine multiple criteria together,

have not been well solved in the current literature, such ashe ight ired t t thei |ati . "
requirement of efficient weighting method, the usage of VHO WEIGNIS are required to represent their relalive impoganc

properties, the tradeoff for handing-over to the new best nawork, SO certain weighting method, e.g. analytical hierarchycpss
and the immoderate load balancing compromising importanceof  (AHP) [5], should be used to evaluate their weights.

other criteria. Combining with our studies on these issueswe After all the criteria are adjusted and their weights are cal
finally propose a four-step integrated strategy for MADM-based ¢ ated, they can be combined together as a total cost dy util

network selection. - . . . .
Index Terms—network selection; heterogeneous wireless net- based on certain multiple attribute decision making (MADM)

works (HWNs); multiple attribute decision making (MADM);  algorithm [4]-{11], e.g. simple additive weighting (SAW),

always best connected (ABC) multiplicative exponential weighting (MEW), techniquerfo
order preference by similarity to ideal solution (TOPSIggy
[. INTRODUCTION relational analysis (GRA), elimination and choice tratistp

In the context of the present trend towards ubiquity deality (ELECTRE), etc. In the end, a rank of these networks
networks and global mobility of services, we see that newois obtained and the first one in the rank is chosen as the best
access is provided by a large diversity of technologies witHetwork.
coverage overlaps. In this heterogeneous wireless networldased on recent overviews and performance comparisons
(HWN) environment, the previous always connected concdgfl-[12], a large number of proposals on network selection
becomesalways best connecte(®BC) which requires dy- have the above accordant understanding on combining &riou
namic selection of the best network and access technoldgijferia to solve the network selection issue, summarized a
when multiple options are available simultaneously [1]. ~ Fig. 1. Meanwhile, some proposals (e.g. gaming model [14],

In the near future, the HWN environment could contain muknapsack model [15], Markov decision process model [16],
tiple networks, such as universal mobile telecommunicatio®tC.) try to solve the network selection issue in differea/s
system (UMTS), world-wide interoperability for microwaveAmong all the proposals, MADM is one of the most popular
access (WIiMAX), wireless local area network (WLAN) andnodel for the network selection issue, but there is lack of
Bluetooth. These networks have various attributes [2]_[5qxtensive study to demonstrate whether this model works
which are either static, e.g. monetary cost, bandwidthysedVell in various scenarios and whether there is still unsblve
rity level, bit error rate, jitter, power consumption, hamer problem in the scope of MADM-based network selection.
latency, etc.; or dynamic, e.g. traffic load, signal strengt Therefore, in this paper, we do extensive simulations for
handover signaling cost, etc. Besides, mobile terminaEgM various scenarios to demonstrate the MADM model's feasi-
have various properties, customers have various prefesen@"ty for the network selection issue in Section II; based o
and applications have various QoS requirements. Therefd?g" simulations, we then find out several unsolved issues of
it is quite difficult to define thebest networkin the network MADM-based network selection; finally, we propose a four-
selection issue because no network is better than otheits inS$eP integrated strategy for MADM-based network selection
aspects. In order to always select a reasonable network, ifQ solve these issues.
necessary to take a large number of factors into considerati I

) . MADM N ETWORK RANKING ALGORITHMS
simultaneously.

As shown in Fig. 1, network ranking module integrates
This research is funded by France Telecom R&D. all the information coming from weighting and adjusting



TABLE |
HIGH WEIGHTS DUE TO SUBJECTIVE REQUIREMENTS

Operator policies

Terminal properties
> Weighting )

Customer preferences

Requirements

e . Subje(_:tive requirements Criteria with high weights
R;‘Zj’;‘g low price —  monetary cost
. Static attributes high speed —  mobility-related criteria
ié i> St i> poor power condition —  power consumption
2 Dynamic atiributes conversational applications —  jitter
streaming applications —  bandwidth and jitter
interactive applications —  security level
Fig. 1. MADM-based network selection. background applications —  BER and security level

modules, and obtains a rank of all the networks. Up to nowetwork R,, ;. The coefficient is calculated as
MADM algorithms [4]-[11] that have been used for network D

ranking include SAW, MEW, GRA, TOPSIS, ELECTRE, Cropsis = 5—"5

etc. The first four algorithms rank networks based on their b+ Vi
coefficients (such as total costs or total utilities) cedted! by whereD
combining adjusted values of all the criteria, while thet las
algorithm use pair-wise comparisons among all the networ

(®)

M
/b = \/Zj:l w3 (Vi — R jn,j)?-
ELECTRE is more complicated than the above four al-
orithms. It firstly uses pair-wise comparisons of networks

which is a totally different proce_dyre. to obtain aCSet(i, ) indicating the criteria of network
In SAW an_q MEW, the .cqefﬁgents are calculated SeP%etter than networl and aDSet(i, j) indicating the criteria
rately by additive and multiplicative operations: of network i worse than networkj. Then, two pair-wise
M comparison matrices (called concordance and discordanee)
Csaw = ijvi,j,and (1) formed. Th_e elementz:(j)_ of. concordance is ca}lculated as a
= sum of weights of criteria in th&'Set (s, j); while element
(4, 4) of discordance is calculated as a sum of the differences
Mo of criteria in the DSet(i,j). In the end, elements of the
Cupw = H“i-é’ @) two matrices are compared separately withy,,csn01q and
J=1 Dynreshola 10 indicate if one network is preferred to another

where w; represents the weight of thgth criterion, v; ; or not.
represents the adjusted value of tfth criterion of theith
network.

Equation (2) can be modified as

I1l. SIMULATION RESULTS
A. Configuration of network selection simulator

M To do extensive simulations, we establish, in this section,
Clrpw = In(Carpw) = ijm(vi’j). ©) netwprk_ selection S|mullato.r which is configured as follows:
pu Criteria: numerous criteria are used together, e.g. monetary
o o _ cost, bandwidth, power consumption, security level, taffi
Considering the characteristic of the natural logarithine, t |54 signal strength, bit error rate, jitter, etc.
criterion whose cost being close to 0 has large impact on therequirementstwo terminal properties (i.e. power condition
total cost than others. For example, Blyetooth is more oftepg velocity) and four QoS levels (i.e. conversationagatn-
selected by MEW than by other algorithms due to its loyyq interactive and background) are considered. Besities,
monetary and power costs, as shown in our later simulatiopgstomer prefers low monetary cost and good signal strength
In GRA, gray rational coefficient (GRC) is used as thile the operator wants load balancing to avoid congestion
coefficient to describe the similarity between each carididg, the pest network.
formed by choosing the best value of each criterion), whigfypaN, WLAN, WMAN and WWAN.

is calculated as Weighting weights of different criteria are manually calcu-
c B 1 @) lated by AHP for various scenarios.
GRA = M L wilvij — Rj| + 1’ Adjusting all the attribute values are normalized and further
J: k]

adjusted through sigmoidal utility function.

WhereRj represents the ideal value of thth criterion. If we Network ranking five MADM a|gorithms’ as exp|ained in
firstly inverse all the ‘larger-the-better’ criteria intsrhaller- Section 11, are considered.
the-better’ ones, the operation of calculating the absolatue
in the above equation is eliminated. Thus, we can see that GIBA Effects of Terminal-side requirements in MADM-based
should have similar performance with SAW. network selection

In TOPSIS, the best network is the one closest to the bestIn this sub-section, we study the impacts of terminal prop-
reference networlf?, ; and farthest from the worst referenceerties and application QoS requirements on network selecti
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Fig. 2. Total cost for different terminal properties and laggtions (from left to right: WPAN, WLAN, WMAN and WWAN).
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Fig. 3. Coefficients’ changes with respect to certain dotés weight.

results. Weights affected by various requirements aredist2) load balancing is important, otherwise all the custonirers

in TABLE I, where left-hand requirements can result in highhn area might select the same network and ignore other net-

weights of right-hand criteria. works with similar high performance; 3) due to normalizatio
Total costs of four networks in these scenarios are shownd sigmoidal utility function, some networks’ coefficient

in Fig. 2. When terminal properties and applications changacrease, while some decrease. According to our simulgtion

high weights are used for corresponding criteria, hencal tothis feature fits for most of the criteria (e.g. mobility-atdd

costs of networks change and different networks are selectziteria in [18]), so it is easy to distinguish between good a

in different scenarios. poor networks and classify them into different groups.

C. Coefficients of various MADM algorithms D. Selection results of various MADM algorithms

In this sub-section, we simulate four MADM algorithms In this sub-section, we consider two customers using sepa-
(SAW, MEW, TOPSIS and GRA), and show their coefficientg'ately single-homed MT (SMT) and multi-homed MT (MMT)
changes with respect to certain criterion’s weight, as shisw move together within a heterogeneous environment congisti
Fig. 3. ELECTRE is an algorithm that uses pair-wise companf four networks. SMT can only connect to the Internet
isons between different networks, so it is not considered flhrough one interface at one time, so the selection of it bes
this simulation. network should consider simultaneously all the applicatio

For SAW and MEW, the best network corresponds tmgether. By contrast, MMT is capable of connecting through
the one with minimum coefficient; while for TOPSIS andnultiple interfaces, so different applications might seldif-
GRA, the best network corresponds to the one with maximuigrent networks if necessary. As shown in Fig. 6, a conseeuti
coefficient. series of scenarios are designed for simulation, whichrthéu

We can see from Fig. 3 that, some networks have similexplained in TABLE II.
performance, while some others are totally different. Insmo When there is only a single application (such as Appl
cases, several high-performed networks’ coefficients lmsec in scenarios 1, 2, 3 or 4), the two MTs could use the
which means there is little difference by selecting any efith same group of weights; by contrast, when there are multiple
This feature provides us the following information: 1) VHQapplications (such as Appl and App2 in scenarios 5, 6 or 7),
tradeoff is important, otherwise a customer might handovtre multi-homed MT could use different interfaces for diffist
frequently between two networks with similar performancepplications, so two groups of weights are used. Fig. 4 shows
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Fig. 4. MADM algorithms’ selection results for a series oesarios.

TABLE Il
A SERIES OF SCENARIOS WWAN
WMAN

N.  Location Changes of Apps  Changes of Networks & MTs \ é \ \ AN é

1) office + WWWwW - “ P AN

2)  meeting room - WPAN High-traffic

3) coffee house — WLAN NOT Totally Free a @ &‘ @
4) taxi - WPAN Low-traffic —» \

5) taxi + Video Conf. - ( ) () \ \ 5) v (6) (7)
6) auditorium - WLAN Free

7)  auditorium - Battery Low Fig. 6. A series of scenarios.

separately the two MTs selection results, which are the samet) using traffic load as a criterion in the network ranking
in the first four scenarios and different in others. algorithm is a simple method, but achieves load balancimg ve
. . well among the networks with similar performance.
E. Load balancing by MADM-based network selection Then, Wge find several existing issuzs in the scope of the
By considering traffic load as a dynamic criterion in the netmADM-based network selection:
work ranking module, it is possible to achieve load balagcin  \Weighting methodit is inconvenient to manually evaluate
In this sub-section, load balancing feature in MADM-basegeights for different scenarios based on pair-wise conspari
network selection schemes is studied. In this simulatiod, Whatrices by AHP, so novel weighting method is required to
assume that 1000 sessions of an MT with high speed and gegfkiently and quickly evaluate weights for different saeps;
power condition arrive one by one, and each of them occupiesviobility-related factors VHO properties depend on the
0.1% of the selected network’s resource. As shown in Fig. Briorities of networks (i.e. permutation) and cannot beilgas
when the weight of traffic load is small, WMAN is selected,sed as criteria for network ranking, so further study on how
as the best network. Along with the increase of the weightt combine these criteria with other network attributres is
this networks’ traffic load is considered in the network gk required:;
procedure, so other networks are gradually selected bgllfin  vHO tradeoff after a better network is found by the
when the weight of traffic load is relatively large, each @t MADM-based network ranking algorithm, the MT might not
takes approximately 1/4 of the whole traffic. want to handover to it in lots of scenarios. For example, the
better network might be only a little bit better than the eutr
network, the better network might disappear rapidly, a much
better network might appear in a few time, etc. Therefore, a
Based on the simulations in Section Ill, we briefly summaradeoff is required before executing VHO.
rize our most important observations as follows: Load balancing using traffic load as a criterion is possible
1) it is feasible to use terminal-side and operator-side balance the load, but weight on this criterion comprosise
requirements to impact the weights of different criteriat b other criteria’s importance, even when load balancing is no
the pair-wise comparison matrix in AHP changes dynamicaltgquired.
and frequently for different scenarios;
2) it is common to have several networks with performan&® An MADM-based network selection strategy
close to the best one, so load balancing and VHO tradeoff ardn this sub-section, we propose an integrated strategy for
both important. Moreover, it might be a good idea to dividMMADM-based network selection, based on our study of the
all the networks into groups; above issues. The strategy contains four steps: the fifstiste
3) MADM algorithms may have different coefficients ando monitor the triggers and to gather the required inforomati
selection results, but all of them can generally selectaras [3]; the second step is the preparation before combining all
able networks in various scenarios; the criteria, including weighting and adjusting of critgrthe

IV. DISCUSSIONS ANDA PROPOSEDSTRATEGY
A. Important observations and issues



third step is to combine multiple criteria based on MADMperformed. By contrast, if no network can pass the tradeoff,
algorithms; and the last step is an VHO tradeoff algorithm. lthe current network will be still used. The tradeoff should
our strategy, the following parts require further explémat consider the two networks’ relative difference and the dyett

Efficient subjective weightingthere are two types of network’s predictive residential time.
weights, subjective and objective. It is not sufficient tpres Load balancing methadseen from our simulation results,
sent the importance of attributes by using only one of the twbis feasible to use traffic load values as a criterion in the
types, so we suggest combine subjective and objective w&eighanking algorithm for load balancing, and it works well for
together. In the proposed strategy, subjective informaf@g. networks with similar performance. However, for networks
terminal properties, customer preferences, applicati@® Qwith quite different performance, this method has an obwiou
levels and operator policies) is used for calculating stthje problem. Considering two networks with both low but totally
weights, while values of network attributes are used fdlifferent traffic loads, normalization process will ignaiee
calculating objective weights. However, it is not efficiemuse two networks’ actual low traffic loads but retain only the
AHP for subjective weighting, so we suggest a trigger-baseelative large difference, which leads to immoderate load
subjective weighting method here. As we know, any obviousalancing between the two networks and compromises the
change of subjective information can trigger the selectiamportance of other criteria. To solve this problem, we ssig
scheme because this change will lead to a change of sulgectiot process traffic load values in the same way as otherieriter
weights, hence a change of different networks’ total costSor example, we could use functiéh= a*7-~! to calculate
Therefore, the relationship between the change of subgectihe utility, wherevr;, is the traffic load value and > 1 is
information and the change of subjective weights is the key experiential constant. We suggest use a large value for
point in the weighting procedure. In our network selectioto avoid the immoderate load balancing problem.
strategy, we use a mapping pot to store the effects of trigger
on the change of subjective weights. Since this mapping V. CONCLUSIONS
pot are generally fixed, the calculation of subjective wisgh e firstly provided in this paper extensive simulations to
becomes much easier and faster than AHP. More importagémonstrate MADM model's feasibility for modeling net-
this trigger-based method is totally automatic, which does work selection and its appropriateness for selecting ressle
need any manual pair-wise comparison between criteria [1iktworks in various scenarios. Meanwhile, we summarized

Mobility-based network selectio'VHO properties should several important observations and identified four existin
be considered for network ranking; otherwise, the selactigssues on MADM-based network selection methods that have
scheme might select a network with small cells, which lead®t been well solved in the current literature, such as the
to frequent VHOs and severely disturbs real-time appliteti requirement of efficient weighting method, the usage of VHO
Since VHOs correspond to the permutation of networkgroperties, the tradeoff for handing-over to the new best
the selection of a best network becomes the selection oheétwork, and immoderate load balancing compromising the
permutation when VHO is taken into account. However, whemportance of other criteria. Combining with our studies on
there aren networks, the number of permutations will be thehese issues, we proposed finally afour-step integratatégy
factorial of n, which leads to an obvious time complexityof MADM-based network selection to solve all the above
problem. Therefore, we propose a two-step permutatioeeéhagssues together.
network selection schemeB¢snet+ Bespe) to easily get  Two topics of MADM-based network selection, we believe,
the best network and the best permutation, i.e. the MADMill require further study: the utility function for traffiload
step in Fig. 7. In Besnet, we firstly get the best networnkalues and the tradeoff function, as highlighted in the proc
by permutation-based pair-wise comparisons among all thgre of the proposed strategy.
networks, and VHO is performed immediately. Then, we find
the best permutation as the one with minimum total cost in REFERENCES
Besper, which takes a relative long time. In this way, theetim 1) g Gustafsson and A. Jonsson, “Always best connect&EE Wireless
complexity of Besper does not increase VHO latency, hence Commun.vol. 10, no. 1, pp. 49 - 55, Feb. 2003.
not a problem any more [18], [19]. Moreover, we classify all2l J. McNair and F. Zhu “Vertical handoffs in fourth-geaéon multinet-

. o work environments,"IEEE Wireless Communvol. 11, no. 3, pp. 8 -

the networks into several groups at the end of the adjusting 15 june 2004.
module, in order to further decrease the time cost of BespgR] IEEE 802.21 Media Independent Handover Working Groupnline].

This grouping operation is based on adjusted values of gever = Available: http://www.ieee802.org/21/ o
9 pIng op J [4] F. Bari and V. C. M. Leung, “Automated network selection a

most important Criteria’ e.g. cell radiusl, bandWidth' mar}e heterogeneous wireless network environmelEEE Network vol. 21,
cost, etc., which is reasonable according to our simulation no. 1, pp. 34 - 40, Jan. - Feb. 2007.

VHO tradeoff schemebased on VHO properties and the [5] Q \I( Song and dA- Jamsa"pm."' “Network Se'e"“‘;” in ?”T@‘ﬁhﬁil
. . ' .. wireless LAN and UMTS environment using mathematical m
rank provided by the network ranking module, a final decision pq computing techniquesEEE Wireless Commusvol. 12, no. 3, pp.

is made in the last step of our strategy. In this proceduee, th 42 - 48, June 2005. _

current network is compared one by one with the network®l W- Zlhaﬂgv “Ha”kdOV?f decision USlgg (f:UZzZOyQL"\{/I)ADGI\g?:n ggtgﬂmous
. . wireless networks,” irproc. IEEE WCN p. - .

with h'gher performance. Once a network passes the tradeo 1 Ching-Lai Hwang and Kwangsum Yoon, “Multiple attributgecision

the comparison procedure will be stopped and VHO will be = making methods and applications,” Springer-Verlag, 1981.



P ~
/ / \
| ( Applications QoS Levels D ( Applications QoS Levels ) |
| .§ g\) ( Terminal Properties & §° ( Terminal Properties > | éb
| ‘S § ( Customer Preferences 4 § § ( Customer Preferences > | E %
| § < ( Operator Policies <f 'ﬁ % ( Operator Policies > | 5o )
S s )
I § 1G] { Networks Properties i “ : ( Dynamic Network Properties ) | [=a)
~
( ( VHO Properties ) ( Availability of A Network ) |
N\ K /
e I —————— L e e e o e e e e e e e e e e e -
s = - --_--_-_-_-___—-—--- Y V== -——_——-_—=_= = =" =" = =~
/ v v / \
| Objective Trigger-based | =
|| \ Weighting Sub}ect}ve —>{ Traffic Load Values —/ o | =
| Weighting 5 ‘El | < =
Z 3 B
| T &3
[ ( Combined Weights > > Other Criteria | &
| I
\ Weighting K Adjusting |/
e c— e e o el e e e e e c— C— C— — — — — — — — — — —— —— — — c—
e e e e o = = = = — — — — — T e = = = = = = = — ~
/ v v \I
| g A \ Certai
= = ertain
| Permutation bas.ed Pair-wise < _ VHO Cost |
Comparisons j Permutation | S o
| =,
v | £ &
I Best Total Costs of | >
| Best Network Permutation Permutations |
\
\\__ Besnet Besper 7/
—— c— c— c— c— c—— c— — — —— —— —— —— —— —— — — — — — — —— —— — — — —— — —
Pt Sl s e e e e e e e ~
/ Q A =
I % [ I s § T = I S
S z¥% 58 Ty 87 = | 2
I |ii:| | is L3 §i4 =< | , %25
S e H -
& [E2% 3 {0 SEe c2 TS &
285 N B9 IS = 15] =
I8 | g 3 38 it o & E
| = S S S S < = : i
(
\ /
R — i ——— -

Fig. 7. An integrated strategy for MADM-based network sttet

[8] F. Bari and V. C. M. Leung, “Application of ELECTRE to netnk
selection in a heterogeneous wireless network environfantproc.
IEEE WCNC 2007pp. 3810 - 3815.

[9] W. Shen and Q. A. Zeng, “Cost-function-based networkesibn

[14]

[15]

strategy in integrated wireless and mobile networkEEE Tran. Veh.

Tech, vol. 57, no. 6, pp. 3778 - 3788, Nov. 2008.

E. Stenens-Navarro and V. W. S. Wong, “Comparison betweertical
handoff decision algorithms for heterogeneous wireledsvarés,” in
proc. |IEEE VTC 2006-Springpp. 947 - 951.

M. Kassar, B. Kervella and G. Pujolle, “An overview ofriieal han-
dover decision strategies in heterogeneous wireless iy omput.
Commun. (2008)Doi:10. 1016/j. comcom.2008. 01. 044.

L. S. Wang, D. Binet and D. Kofman, “Towards a framewofknetwork

[20]

[11]

[12]

[16]

[17]

selection in heterogeneous wireless networkty’ EuroNF Workshop on [18]

Wireless & Mobility Stockholm, Oct. 2008.

[13] Q. T. Nguyen-Vuong, Y. Ghamri-Doudane and N. Agoulmiri®n

utility models for access networks selection in wirelesgetogeneous [19]

networks,” inproc. IEEE NOMS 2008pp. 144 - 151.

J. Antoniou and A. Pitsillides, “4G converged enviroamtt modeling
network selection as a game,6th IST Mobile and Wireless Commun.
Summit July 2007.

V. Gazis, N. Alonistioti and L. Merakos, “Toward a geitetalways
best connected’ capability in integrated WLAN/UMTS cediuimobile
networks (and beyond)JEEE Wireless Commuyvol. 12, no. 3, pp. 20
- 29, June 2005.

E. Stevens-Navarro, Y. Lin, and V. W. S. Wong, “An MDPsked Vertical
Handoff Decision Algorithm for Heterogeneous Wireless waks,”
IEEE Trans. Veh. Techvol.57, no. 2, pp. 1243 - 1254, March 2008.
L. S. Wang and D. Binet, “TRUST: a trigger-based autamatibjective
weighting method for network selectiort@ appear in proc. IARIA AICT
2009 Venice, May 2009.

L. S. Wang and D. Binet, “Mobility-based network seleat scheme in
heterogeneous wireless network&y” appear in proc. IEEE VTC 2009
Spring Barcelona, April 2009.

L. S. Wang and D. Binet, “Best permutation: a novel nekvselection
scheme in heterogeneous wireless networlgagdler review



