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Abstract — In TDMA-based IEEE 802.16 mesh wireless networks problem of link resource allocation is turned into problem
of time slot assignment which in order to improve network efficiency should be solved jointly with routing as integral cross-layer
routing task. In order to increase network scalability a concept of hierarchical cross-layer routing is offered. Main idea is related to
clustering and two-level hierarchical control. Lower level is associated with traffic routing and slot allocation within single clusters,
where own pool of slots is available and slots’ reusing is prohibited. But upper level controls sizes of the slots” pools and their alloca-
tion among different clusters. Upper control level assumes availability of clusters with same pool of slots thereby saves link resources.
And lower and upper control levels are supposed as optimization procedures based on dynamic model in space of states. The offered
hierarchical cross-layer routing method includes four components, namely clustering algorithm, algorithm for allocation of pools of
slots between different clusters, low and upper level control algorithms. The article is focused on algorithms for clustering and pool
allocation. As it was shown every WMN has own optimal cluster’ size which depends on size of WMN and its structure, number of
available slots per frame, and incoming traffic intensity. In turn problem of allocation of slots’ pools can be formulated as graph
coloring task and can be solved by appropriate algorithms.

Anomauia — B pamxax 6esdpomosux mesh-mepex cmanda-
pmy IEEE 802.16 npooaema po3nodiAy 4ACOSUX CAOMIE 3
Memoto nidsuujeH s ePeKmusHoOCi 6UKOPUCAHHS Pecypcis
NOSUHHA PO3ZASOAMUCS 6 KOMNAEKCT 3 3A0a4er0 Mapuipymu-
sauii. A nidsuuerns macuimaboearocmi maxozo nidxody 6
cmammi NponoHyemoves KoHuenyis 060pisHesol iepapxivHol
Mmapwpymusauii. Huxniil pieernb ynpasainns 1o a3anuil 3
MAPUPYMUSAUTIEIO 6 OKPeMUX KAACMEpPAx, 6 KOXKHOMY 3
AKUX  BUKOPUCTNOBYEMDCA 6AACHUTE NYA cAomie. Bepxniil
piserb YnpasAinms SUSHAUAE POIMIPU NYAIE CAOMIE 1 IX pO3-
N0JIA NOMIX KAACMEPAMU. YNPAGAIHHA HA 6CIX PIBHAX CPo-
PMYALOSAHO Y 6U2AS0T  ONMUMI3AYIHHOT 3a0a4i HA OCHO6I
Junamiunoi moderi 6 npocmopi cmanis. Cmamms npucesue-
HA AAZOPUMMAM KAACHEPUSAUTT MA PO3NOJIAY NYAIE CAOMIE.

Aunomayusn — B pamiax Oecnposodrvix mesh-cemeti IEEE
802.16 npobrema pacnpedereHus 6peMeHHbIX CAOMOE C 14eAbo
nosvleHUs APPexmusHoOCHU UCOALI06ANHUS PECYPCOE DOAKHA
paccmampusanmocs 6 KOMnAeKce ¢ 3a0auamy Mapupymusayuu.
B pamiax nogviuienus macuimadupyemocmu maxozo nodxooa 6
cmamve npedrazaemcs. KoHuenuyus J6yxyposHesol uepapxue-
cxoil mapupymusayuu. Huxnuil yposenv ynpasienus céasam
¢ mapwpymusavueti 6 omoeAbHLIX KAACMEPax, 6 KAX00M U3
KOMOPBIX UCHOAb3Yemcs coOcmeeH I YA cAOmMO6. Bepxhuii
YposeHb YnpasAeHus onpedersien pasmepol nYA08 CAONOE U UX
pacnpedererue Mmexdy Kadcmepamu. Ynpasierue Ha 6écex
YPOBHAX CHOPMYAUPOSAHO 6 6ude ONMUMUSALUOHHOLL 3a0aKu
HA 0CHO6e JUHAMUMECKUX MOOCACll 6 MPOCHPArCmee coCcmos-
nui. Cmamvsa nocésulena arxzopummam KAACMepusauuu u
pacnpedeAeHus. nYA08 CAOMMOG.

Introduction

IEEE 802.16 mesh wireless networks were developed to provide high bandwidth ac-

cess to large number of users within metropolitan area networks. They are able to combine
flexibility of wireless with high capacity, reliability and security at similar to wired networks
level. Substantially it’s caused by possibilities of a mesh-station to interwork with every ad-
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jacent mesh-station and to work as client and as router for other clients at same time. On the
other hand the capability complicates problems of traffic control such as routing and link’s
resource allocation in Mesh Wireless Networks (WMNs). While routing problem is related
to finding the best path (or paths) from source to destination, problem of resource allocation
corresponds to assignment required amount of network resources along chosen routes.
Within IEEE 802.16 mesh wireless networks (so called WiMax) network resources to be allo-
cated are time slots, number of which in every frame is limited [1].

There are two approaches to solving routing and resource allocation problems,
namely, separately and jointly. In first case there are two not sophisticated tasks which can
be solved sequentially and independently. The best delivering path (or paths) can be
found by using some shortest path algorithm but time slot’s allocation should be based on
flow requirements. It is possible situation when chosen route will not have enough re-
sources (available time slots) to deliver given flow. It means new path should be recalcu-
lated. But so long as algorithm for path searching doesn’t take into account flow features
second iteration cannot guarantee that another path will satisfy the flow’s requirements.
From the viewpoint joint solution of routing and resource allocation problems becomes
more preferable.

Thus within IEEE 802.16 mesh wireless networks routing and resource allocation
problems should be solved jointly as integral cross-layer routing task, that taking into ac-
count limited number of time slots per frame requires optimization approach.

I. Basic model on cross-layer routing in IEEE 802.16 mesh network

In order to increase efficiency of network resource’s usage they should be allocated
in optimal way based on appropriate mathematical model. The model should be

- Adequate to the physics of WMN that ensures accuracy of control decision;

- Flow-based that allows to control network resources according to features and re-
quirements (rate, delay, etc.) of arriving flows;

- Dynamic that allows to adapt to traffic and network structure variations with time;

- Multipath that as it was shown in [2] allows to improve network productivity.

In order to obtain flow-based dynamic multipath routing algorithm for IEEE 802.16

WMN let us define binary control variables rir, 07 k),

1,if duringk - th time intervalr - th slot isused inthelink (i, j)
ri’,’]-l (k) =4 for transmission of the flow addressedtol - th station;

0, otherwise,

and focus on mathematical model in space of states [2, 3]:

Nf ) Ng ‘
q;,;(k+1D) =q, (k) - 21 > mi (ke (ko + Zl Yomy ke n+ & (at, (1)
ves;, r=1 geS; ',r:1
V#L 8#1,]
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max
9,/ (k) >0, 2.9i,/ (k) < g, 2
j =1,
i#]

where i,j=1,N,, j#1i, ,k=0,1,2,...; At=t,,, —t, is the sampling interval; qi,j(k) is state

variable representing the data volume that is kept at the instant ¢, in buffer of the i-th sta-
i
data that can be carried by r-th slot in link (7,j) € E; E is a set of links between stations of

tion and intended for transmission to the j-th station; m; . is number of bits of the user's

a mesh-network; N, is a total number of stations in mesh-network; S! is a set of distance-

1 neighboring stations to the i-th station; &; (k) is the intensity of the data arrival to the i-

th station at the instant of time ¢, addressed to the j-th station; n is the number of the

frames transmitted during time At, n = At/T; ; T is the frame duration; N is an number

X

of slots per frame which is used for transmission of a user's traffic; g*** is total size of

buffer at i-th mesh station.

System of equalities (1) describes law of flow’s conservation at stations of WMN but
inequalities (2) are caused by limited buffer sizes. The expressions (1) — (2) define dynam-
ics of buffer usage but they don’t take into account link capacity limitation. In contrast to
wired networks where capacity of every link is fixed and known a priori, within wireless
networks according to Shannon formula achieved capacity of a link depends on current
signal-to-interference-and-noise-ratio (SINR) at the receiving point. If several stations
transmit their signals on same frequency band at same time slot r, station-destination j

can decode valid signal from station-source i successfully if and only if SINR in link (7, /)

will exceed a threshold A,
SINR; (r) > ;- 3)
Condition (3) is formalization of so called physical interference model of relation-

ships between wireless stations [4, 5]. Numerical value of the threshold a; depends on an

acceptable level of Bit Error Rate (BER), modulation and coding scheme applied in link
(i,7) [4, 5]. Then the maximum traffic rate in wireless link (i,j) over the time of r -th slot

can be estimated as Shannon’s capacity [5]

c; (r)=Wlog, (1+SINR; (1)), (4)
G;; (N P;(r)
Pterm_n(r) + Z sz]’ (k)th (7’)
i s

where c; (r) is upper bound of capacity of wireless link (i, j) over the time of r -th slot; G;

is propagation gain from station i to station j; P; is transmission power at station i when
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it transmits data to j-th station; P, is thermal noise power in the frequency band of

erm_n

operation, P, =nW; n is the ambient Gaussian noise density; W is bandwidth of the

erm_n
channel.
Thus under physical interference model average number of bits of the user's data in
c;i (T
r -th slot mlr] in expression (1) can be calculated as m; ; = ]T, where N} is total
F

number of slots per frame including slots for control and user data. As a result equalities
(1) become nonlinear because m; ;(k) depends on station’s transmission power, i.e. on var-

iables {Tlr i (k)}: if inlink (,j) 7;7 (k) =0 for all v then P, ;(r)=0. Thus implementation of

physical interference model (3) — (5) together with (1) — (2) allows to solve routing and slot
allocation problems taking into account relationships between wireless stations at physical
layer. In general case transmission powers of mesh stations can be treated as control vari-
ables in addition to binary control variables {z‘f 7 (k)} and state variable {g; j (k){. On the oth-

er hand it significantly complicates solution of cross-layer routing problem within (1) — (5).
In order to simplify formalization of cross-layer routing problem let us focus on pro-
tocol interference model. According to the model transmission on link (i, j) is successful if

distance between communicated stations i and j not more than communication range R

but several times more than distance between interfered stations h and j [4], i.e.
{n,j>@+A)i,jl and |i, j|< R, (6)

or {1,/ R; and |i,j<R} 7)

where j is receiving station; |i, ]| is geometrical distance between stations i and j; R, is

interference range, R; = R-(1+ A); A is a positive parameter.

Protocol interference model (6) and its simplified version (7) (so called interference
r

jj for all slots within same link, ie.

range model) allow to assume same values m

m; . =m; j forall r, that turn system (1) into system of linear equalities.

L
Let us define graph of WMN G(V,E) where V is set of nodes every from which
models appropriate mesh-station but availability of edge (i, j) € E signifies possibility of

direct communication between stations i and j, i.e. |i, ]| < R¢. Then implementation of

protocol interference model (6) requires
dist(h, j) = (1 + A)dist(i, ) (8)

where dist(u,v) is distance between nodes u and v in graph G(V,E) that equal to mini-
mal length from all paths from u to v measured by hops.

Because according to definition of graph G(V,E) distance between transmitter and
receiver is 1 hop always, and as a rule coefficient A in (6) and (8) lies between 2 and 4 [4,
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5], in order to eliminate interference distance between interferer and receiver in graph
G(V,E) must be more than 2, i.e.

dist(h, ) > 2. )

Thus conventional capacity constraint takes on special form in WMN. Like as in
wired networks total flow rate on a link cannot exceed capacity of the link, in TDNA-
based WMN number of slots in area of different stations i and j such as dist(i,j) <2 can-
not exceed fixed in WMN total number of slots per frame (N ). In other words simultane-
ous transmission or using of same time slots by two stations 1 and j becomes possible if
and only if condition (9) is satisfied.

Condition (9) can be written as

dist(h, j) > = 2 (10)

where parameter S lies between 2 and diameter of WMN’ graph D(G) . According to def-
inition graph diameter is upper bound for shortest path between any pair of nodes in the
graph [6]. So for any nodes u and v, u,veV, it's true dist(u,v) <D(G). It means in graph
G(V,E) under g =D(G) no stations which can satisfy to (10) and as a result can transmit
simultaneously. Mathematically it gives rise to following constraints
% ]\Z]g‘ %r?'.l(k) <1 forevery r=1,N; (12)
i=1j=1]=1, v T
ji 12
Actually expression (11) prohibits slot reusing within given wireless network. In or-
der to improve capacity of WMN reuse of the slots must be approved, so parameter f
must be equal to its low bound, i.e. #=2. Then condition (11) is complicated and becomes

set of constraints

N, N N, N
v % ,l Y v ’l . .
Z 2.7 (k) + Zz Z 2.7 (K <1 forevery i=1,N, and r=1,N;, (12)
j=1,1=1, geSi j=1,l=1,
j#i 1#i j#gl#g

where S? is a set of stations interfered to the i-th station under =2, i.e.
S? ={v:veV Adistv,i) <2}.

Thus joint solution of routing and slot allocation problems in WiMax mesh networks
is related to calculation of binary control variables {TIT Zf (k)}, that can be formulated as op-

timization problem
] = 2 [ﬁT (YW, (k) + ZTIOW, 7(k) = 7T (W, s, f(k)] —>min (13)
k=1

subject to (1) - (2), (12),

where a is the number of intervals At, for which the control variables should be calculat-
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ed; (k) and 7(k) are vectors of state and control variables respectively; W , W, are the

diagonal weight matrices of buffer and link resources usage respectively; W, is the

weight matrix presenting a gain at the cost of the slots reuse.

Problem (13) belongs to class of integer non-linear programing, which is NP-hard in
general but which can be solved by numerical methods. At same time solving can be sig-
nificantly simplified if to replace constraint (12) by condition (11) but objective function
(13) to replace by

= Zal 7 (oW, a(k) + 27 (W, 2(k)| —min . (14)
k=1

Thus minimization of cost function (14) subject to (1) — (2), (11) (model#1) allows to
simplify process of numerical calculation of control variables but minimization of function
(13) subject to (1) — (2), (12) (model#2) assumes time slots reuse that potentially leads to
network capacity improving. Because in practice computational complexity is related to
scalability of control decision and network in whole, in order to find compromise between
network scalability and network capacity combined solution can be proposed. Its main
idea consists in hierarchical network organization and hierarchical controlling (fig. 1). It is
supposed that structure of WMN is clustered, every cluster has own pool of available time
slots and within singe cluster slots” reusing is prohibited, i.e. cross-layer routing problem
can be formalized by model #1. At same time some number of clusters are assumed to
have same pools of slots, and then routing between clusters is related to solution of prob-
lem (13) subject to (1) — (2), (12). In this case slots’ reusing is realized but number of control
variables is much lower than in whole (without clustering) network that in practice means
reducing of computational complexity.

Pool of
slots #3

Pool of
slots #1

Pool of
slots #1

Pool of
slots #2

/ = \?\ > ?'EEEELC

WX%IyWD
AN

— Mesh Subscriber Station (MSS)

Fig. 1. Concept of hierarchical cross-layer routing
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In order to realize described hierarchical approach and to develop on its basis meth-
od for hierarchical optimal cross-layer routing following algorithms must be designed:

- Algorithm for clustering of WMN’ structure;

- Algorithm for allocation of pools of slots between different clusters;

- Low level control algorithm for traffic routing and slot allocation within single
clusters according to model#1;

- Upper level control algorithm for traffic routing and slot allocation between clus-
ters according to model#2.

The article will be devoted to development of clustering and assignment of pool of slots.

II. Clustering of WMN’ structure

Main idea of scalability improving is related to using of model#1 for control within
single clusters. Because the model doesn’t allow to reuse time slots, it is rational to form
cluster as set of interfered stations where slots’ reusing is prohibitive through short dis-
tances between stations and as a result high level of interfering signals. In [7] an interfer-
ence-based clustering algorithm is offered. It is aimed at dividing of WMN’ structure on
overlapping clusters within every from which distance between any pair of stations
doesn’t exceed 2. It means no such two stations in same cluster that can transmit simulta-
neously. Main disadvantage of the algorithm is related to clusters’ overlapping. Under
overlapping some transmitter can belong to at least two clusters every from which has
own pool of slots and own control mechanism. Thus clusters’ overlapping complicates
control decision making and clustering algorithm [7] must be modified.

According to concept of hierarchical cross-layer routing main criterion to form clus-
ter is interference within it. Then based on protocol interference model (9) cluster corre-
sponds to subgraph G,(V,,E,), V, eV, E, € E, within which distance between any
pair of stations doesn’t exceed 2, ie. G,(V,,E,)={Vu,veV, rdistu,0)<2}. Figure 2
shows different examples of subgraphs that satisfy to such cluster’s definition but have

different number of stations.
b C
e f

Fig. 2. Examples of subgraphs in which distance between any pair of stations doesn’t exceed 2

O O

d

" Authors: O.Yu. Yevsieieva, EM. Al-Azzawi <785



http://pt.journal.kh.ua/2015/1/1/
http://pt.journal.kh.ua/
http://pt.journal.kh.ua/autors/evseeva/
http://pt.journal.kh.ua/autors/al-azzawi/

Peer-review e-journal

No 1 (16) * 2015 http:/ipt.j Lkh.
«Problemi telekomunikacij» *Ne106 i S

Shown in fig. 2 examples give rise to task of optimal cluster size. Size of cluster
(number of stations in it) has effect on dimension of control tasks (via the number of con-
trol variables to be calculated) and number of stations which will be able to reuse time
slots. As a result size of cluster affects scalability and network capacity. Figure 3 illus-
trates different scenarios under cluster size 4, 3 and 2.

If cluster size equals to 4 (fig. 3a) there are two pairs of clusters, all stations in
which don’t interfere to each other. For example every node from cluster A is distant
from all nodes from cluster E, and the distance satisfies to condition (9). Thus according
protocol interference model stations in clusters A and E are so distant that can work at
same time without interference.

It means that within before defined concept of hierarchical cross-layer routing they
can use same pool of time slots. At same time distance between any station from cluster
C and any station from cluster F meet condition (9) too. As a result owned to clusters C
and F stations can use same pool of slots but the pool must differ from pool of slots for
clusters A-E. In fig. 3a clusters which can use same pools of slots are similarly colored.
Thus given structure of WMN allows 6 clusters from which two cluster” pairs can reuse
link resources. In other words 7 from 23 stations are working by slot reusing.

If cluster size equals to 3 (fig. 3b) there are four pairs of clusters which allow same
pools of slots within every pair. It means 11 from 23 stations are working by slot reusing
that leads to more effective resource usage in comparison with previous scenario. It al-
lows conclusion about minimization of cluster size as way to maximize resource (time
slot) utilization and network performance in whole.

But on the other hand cluster size is related to computational complexity of optimal
cross-layer routing at both the upper level and the lower level, i.e. within single clusters
and between clusters. Reducing cluster’ sizes results in greater number of clusters that in
turn facilitates low scalability of routing at upper level.

Figure 4 illustrates graphs of clusters under different cluster sizes (4, 3, and 2).
Graph of clusters reflects topology information about relationships between clusters
without taking into account their internal structure. As it’s shown in fig. 4 reducing clus-
ter’ sizes is appeared as complicated cluster’ topology that in turn is related to higher
number of control variables at upper level and higher its computational complexity.
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Fig. 3. Examples of clustering under cluster size
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Fig. 4. Graphs of clusters under different cluster sizes

Thus cluster” size is affected by two contradictory factors, there are possibility of slot
reusing in order to improve resource utilization and total number of control variables (tak-
ing into account variables at both levels) in order to reduce computational complexity of
decision making. As analysis shows optimal cluster” size for given in fig. 3 WMN equal to
4...3. In general case optimal cluster’ size will depend on size of WMN and its structure,
number of available slots per frame, and incoming traffic intensity.

I11. Allocation of pools of slots between WMN'’ clusters

According to concept of hierarchical cross-layer routing (fig. 1) some clusters are as-
sumed to use same pool of slots. Thus it is supposed that in every frame total number of
slots available for user traffic delivering is divided into groups (so called pools) and a pool
is available for using only by some group of noninterfering clusters. It gives rise to two
open issues: number of slots in every pool and allocation of the pools among clusters.

One from formulated in section I requirements to model of routing in WMN is relat-
ed to dynamics. And the requirement is satisfied by using system of differential equalities
of states (1) as basis of optimal cross-layer routing. In order to realize full dynamics num-
ber of slots in every pool can be defined as reconfigurable parameter calculated dynami-
cally at upper control level. Thus the task is entrusted to algorithm of upper control level.

However structure of aggregated graph of clusters allows to determine number of
required pools. As it was defined for individual stations by condition (9), simultaneous
using of same slot” pool by two clusters A and H becomes possible if and only if condi-
tion (9) is satisfied for any pair of stations from A and H, i.e.

disttv,u:VoeV,,YueVy)>2. (15)
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Information about interference between clusters is partially carried by graphs of clus-
ters examples of which are shown in fig. 4. If some vertexes are directly connected in
graphs of clusters then appropriate clusters interfere to each other and as a result the clus-
ters cannot work at same pool of slots. However the converse is not true. If some pair of
vertexes isn’t directly connected in graphs of clusters they can interfere. For example in
graph shown in fig. 3, a within clusters A and D not all pairs of station satisfy to (9) even
if they aren’t connected in fig. 4, a. As a result clusters A and D cannot be assigned to use
same time resources.

In order to allocate pools of slots among noninterfering group of stations graph of
clusters can be turn into conflict cluster graphs. The conflict graph indicates mutually in-
terfering groups of stations [8]. The graph can be built on basis of graph of clusters by in-
sertion of some additional edges. For example in case represented by fig. 3, a conflict
graph is graph of clusters with addition edge A — D (fig. 5a).

Fig. 5. Conflict graphs of clusters for different cluster sizes

Similarly if to add edge E — F to graph in fig. 4, b, we’ll have appropriate conflict
graph (fig. 5a). Analysis of conflict graph for third clustering scenario (fig. 5c) confirms
before done conclusion about unreasonableness of very small cluster size (in that case
cluster size was equal to two stations). Thus described conflict graph reflects clusters
which cannot be active simultaneously. Hence by using conflict graph tasks of number of
required slots” pools and their allocation among clusters can be reduced to graph coloring
and calculation of chromatic number.

In graph theory a coloring of a graph is a labeling of vertices where adjacent vertices
never share a label (color). A graph is k-colorable if it can be colored using k colors.
Chromatic number of graph G y(G) is the smallest number k for which the graph G is
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k -colorable [9]. Chromatic number of conflict clusters’” graphs G' can be estimated via
lower and upper bounds [6, 9]:

1) according to Brooks' theorem y(G') < A(G') where A(G') maximum degree of
a graph G'. The theorem is true for all connected graph except for complete graphs and
cycle graphs of odd length;

2)  lG)< (G s[

M—‘ where ¢(G') is clique number introduced as the

maximum number of vertices in a complete subgraph of G'; n(G’) is number of vertices in
G'; [x] is the largest integer less than or equal to x;

3) [ n(G')

a(G')

of G' no two of which are adjacent (largest number of vertices which can be colored with

—‘ < 7(G) <n(G)-a(G)+1 where a(G')is the largest number of vertices

any one color).

For example, for conflict clusters’ graph shown in fig. 5b n(G)=8, @o(G')=3,
a(G")=3, A(G')=6. So chromatic number of given conflict graphs lies between 3 and 6.
Figure 6 illustrates different variants of its coloring.

Fig. 6. Different variants of conflict graph coloring

As fig. 6 demonstrates chromatic number in the example equals to 4 and any coloring
requires 4 colors. In WMN context it means that total number of slots should be divided
among 4 pools. At same time shown variants of coloring (fig. 5b and fig. 6) have different
number of vertices that are colored with same color. In case represented in fig. 5, b all ver-
tices are divided into two-nodes groups, in cases represented in fig. 6 the groups are
{3,3,1,1} and {3, 2, 2,1} respectively. So same pool of time slots can be assigned to differ-
ent number of clusters but in practice if the clusters are noninterfering they can work sim-
ultaneously without any negative consequences. Currently graph theory accumulated
good experience in exact and approximate coloring algorithms some from which are de-
scribed in [9].

Conclusions

In order to improve efficiency of resource utilization and to increase scalability of IEEE
802.16 and other TDMA-based wireless mesh network a concept of hierarchical cross-layer
routing is offered. Main idea is related to clustering and two-level hierarchical control. Low-
er level is associated with traffic routing and slot allocation within single clusters, where
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own pool of slots is available and slots’ reusing is prohibited. But upper level controls sizes
of the slots’” pools and their allocation among different clusters. Upper control level assumes
availability of clusters with same pool of slots thereby saves link resources.

And lower and upper control levels are supposed as optimization procedures based
on dynamic model in space of states. The model allows to make optimal control decision
about route for traffic delivering together with optimal slot allocation in every link along
chosen path. At lower control level the matter is path inside a cluster but at upper control
level the matter is path between different clusters. Moreover the tasks are formulated as
flow-based and dynamic that allows to calculate vector of control variables according to
requirements of arriving traffic and to adapt to structure or traffic changes.

The offered hierarchical cross-layer routing method includes four components,
namely clustering algorithm, algorithm for allocation of pools of slots between different
clusters, low and upper level control algorithms. As it was shown every WMN has own
optimal cluster” size which depends on size of WMN and its structure, number of availa-
ble slots per frame, and incoming traffic intensity. In turn problem of allocation of slots’
pools can be formulated as graph coloring task and can be solved by appropriate algo-
rithms.
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