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Abstract—Wireless mesh networking is a promising technol-
ogy for building broadband wireless access networks. However,
wireless mesh networks based on CSMA/CA MAC protocols
suffer from unfairness and poor QoS support. Using TCP as
a rate control mechanism in such networks further exacerbates
the problem. Efficient rate allocation and scheduling algorithms
that handle both multicast and unicast traffic in wireless mesh
networks are needed with the increasing popularity of multicast
and multimedia applications.

In this paper, we propose a framework that performs both
rate allocation and scheduling for unicast and multicast traffic
in TDMA-based wireless mesh networks. The rate allocation
algorithm is based on Network Utility Maximization. The graph
coloring-based scheduling algorithm achieves the allocated rates.
Simulation results show that our framework provides guaran-
teed throughput and low delay for both multicast and unicast
traffic. Furthermore, our framework significantly outperforms a
previously published framework that has a similar objective.

I. INTRODUCTION

Wireless mesh networking (WMN) is an emerging tech-
nology that uses multi-hop communications to provide cost-
efficient broadband Internet access for community or enter-
prise users. A typical wireless mesh network consists of mesh
routers and mesh clients [1]. Mesh routers are connected
to form a static multi-hop backbone. Mesh routers that are
connected to the Internet serve as Internet gateways. Mesh
clients, such as laptops and PDAs, connect to mesh routers
to access the Internet. In wireless mesh networks, inter-router
and client-router communications usually use different radio
technologies to reduce interference. For example, IEEE 802.16
[2] (commonly known as WiMAX) can be used for inter-router
communication while client-router communication uses IEEE
802.11 [3].

Multicasting is a key technology for content distribution
over wireless mesh networks. However, the introduction of
multicast traffic in the network should not starve the existing
unicast traffic [4]. It is important to consider the coexistence
of multicast and unicast traffic in the network when allocating
network resources.

In this paper, we propose a framework for both rate al-
location and scheduling for multicast and unicast sessions in
wireless mesh networks. Our rate allocation algorithm is based
on Network Utility Maximization (NUM) [5]. We first estab-
lish the notion of transmissions as a generalization of links
and construct contention graphs based on the contention rela-
tionships among transmissions. The contention graph is used

to model the rate allocation constraints. By using receiver-
oriented utility functions and maximizing the total utility of
the network, our rate allocation gives incentive to users to
join multicast sessions, while preventing extreme unfairness
to unicast sessions [4]. Our scheduling algorithm is based on
graph coloring of the contention graph, and it assumes the
spatial TDMA MAC protocol [6]. We choose TDMA rather
than CSMA/CA because the random nature of CSMA/CA
MAC protocols makes QoS support inherently difficult. Spatial
TDMA enables collision-free communications and fine control
of the throughput and delay of network traffic. Given the
contention relationship of the transmissions in the network, our
scheduling algorithm produces optimal schedules that achieve
the allocated rates.

Our work contains several major contributions: First, our
framework provides efficient and fair rate allocation for both
unicast and multicast traffic in wireless mesh networks. Sec-
ond, our framework effectively schedules the allocated rates
which results in guaranteed throughput and bounded delay for
session recipients. Third, our framework is very efficient and
is suitable for a centralized implementation.

The rest of the paper is organized as follows: In Section II
we review the related work and highlight our contributions.
Section III introduces the system model for the rate alloca-
tion and scheduling. Section IV first introduces a previously
published framework and then gives a detailed description of
our proposed framework including the rate allocation and the
scheduling algorithms. We provide a simulation evaluation of
our framework in Section V. Conclusions and future work are
given in Section VI.

II. RELATED WORK

There is little prior work that considers both rate allocation
and scheduling for multicast traffic in TDMA based wireless
mesh networks. In [7], the authors proposed an interference-
aware fair scheduling algorithm named LOF for multicast
in wireless mesh network. The major focus of their work
is the scheduling of a single multicast session where each
receiver gets the same throughput. For networks consisting
of multiple multicast sessions, LOF allocates an equal rate
to each session. In contrast, we strive to optimize the total
utility of the network by allocating different rates to different
sessions. However, we still guarantee that different receivers
of a single session get the same throughput. In [8], the authors
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proposed schemes for multicast tree construction and multicast
scheduling. However, they did not define how to allocate rates
to different multicast sessions. In [9], the authors proposed
a throughput maximization framework for multicast traffic
in wireless mesh networks. The maximization problem is
decomposed into a routing subproblem and a power control
subproblem.

Rate allocation for unicast traffic in wireless networks has
been extensively studied. Some of the papers [10], [11] assume
that a CSMA/CA MAC protocol is used while others [12], [13]
jointly consider rate allocation with MAC protocol design.
All the above papers use Network Utility Maximization [5]
as a modeling tool. NUM was originally proposed for Internet
congestion control [14], [15] and has become an important tool
for modeling and designing resource allocation algorithms [5].
Our rate allocation algorithm differs from the work mentioned
above in several important ways. First, we consider rate
allocation for both multicast and unicast sessions. Second, our
rate allocation takes variable link capacities into consideration.
Third, by using perfect contention graphs to model rate allo-
cation constraints, we guarantee that the allocated rates can
be supported by an efficient scheduling algorithm proposed
in this paper. The previous work mentioned above either do
not provide scheduling algorithms that guarantee the allocated
rates [10]–[12] or the proposed scheduling algorithm is not
efficient enough for a practical implementation [13].

Several scheduling algorithms [16]–[18] have been proposed
for IEEE 802.16 wireless mesh networks. An interference-
aware scheduling algorithm is proposed in [18]. The proposed
algorithm aims to find the maximum number of concurrent
transmissions to achieve high throughput. Djukic, et al. pro-
pose the Bellman-Ford TDMA scheduling algorithm in [17].
The major advantage of Bellman-Ford scheduling algorithm
over the interference-aware scheduling algorithm is that it
takes the scheduling delay into consideration while taking
advantages of spatial reuse. All of these papers only consider
unicast traffic, and they assume that traffic rate requirements
are given for the scheduling algorithm. Our framework jointly
considers rate allocation and scheduling for both unicast and
multicast traffic.

III. SYSTEM MODEL

A. Routing Tree and Transmission Set

Our framework only deals with the aggregated traffic be-
tween the mesh routers and the gateway; we assume that mesh
routers employ appropriate methods to distribute traffic to their
clients. For simplicity, we only consider downlink traffic from
the gateway node to mesh routers. However, our framework
can be applied to uplink traffic as well.

In this paper, we assume that the routing information is
given to our framework. Since we only consider traffic from
the Internet gateway to mesh routers, we use the Weighted
Connected Dominating Set (WCDS) algorithm proposed in
[8] to construct a broadcast tree and then prune the tree to
accommodate all the multicast and unicast sessions. We denote
the resulting tree structure as the routing tree. Note that our

framework can work with other routing schemes. For example,
we can also accommodate using a separate multicast tree for
each multicast session as was done in [7].

0

 1

 3

 2

 5 4

 7 6

4b 4b

2b b b

3b 3b

Session 0:  node 0 to  nodes 3,  6  and 7
Session 1:  node 0 to node 4  

Fig. 1. An Example Scenario

Figure 1 shows an example scenario we use to describe our
framework. In this figure, solid lines depict links belonging to
the routing tree while dashed lines depict other potential links.
We denote the set of network sessions as S. For this example
scenario, two network sessions s0 and s1 are defined. The
source of s0 is node 0; the recipients of s0 are nodes 3, 6 and
7. The source of s1 is node 0; the recipient of s1 is node 4.
We also specify the rate of each link in the routing tree, where
symbol b represents the minimum link rate supported by the
network.

In order to model multicast sessions, we define the notion of
transmissions, which is a generalization of links. A transmis-
sion consists of the following attributes: (1) A sender; (2) A
list of recipients; (3) The session carried by this transmission;
(4) Transmission rate used. Note that we can also allow a
transmission to carry multiple sessions. However, in order
to accommodate scenarios where multiple multicast trees are
constructed, a transmission is only associated with a single
session in this paper.

MAC protocols such as IEEE 802.11 do not support multi-
rate multicast and mandate that all link-layer broadcasts use
the same rate. In [7], all link-layer broadcasts proceed with the
rate of 2Mbps. However, recently proposed MAC protocols
such as IEEE 802.16 begin to support multi-rate muliticast at
the link layer [8]. In this paper, we assume a MAC proto-
col that supports multi-rate multicast by employing different
transmission rates for link-layer broadcasting. The rate of a
transmission is the minimum rate of all the links between the
sender and the recipients [8]. The link rate depends on the
modulation and coding scheme used for the link, which is
determined by the Signal to Noise Ratio (SNR) at the receiver
side of the link.

We denote the set of transmissions as T . Given the routing
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tree R and the session set S, our algorithm to construct
transmission set T is shown in Figure 2. For routing schemes
where multiple multicast trees are constructed, we can execute
the above algorithm for each multicast tree and aggregate the
resulting transmissions. For the example scenario shown in
Figure 1, the algorithm outputs 6 transmissions as shown in
Table I.

TABLE I
AN EXAMPLE TRANSMISSION SET

Transmission ID 0 1 2 3 4 5
Sender 0 0 1 1 2 5
Recipient List 1, 2 1 3 4 5 6,7
Session List 0 1 0 1 0 0
Transmission Rate 4b 4b 2b b b 3b

B. Transmission Contention Graph

In [19], Jain, et al. defined two contention models: Protocol
Model and Physical Model. In [8], Chou, et al. proposed and
justified a contention model for multi-rate multicasting based
on the Protocol Model. Under this model, every link-layer
transmission rate corresponds to a fixed transmission range
and interference range. In addition, transmission i conflicts
with transmission j if (1) Both transmissions share the same
sender, or (2) Any recipient of transmission j is within the
interference range of the sender of transmission i or vice versa.

According to the above contention model, we can define
a transmission contention (conflict) graph Gc(Vc, Ec) based
on the contention relationship among different transmissions.
Contention graphs have been used in several papers [13],
[19] to model network resource constraints. The vertex set Vc

contains all the transmissions in the network. An edge in set Ec

indicates that two vertices (transmissions) contend with each
other. Figure 3 shows the contention graph of our example
scenario. Nodes in the figure represent the transmissions
defined in Table I.

1

 2  3

 0  4

 5

Fig. 3. An Example Contention Graph

We are interested in maximal cliques and maximal indepen-
dent sets of the contention graph. A set of nodes is a clique if
its induced subgraph is complete. A maximal clique is defined
as a clique that is not contained in any other clique. We denote
the set of maximal cliques of a contention graph as C. In
the transmission contention graph given in Figure 3, we have

three maximal cliques, C1 = {0, 1, 2, 3}, C2 = {0, 1, 3, 4} and
C3 = {0, 4, 5}. An independent set is a set of nodes that are
not connected by any edges, and a maximal independent set
is an independent set not contained by any other independent
set.

C. Clique Feasibility and Scheduling Feasibility

For contention graph Gc, let I be the family of all inde-
pendent sets of this graph. Schedule D can be defined as an
infinite sequence of independent sets, I1, I2, ..., Ik, ..., where
Ik ∈ I [12], [20]. The frequency of transmission i in schedule
D is then defined as:

fi = lim
t→∞

∑k=t
k=1 D(i, k)

t

where D(i, k) is an indicator function such that, D(i, k) = 1
if i ∈ Ik, and D(i, k) = 0 otherwise. We say that a schedule
D is periodic with period N , if Ij = IN+j = I2N+j = · · ·
for all 1 ≤ j ≤ N [20].

For a transmission contention graph with M transmissions,
a vector of frequencies f = (f1, ..., fM ) is feasible if there
exists a schedule D such that the frequency of the ith trans-
mission in schedule D is at least fi for 1 ≤ i ≤ M [20]. The
frequency of transmission i can be treated as the normalized
bandwidth allocated to this transmission in schedule D [12].
A vector of frequencies f is clique feasible [20] for the
contention graph Gc if∑

i∈Cj

fi ≤ 1, ∀Cj ∈ C

It has been shown that if the contention graph is a perfect
graph, clique feasibility is equivalent to scheduling feasibility
of the frequency vector [20], [21].

In graph theory, a perfect graph is a graph in which every
induced subgraph can be colored with p colors where p is the
size of the largest clique in the subgraph. A chordal graph,
a graph that does not contain an induced k-cycle for k ≥ 4,
is a perfect graph. Chordal graphs are sometimes called tri-
angulated graphs. An alternative definition for chordal graph
is related to simplicial elimination ordering. A vertex v of
a graph G is called simplicial if its neighbors in G form a
clique. A simplicial elimination ordering of G is a vertex order
v1, ..., vi, ..., vn such that every vertex vi is a simplicial vertex
in the subgraph induced by {v1, ..., vi} [22]. A graph is a
chordal graph if and only if it has a simplicial elimination
ordering [22].

We can use the lexicographic BFS algorithm [23] for recog-
nizing a chordal graph and outputting a simplicial elimination
ordering with time complexity O(m + n), where m is the
number of edges and the n is the number of vertices of the
input graph. We can transform a general graph to a chordal
graph in O(mn) time using the LEX M minimal triangulation
algorithm [24]. Recently, an O(n2.69) implementation of LEX
M has been proposed in [25]. In this paper, in order to maintain
the scheduling feasibility of the frequency vector, we apply the
LEX M algorithm to transform a general contention graph to
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1: T = ∅
2: for each session s in S do
3: for each node n in R that is a recipient of s do
4: Add session s to node n’s session list
5: end for
6: end for
7: Use the Breadth First Search (BFS) algorithm to partition the nodes in R into different levels l0, . . . , lm
8: for l = lm to l0 do
9: for ech node n at level l do

10: Add all the sessions in the session lists of nodes n’s children to node n’s session list
11: end for
12: end for
13: for each node n in R do
14: if n has children then
15: for each session s in the session list of node n do
16: Construct a new transmission t
17: Add each children of n which has session s in its session list into the recipient list of t
18: Add transmission t into T
19: end for
20: end if
21: end for
22: return T

Fig. 2. Algorithm - ConstructTransmissionSet(R, S)

a chordal graph. Since the transformation only adds edges to
the contention graph, the resulting contention graph will not
introduce any violation of the existing contention relationship.
In fact it adds unnecessary contention relationships, which
results in more conservative rate allocation and less spatial
reuse. However the benefits of maintaining chordal graph
lie in several aspects: First, a perfect graph enables our
algorithm to produce rate allocations that are schedulable.
Second, a chordal graph facilitates the optimal scheduling
algorithm, which will be introduced in Section IV-C. Third, a
perfect graph enables O(m + n) time algorithm for obtaining
the maximal clique set [23]. For general graphs, algorithms
for obtaining the maximal clique set has exponential time
complexity [26].

To formally define clique feasibility, we first define matrix
Q = {Qnm}:

Qnm =

{
1, if clique n contains transmission m

0, otherwise

For the example scenario, with maximal clique set C =
{C1, C2, C3} and transmission set T = {0, 1, 2, 3, 4, 5}, we
have

Q =

⎡
⎣ 1 1 1 1 0 0

1 1 0 1 1 0
1 0 0 0 1 1

⎤
⎦ .

Thus we can express the clique feasibility of a contention
graph Gc as follows:∑

f :Qnm=1

fm ≤ 1, ∀n ∈ C

In the following, we express the clique feasibility in terms
of the session rate vector. We assume that a fixed-length
scheduling period consists of several time slots. Each time slot
has a fixed duration. We use x = (xs, s ∈ S) to denote the rate
allocation vector of network sessions where xs is expressed
in bits per scheduling period. Assume that transmission m
carries session s and the transmission rate is bm, expressed
in bits per time slot. Also denote the total number of time
slots in a scheduling period as N . Then we can express the
transmission frequency fm needed to support session rate xs

as follows:

fm =
�xs/bm�

N

In fact, �xs/bm� is the number of time slots needed for
transmission m to support the session rate xs. In order to
simplify the rate allocation algorithm, we ignore the ceiling
function and express fm as

fm =
xs/bm

N

As a result, the allocated rate xs may need to be scaled down
to x′

s so that �x′s/bm�
N ≤ xs/bm

N .
We define a matrix R = {Rms}:

Rms =

{
1

bm∗N , if transmission m carries session s

0, otherwise

By using the matrix P = QR(Pns = QnmRms), we can
write the scheduling feasibility in the following form:

Px < 1 (1)
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IV. RATE ALLOCATION AND SCHEDULING FRAMEWORK

In [7], the authors proposed a scheduling algorithm named
Least Overlapped First (LOF) and a rate allocation strategy for
multiple multicast sessions. Thereafter, we use LOF to denote
the proposed framework including both the rate allocation and
the scheduling algorithms. We choose LOF for comparison
since, to the best of our knowledge, it is the only framework
that considers both rate allocation and scheduling for multicast
traffic in TDMA based wireless mesh networks. Note that LOF
does not take multi-rate multicast into consideration. For the
purpose of comparison, we extend the LOF framework in the
following subsection to accommodate multi-rate multicast.

In contrast to the LOF framework, our framework first
derives the rate allocation using the Network Utility Max-
imization where the allocation constraint is introduced in
Section III-C. We then propose a scheduling algorithm based
on Optimal Graph Coloring (OGC). Thereafter, we use OGC
to denote our proposed framework including both the rate
allocation and the scheduling algorithms.

A. Least Overlapped First

LOF first enumerates all the independent sets in the con-
tention graph. Note that LOF works with the original con-
tention graph without triangulation. For a successful schedule,
all transmissions need to be included and each transmission
can be included only once. To maximize spatial reuse, LOF
tries to construct a schedule using few independent sets as
possible.

Each independent set is assigned a rank, which is equal
to the number of common transmissions this set has with
all other independent sets of the same size. At each step
of the scheduling algorithm, LOF selects the independent set
which has the maximum number of transmissions that do not
intersect with the members of the existing schedule. If there is
more than one independent set with the same number of non-
intersecting transmissions, LOF selects the one with the lowest
rank to be added to the schedule breaking ties arbitrarily. LOF
terminates when all transmissions are included in the schedule.

In [7], all sessions are implicitly assigned the same rate,
which is determined by the length of the scheduling period and
the duration of a time slot. We generalize LOF to make it work
with different link rates and a fixed length scheduling period.
For every independent set added into the schedule, define its
rate as the lowest rate among all the transmissions in the set.
Denote a schedule as I = {I1, ..., IK}, where Ii represents
the independent sets that are included in the schedule. For
each independent set Ii in the schedule, denote its rate as bi.
The session rate r is then determined by solving the following
equation

K∑
i=1

r

bi
= N

where N is the total number of available time slots in a
scheduling period.

For the example scenario in Figure 1 and its corresponding
contention graph in Figure 3, the set of all independent sets

is: { {0}, {1}, {2}, {3}, {4}, {5}, {2,4}, {2,5}, {3,5}, {1,5}
}. Independent set {2,4} has rank 1; independent sets {3,5}
and {1,5} have rank 2 and independent set {2,5} has rank
3. LOF will construct the schedule {{3,5},{2,4},{0}, {1}}.
Assuming that there are 100 time slots in a scheduling period,
the session rate vector is (40b, 40b). The schedule of a period
is shown in Figure 4.

Fig. 4. The Schedule Obtained by LOF

B. Utility Maximization Based Rate Allocation

We develop our rate allocation algorithm based on Net-
work Utility Maximization (NUM) [5]. We associate a utility
function Us(xs) to every session s ∈ S. Similar to [4], we
cast the problem of rate allocation as that of maximizing the
total utility of the network. When we consider both unicast
and multicast sessions, it has been pointed out that it is
appropriate to use receiver-oriented utility functions such as
Us(xs) = rsu(x; α), where rs is the number of recipient of
session s and u(x; α) is defined as follows [4]:

u(x; α) =

{
ln(x), α = 0
−x−α

α , α > 0

The parameter α provides a mechanism to tune the unfair-
ness to unicast while retaining the incentive to use multicast
[4]. In this paper, we choose α = 0 for the following reasons:
First, it provides incentive to use multicast since some amount
of unfairness to unicasts is achieved [4]. Second, when our
framework is applied to networks containing only unicast
traffic, it achieves proportional fairness among unicast traffic
[27]. However, our framework can also accommodate other
values of α if the resulting utility function is concave.

The utility maximization objective can be formally written
as

P: max
xs≥0

∑
s∈S

Us(xs), subject to Px ≤ 1 (2)

The above problem is referred to as the system primal
problem. It is a typical convex optimization problem [28],
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which can be solved by using the Lagrange duality [14], [15].
The dual problem is defined as

D: min
λ≥0

D(λ) (3)

where

D(λ) = max
xs≥0

(∑
s∈S

Us(xs)− λT (Px− 1)

)

=
∑
s∈S

max
xs≥0

(Us(xs)− xs

∑
n∈C

λnPns) +
∑
n∈C

λn

Let us define
μs =

∑
n∈C

λnPns

In fact, the Lagrange multiplier λn can be interpreted as the
shadow price [14] of clique n. Also xsμs may be interpreted
as the total price charged for session s for transmitting at rate
xs.

To solve the dual problem, we use an iterative algorithm
with the help of the gradient projection method [10]. The
algorithm is described in Figure 5. A similar algorithm is used
in [10]. The algorithm takes the inputs of the maximal clique
set C, session set S, initial vector x and λ.

By choosing an appropriate step size γ, starting from
any initial vector x and λ, the above iterative algorithm
will converge to the optimal solution (x∗, λ∗) [10], [13].
Furthermore, the solution is primal-dual optimal, which means
x∗ is also the optimal rate vector for the primal problem. The
optimal solution can be obtained in worst-case polynomial-
time complexity [28], [29].

C. Optimal Graph Coloring Based Scheduling

Vertex coloring of a graph assigns different colors to vertices
so that no two adjacent vertices have the same color. The
greedy coloring algorithm [22] is a heuristic for graph coloring
with O(m+n) time complexity. If we give greedy coloring a
simplicial elimination ordering of the vertices, then the greedy
algorithm yields an optimal coloring [30]. In other words,
greedy graph coloring algorithm is optimal for chordal graphs
[30].

Based on the above discussion, we propose a scheduling
algorithm based on a greedy vertex coloring of the contention
graph. The algorithm is described in Figure 6 where time
slots are considered as colors to be assigned to different
transmissions. Denote the set of time slots in a scheduling
period as P = {1, ..., N}. The algorithm takes the inputs of
the triangulated contention graph Gc, the transmission set T
and the set of time slots P .

If the scheduling period contains N time slots, we can prove
that graph Ge can be colored using at most N colors, which
means that all transmissions can be scheduled in at most N
time slots. In this case, we say that the scheduling algorithm
realizes the rate allocation. The proof is given as follows:

According to the definition of perfect graph given by Claude
Berge, perfect graph G can be colored with ω(G) colors,
where ω(G) is the size of the largest clique in G [21]. Our

rate allocation satisfies the clique feasibility constraint defined
in Section III-C: ∑

i∈Cj

fi ≤ 1, ∀Cj ∈ C

where C is the set of maximal cliques of graph Gc. According
to the construction of Ge, every maximal clique of Ge cor-
responds to a maximal clique of Gc. Assume that the largest
clique of Ge is constructed from maximal clique Cj of Gc.
The size of the largest clique of Ge can be calculated as∑

i∈Cj

Si

where Si is the number of time slots allocated to the trans-
mission that corresponds to vertex i in Gc. Since Si ≤ fi ∗N
as shown in Section III-C, we have∑

i∈Cj

Si ≤ N

Thus we have proved that the size of the largest clique of Ge

is equal to or smaller than N . Therefore, all transmissions can
be scheduled in at most N time slots.

Assume that a scheduling period contains 100 time slots.
For the example scenario in Figure 1 and its corresponding
contention graph in Figure 3, our rate allocation algorithm
yields the session rate vector (60b, 20b). The schedule obtained
by OGC is shown in Figure 7.

Fig. 7. The Schedule Obtained by OGC

V. PERFORMANCE EVALUATION

A. Simulation Setup

We use the ns-2 [31] simulator for performance evaluation.
We simulate a flat area of 2000m by 2000m with 30 randomly
positioned stationary mesh routers. A gateway node is placed
in the center of the topology. We generate 100 random
topologies, and our results represent the average performance
over these 100 random topologies. Each simulation run lasts
10 seconds. In our simulation, we use a TDMA MAC protocol
similar to IEEE 802.16. A MAC frame consists of a control
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1: t = 0 // t is the iteration number
2: x(t) =x
3: λ(t) =λ
4: while x does not converge do
5: for each clique c ∈ C do
6: Update λn as λn(t + 1) = [λn(t)− γ ∂D(λ(t)

∂λn
]+ // γ is the step size

7: In our case, λn(t + 1) = [λn(t)− γ(1−∑s∈S xs(t)Pns]+

8: end for
9: for each session s ∈ S do

10: Update xs by solving the problem maxxs≥0 (Uf (xs)− xsμs)
11: In our case, xs(t + 1) = rs

μs

12: end for
13: t = t + 1
14: end while

Fig. 5. Algorithm - RateAllocation(C, S, x, λ)

1: Ge = ∅
2: for each vertex v in Gc do
3: // Denote tv as the ID the transmission that v corresponds to
4: // Denote nv as the number of time slots needed for transmission tv
5: nv = �xs/bm�

N , where xs is the rate of the session carried by transmission tv
6: Add nv vertices to Ge, and their corresponding transmission is tv
7: // Denote this group of vertices as Ov

8: Add edges between every pair of these vertices
9: end for

10: for each edge e : (vi, vj) in Gc do
11: Add edges between nodes in Ovi and Ovj

12: end for
13: // Ge is still a chordal graph based on its construction
14: Get a simplicial elimination ordering ν of Ge using the lexicographic BFS algorithm
15: // The following is the greedy graph coloring algorithm
16: for i = 0 to |ν| do
17: Q(ν(i)) = nodes that are neighbors of ν(i)
18: p = lowest time slot in P that is not used in Q(ν(i))
19: Assign time slot p to vertex ν(i)
20: Set transmission tν(i) to be active at time slot p
21: end for

Fig. 6. Algorithm - OptimalGraphColoring(Gc , T , P )

subframe and a data subframe, as shown in Figure 8. The
duration of a frame corresponds to the scheduling period
defined in our scheduling algorithm. A frame is divided into
fixed-length time slots.

Similar to the centralized scheduling scheme used in IEEE
802.16 mesh networks, we implement our framework in a cen-
tralized manner. The benefits of a centralized implementation
of the NUM based rate allocation has been discussed in [32].

In a control subframe, via control message exchange, mesh
routers join multicast sessions or establish a unicast session
between the gateway node and itself. The gateway node
then constructs the routing tree, performs rate allocation and
establishes the network wide schedule. The schedule is also
propagated to mesh routers during the control subframe.
Our rate allocation algorithm (including transmission set and

perfect contention graph construction) is a polynomial-time
algorithm while our scheduling algorithm is a linear time
algorithm. In addition our framework operates on aggregated
traffic between the mesh routers and the gateway. Thus our
framework is very efficient and is suitable for a centralized
implementation. Since our framework can be executed at
the beginning of every frame, it can accommodate dynamic
scenarios where network traffic changes frequently.

The detailed simulation parameters related to the physical
and MAC layer properties are given in Table II. Table III shows
how the type of modulation and link rate are related to the
received SNR [16]. CBR is used as the traffic source. We use
aggregated throughput, average delay and total utility as the
evaluation metrics. We compare the performance of LOF and
OGC under different network scenarios.
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Fig. 9. Aggregated Throughput Comparison as a Function of Number
of Sessions
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Fig. 10. Average Delay Comparison as a Function of Number of
Sessions
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Fig. 11. Aggregated Throughput Comparison as a Function of Number
of Time Slots
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Fig. 12. Average Delay Comparison as a Function of Number of Time
Slots

Fig. 8. MAC Frame Structure

B. Simulation Results

In the first set of simulations, we vary the number of
sessions in the networks from 2 to 6. In our simulations,
a frame consists of 400 time slots where 300 of them are
allocated to downlink data traffic. The source of these sessions
is the gateway node, and we randomly choose 1 to 5 nodes
as the recipients for each session. The aggregated throughput
of session recipients achieved by using LOF and OGC under
different number of sessions are compared in Figure 9. The
performance improvement of OGC over LOF varies from 25%

TABLE II
SIMULATION PARAMETERS

Parameter Value
Frequency band (GHz) 5

Channel bandwidth (MHz) 20
Frame duration (ms) 20

Time slot duration (μs) 50
Transmit power (dBm) 20

Path Loss Model 28.3 log(d) + 41.9,
d is the distance

Noise Level (dBm) bandwidth∗ 4∗10−12

109 ,
according to [33]

to 30%. LOF fails to take advantage of multi-rate multicast and
guarantees equal throughput to all receivers. OGC achieves
higher aggregated throughput by maximizing the total utility of
the network and using a link rate aware scheduling algorithm.
In our simulations, we observe that for both LOF and OGC,
the throughput of a recipient is always equal to the allocated
rate of its corresponding session. This demonstrates that both
LOF and OGC effectively schedule the allocated rates.

Figure 10 compares the average delay of recipients achieved
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Fig. 13. Total Utility Comparison as a Function of Number of Sessions
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Fig. 14. Total Utility Comparison as a Function of Number of Time
Slots

TABLE III
MODULATION TYPE AND LINK RATE VS. SNR

Modulation Bit-rate (Mbps) Received SNR (dB)
BPSK 1/2 7.68 3
QPSK 1/2 15.36 6
QPSK 3/4 23.04 8.5

16QAM 1/2 30.72 11.5
16QAM 3/4 46.08 15
64QAM 2/3 61.44 19
64QAM 3/4 69.12 21

by using LOF and OGC. OGC results in a much smaller
average delay than LOF. Neither LOF nor OGC considers the
ordering of transmissions in a frame to reduce the chances that
mesh routers transmit before receiving data from the parent
node in the routing tree. However, since OGC schedules a
transmission multiple times in a frame while LOF schedules
a transmission only once in a frame, transmission order has
much less impact on OGC than on LOF. Figure 13 shows
the total utility achieved by using LOF and OGC in different
scenarios. OGC consistently achieves higher utility than LOF
since the rate allocation in OGC is based on maximizing total
utility.

We conduct another set of simulations by varying the
number of time slots allocated for downlink data traffic from
150 to 350 time slots. In this set of simulations, we fix the
number of sessions in the network to be 4. The aggregated
throughput of session recipients achieved by using LOF and
OGC under different numbers of time slots are compared in
Figure 11. The performance improvement of OGC over LOF
varies from 20% to 25%. In addition, aggregated throughput
increases with the number of available time slots. Similar to
the previous set of simulations, for both LOF and OGC, the
throughput of a recipient is always equal to the allocated rate
of its corresponding session.

Figures 12 and 14 show the average delay and total utility
achieved by using LOF and OGC under different numbers of
time slots. Similar to the previous set of simulations, OGC
consistently achieves lower delay and higher utility than LOF.

VI. CONCLUSION

In this paper we proposed a framework for rate allocation
and scheduling in TDMA based wireless mesh networks. By
using transmission contention graphs to model the resource
allocation constraints and by maximizing the total utility of
the network, our framework provides fair and efficient rate
allocation to multicast and unicast sessions. The proposed
graph coloring based scheduling algorithm produces an op-
timal schedule to support the allocated rates. By maintaining
perfect contention graphs, our framework enables rate alloca-
tion and scheduling with low time complexity. Our framework
significantly outperforms LOF in terms of throughput and
delay in our simulation results. In this paper, we assume that
routing is considered separately from our framework. We plan
to investigate the joint optimization of routing, rate allocation
and scheduling in TDMA based wireless mesh networks in
the future.

ACKNOWLEDGMENT

This work was supported in part by the US National
Science Foundation under grants No. CNS-0721441 and CNS-
0551464.

REFERENCES

[1] I. F. Akyildiz, X. Wang, and W. Wang, “Wireless mesh networks: a
survey,” Computer Networks Journal, March 2005.

[2] “IEEE 802.16 Standard.”
[3] “IEEE 802.11 Standard.”
[4] J. K. Shapiro, D. F. Towsley, and J. F. Kurose, “Optimization-based

congestion control for multicast communications,” in NETWORKING,
2002.

[5] M. Chiang, S. H. Low, A. R. Calderbank, and J. C. Doyle, “Layering
as optimization decomposition: A mathematic theory of network archi-
tectures,” Proceedings of the IEEE, vol. 95, no. 1, pp. 255–312, January
2007.

[6] R. Nelson and L. Kleinrock, “Spatial TDMA: A collision-free multihop
channel access protocol,” IEEE Transaction on Communications, 1985.

[7] D. Koutsonikolas, S. M. Das, and Y. C. Hu, “An interference-aware fair
scheduling for multicast in wireless mesh networks,” Journal of Parallel
and Distributed Computing, 2007.

1-4244-2507-5/08/$20.00 ©2008 IEEE 155

Authorized licensed use limited to: IEEE Xplore. Downloaded on December 17, 2008 at 15:42 from IEEE Xplore.  Restrictions apply.



[8] C. T. Chou, A. Misra, and J. Qadir, “Low latency broadcast in multi-
rate wireless mesh networks,” IEEE Journal on Selected Areas in
Communications (Special Issue on Multi-hop Wireless Mesh Networks),
vol. 24, no. 11, November 2006.

[9] J. Yuan, Z. Li, W. Yu, and B. Li, “A cross-layer optimization framework
for multicast in multi-hop wireless networks,” IEEE Journal on Selected
Area in Communications, vol. 24, no. 11, pp. 2092–2103, November
2006.

[10] Y. Xue, B. Li, and K. Nahrstedt, “Optimal resource allocation in wireless
ad hoc networks: A price-based approach,” IEEE Transactions on Mobile
Computing, 2005.

[11] V. Gambiroza and E. Knightly, “Congestion control in CSMA-based
networks with inconsistent channel state,” in Proceedings of ACM In-
ternational Wireless Internet Conference (WICON), Boston, MA, August
2006.

[12] Z. Y. Fang and B. Bensaou, “Fair bandwidth sharing algorithms based on
game theory frameworks for wireless ad-hoc networks,” in Proceedings
of the IEEE INFOCOM’04, 2004.

[13] L. Chen, S. H. Low, and J. C. Doyle, “Joint congestion control and
media access control design for wireless ad hoc networks,” in IEEE
INFOCOM’05, 2005.

[14] F. P. Kelly, A. K. Maulloo, and D. K. H. Tan, “Rate control in com-
munication networks: shadow prices, proportional fairness and stability,”
Journal of the Operational Research Society, vol. 49, pp. 237–252, 1998.

[15] S. H. Low and D. E. Lapsley, “Optimization flow control — I: basic
algorithm and convergence,” IEEE/ACM Transactions on Networking,
vol. 7, pp. 861–874, 1999.

[16] P. Djukic and S. Valaee, “Centralized scheduling algorithms for 802.16
mesh networks,” in Wimax/MobileFi: Advanced Research and Technol-
ogy. Auerbach Publications, CRC Press, 2007.

[17] ——, “Link scheduling for minimum delay in spatial re-use TDMA,”
in INFOCOM, 2007.

[18] H. Wei, S. Ganguly, A. Izmailov, and Z. Hass, “Interference-aware IEEE
802.16 WiMAX mesh networks,” in 61st IEEE VTC, 2005.

[19] K. Jain, J. Padhye, V. N. Padmanabhan, and L. Qiu, “Impact of interfer-
ence on multi-hop wireless network performance,” in ACM MOBICOM,
San Diego, CA, September 2003.

[20] A. Bar-Noy, A. Mayer, B. Schieber, and M. Sudan, “Guaranteeing fair

service to persistent dependent tasks,” SIAM Journal on Computing,
vol. 27, pp. 1168–1189, 1998.

[21] D. E. Knuth, “The sandwich theorem,” The Electronic Journal of
Combinatorics, vol. 1, pp. 1–48, 1994.

[22] F. M. Q. Pereira and J. Palsberg, “Register allocation via coloring of
chordal graphs,” in Asian Symposium on Programming Languages and
Systems (APLAS’05), Tsukuba, Japan, November 2005, pp. 315–329.

[23] M. Habib, R. McConnell, C. Paul, and L. Viennot, “Lex-BFS and
partition refinement, with applications to transitive orientation, interval
graph recognition and consecutive ones testing,” Theoretical Computer
Science, vol. 234, pp. 59–84, 2000.

[24] P. Heggernes, “Minimal triangulation of graphs: A survey,” Discrete
Mathematics, vol. 306, pp. 297–317, 2006.

[25] D. Kratsch and J. Spinrad, “Minimal fill in o(n2.69) time,” Discrete
Mathematics, vol. 306, no. 3, pp. 366–371, February 2006.

[26] R. Gupta and J. Walrand, “Approximating maximal cliques in ad hoc
networks,” in IEEE Personal, Indoor, and Mobile Radio Communications
Conference (PIMRC), Barcelona, Spain, September 2004.

[27] F. P. Kelly, “Charging and rate control for elastic traffic,” European
Trans. on Telecommunications, vol. 8, pp. 33–37, 1997.

[28] S. Boyd and L. Vandenberghe, Convex Optimization. Cambridge
University Press, 2004.

[29] M. Fazel and M. Chiang, “Network utility maximization with noncon-
cave utilities using sum-of-squares method,” in Conference on Decision
and Control, 2005.

[30] F. Gavril, “Algorithms for minimum coloring, maximum clique, mini-
mum convering by cliques, and maximum independent set of a chordal
graph,” SIAM Journal on Computing (SICOMP), vol. 1, no. 2, pp. 180–
187, 1972.

[31] “NS2 simulator. http://www.isi.edu/nsnam/ns/.”
[32] B. Wang and M. Mutka, “QoS-aware fair rate allocation in wirelss

mesh networks,” Computer Communications (Special Issue: Resource
Management and routing in Wireless Mesh Networks), vol. 31, no. 7,
2008.

[33] C. Hoymann, “Analysis and performance evaluation of the OFDM-based
metropolitan area network IEEE 802.16,” Computer Networks, vol. 49,
pp. 341–363, 2005.

1-4244-2507-5/08/$20.00 ©2008 IEEE 156

Authorized licensed use limited to: IEEE Xplore. Downloaded on December 17, 2008 at 15:42 from IEEE Xplore.  Restrictions apply.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


