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Abstract—In this paper we cover the problem of how users RAT load-balancing algorithm and shows considerable im-
of different service classes should be assigned to a set ofdia provement of the utility.
access technologies (RAT). All RAT have overlapping covege
and the aim is to maximize a weighted sum of assignable users.
Under the constraint that users cannot be split between muiple
air-interfaces the problem is identified as NP-complete. Inthe Notations: In the following small and large bold fonts
first part of the paper we derive upper and lower bounds of  4anate vectors and matrices respectively. Calligraphierie

polynomial assignment algorithms. Using Lagrangian theoy and . S .
continuous relaxation we show for polynomial assignmentshiat are used for sets and| is the cardinality of setS. Matrix

in scenarios with M air-interfaces there are at most)M users less transpose relates t¢)” and [2] (|x]) denote the closest
assigned than in the optimum solution. In the second part we greater (smaller) integer value 10

Il. SYSTEM MODEL

present an algorithm and compare its performance to standeul We consider a scenario where a set of ugers {1,...,1}
load-balancing strategies. is in the coverage area of a set of different radio access
technologiesM = {1,..., M} and mobiles are able to sup-
|. INTRODUCTION port all technologies. Interference between differentesys

o ) is precluded since each air-interface is assumed to usedan in
We address the problem of assigning users of d'ﬁere\mjual non overlapping frequency band. In general, resesirc

service classes to a set of orthogonal resources to Maximigg - nqwidth and transmission power of air-interfaced/an

a certain utility function. This relates to a scenario Wheﬂsers are restricted. Depending on the access technology
an operator offers a set of services on multiple radio access, ators can distribute them in different granularitywesn
technologies (RAT) with overlapping coverage and mOb”qﬁsers, adapted to users channel gains and service requests.
can cope with these stano_lards. In this case operators hﬁ}’eCDMA systems with fixed spreading gain, a maximum
thg freedom to apply assignment algorl.thms that Sele(_:tsam power can be split continously between users in downlink
suitable RAT for each user [1]. Of great interest are assiggoction. In orthogonal transmission schemes like GSMreh
ment strategies that maximize a weighted sum of assigngd, v 4 finite number of time-slots that can be assigned to
users under the constraint, that users cannot be split BatWg .ot sers service requests. Systems, which allow more than
multiple air-interfaces or assigned only partially. Undeese one degree of freedom in assigning resources, like OFDM,
constraints the problem can be identified as the gene\g\%ere a set of subcarriers and transmission power can be

assignment problem (GAP) which is NP-complete and ngnoq are heyond the scope of this paper. In our setting, eac
algorithms are known, that solve itin polynomial time [2U® ;50 roquests a service, which corresponds to a guaranteed

to the _exponenti_ally gr_owing computatiOQaI ‘?“0”1 applyi transmission rate. If user is assigned to air-interface: a
suboptimal algorithms is therefore often inevitable, hesve certain percentage ., i,m € T, M of the available resource

“tﬂ? IS know_n about the performance loss compared to t%‘? this RAT is needed to fulfill its service request. In getera
optimal solution. , _this relative resource cost depends not only on the serlass c

In this paper we present an algorithm based on continuolSy channel of the user but also on the characteristics of the
relaxation. The relaxed problem is a Linear Program for Whicy;_jwerface. Different granularity of distributablesmirces,
convergence to the optimum can be achleved In F_)o'ynomm dulation and coding schemes, robustness to interference
time. Further upper bounds on the optimal solution and #hd the system load make costs of each user dependent on the
lower bound (upper bounds on the performance loss of tH’?ﬂnsmission technology. In air-interfaces with non-ogbnal

suboptimal algorithm) are d_erived using Lagrangian tth:"Orﬁésources the costs usually depend on the interferencéef ot
Th? presented angnthm assigns at ntQSers_I(a_ss than the users in the system. In this class of systems we restrict our
optimum one, making the lower bound wifif air-interfaces,

I users andV/ << I aSton_iShingly tight. The performancelThe authors are supported in part by Bendesministerium fur Bildung und
of the proposed algorithm is compared to a standard multbrschung (BMBFunder grant FK 01 BU 566



model to air-interfaces where the costs depend only on time spremises the optimization problem can be written as follows
of interference and not on its compilation. Otherwise, firgda

feasible subset in a single-system scenario that maxintiiees Yopt = MAX Z WiVim
number of assigned users is a combinatorial problem, wisich i v i meT,M
general expensive to solve. Interference tolerating sicgll -
i . . subj. to imCim <1 VYmeM
SISO scenarios with e.g. a sum power constraint and a SIR | Ezzvl7mcz7m < m )
K3
of the form )
Z Vim <1 Viel
SIRi,m _ i,mLi,m (1) meM

> iz him Pjom + 02 Vim € {0,1} Vi,m € T, M

apply to our model. Heré; ,,, denotes the channel gaif; , Here w; denotes the weight of usér The first set of con-

the power of useri in air-interfacem and ), P;m < straints in (5) assures that no more resources than awailabl

Prnaz.m- The noise variance is representedddy For such a are assigned to each air-interface, the second one prevents

model, given a minimum SIR; ,,, that corresponds to the re-multiple assignment of each user. In order to avoid spgtoh

quested rate; of useri, (1) can be solved foP; ,,, depending users the third constraint is used. The latter constraiwelier

on the totally assigned powét,,; .,. Then, assuming a fully leads to the combinatorial nature of the problem for which

loaded system wittP;,; n = Praz.m We obtain the resource complexity grows exponentially with the degrees of freedom

cost Problem (5) can be identified as the Generalized Assignment
P, 1+ 02/ (hi.mPrmaz.m) Problem (GAP), a generalization of the Multiple Knapsack

iz R = 1/7_1 m+"1wm =, (2)  Problem (MKP), which is NP-complete and APX-hard2].
s o Thus, using suboptimum algorithms is often inevitable.

For this class of systems ,,, represents the needed percentilf? Our case problem (5) can be transformed into a convex

of available transmission power in a fully loaded system. ©Optimization if we relax the third constraint and allow frac

In TDMA systems with a maximum number of time-slotdional assignment of users [3]. We then obtain the following

S,maz With fixed length and under the constraint that usef§Presentation:

cannot share time-slots the costs can be calculated by

Ci,m =

Y= max g WiVim

Cion = ! I_ri/R(Pmaw,mhi,m/ojﬂ . (3) pmetM
Smaz SUbj. to Zvi,mcim@ <1VmeM
Here R(-) gives the rate corresponding to the SIR. After fd ©)
calculating the costs of all users in all RAT we define an Z Vim <1Viel
M x I cost matrixC and [C]; ., = ¢;,m. The association of meM
each user with the set of air-interfaces is representeden th Vim > 0 Vi,m € I, M,

M x I assignment matri®, with elements _ ) ) o
with V* the optimum relaxed assignment. An efficient al-

{1 if user is assigned to air-interface gorithm to solve the relaxed problem above is presented in
Viym = (4) section VI.

Due to the relaxation the optimal solution will probably
contain users which are assigned only partially or split be-
tween multiple air-interfaces. A feasible solution of théeger

. . rTE)roblem (5) can now be constructed by not assigning any user
In our setup an operator receives service requests fro

- With i 1
set of users and can assign them to a set of orthogonal air- 0 <wim <

0 else

IIl. OPTIMIZATION PROBLEM AND RELAXATION

interfaces. The assignment should be performed to maximize I

an operator’s utility function. The utility function is regted By = Lt vim, =1 7
to a weighted sum of assigned users. This relates to maxi- ’ 0, else

mizing the total number of assigned users, when all weights

are equal, or allows priorization of a certain service orruseesulting in

class. From a cross-layer perspective the weights coutd als = Z Wi, ®)

represent the coupling between the physical and higherdaye
In multi-system scenarios, due to the separated archrectu
and enhanced signaling effort, it is in general not an optiion
Split service requests and assign users to multiple srfetes 1APX-hard means that there does not even exist an approximatiheme

. . . hat comes arbitrarily close to the optimum value in polyrartime. For the
at the same time. Also, due to minimum QoS requiremen

e ! ) \ AP only a 2-approximation exists. This means the tightesefr bound of
assigning users only partially is not desired. Under these polynomial approximation is half of the optimum solution

i,meZ,M



IV. BOUNDS Due to the assumption of non equal weighted costs the
A. Upper Bound cc_Jn_dition above can or_1|y be true for at most one user per
) ) ) air-interface and thug/ in total [ |
The following statements can be easily derived: If multiple users have the same costs in a RAT it is easy to
1) The relaxed problem (6) optimizes over an extendege that multiple assignments, resulting in the same optimu
spaceV and this space includes all possible solutionsxist and there is always one with at mastpartially assigned
of (5). Therefore its solution is an upper bound of thgsers.
combinatorial problem. In many air-interfaces the channel gain of a user directly
2) If vi,, € {1,0} Vi,m € I, M, then the maximum influences its resource costs. Then, due to uncorrelateéugfad
solution to (6) is also the optimum solution to (5).  and unequal pathloss exponents in different air-integfaite
3) Assumew; = 1Vi € Z. SinceV* is an upper bound s a valid assumption that all entries 6f are independently
and the solution of (5) is integer, no better solution thafirawn from a set of random distributions. This assumption is
the largest integer inside the feasible solutions of (6) cajeIpful if the rank of a matrix with:; ,,, as entries is needed.
exist. Then (8) is the optimum solution to (5) if We refer to this model as randomly afflicted costs.
7= ly*]. 9) Proposition 2: If all entries of C are randomly aff_licted,
‘ then there are at modt/ — 1 users with resources assigned to
The upper bound of the problem gives valuable informatianore than one air-interface.
on the quality of a suboptimal solution. Nevertheless, fieisf Proof: Assume user is split between two air-interfaces
little insight into the general performance of a polynontigle  m,, and n,. In this casevy, m,,vun, > 0 and A/ =

algorithm. Therefore a lower bound on the performance of)4’, = 0. Substituting this into (11) leads to o
suboptimal algorithm is of interest. It can be obtained if an Y , ,
upper bound on the number of users with< v;,, < 1is Wi = Ay = A, Cuma, = A, Cuyn - (16)

found. Thus, a user can only be split if its costs weightedXoyare

B. Lower Bound equal in multiple air-interfaces. Now assume there is aaubs

U C T of split users (to two RAT). We defin€y, to be a

In order to derive a lower bound we exploit the Lagrangﬁ{|—>< M matrix where each row has two non-zero entries
function and the Karush-Kuhn-Tucker (KKT) conditions [4].C in the mt" and —c in the n'" column. Then (16) '
The Lagrange function to problem (6) is o u o v '

can be extended to matrix form

LV, A = > witim — Y MO Cimvim — 1) CuN — 0 (17)
i,meT,M mem i€l ’
=S N vim =D+ D N vim, with X = {X\;,...,Xy,}T. Equation (17) has only a non-
el meM imez,M ’ trivial solution if rank(Cy) < M —1. Since we assumed that

_ . _ (10). all resource costs are randomly afflicted matfiy, has full
where \ are the non-negative dual variables. Since (6) isrank and there can be at mdst—1 split users. In the example
convex problem and strong duality holds the KKT conditiongbove users were split between two air-interfaces onlyart ¢

are necessary and sufficient for the optimum solution: be seen, however, that the rank argumentation is also Valid i
OL(V.\ users are split between more than two air-interfaces. ®
( ) ) _ . )\/ X )\// _|_ )\/// . O ags
e = Wi = Ay Ciim — Ay im = From Proposition 1 and 2 we can conclude that there are
Vi e T 1 at most2M — 1 split or partially assigned users, if the matrix
i,meI,M (11) Cy, has full rank.
/\;n(z CimVim — 1) =0VYm e M (12) The assumption of randomly afflicted costs is not suitabte fo
ieZ all air-interfaces. In TDMA systems with fixed time-slot ggh
N/ Z Vim —1)=0VieT (13) like GSM resource costs_ are bound to a finite set pf discrete
e values. In this case the independence of all row€jp can
N vpm = 0¥i,m € T, M (14) not be guaraljteed anymore a.nd there can exist an arbitrary
’ number of split users in the optimum solution. Then, howgver
Now the following is true at the optimum: an equivalent assignment with at mdgt— 1 split users, that

Proposition 1: Assume ¢; ,,/w; # ¢jm/w; Y{i,m|i € results in the same optimum, can always be found. This is
Z,i # j,m € M}, then there are at most partially assigned shown next:
users with0 < >° v vim < 1. Proposition 3: AssumeV* maximizes (6) and/* is the
Proof: Assume uset is only partially assigned to the corresponding set of split users witt/*| > M — 1. Then
set of all air-interfaces. For (13) and (14) to be ti\e= 0 there always exists a feasible assignm¥rit resulting in the
and \/,, = 0 for at least one air-interface. Substituting thisame optimum with/# and [./#]| < M — 1.
into (11) leads to Proof: First assume an optimal solution of (6) has
1= X\, Cim/w;. (15) |U| > M — 1 split users, each assigned to two air-interfaces.



Equation (11) and (13) are satisfied regardless of the propor V V
tions users are split. In addition a feasible solution fa2)(1 A 3 A W
exists. Following the proof of Proposition 2 we constr@f-.

Now we can rewrite (12) to \ 4 v Vv
1 u2 1 u2
T = 1— E Ci7m’l};m = E Ci,m’l};m VYm € M (18) 1 ‘ 1 :

iU ieu~ | |
and reformulate the equation above to matrix form: Vo] N AN :
' = CL > >
r'=C,v (19) 1 v 1 v
Herer’ is a non-negativé/ x 1 vector withr! = r,, + kp,, ul ut

kn a constant. Thé/* x 1 vectorv contains one; ,, of each _ o '

user inl{*. Using the fact thatank(Cj;) < M —1, an infinite Fig. 1.  All optimum solutions lie on the line segment (left) byper-
) : U —= ' ﬁlane(right) inside the cube. Any piercing point of the cubea feasible

number of solutions to the equation above and thereforep (Lojution with less split users. Left: 1 degree of freedongtRi 2 degrees of

exists with at leasit/*| — M + 1 degrees of freedom that resultreedom

in the optimum utility. Since (12) is linear all solutiong lon

a hyperplane in anfl/*| dimensional space, each dimension

representing the assignment,, of the split users. This is wherery, " 1- Ziivmzl Ci;m represen_ts the left resource

illustrated for|t4*| = M = 3 in Figure 1 for one degree of for thg split and parFlaIIy assigned user in RAT. The share

freedom on the left hand side and two degrees of freedcﬂ{‘lut'“ty corresponding to the observed users

on the right one. Any piercing point of the hyperplane with Yupg = WuVum + Wy (1 = V) + Wptp m + Wpvgn (22)

the plotted cube, edge length one, in the figure is a feasible o ]

solution where a user is assigned or erased completely frénaximum atv, ,,. Substituting (21) into (22) we get

a RAT (and therefore erased or assigned completely to the Cum  Cum

complementary RAT). Piercing points of the hyperplane with Yupg =k + Comn  Comm Vu,m- (23)

an edge of the cube reduce the number of split users to one. . o @ . ” .

Each hyperplane has to cut the cube because otherwiseitll sgi€ eauation above is either independentof, (then it can

users in the air-interface could be assigned completely a@ Set to one) ob, ., = {0,1} which is a contradiction to

resources would be left unused, which cannot be optimum!€ @ssumption that useris split. Using the same arguments

In case some users i* are split to more than two air- the proof can be extended if users are split between more than

interfaces we can exteist andCy,+ by pseudo users. Without WO RAT. » . u
loss of generality assume user is split between 3 air- In general Proposition 4 states that for each split useragt le

interfacesn, n, 1. Then we can represent usein 4’ by uy,us °N€ partially assigned disappears (or can be erased) frem th
with © —+0<t<1andv Tog +t=1.1nCy optimum solution. We can now formulated the lower bound
u,m — uz,mn Uz, = 1. ’

useru appears by the constraini, c,, m = N.cu,.. and of our pplynomial algorithm by summarizing the precedent
N Cuyn = Njcu,.1 rESpECtively. Using the argumentation fronf ropOsitions:

above equivalent to (19) one can find a representation ~ Theorem 1:There is always a solution to the relaxed op-
timization problem (6) with at mosd/ partially assigned or

'’ = Cyv', (20)  split users, that can be achieved in polynomial time. Tiueeef
where v’ is al{’ x 1 vector and each element is a lineaf® suboptimal solution (8) can be bounded below by
functio_n of the elements of and¢. The reminder of th(_a proof j=[y* — M], (24)
is equivalent to the case, when users are only split between
two RAT. m fw =1VieZ and else

Based on the precedent observations, we know that there ~ o«
. . . : gy =1vy" — M max w;. (25)
always exists an optimum solution to the relaxed problerh wit i

at most2M — 1 users that are partially assigned or split. Next \/. INTERPRETATION OF THELAGRANGE MULTIPLIERS
we show how we can further reduce this number.
Proposition 4: If a user is split betweem air-interfaces,
then there is always an optimum solution where only one
them has a partially assigned user.
Proof: We proof by contradiction: Assume there is a
optimum solution where useris split between two RATn, n

The following interpretations intend to shed light on the

timization problem from an intuitive point of view. Finate

ke a look at which air-interface a user is assigned in ggner
Without loss of generality we restrict our analysis to a scen
With two air-interfaces and; ., \,,, > ¢; A, Using condition

" . ) 11) gives
and both RAT have an additional partially assigned yset (11) gv
Then we can reformulate (12) Wi — N} = CimAyy — Al = CimAy — Ny (26)
Tm =Cu,mVu,m + Cp,mUp,m 1) Since allA are non-negative it follows that only;”, can be

Tn =Cum (1 — Vuym) + CqnVq,ns zero and the user is assigned to air-interfac@his example



makes clear that a user is always assigned to the air-interf&lgorithm 1 Ellipsoid Method

with the minimum weighted cost, werd’ represents the jnitialize \* = Immaz With Ay mar = max;er -2
weight. If the average cost of users in one air-interfacevs | ndE = —1 1. o
its \ increases so that the resources of other air-interfaces _ . Aol V

are also exploited. Thu¥' is a measure of the capacity of an while max(eig(E™)) > tol do

air-interface. Next we examin¥’. It gives information on the (1) calculateZ,,,¥m € M and set

merit of a user on a scale between zero apdndependent of (n) 1, ifieZ,

the air-interface. As seen earligf = 0 if the user is assigned Yim =3 0 else

only partly, if \/ = w; the cost of the user has to be zero. ’

The interpretations of the Lagrange multiplies can help to (2) caIcuIate[u(Xl)]gﬁ) =Yier Ci.mvﬁ,)l 1

design further simplified assignment algorithms. For examp (3) update ellipse -

if averaged values of’ are known for all air-interfaces the ”
assignment of users can be performed based on the weighted p(nt1) _ IMP> -1 (E(n) 2 vin)v )
costs without solving the optimization problem for eachafet |M|? M| =1 vWTE®) ()

user requests. . .
q with new centroid

VI. ALGORITHM ()~ (n)
: : o A+ —zm 1 B v
Our suboptimal algorithm to optimization problem (5) can - M|+ 1 /o TR )

be divided into two parts. First we solve the relaxed problem
(6), which is an linear program (LP). Then we use heuristics () as_sureu(") S

to move from the relaxed optimum to a feasible solution of €nd while

the combinatorial problem.

A variety of algorithms and ready to use tools are known

in literature to solve LP with different complexity and con& subgradient and a new ellipsoid, containing the halfspac
vergence characteristics. In this paper we apply the elips With the optimum solution, is build.

method [5] and optimize over the dual variabls. For this ~ To calculate a subgradient define

_corr_lbinati_on we observe very fast_convgrgence to the optimum bim = arg max L(V,\). (32)
in simulations. The dual function is defined by the supremum ’ g v
of the Lagrangian (10) over the primal variables e
Then
A) =sup L(V, ) > y*. 27 N
9N =sup L(V, A) > 27) o(N) SLOV.N)
By making constraint (13) explicit and due to compactness of =g\ + 3 (3 cimbim — DA, — A) (33)
'V we obtain, which we refer to as the inner problem meM ieT
g(\') = v e > wivim and a valid subgradient(A’) with elements
) memM Yi,m =L .
S S e 1. @ A = 3 combim = 1. (34
meM i€ .’ .’ ier ,
Since the inner problem overestimagesand Slaters condition €an be extracted. Given an ellipsoid with centerfrom (33)
applies we can solve (6) by it is clear that the half-space corresponding to
~/
y* = H)l\l/Il g(A/) (29) A ()\/ - A )V >0 (35)

. . _ can be ruled out. The ellipsoid method is summarized in
For a given\’ (28) can be solved by dividing users into SUbse'}&Igorithm 1 P
I = {ili €Z,i ¢ Iptm,m = arg min c¢; mA,,,
, meM (30) To extract a feasible solution to (5) we first divide users
Wi > A Ciom}- into subsets using the optimal*

Then *_ [els _ sy
n ={ilieZ,m = arg min CiomAnm } (36)

!/ ! I
g(X) = Z Z (Wi = A Cim) + Z A (31) If all Z;, are disjoint no split users exist and the optimization
mEMIETm meM problem decouples id/ independent Knapsack problems. A
The optimum)’ is found using the ellipsoid method, a multi-good approximation is achieved by first ordering the elesient
dimensional extension to the bisection method. It gensratein the subsets with decreasing weight-cost ratiggc; ., Vi €
sequence of ellipsoids with shrinking volume. In each tiera Z,. Then, starting with the element with the highest weight-
a half-space of the actual ellipsoid can be ruled out by usiegst ratio one assigns users until no complete one can be



assigned without violating (11) [6]. If the subsets are not

. . . 0.9+ | —=— Upper bound
disjoint we use the following procedure: For all RAT without e HA
split users we proceed like above. From the remaining air- *| | ——— Polynomial assignment
. . . . . 0.7 | — = Lower bound
interfaces we pick those with only one split user and without
partially assigned ones;(,, \'x # 1,i € Z,,,,). Here we assign N
all users with better weight-cost ratios than the split one. ©
Next we choose all air-interfaces where the subsets overlap %4
with the previously picked ones and assign users like in the %3
decoupled case. We repeat this until only RAT with partially 0.2r
assigned users remain. Those are assigned last using tee sam  o1f f /
procedure. We refer to this strategy as polynomial assiginme P R S
in the simulations which has at moaf users less than the Assigned Users
optl_mum solution. Often !t is possible to f,urther improveth Fig. 2. Cumulative distribution function of maximum assifple users
assignment. In case weights of users differ one can try to
fill the unused resources with previously not assigned users
with low costs. In a second step remaining resources can additional users from the set of non assigned users from
sometimes rearranged by interchanging users between RAT the alternative RAT.

that additional users fit into the system. However, nothingimylation results are presented in Figure 2. Here the cumu-
can be said about the performance of this additional stepsidive distribution functions of the maximum assignablenss

general. Simulations, where we apply the interchanging Wire shown. Based on random user positions 1000 cost matrices
be denoted as heuristically improved results. have been generated and used as input for the 3 algorithms.
It can be seen that the presented suboptimal algorithm and

VIlI. SIMULATION RESULTS - | '
the bounds top the load-balancing considerably at relgtive

In_this section the performange of .the pr.oposed algorithpo”\N computational expenses. Using heuristic improvemigets
and its bounds are evaluated using simulations and Compaéﬁ’ﬂulations indicate further increase of the utility.
to a standard multi-RAT load-balancing algorithm. We con-

sider a single-cell downlink scenario with a UMTS and GSM VIIl. CONCLUSION

RAT with overlapping coverage. A number of 20 voice users, |n this paper we studied the problem how users should be as-
requesting a minimum data rate of 12.2kbit/s and 20 streamisigned in a heterogeneous multi-service scenario. Basékon
users with requests of 128kbit/s are equally distributedcaonconcept of resource costs, we formulated an optimizatioh-pr
circular playground with radius 1200m. All users have equ@m that maximizes the weighted number of users assignable
weights. The UMTS and the GSM base-stations are both pg-the set of air-interfaces. Due to the NP-completenesstigxa
sitioned in the middle of the playground. Continuous SIRrasolving this problem is in general prohibitive because qfaex
mapping curves and pathloss exponents from measuremeidftially growing complexity. We therefore derived an uppe
are used to calculate the cost matrix using (2),(3). Exélé-Cand lower bound of polynomial assignment algorithms using
interference, fading and arrival processes are negled¢ted.continuous relaxation and Lagrangian theory. Based on the
simulations the performance of the following 3 algorithmsla interpretation of the dual variables we presented a sutp@pti

——&— Load-balancing

0.6

0.5r

32 34 36

the bounds are compared: algorithm performing at least as good as the lower bound. In
« Polynomial Assignment: The proposed algorithm fromsimulations we compared our algorithm with standard load-
Section VI. balancing procedures and observed a significantly incdease

« Heuristically Improved Algorithm (HIA): After applying utility.
the algorithm above, the sum of unused resources of
both RAT is sometimes greater than the cost of a not i o _ _
assigned user. Then there is a chance that shifting [ Anders'Furuskar and Jens Zander, Multlseerce Altgwa for Mul_tlac_-

" cess Wireless SystemdEEE Transactions on Wireless Communications
users rearranges the left resources that additional usersyo| 4, no. 1, January 2005.
can be assigned. Due to complexity reasons we chdek L. Fleischer, M.X. Goemans, V.S. Mirrokni, and M. Svieidko, “Tight
rearranging only for a limited number of users. For each APProximation Algorithms for Maximum General AssignmentoB-
. ging y . . . lems,” in Proceedings of the 17th ACM-SIAM Symposium on Discrete
assigned user we check if it would fit into the alternative Algorithms 2006.

RAT and if the freed resource plus the unused resourisg Joakim Jalden, Cristoff Martin, and Bjorn Ottersten, Semidefinte
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