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Abstract—We consider wireless networks in which multiple
paths are available between each source and destination. We
allow each source to split traffic among all of its available paths,
and ask the question: how do we attain the lowest possible
number of transmissions per unit time to support a given traffic
matrix? Traffic bound in opposite directions over two wireless
hops can utilize the “reverse carpooling” advantage of network
coding in order to decrease the number of transmissions used.
We call such coded hops as ‘“hyper-links”. With the reverse
carpooling technique longer paths might be cheaper than shorter
ones. However, there is a prisoners dilemma type situation among
sources — the network coding advantage is realized only if there
is traffic in both directions of a shared path. We develop a two-
level distributed control scheme that decouples user choices from
each other by declaring a hyper-link capacity, allowing sources
to split their traffic selfishly in a distributed fashion, and then
changing the hyper-link capacity based on user actions. We show
that such a controller is stable, and verify our analytical insights
by simulation.

I. INTRODUCTION

There has recently been significant interest in multihop
wireless networks, both as a means for basic Internet access,
as well as for building specialized sensor networks. How-
ever, limited wireless spectrum together with interference and
fading pose significant challenges for network designers. The
technique of network coding has the potential to improve the
throughput and reliability of multihop wireless networks by
taking advantage of the broadcast nature of wireless medium.

For example, consider a wireless network coding scheme
depicted in Figure 1(a). In this example, two wireless nodes
need to exchange packets x1 and xo through a relay node. A
simple store-and-forward approach needs four transmissions.
However, the network coding approach uses a store-code-and-
forward approach in which the two packets from the clients
are combined by means of an XOR operation at the relay and
broadcast to both clients simultaneously. The clients can then
decode this coded packet to obtain the packets they need.

Katti et al. [1] presented a practical network coding archi-
tecture, referred to as COPE, that implements the above idea
while also making use of overheard packets to aid in decoding.
Experimental results shown in [1] indicate that the network
coding technique can result in a significant improvement in
the network throughput.
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Fig. 1. (a) Wireless Network Coding (b) Reverse carpooling.

Effros et al. [2] introduced the strategy of reverse carpool-
ing that allows two information flows traveling in opposite
directions to share a path. Figure 1(b) shows an example
of two connections, from n; to n4 and from n4 to n; that
share a common path (n1,n9,n3,n4). The wireless network
coding approach results in a significant (up to 50%) reduction
in the number of transmissions for two connections that use
reverse carpooling. In particular, once the first connection is
established, the second connection (of the same rate) can be
established in the opposite direction with little additional cost.

The key challenge in the design of network coding schemes
is to maximize the number of coding opportunities, where a
coding opportunity refers to an event in which at least one
transmission can be saved by transmitting a combination of
the packets. Insufficient number of coding opportunities may
affect the performance of a network coding scheme and is
one of the major barriers in realizing the coding advantage.
Accordingly, the goal of this paper is to design, analyze,
and validate network mechanisms and protocols that improve
the performance of the network coding schemes through
increasing the number of coding opportunities.

Consider the scenario depicted in Figure 2. We have three
sources of traffic, each of which is aware of two paths leading
to its destination. For example, Source 3 (positioned at ns)
can send packets to its destination (located at n;) at rates :Jc§
and 2% on its two available paths. Our cost metric for the
system is the number of transmissions per unit time required
to support a given traffic matrix. Under the current channel
conditions, suppose that it is cheaper for Source 3 to send all
its traffic on path (ns,n7,n1). However, notice that there is an
opportunity for reverse carpooling on a subpath (ni, ng, ns).
With this scheme, node ny will broadcast coded packets to
nodes n; and ns. We refer to this broadcast link as a hyper-
link. Although path (ns,n9,n;) is more expensive for Source



Source 3

Fig. 2. Increasing Coding Opportunities
3, if there is traffic from Source 1 (located at nq) that overlaps
with it at ns, it might actually be the case that the lowest cost
traffic split in the system would entail that Source 3 should use
the hyper-link and send all its traffic using path (ns,n2,n1),
while Source 1 follows suit by using its path (n1,n2, 15, 14).
However, we immediately see that there is a prisoners’
dilemma situation here — savings can only be obtained if
there is sufficient bi-directional traffic on (n1,n2,ns). The
first mover in this case is clearly at a disadvantage as it
essentially creates the route that others can piggyback upon (in
a reverse direction). Our challenge in this paper is the creation
of a distributed control scheme that eliminates the first-mover
disadvantage, and hence allows the system to attain the state
of lowest possible cost to support its traffic.

A. Related Work

Network coding research was initiated by a seminal paper
by Ahlswede et al. [3] and since then attracted a significant in-
terest from the research community. Many initial works on the
network coding technique focused on establishing multicast
connections between a fixed source and a set of terminal nodes.
Li et al. [4] showed that the maximum rate of a multicast
connection is equal to the minimum capacity of a cut that
separates the source and any terminal. In a subsequent work,
Koetter and Médard [5] developed an algebraic framework
for network coding and investigated linear network codes for
directed graphs with cycles.

Network coding technique for wireless networks has been
considered by Katabi er al. [1]. The proposed architecture,
referred to as COPE, contains a special network coding
layer between the IP and MAC layers. In [6] Chachulski
et al. proposed an opportunistic routing protocol, referred to
as MORE, that randomly mixes packets that belong to the
same flow before forwarding them to the next hop. Sagduyu
and Ephremides [7] focused on the applications of network
coding in simple path topologies (referred to in [7] as tandem
networks) and formulate a related cross-layer optimization
problems. Similarly, [8] considers the problem of utility max-
imization when network coding is possible. However, their
focus is on opportunistic coding as opposed to creating coding
opportunities that we focus on.

Closest to our problem are [9], [10]. Das et al. [9] pro-
pose a new framework called “context based routing” in
multihop wireless networks that enables sources to choose

routes that increase coding opportunities. They propose a
heuristic algorithm that measures the imbalance between flows
in opposite directions, and if this imbalance is greater than
25%, provides a discount of 25% to the smaller flow. This has
the effect of incentivizing equal bidirectional flows, resulting
in multiple coding opportunities. Our objective is similar, but
we develop iterated distributed decision making that trades off
a potential increase in cost of longer paths, with the potential
cost reduction due to enhanced coding opportunities. Marden
et al. [10] consider a similar problem to ours, but unlike our
focus on how to align user incentives, their focus is on the
efficiency loss of the Nash equilibrium attained. Our objective
is to design an incentive structure that would naturally result
in the system converging to the lowest cost state.

B. Main Results

The key contribution of this research is a distributed two-
level control scheme that would iteratively try to lead the
sources to discover the appropriate splits for their traffic among
multiple paths. On one level are the sources that selfishly
choose to split their traffic across available multiple paths
with costs and maximum capacities (set by the hyperlinks)
on each. On the other level, the hyperlink nodes choose
maximum capacities for paths that share that node as a
result of the sources’ decisions as well as opportunities for
network coding. Note by splitting up the dynamics in this
fashion, our algorithm is a relaxation of the original cost-
minimization problem. The iteration process continues until
the entire network has reached local minimum which, since our
formulation is convex, is also the socially optimal solution. We
show that this process is asymptotically stable. We illustrate
our approach as well as the quality of solution using numerical
experiments. The experiments indicate that: the convergence
is fast; the costs are reduced significantly upon using network
coding; more expensive paths before network coding became
cheaper and shortest paths were not necessarily optimal. Thus,
the iterative algorithm that we develop from the relaxed
formulation performs well in practice.

II. SYSTEM OVERVIEW

Our objective is to design a distributed multi-path network
coding system for multiple unicast flows traversing a shared
wireless network. We assume that the schedule of wireless
links given to us (for example, using CSMA), and hence
abstract out the interference between links. We model the
communication network as a graph G(V, E), where V is the
set of network nodes and E is the set of wireless links. For
each link (n;,n;) € E, where (n;,n;) € V, there exists a
wireless channel that allows node n; to transmit information
to node n;. Each link (n;,n;) is associated with a cost c;.
The value of «;; captures the cost (in number of required
transmissions) of transmitting a packet from n; to n;. Due to
a broadcast nature of the wireless channels, the node n; can
transmit to two neighbors n; and n;, simultaneously at a cost
max{;, Qg }.



We assume that the network supports flows {1,2,...,},
where each flow is associated with a source and destina-
tion node. Each flow ¢ is also associated with several paths
{P}!,P? ...} that connect its source and destination nodes.
Our goal is to build a distributed traffic management scheme
in which the source node of each flow ¢ can split its traffic,
z; (packets per unit time), among multiple different paths, so
as to reduce the total number of transmissions per unit time
required to support a given traffic. Note that on some of these
paths there might be a possibility of network coding.

For example, consider the network depicted on Figure 2.
The network supports three flows: (i) flow 1 from n; to ng, (ii)
flow 2 from n4 to ng, and (iii) flow 3 from ns to n,. We denote
by x; the traffic associated with flow ¢, 1 < ¢ < 3. Suppose that
the packets that belong to flow 1 can be sent over two paths
(n1,n2,n3,m4) and (n1,n2,ns5,n4). We denote these paths
by P} and P}. The traffic split on paths P and P? is given
by 1, x2, respectively, such that 1 + 22 = z;. Similarly,
flow 2 can be sent over two paths Py = (ny,ns, n2,ng) and
P2 = (n4,ng,ng) at rates x5 and 22, such that 23 + 3 = 5.
Finally, flow 3 can be sent over two paths P} = (ns,nz,n1)
and P? = (ns,ng2,n1), at rates z3 and =3, with sum z3.

Note that path P2 = (ny,n2,n5,n4) of flow 1 and path
P? = (ns,n2,n1) of flow 3 share two links (ni,n2) and
(n2,n5) in the opposite directions. Thus, the packets sent
along these two paths can benefit from reverse carpooling.
Specifically, node ny can combine packets of flow 1 received
from node n; and packets of flow 3 received from node ns.
Similarly, node nz can combine packets of flow 1 received
from node ny and packets of flow 2 received from node
ng4. Note that the cost saving at node no is proportional to
min{z?, 2%}, while the saving at node nj is proportional to
min{z{,z3}. Note that our model is not restricted to reverse
carpooling type XOR coding alone. Other types of XOR
coding schemes like COPE [11], which uses “opportunistic
listening” can also be used.

The cost (transmissions per unit time) at node ny when
coding is enabled is

Ch, (z%,x%) = max{ozgl,a%}min{x%,z%} (D
+ags (2 — min{a?, 23})
+ag (23 — min{x?, 23}).

Here, the first term on the right is the cost incurred due to
coding at node ns. This is because a coded packet from no
is broadcast to both destination nodes, n; and ns, and so the
cost per packet is max{aa1, a5 }. The second and third term
are “overflow” terms. Since it is possible that 23 # 2%, the
remaining flow of the larger (that cannot be encoded because
of the lack of flow in the opposite direction) is sent without
coding at the regular link cost.

The cost at node no, given by (1), can be re-written as
shown below:

Cry(27,23) = ansa?  +aozi + {maX{OQh a5}

—(Oégl + a25)} min{a:%, xg}

Using the fact that max{xy,z2} + min{zy,z2} = z1 + o,
we obtain

2 2 2 2
Cny(x1,25) = o527 + ag123 )

min{agy, ags } min{x?, 23}

The above equation can be interpreted as the cost at node
ng without coding minus the savings obtained when coding is
used. Thus, the cost saved at node nsy due to network coding is
min{as1, s} min{x?, 3} . Similarly, for node nj the cost
saved is min{aga, azs} min{z}, x1}. The total system cost
can be expressed as:

3 2
C(X) = Z Zﬂfrf —  min{ag;, ags f min{z? 2%} (3)
i=1 j=1
—  min{asy, azs} min{x}, 21},

where X = {z}, 2%, 23,23, 21,23} is the state of the system
and (3] is the uncoded path cost (equal to the sum of the
link costs on the path) j used by flow i. For example, 3] =
Q12 + o3 + gy, for path Pl = (ny,n2,n3,ny). Thus, the
first term on the right in (3) is the total cost of the system
without any coding, while the second and third terms are the
savings obtained by coding at nodes no and ns.

In this paper, we consider the problem of minimizing
total cost, given the traffic matrix. The problem poses major
challenges due to the need to achieve a certain degree of
coordination among the flows. For example, for the network
depicted in Figure 2, increasing of the value of x2 (the decision
made by node ns) will result in a system-wide cost reduction
only if it is accompanied by the increase in the value of z7.

III. HYPER-LINKS AND SYSTEM COST

In order to decouple the decisions of flows, we introduce
the idea of a hyper-link whose capacity can be controlled
independently of the flows that use it.

Definition 1: A hyper-link is a broadcast-link com-
posed of three nodes and two flows. A hyper-link
ngl(i,p, 1), (4,q,n;))] at node nj can encode packets be-
longing to flow ¢ (sending packets on path p) with flow j
(sending packets on path ¢). Here, nodes n; and n; are the
next-hop neighbors of ny; for flow ¢ along path p and for flow
7 along path g, respectively.

For each hyper-link ny[(i,p,n:), (4,¢,n;))], we introduce a
new decision variable y; that denotes the capacity of the
hyper-link (in packets per unit time). This formulation helps
us to decouple the coordination between individual flows.
We restrict the total coded (broadcast) traffic between the
two flows at node nj to be at-most equal to the hyper-
link capacity y,. Any remaining flow is sent without cod-
ing. Referring to Figure 2, there exists a hyper-link h; =
na[(1, P, ns), (3, P#,n1)], where the source node my can
encode packets of flow fZ (flow along path P}), destined
to node ng, with packets of flow f3 (flow along path P%),
destined to node n;. Similarly, there exists a hyper-link
ho = n3[(1, P{,n4), (2, P}, ny)], where the source node n3
can encode packets of flow fll, destined to node n,4, with



packets of flow f; destined to node ns. Let the hyper-link ca-
pacities be defined as y, and ys respectively. The total cost of
transmission on hyper-link h; = na[(1, P2, ns), (3, PZ,n1)]
of capacity y is given by

C(hy) = max{ags, o1 }ys + )

ags (2§ — min{a?, yo}) +
g1 (23 — min{z3, y2})
where the first term on the right is the cost of sending traffic on
the hyper-link. Note that we have to bear this cost, regardless
of whether or not there is enough bidirectional flow to be sent
on the hyper-link. This relaxation could potentially increase
the total cost of the system. However, as we will see in
Section VI, we can design a hyper-link capacity controller
which would adjust the hyper-link capacities periodically to
minimize cost. As before, the “overflow” packets are sent
without coding, and the cost incurred in doing so is given
by the latter two terms.
The cost at node no, given by (4), can be re-written as:

Clh) =
T(h1) =

Qo573 + ag1w3 — T'(hy), where
ags min{z?, 2} + oy min{m%, ya}

- max{a25, 0421}y2

Recall that the first two cost terms are the total cost at node
ny when coding is disabled. The remaining cost, T'(h1), can
be thought of as the rebate obtained by using hyper-link
h1 = na[(1, P?,ns), (3, P?,n1)]. Note that the rebate could
be negative (hence adding to the total cost), which might
happen when one of the flow’s rate is 0 and the other flow’s
rate is less than the hyper-link capacity.

Thus, the modified cost function when the system is in state
(X,Y) is given by

3 2
CX,Y)=>> " plal — (T(h1) + T(ha)), (5)
i=1 j=1

where X = {z}, 22,223, 2,23}, Y = {y,u3}.
T(hy) and T(hy) are the rebates obtained by using
hyper-link hy = mno[(1, P, ns),(3,PZ,n1)] and hy =
nsl(1, PL,n4), (2, Py, n2)]), respectively.

In general, the total system cost in terms of number of
transmissions per unit time required to support a given traffic
load, when the state of the system is (X,Y), is:

C(X,Y) =
— Total rebate of all the hyper-links (6)

Total system cost without coding

We focus on minimizing this total cost. To this end, we relax
the problem into two sub-problems—that of traffic splitting by
sources, and that of hyper-link capacity selection:

1) Traffic Splitting: In this phase, the source node of each
flow splits its traffic among the different options, for a
given hyper-link state Y. The options available to each
flow are called hyper-paths, where each such hyper-path
contains zero or more hyper-links. We model this phase

as a potential game; the background needed is presented
in Section IV. Details of our game model and the payoffs
used are covered in Section V.

2) Hyper-Link Capacity Control: In this phase, we ad-
just the hyper-link capacities in order to minimize the
total cost. We use a simple gradient descent controller
to attain minimum cost. In this phase it is assumed
the sources attain Wardrop equilibrium instantaneously.
Further details on the type of controller used and the
convergence properties are covered in Section VI

We call our controller as Decoupled Dynamics. The two phases
operate at different time scales. Traffic splitting is done at
every small time scale and the hyper-link capacity control is
done at every large time scale. Thus, sources attain equilibrium
for given hyper-link capacities, then the hyper-link capacities
are adjusted, and this in turn forces the sources to change
their splits. This process continues until the source splits and
hyper-link capacities converge.

IV. BACKGROUND: POTENTIAL GAMES

Below we review some game-theoretic ideas that will be
used in this paper. Detailed discussion may be found in [12].
A population game G, with F' non-atomic populations of
players is defined by a mass and a strategy set for each
population and a payoff function for each strategy. By a non-
atomic population, we mean that the contribution of each
member of the population is infinitesimal. We denote the set of
populations by F = {1, ..., F'}, where F' > 1. The population
1 has mass x;. The set of strategies for population 7 is denoted
as S; = {1, ..., 5;}. These strategies can be thought of as the
actions that members of ¢ could possibly take. A particular
strategy distribution is the way the population ¢ partitions itself
into the different actions available, i.e., a strategy distribution
for i is a vector of the form #; = {z! x2, .27}, where

Zf;l x? = x;. The set of strategy distributions of a popula-

tion ¢ € F, is denoted by X; = {Z; € Rf} : Zf;l ¥ =z}
We denote the vector of strategy distributions being used by
the entire population by X = {Z1, Zs, ..., Zr }, where Z; € Xj;.
The vector X can be thought of as the state of the system.
Let the space of all strategy distributions be &'

The marginal payoff function (per unit mass) obtained from
strategy p € S; by users of class i, when the state of the
system is X is denoted by F”(X) € R and is assumed to
be continuous and differentiable. Note that the payoffs to a
strategy in population ¢ can depend on the strategy distribution
within population ¢ itself. The total payoff to users of class @
is then given by 2521 F?(X)a?, where we assume linearity
for exposition.

Potential games are a type of population games, that have
a specific structure on the cost function. The idea behind
potential games is to identify a scalar function that represents
the “energy” of the system (exactly like a Lyapunov function
[13]), which is called the potential function. All information
regarding the payoffs obtained by users of a population class
can be captured in the potential function.



Definition 2: Let G be a population game with payoff
function (per unit mass) F : X — RF. G is called a Potential
Game if there exists a continuously differentiable function
T : X — R such that

oT
W(X):Fip(X) @)

2

Vi € F and p € S;, where X € X is the state of the system.
The function 7 is called the potential function for game G.

Next, we define the concept of equilibrium in population
games. A commonly used concept in non-cooperative games in
the context of infinitesimal players, is the Wardrop equilibrium
[14]. Consider any strategy distribution Z; = [z},...,z>7].
There would be some elements which are non-zero and others
which are zero. We call the strategies corresponding to the
non-zero elements as the strategies used by population 1.

Definition 3: A state X is a Wardrop equilibrium if for any
population ¢ € F, all strategies being used by the members
of ¢ yield the same marginal payoff to each member of 1,
whereas the marginal payoff that would be obtained is lower
for all strategies not used by population 4.

Let S; C S; be the set of all strategies used by population ¢
in a strategy distribution X. A Wardrop equilibrium X is then
characterized by the following relation:

F¥X)>F'(X) Vse 8 and s €S,

The above concept refers to an equilibrium condition; the
question arises as to how the system actually arrives at such
a state. A commonly used kind of population dynamics is
Brown-von Neumann-Nash (BNN) Dynamics [15]. The dynam-
ics are described as follows:

S
D _ P D J
T, = i, —X; E Y; (3
Jj=1
1 &
where, 77 = max Fip——g Flzl.,0
xX; <
Jj=1

Note that the total mass of the population ¢ is a constant x;.
An interesting property of BNN dynamics is non-complacency,
i.e., it allows extinct strategies to resurface, so that its station-
ary points are always Wardrop equilibria [12].

V. TRAFFIC SPLITTING:
MULTI-PATH NETWORK CODING (MPNC) GAME

We model the traffic-splitting process of our Decoupled
Dynamics controller as a potential game, G, which we refer to
as the Multi-Path Network Coding Game (MPNC Game). Our
system model consists of a set of nodes N' = {ny,...,ny},
where each node n; € N is surrounded by a random number
of other nodes. The cost of transmission (per packet) from
node n; to its neighboring node n; is a constant and is equal
to «;, similarly, cost of transmission (per packet) from n;
to n; is «;;. There exists a set of flows (these correspond to
players in the game) F = {1,...,F}. Each flow, i € F is
defined as a tuple (ng,n¢, z;), where n{ € N is the source

node, nf € N is the destination node, and x; packets/sec is the
traffic sent from source to destination. This traffic is equivalent
to the population mass in the population game interpretation.
Each flow i is associated with a set of hyper-paths S;.

Definition 4: A hyper-path p € S; between source n; and

destination n¢ is a virtual path over a physical path between
n$ and n¢. A hyper-path contains zero or more hyper-links on
it and at each node on the underlying physical path there can
be at-most one hyper-link. It follows that the set of all paths
are a subset of the hyper-paths.
In other words, a hyper-path can have a combination of at-most
two flows at each node. A flow can split its traffic among the
hyper-paths available to it, and we denote a sub-flow fF of
flow i by the tuple (nf,n¢,p,z). Here, 2 is the traffic sent
by flow ¢ on hyper-path p. The sum of link costs (per unit
rate) on the physical path corresponding to the hyper-path is
denoted (7. Note that the cost seen by a sub-flow using such a
hyper-path might be lower than this cost due to saving attained
by network coding.

We represent the division of traffic z; of flow ¢ € F, over
all the hyper-paths p € S; as a vector, &; = {x!,..., 27}
such that Zji:l z¥ = x;. Z; is called the strategy distribution
of flow i, and the set of all the strategy distributions of all
the flows is called the state of the flows and is represented as
X = [#1...ZF]. We denote the set of all states of the system
as X, i.e., X € X.

The set of all hyper-links in the network is assumed to be
pre-determined and is represented by H = {1,..., H}, where
H is the number of hyper-links. Recall that the hyper-link
formed by encoding packets that belong to flows ¢ and j, for
i,j € F at node ny is represented by ny[(i,p,n;), (4,9, n;)].
Nodes n; and n; are the next hop nodes for the hyper-path
of flows ¢ and j, using hyper-paths p and q respectively. Note
that we have slightly modified the definition to include the fact
that ¢ and j are using hyper-paths. We denote by HY C 'H the
set of all hyper-links associated with flow f7.

Each hyper-link can choose its capacity independently
of others. We denote the capacity of the hyper-link h =
ng((i,p,ni), (4,q,n;)] by yn packets/sec. The hyper-link
broadcasts packets received at node ny to n; and n; up to
capacity yp. The vector of all hyper-link capacities is called
the hyper-link state and is denoted by, Y = [y1,...,yn]. Let
Y be the set of all possible hyper-link states, i.e., Y € Y. The
state of the system is defined as (X,Y), where X € X is the
state of the flows and Y € Y is the state of the hyper-links.

In the traffic splitting phase of our algorithm, flows try to
attain the state of lowest cost for a given hyper-link state
Y. The hyper-link capacities are controlled in the next phase
(hyper-link capacity control), discussed in Section VI

The payoff (per unit rate) obtained in using hyper-path
p € S, of flow i € F when the state of the system
is (X,Y) is denoted by F'(X,Y) € R and is assumed
to be continuous and differentiable. We may have to make
suitable approximations on cost functions to ensure that these
conditions hold. We model our system as a potential game,
using the total cost function C'(X,Y") as our potential function.



Recall from (6) that the total cost of the system is
CX,Y)= X o Blal = i, T(h), )

where

T(h) = ag;min{a},yn} + ox; min{zf, yp}

— max{aki, kg }yn (10)

As can be seen from (10), the cost function contains “min”
terms over the hyper-link capacity and the flow rates, this
makes the function non-continuous and non-differentiable. In
order to have a continuously differentiable cost function we
approximate these “min” terms using a generalized mean-
valued function.

Let a = {ai,...,a,} be the set of positive real numbers
and let r be some non-zero real number. Then the generalized
r-mean of a is given by:

0= (i%+)

The “min” function over the set a is approximated using
M, (a) as:

(1)

min{aq, ..., (12)

an} = Tgr_noo M, (a)

Substituting for M, (11), instead of the “min” function in (9)
we get the approximated total cost function as:

~ H
CX,Y)= Yl Yol Blal =Y, T(h),  (13)
where for a hyper-link h = ng[(¢, p, ni), (4, ¢, ;)] € H:
1 pyee i e
— max{ag;, ak; tyn (14)

The cost function C'(X,Y) is continuous and differentiable.
So, we use the approximated cost function as our potential
function. Thus, it follows from the definition of potential
games (Definition 2) that, the payoff obtained by flow 7 € F
in using option p € §; is:

FI(X,Y) fwv EF, peS (15)
= 87 = Cherr T (16)
where, from (14)
o) _ows (o (17)
a$f B 2 MT(vayh)
Recall that
D\7r r %
M, (2, yn) = ((zl) ;(y”’) ) (18)

Hence,

P r—1
FUXY) =0~ Ther 4 (i) o+ (19

where H? is the set of all hyper-links associated with sub-flow
f?. Note, the payoff is the cost incurred in using an option,

so the players try to minimize their cost. The source node of
each flow, ¢ € F, observes the marginal cost, Fip , obtained in
using a particular option, p € S;, and changes the mass on that
particular option,z?, so as to attain Wardrop equilibrium [14].
The source nodes use BNN dynamics (8) to control the mass
on each option. But since each source tries to minimize its
payoff, we use a modified version BNN dynamics:

Sy
g (ap-ay).
j=1
1ok
Where,'y;’:max EZF;J;—F]’Z,O
j=1

In the next section, we prove the stability of our system using
Lyapunov theory.

A. Convergence of MPNC Game

We show in this section that the multi-path network coding
game converges to a stationary point when each source uses
BNN dynamics. We will use the theory of Lyapunov func-
tions [13] to show that our population game G, is stable for a
given hyper-link state Y. We use the approximated total cost
of the system (13) as our Lyapunov function.

Theorem 1: The system of flows F that use BNN dynamics
with payoffs given by (19) is globally asymptotically stable for
a given hyper-link state Y.

Proof: We use the approximated total cost function
C(X,Y) (13) as our Lyapunov function. It is simple to verify
that the cost function C’(X ,}A’), is non-negative and convex,
and hence is a valid candidate. For a given hyper-link state,
Y, we define our Lyapunov function as:

Ly(X)=C(X,Y) 1)
From (15)
Ly (X)  C(X)Y) o
b = o = FY(X,Y). (22)
Hence,
Ly(X) =5 0 “f;&”fg; (23)
= S FR(X, V)i (24)

From (20) we can substitute the value for x? and we have

F Sy Sy
EY(X):ZZF (ff')’f ffZ’Yf
f=1p=1 j=1
P Sy 1 3 Sr
=D wr | D Fff- (xz P > o) @)
f=1 p=1 =1 j=1



We define
12
Fy &= Fya
-
p=1
F S Sr
= D ap | Y Ff =D Fyg (26)
f=1 p=1 j=1
F Sy
= ap | DoAREF - Fy) 27)
f=1 p=1
F Sy
<= (092 <0 e8)
f=1 p=1
Thus,
Ly(X) < 0, VXeX (29)

where equality exists when the state X corresponds to the
stationary point of BNN dynamics. Hence, the system is
globally asymptotically stable. |

B. Efficiency

The objective of our system is to minimize the total cost
for a given load vector £ = [z1,...,2¢]| and given hyper-
link state Y. Here the total cost in the system is C(X,Y)
and is defined in (9). This can be represented as the following
constrained minimization problem:

H}}né’(X,Y) (30)
subject to:
S
doal = 2 VieF (31)
p=1
xf > 0.

The Lagrange dual associated with the above minimization
problem, for a given Y is

Ly (A h, X) = maxmin (é(x, Y) —

where A\; and b}, > 0,V i € F and p € S;, are the dual
variables. Now the above dual problem gives the following
Karush-Kuhn-Tucker first order conditions:

oL

W()\,h,X*):O Vie Fandp€S; (33)
and
Rlz? =0 VieFandpeS; (34)

where X ™ is the global minimum for the primal problem (30).
Hence from (33) we have, Vi€ F andV p € S;,

- S. * .
aC . 0 Lt —ati
(X5 Y) = N (2 > )+hf =0
Ox} Oxt ’
oC -
—(X*Y) = N+ WP 35
= azf( ) +hi (35
= FP(X*,Y) = N +hP  (36)
where the last equation follows from Definition 2.
From (34), it follows that
FP(X*)Y) = \; when 2" >0 (37)
and
FP(X*Y) = X\ +h?  when 2” =0 (38)

Vie FandV p € S;. The above condition (37, 38), implies
that the payoff on all the options used is identical and for
options not in use the payoff is more, which is equivalent to
the definition of Wardrop equilibrium (Definition 3). Notice,
we use a modified definition of Wardrop equilibrium, since
each source tries to minimize it’s cost (or payoff).

The following theorem proves the efficiency of our system.

Theorem 2: The solution of the minimization problem in
(30) is identical to the Wardrop equilibrium of the non-
cooperative potential game G.

Proof: Consider the BNN dynamics (20), at stationary

point, X , we have x'f = 0, which implies that either,

Fy= FI(X,Y) (39)
or ¥ =0,
where, F;2LS? @ F/(X,Y) VieF, (40)

The above expressions imply that all hyper-paths used by a
particular flow ¢ € F yield same payoff, F}, while hyper-paths
not used (z¥ = 0) yield a payoff higher than F;.

We observe that the conditions required for Wardrop equi-
librium are identical to the KKT first order conditions (37)-
(38) of the minimization problem (30) when

F=)\N VieF

It follows from the convexity of the total system cost that, there
is no duality-gap between the primal (30) and the dual (32)
problems. Thus, the optimal primal solution is equal to optimal
dual solutions, which is identical to the Wardrop equilibrium.

|

VI. HYPER-LINK CAPACITY CONTROL

Thus far we have designed a distributed scheme that would
result in minimum cost for a given hyper-link state or capac-
ities Y and for a given load vector & = {z1,...,2}. In this
phase of Decoupled Dynamics, the hyper-link capacities are
adjusted based on the current system cost so as to guarantee
a minimum total system cost for a given load vector &. This
phase runs at a larger time-scale as compared to the traffic
splitting phase described in Section V. It is assumed that
during this phase all the flows or players remain in equilibrium,



i.e., changing the hyper-link capacities would force all the

source nodes to attain Wardrop equilibrium instantaneously.
The hyper-link capacity control can be formulated as a

centralized convex optimization problem as follows:

rrgn H(Y) 41
subject to, yp >0Vy, €Y and Vh € H

where, H(Y') is the minimum total cost of the system for a
given hyper-link state Y, i.e., H(Y) = C(X*,Y), where, for
a given Y, X™* is an optimal state of the flows that results in
minimum cost.! We use simple gradient descent:

OH(Y)
Oyn

The partial derivative, ag;;r)’ is over the variables y, € Y.

Changing the hyper-link capacity y;,, of some hyper-link
h € 'H, would result in a different state of the flows, X}
and hence a different minimum cost, C(X},Y},), where Y}
corresponds to the changed hyper-link capacity of y; while
other capacities are fixed, as compared to Y. Thus for a hyper-
link, h = ng[(f},n:), (f],n;)] with capacity yn,

Y = —K Vyh €Y (42)

aH(Y) aC * ac * 9z}
8yh = — Oyn (X ) + Z’L 1 Zp 1 (’)g; (X )%(43)
_ 9C (y* i Oy
33” (X ) =+ Zi:l FZ Zp:l Oyn

where, the last expression follows from the definition of Ff’
(Definition 15) and the fact that, for changes in the hyper-link
state, the sources attain Wardrop equilibrium instantaneously.
In other words, before and after a small change in y, the
system is in Wardrop equilibrium. Hence, F = F; Vi € F
and Vp € ;. where, the last expression follows from the
definition of F? (Definition 15) and the fact that, for changes
in the hyper-link state, the sources attain Wardrop equilibrium
instantaneously. In other words, before and after a small
change in y;, the system is in Wardrop equ111br1um Hence,

FP = F; Vi € F and Vp € S,. Finally, Zp 1 gzl = 0 since,
the total load z; = 25:1 z¥ is fixed.
OH(Y) 5 yk
> = 20 (x*,Y) = —2L(h) (44)

where, from (14), for hyper-link 2 = ni[(f7, i), (f], n;)],

r—1
Yn
()

—max{ag;, ok

et = (g’

Theorem 3: At the large time-scale, the hyper-link capacity
control with dynamics (44) is globally asymptotically stable.
Proof: We use the following Lyapunov function
Z(Y) = V({)-V()
where V(Y) = krH(Y)

aT L r—1 Qg
o™ =% () %

Recall,

(45)
(46)

INotice, there could be many different states, X *_ which result in a
minimum cost but the minimum value, C(X*,Y"), is unique.

which is strictly convex, with Y is the hyper-link state which
results in minimum cost H(Y). Differentiating Z(Y) we
obtain ) H

ov
Z g, U (47)
Then from (46) and (44)

ov OH(Y) . g
i — Yn 4
Em K 3yh Un v (43)

Z 9 <0 VY, (49)

1 Yn

with Z = 0 at the stationary points of the system. Thus, the
system is globally asymptotically stable [13]. |

Finally, it’s not hard to show that the equilibrium conditions
of the controller (44) are the same as the KKT conditions of
the optimization problem (41). Hence, the controller succeeds
in minimizing the total cost of the system for a given load ¥
into the system. Thus, the system state converges to a local
minimum. Now, since the global cost minimization problem
under the min approximation is convex, the solution is the
global minimum of the relaxed problem.

VII. SIMULATIONS

We simulated our system in Matlab to show system con-
vergence. We first performed our simulations for our simple
network shown in Figure 2. The load at the source nodes 1,
2 and 3 is given as 4.73, 2.69 and 3.56 respectively, which
are randomly generated values. We use the following costs on
the individual links (o;): a2 = 2.8, agz = 1.6, azq = 1.8,
Qo5 = 13, Q54 = 21, Q26 = 17, Qiy8 = 29, agg = 22,
as7 = 1.9, a7 = 2.6; we assume the costs on the links are
symmetric. We use the approximated cost function (13), with
a value of » = —100 for the approximation parameter (12) for
our simulations. The simulation is run for 50 large time units,
and in each large time scale we have 20 small time units.

We compare the total cost of the system for the following:

1) Decoupled Dynamics (DD): This is the algorithm that
we developed; we use our hyper-links to decouple the
flows that participate in coding.

2) Coupled Dynamics (no hyper-link) (CD): Here, there is
coupling between individual flows and coding happens
at the minimum rate of the constituent flows. We use
similar game dynamics as that was used in DD. The
total cost is specified in Equation (3).

3) No Coding: In this system no network coding is used.

4) LP Optimal (LP): This is a centralized solution. We
formulated our system as a Linear Program (LP) of
minimizing cost (9) over X and Y for a given load
vector that we obtain using an LP-solver.

As seen in the Figure 3, the total cost of the system (number
of transmissions per unit time) for our model (decoupled using
hyper-link) is close to the optimal solution obtained by solving
it in a centralized fashion. We compared the final system state
of DD and CD with that of the solution obtained using LP. We
observe from Table I that the values for the split (X) and the
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Fig. 3. Comparison of total system cost (per unit rate), for different systems:
DD, CD and non-coded against LP.

2

Variable x% x7 :1:5 :E% :ré :):3 Y2 Y3
LpP 269 | 204 | 2.69 | 0.00 | 0.00 | 3.56 | 3.56 | 2.69
DD 237 | 335 | 2.67 | 0.01 | 0.02 | 3.54 | 3.24 | 2.49
CD 470 | 0.02 | 0.07 | 2.61 | 0.03 | 352 | NA | NA

TABLE I
COMPARISON OF STATE VARIABLES FOR LP AND DD AND CD.
hyper-link capacities (Y') generated by DD are near-optimal
(LP results), but CD is very different.

Next, we perform our simulations on a bigger topology
shown in Figure 4. This network consists of 30 nodes shared
by 6 flows.Flows 1, 2, 3 and 6 have two hyper-paths each and
flows 4 and 5 have three hyper-paths each. There are 6 hyper-
links in the system. We ran our algorithms on this network
with random link costs, and show the results for four example
cases in Table II. We observe that DD performs near-optimally
and significantly outperforms CD in terms of total cost.

VIII. CONCLUSION

We consider a wireless network with given costs on arcs,
traffic matrix and multiple paths. The objective is to find the
splits of traffic for each source across its multiple paths in
a distributed manner leveraging the reverse carpooling tech-
nique. For this we relax the problem into two sub-problems,
and propose a two-level distributed control scheme set up as
a game between the sources and the hyperlink nodes. On one
level, given a set of hyperlink capacities, the sources selfishly
choose their splits and attain a Wardrop equilibrium. On the
other level, given the traffic splits, the hyperlinks may slightly
increase or decrease their capacities using a steepest descent
algorithm. We construct a Lyapunov function argument to
show that this process asymptotically converges, although
performed selfishly in a distributed fashion.

We performed several numerical studies and found that our
two-level controller converges fast to the optimal solutions.

case LP DD CD
1 1293.3437 | 1298.3194 1325.0618
2 1550.4593 | 1563.7340 | 1625.06315
3 1624.6393 | 1638.4021 1642.8801
4 1826.8595 | 1837.1489 1865.6998
TABLE 11

TOTAL SYSTEM COST COMPARISON OF DECOUPLED DYNAMICS(DD) AND
COUPLED DYNAMICS (CD) AGAINST THE LP SOLUTION.

Fig. 4. Network topology.

Some of the bi-products of our experiments were that: more
expensive paths before network coding became cheaper and
shortest paths were not necessarily optimal. In conclusion,
from a methodological standpoint we have a distributed con-
troller that achieves a near-optimal solution when the individ-
uals are self-interested.

REFERENCES

[1] S. Katti, H. Rahul, D. Katabi, W. H. M. Médard, and J. Crowcroft,
“XORs in the Air: Practical Wireless Network Coding,” in ACM SIG-
COMM, Pisa, Italy, 2006.

[2] M. Eftros, T. Ho, and S. Kim, “A tiling approach to network code design
for wireless networks,” Information Theory Workshop, 2006. ITW 06
Punta del Este. IEEE, pp. 62-66, March 2006.

[3] R. Ahlswede, N. Cai, S.-Y. R. Li, and R. W. Yeung, “Network Informa-
tion Flow,” IEEE Transactions on Information Theory, vol. 46, no. 4,
pp- 1204-1216, 2000.

[4] S.-Y. R. Li, R. W. Yeung, and N. Cai, “Linear Network Coding,” IEEE
Transactions on Information Theory, vol. 49, no. 2, pp. 371 — 381, 2003.

[5] R. Koetter and M. Medard, “An Algebraic Approach to Network
Coding,” IEEE/ACM Transactions on Networking, vol. 11, no. 5, pp.
782 — 795, 2003.

[6] S. Chachulski, M. Jennings, S. Katti, and D. Katabi, “Trading structure
for randomness in wireless opportunistic routing,” in SIGCOMM '07:
Proceedings of the 2007 conference on Applications, technologies,
architectures, and protocols for computer communications. New York,
NY, USA: ACM, 2007, pp. 169-180.

[7]1 Y. Sagduyu and A. Ephremides, “Cross-layer optimization of MAC and
network coding in wireless queueing tandem networks,” Information
Theory, IEEE Transactions on, vol. 54, no. 2, pp. 554-571, Feb. 2008.

[8] U. K. Hulya Seferogluy, Athina Markopoulouy, “Network coding-aware
rate control and scheduling in wireless networks,” in Proc. IEEE
International Conference on Multimedia and Expo, Jun 2009.

[9] S. Das, Y. Wu, R. Chandra, and Y. Hu, “Context-based routing: tech-
niques, applications and experience,” in Proceedings of the 5th USENIX
Symposium on Networked Systems Design and Implementation table of
contents. USENIX Association Berkeley, CA, USA, 2008, pp. 379-392.

[10] J. Marden and M. Effros, “The Price of Selfishness in Network Coding,”
in Workshop on Network Coding, Theory, and Applications, 2009.

[11] S. Katti, H. Rahul, W. Hu, D. Katabi, M. Médard, and J. Crowcroft,
“Xors in the air: practical wireless network coding,” SIGCOMM Comput.
Commun. Rev., vol. 36, no. 4, pp. 243-254, 2006.

[12] W. H. Sandholm, “Potential Games with Continuous Player Sets,”
Journal of Economic Theory, vol. 97, pp. 81-108, January 2001.

[13] H. Khalil, Nonlinear Systems. Prentice Hall, 1996.

[14] J. G. Wardrop, “Some theoretical aspects of road traffic research,” in
Proc. of the Institute of Civil Engineers, vol. 1, 1952, pp. 325-378.

[15] G. W. Brown and J. von Neumann, “Solution of games by differential
equations,” Contributions to the Theory of Games I, Annals of Mathe-
matical Studies, vol. 24, 1950.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /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 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AbadiMT-CondensedLight
    /ACaslon-Italic
    /ACaslon-Regular
    /ACaslon-Semibold
    /ACaslon-SemiboldItalic
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /AGaramond-Bold
    /AGaramond-BoldItalic
    /AGaramond-Italic
    /AGaramond-Regular
    /AGaramond-Semibold
    /AGaramond-SemiboldItalic
    /AgencyFB-Bold
    /AgencyFB-Reg
    /AGOldFace-Outline
    /AharoniBold
    /Algerian
    /Americana
    /Americana-ExtraBold
    /AndaleMono
    /AndaleMonoIPA
    /AngsanaNew
    /AngsanaNew-Bold
    /AngsanaNew-BoldItalic
    /AngsanaNew-Italic
    /AngsanaUPC
    /AngsanaUPC-Bold
    /AngsanaUPC-BoldItalic
    /AngsanaUPC-Italic
    /Anna
    /ArialAlternative
    /ArialAlternativeSymbol
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialMT-Black
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /ArrusBT-Bold
    /ArrusBT-BoldItalic
    /ArrusBT-Italic
    /ArrusBT-Roman
    /AvantGarde-Book
    /AvantGarde-BookOblique
    /AvantGarde-Demi
    /AvantGarde-DemiOblique
    /AvantGardeITCbyBT-Book
    /AvantGardeITCbyBT-BookOblique
    /BakerSignet
    /BankGothicBT-Medium
    /Barmeno-Bold
    /Barmeno-ExtraBold
    /Barmeno-Medium
    /Barmeno-Regular
    /Baskerville
    /BaskervilleBE-Italic
    /BaskervilleBE-Medium
    /BaskervilleBE-MediumItalic
    /BaskervilleBE-Regular
    /Baskerville-Bold
    /Baskerville-BoldItalic
    /Baskerville-Italic
    /BaskOldFace
    /Batang
    /BatangChe
    /Bauhaus93
    /Bellevue
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlingAntiqua-Bold
    /BerlingAntiqua-BoldItalic
    /BerlingAntiqua-Italic
    /BerlingAntiqua-Roman
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BernhardModernBT-Bold
    /BernhardModernBT-BoldItalic
    /BernhardModernBT-Italic
    /BernhardModernBT-Roman
    /BiffoMT
    /BinnerD
    /BinnerGothic
    /BlackadderITC-Regular
    /Blackoak
    /Bodoni
    /Bodoni-Bold
    /Bodoni-BoldItalic
    /Bodoni-Italic
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BodoniMTPosterCompressed
    /Bodoni-Poster
    /Bodoni-PosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /Bookman-Demi
    /Bookman-DemiItalic
    /Bookman-Light
    /Bookman-LightItalic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolOne-Regular
    /BookshelfSymbolSeven
    /BookshelfSymbolThree-Regular
    /BookshelfSymbolTwo-Regular
    /Botanical
    /Boton-Italic
    /Boton-Medium
    /Boton-MediumItalic
    /Boton-Regular
    /Boulevard
    /BradleyHandITC
    /Braggadocio
    /BritannicBold
    /Broadway
    /BrowalliaNew
    /BrowalliaNew-Bold
    /BrowalliaNew-BoldItalic
    /BrowalliaNew-Italic
    /BrowalliaUPC
    /BrowalliaUPC-Bold
    /BrowalliaUPC-BoldItalic
    /BrowalliaUPC-Italic
    /BrushScript
    /BrushScriptMT
    /CaflischScript-Bold
    /CaflischScript-Regular
    /Calibri
    /Calibri-Bold
    /Calibri-BoldItalic
    /Calibri-Italic
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Cambria
    /Cambria-Bold
    /Cambria-BoldItalic
    /Cambria-Italic
    /CambriaMath
    /Candara
    /Candara-Bold
    /Candara-BoldItalic
    /Candara-Italic
    /Carta
    /CaslonOpenfaceBT-Regular
    /Castellar
    /CastellarMT
    /Centaur
    /Centaur-Italic
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchL-Bold
    /CenturySchL-BoldItal
    /CenturySchL-Ital
    /CenturySchL-Roma
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /CGTimes-Bold
    /CGTimes-BoldItalic
    /CGTimes-Italic
    /CGTimes-Regular
    /CharterBT-Bold
    /CharterBT-BoldItalic
    /CharterBT-Italic
    /CharterBT-Roman
    /CheltenhamITCbyBT-Bold
    /CheltenhamITCbyBT-BoldItalic
    /CheltenhamITCbyBT-Book
    /CheltenhamITCbyBT-BookItalic
    /Chiller-Regular
    /CMB10
    /CMBSY10
    /CMBSY5
    /CMBSY6
    /CMBSY7
    /CMBSY8
    /CMBSY9
    /CMBX10
    /CMBX12
    /CMBX5
    /CMBX6
    /CMBX7
    /CMBX8
    /CMBX9
    /CMBXSL10
    /CMBXTI10
    /CMCSC10
    /CMCSC8
    /CMCSC9
    /CMDUNH10
    /CMEX10
    /CMEX7
    /CMEX8
    /CMEX9
    /CMFF10
    /CMFI10
    /CMFIB8
    /CMINCH
    /CMITT10
    /CMMI10
    /CMMI12
    /CMMI5
    /CMMI6
    /CMMI7
    /CMMI8
    /CMMI9
    /CMMIB10
    /CMMIB5
    /CMMIB6
    /CMMIB7
    /CMMIB8
    /CMMIB9
    /CMR10
    /CMR12
    /CMR17
    /CMR5
    /CMR6
    /CMR7
    /CMR8
    /CMR9
    /CMSL10
    /CMSL12
    /CMSL8
    /CMSL9
    /CMSLTT10
    /CMSS10
    /CMSS12
    /CMSS17
    /CMSS8
    /CMSS9
    /CMSSBX10
    /CMSSDC10
    /CMSSI10
    /CMSSI12
    /CMSSI17
    /CMSSI8
    /CMSSI9
    /CMSSQ8
    /CMSSQI8
    /CMSY10
    /CMSY5
    /CMSY6
    /CMSY7
    /CMSY8
    /CMSY9
    /CMTCSC10
    /CMTEX10
    /CMTEX8
    /CMTEX9
    /CMTI10
    /CMTI12
    /CMTI7
    /CMTI8
    /CMTI9
    /CMTT10
    /CMTT12
    /CMTT8
    /CMTT9
    /CMU10
    /CMVTT10
    /ColonnaMT
    /Colossalis-Bold
    /ComicSansMS
    /ComicSansMS-Bold
    /Consolas
    /Consolas-Bold
    /Consolas-BoldItalic
    /Consolas-Italic
    /Constantia
    /Constantia-Bold
    /Constantia-BoldItalic
    /Constantia-Italic
    /CooperBlack
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /Copperplate-ThirtyThreeBC
    /Corbel
    /Corbel-Bold
    /Corbel-BoldItalic
    /Corbel-Italic
    /CordiaNew
    /CordiaNew-Bold
    /CordiaNew-BoldItalic
    /CordiaNew-Italic
    /CordiaUPC
    /CordiaUPC-Bold
    /CordiaUPC-BoldItalic
    /CordiaUPC-Italic
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /CourierX-Bold
    /CourierX-BoldOblique
    /CourierX-Oblique
    /CourierX-Regular
    /CreepyRegular
    /CurlzMT
    /David-Bold
    /David-Reg
    /DavidTransparent
    /Desdemona
    /DilleniaUPC
    /DilleniaUPCBold
    /DilleniaUPCBoldItalic
    /DilleniaUPCItalic
    /Dingbats
    /DomCasual
    /Dotum
    /DotumChe
    /EdwardianScriptITC
    /Elephant-Italic
    /Elephant-Regular
    /EngraversGothicBT-Regular
    /EngraversMT
    /EraserDust
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /ErieBlackPSMT
    /ErieLightPSMT
    /EriePSMT
    /EstrangeloEdessa
    /Euclid
    /Euclid-Bold
    /Euclid-BoldItalic
    /EuclidExtra
    /EuclidExtra-Bold
    /EuclidFraktur
    /EuclidFraktur-Bold
    /Euclid-Italic
    /EuclidMathOne
    /EuclidMathOne-Bold
    /EuclidMathTwo
    /EuclidMathTwo-Bold
    /EuclidSymbol
    /EuclidSymbol-Bold
    /EuclidSymbol-BoldItalic
    /EuclidSymbol-Italic
    /EucrosiaUPC
    /EucrosiaUPCBold
    /EucrosiaUPCBoldItalic
    /EucrosiaUPCItalic
    /EUEX10
    /EUEX7
    /EUEX8
    /EUEX9
    /EUFB10
    /EUFB5
    /EUFB7
    /EUFM10
    /EUFM5
    /EUFM7
    /EURB10
    /EURB5
    /EURB7
    /EURM10
    /EURM5
    /EURM7
    /EuroMono-Bold
    /EuroMono-BoldItalic
    /EuroMono-Italic
    /EuroMono-Regular
    /EuroSans-Bold
    /EuroSans-BoldItalic
    /EuroSans-Italic
    /EuroSans-Regular
    /EuroSerif-Bold
    /EuroSerif-BoldItalic
    /EuroSerif-Italic
    /EuroSerif-Regular
    /EuroSig
    /EUSB10
    /EUSB5
    /EUSB7
    /EUSM10
    /EUSM5
    /EUSM7
    /FelixTitlingMT
    /Fences
    /FencesPlain
    /FigaroMT
    /FixedMiriamTransparent
    /FootlightMTLight
    /Formata-Italic
    /Formata-Medium
    /Formata-MediumItalic
    /Formata-Regular
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothicITCbyBT-Book
    /FranklinGothicITCbyBT-BookItal
    /FranklinGothicITCbyBT-Demi
    /FranklinGothicITCbyBT-DemiItal
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FrankRuehl
    /FreesiaUPC
    /FreesiaUPCBold
    /FreesiaUPCBoldItalic
    /FreesiaUPCItalic
    /FreestyleScript-Regular
    /FrenchScriptMT
    /Frutiger-Black
    /Frutiger-BlackCn
    /Frutiger-BlackItalic
    /Frutiger-Bold
    /Frutiger-BoldCn
    /Frutiger-BoldItalic
    /Frutiger-Cn
    /Frutiger-ExtraBlackCn
    /Frutiger-Italic
    /Frutiger-Light
    /Frutiger-LightCn
    /Frutiger-LightItalic
    /Frutiger-Roman
    /Frutiger-UltraBlack
    /Futura-Bold
    /Futura-BoldOblique
    /Futura-Book
    /Futura-BookOblique
    /FuturaBT-Bold
    /FuturaBT-BoldItalic
    /FuturaBT-Book
    /FuturaBT-BookItalic
    /FuturaBT-Medium
    /FuturaBT-MediumItalic
    /Futura-Light
    /Futura-LightOblique
    /GalliardITCbyBT-Bold
    /GalliardITCbyBT-BoldItalic
    /GalliardITCbyBT-Italic
    /GalliardITCbyBT-Roman
    /Garamond
    /Garamond-Bold
    /Garamond-BoldCondensed
    /Garamond-BoldCondensedItalic
    /Garamond-BoldItalic
    /Garamond-BookCondensed
    /Garamond-BookCondensedItalic
    /Garamond-Italic
    /Garamond-LightCondensed
    /Garamond-LightCondensedItalic
    /Gautami
    /GeometricSlab703BT-Light
    /GeometricSlab703BT-LightItalic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /GeorgiaRef
    /Giddyup
    /Giddyup-Thangs
    /Gigi-Regular
    /GillSans
    /GillSans-Bold
    /GillSans-BoldItalic
    /GillSans-Condensed
    /GillSans-CondensedBold
    /GillSans-Italic
    /GillSans-Light
    /GillSans-LightItalic
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /GloucesterMT-ExtraCondensed
    /Gothic-Thirteen
    /GoudyOldStyleBT-Bold
    /GoudyOldStyleBT-BoldItalic
    /GoudyOldStyleBT-Italic
    /GoudyOldStyleBT-Roman
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /GoudyTextMT-LombardicCapitals
    /GSIDefaultSymbols
    /Gulim
    /GulimChe
    /Gungsuh
    /GungsuhChe
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /Helvetica
    /Helvetica-Black
    /Helvetica-BlackOblique
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Condensed
    /Helvetica-Condensed-Black
    /Helvetica-Condensed-BlackObl
    /Helvetica-Condensed-Bold
    /Helvetica-Condensed-BoldObl
    /Helvetica-Condensed-Light
    /Helvetica-Condensed-LightObl
    /Helvetica-Condensed-Oblique
    /Helvetica-Fraction
    /Helvetica-Narrow
    /Helvetica-Narrow-Bold
    /Helvetica-Narrow-BoldOblique
    /Helvetica-Narrow-Oblique
    /Helvetica-Oblique
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Humanist521BT-BoldCondensed
    /Humanist521BT-Light
    /Humanist521BT-LightItalic
    /Humanist521BT-RomanCondensed
    /Imago-ExtraBold
    /Impact
    /ImprintMT-Shadow
    /InformalRoman-Regular
    /IrisUPC
    /IrisUPCBold
    /IrisUPCBoldItalic
    /IrisUPCItalic
    /Ironwood
    /ItcEras-Medium
    /ItcKabel-Bold
    /ItcKabel-Book
    /ItcKabel-Demi
    /ItcKabel-Medium
    /ItcKabel-Ultra
    /JasmineUPC
    /JasmineUPC-Bold
    /JasmineUPC-BoldItalic
    /JasmineUPC-Italic
    /JoannaMT
    /JoannaMT-Italic
    /Jokerman-Regular
    /JuiceITC-Regular
    /Kartika
    /Kaufmann
    /KaufmannBT-Bold
    /KaufmannBT-Regular
    /KidTYPEPaint
    /KinoMT
    /KodchiangUPC
    /KodchiangUPC-Bold
    /KodchiangUPC-BoldItalic
    /KodchiangUPC-Italic
    /KorinnaITCbyBT-Regular
    /KozGoProVI-Medium
    /KozMinProVI-Regular
    /KristenITC-Regular
    /KunstlerScript
    /Latha
    /LatinWide
    /LetterGothic
    /LetterGothic-Bold
    /LetterGothic-BoldOblique
    /LetterGothic-BoldSlanted
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LetterGothic-Slanted
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LevenimMT
    /LevenimMTBold
    /LilyUPC
    /LilyUPCBold
    /LilyUPCBoldItalic
    /LilyUPCItalic
    /Lithos-Black
    /Lithos-Regular
    /LotusWPBox-Roman
    /LotusWPIcon-Roman
    /LotusWPIntA-Roman
    /LotusWPIntB-Roman
    /LotusWPType-Roman
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /Lydian
    /Magneto-Bold
    /MaiandraGD-Regular
    /Mangal-Regular
    /Map-Symbols
    /MathA
    /MathB
    /MathC
    /Mathematica1
    /Mathematica1-Bold
    /Mathematica1Mono
    /Mathematica1Mono-Bold
    /Mathematica2
    /Mathematica2-Bold
    /Mathematica2Mono
    /Mathematica2Mono-Bold
    /Mathematica3
    /Mathematica3-Bold
    /Mathematica3Mono
    /Mathematica3Mono-Bold
    /Mathematica4
    /Mathematica4-Bold
    /Mathematica4Mono
    /Mathematica4Mono-Bold
    /Mathematica5
    /Mathematica5-Bold
    /Mathematica5Mono
    /Mathematica5Mono-Bold
    /Mathematica6
    /Mathematica6Bold
    /Mathematica6Mono
    /Mathematica6MonoBold
    /Mathematica7
    /Mathematica7Bold
    /Mathematica7Mono
    /Mathematica7MonoBold
    /MatisseITC-Regular
    /MaturaMTScriptCapitals
    /Mesquite
    /Mezz-Black
    /Mezz-Regular
    /MICR
    /MicrosoftSansSerif
    /MingLiU
    /Minion-BoldCondensed
    /Minion-BoldCondensedItalic
    /Minion-Condensed
    /Minion-CondensedItalic
    /Minion-Ornaments
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /Miriam
    /MiriamFixed
    /MiriamTransparent
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MonotypeSorts
    /MSAM10
    /MSAM5
    /MSAM6
    /MSAM7
    /MSAM8
    /MSAM9
    /MSBM10
    /MSBM5
    /MSBM6
    /MSBM7
    /MSBM8
    /MSBM9
    /MS-Gothic
    /MSHei
    /MSLineDrawPSMT
    /MS-Mincho
    /MSOutlook
    /MS-PGothic
    /MS-PMincho
    /MSReference1
    /MSReference2
    /MSReferenceSansSerif
    /MSReferenceSansSerif-Bold
    /MSReferenceSansSerif-BoldItalic
    /MSReferenceSansSerif-Italic
    /MSReferenceSerif
    /MSReferenceSerif-Bold
    /MSReferenceSerif-BoldItalic
    /MSReferenceSerif-Italic
    /MSReferenceSpecialty
    /MSSong
    /MS-UIGothic
    /MT-Extra
    /MT-Symbol
    /MT-Symbol-Italic
    /MVBoli
    /Myriad-Bold
    /Myriad-BoldItalic
    /Myriad-Italic
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /Myriad-Roman
    /Narkisim
    /NewCenturySchlbk-Bold
    /NewCenturySchlbk-BoldItalic
    /NewCenturySchlbk-Italic
    /NewCenturySchlbk-Roman
    /NewMilleniumSchlbk-BoldItalicSH
    /NewsGothic
    /NewsGothic-Bold
    /NewsGothicBT-Bold
    /NewsGothicBT-BoldItalic
    /NewsGothicBT-Italic
    /NewsGothicBT-Roman
    /NewsGothic-Condensed
    /NewsGothic-Italic
    /NewsGothicMT
    /NewsGothicMT-Bold
    /NewsGothicMT-Italic
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NimbusMonL-Bold
    /NimbusMonL-BoldObli
    /NimbusMonL-Regu
    /NimbusMonL-ReguObli
    /NimbusRomNo9L-Medi
    /NimbusRomNo9L-MediItal
    /NimbusRomNo9L-Regu
    /NimbusRomNo9L-ReguItal
    /NimbusSanL-Bold
    /NimbusSanL-BoldCond
    /NimbusSanL-BoldCondItal
    /NimbusSanL-BoldItal
    /NimbusSanL-Regu
    /NimbusSanL-ReguCond
    /NimbusSanL-ReguCondItal
    /NimbusSanL-ReguItal
    /Nimrod
    /Nimrod-Bold
    /Nimrod-BoldItalic
    /Nimrod-Italic
    /NSimSun
    /Nueva-BoldExtended
    /Nueva-BoldExtendedItalic
    /Nueva-Italic
    /Nueva-Roman
    /NuptialScript
    /OCRA
    /OCRA-Alternate
    /OCRAExtended
    /OCRB
    /OCRB-Alternate
    /OfficinaSans-Bold
    /OfficinaSans-BoldItalic
    /OfficinaSans-Book
    /OfficinaSans-BookItalic
    /OfficinaSerif-Bold
    /OfficinaSerif-BoldItalic
    /OfficinaSerif-Book
    /OfficinaSerif-BookItalic
    /OldEnglishTextMT
    /Onyx
    /OnyxBT-Regular
    /OzHandicraftBT-Roman
    /PalaceScriptMT
    /Palatino-Bold
    /Palatino-BoldItalic
    /Palatino-Italic
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Palatino-Roman
    /PapyrusPlain
    /Papyrus-Regular
    /Parchment-Regular
    /Parisian
    /ParkAvenue
    /Penumbra-SemiboldFlare
    /Penumbra-SemiboldSans
    /Penumbra-SemiboldSerif
    /PepitaMT
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /PhotinaCasualBlack
    /Playbill
    /PMingLiU
    /Poetica-SuppOrnaments
    /PoorRichard-Regular
    /PopplLaudatio-Italic
    /PopplLaudatio-Medium
    /PopplLaudatio-MediumItalic
    /PopplLaudatio-Regular
    /PrestigeElite
    /Pristina-Regular
    /PTBarnumBT-Regular
    /Raavi
    /RageItalic
    /Ravie
    /RefSpecialty
    /Ribbon131BT-Bold
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /Rockwell-Light
    /Rockwell-LightItalic
    /Rod
    /RodTransparent
    /RunicMT-Condensed
    /Sanvito-Light
    /Sanvito-Roman
    /ScriptC
    /ScriptMTBold
    /SegoeUI
    /SegoeUI-Bold
    /SegoeUI-BoldItalic
    /SegoeUI-Italic
    /Serpentine-BoldOblique
    /ShelleyVolanteBT-Regular
    /ShowcardGothic-Reg
    /Shruti
    /SimHei
    /SimSun
    /SnapITC-Regular
    /StandardSymL
    /Stencil
    /StoneSans
    /StoneSans-Bold
    /StoneSans-BoldItalic
    /StoneSans-Italic
    /StoneSans-Semibold
    /StoneSans-SemiboldItalic
    /Stop
    /Swiss721BT-BlackExtended
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Tci1
    /Tci1Bold
    /Tci1BoldItalic
    /Tci1Italic
    /Tci2
    /Tci2Bold
    /Tci2BoldItalic
    /Tci2Italic
    /Tci3
    /Tci3Bold
    /Tci3BoldItalic
    /Tci3Italic
    /Tci4
    /Tci4Bold
    /Tci4BoldItalic
    /Tci4Italic
    /TechnicalItalic
    /TechnicalPlain
    /Tekton
    /Tekton-Bold
    /TektonMM
    /Tempo-HeavyCondensed
    /Tempo-HeavyCondensedItalic
    /TempusSansITC
    /Times-Bold
    /Times-BoldItalic
    /Times-BoldItalicOsF
    /Times-BoldSC
    /Times-ExtraBold
    /Times-Italic
    /Times-ItalicOsF
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Times-RomanSC
    /Trajan-Bold
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-CondensedMedium
    /TwCenMT-Italic
    /TwCenMT-Regular
    /Univers-Bold
    /Univers-BoldItalic
    /UniversCondensed-Bold
    /UniversCondensed-BoldItalic
    /UniversCondensed-Medium
    /UniversCondensed-MediumItalic
    /Univers-Medium
    /Univers-MediumItalic
    /URWBookmanL-DemiBold
    /URWBookmanL-DemiBoldItal
    /URWBookmanL-Ligh
    /URWBookmanL-LighItal
    /URWChanceryL-MediItal
    /URWGothicL-Book
    /URWGothicL-BookObli
    /URWGothicL-Demi
    /URWGothicL-DemiObli
    /URWPalladioL-Bold
    /URWPalladioL-BoldItal
    /URWPalladioL-Ital
    /URWPalladioL-Roma
    /USPSBarCode
    /VAGRounded-Black
    /VAGRounded-Bold
    /VAGRounded-Light
    /VAGRounded-Thin
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VerdanaRef
    /VinerHandITC
    /Viva-BoldExtraExtended
    /Vivaldii
    /Viva-LightCondensed
    /Viva-Regular
    /VladimirScript
    /Vrinda
    /Webdings
    /Westminster
    /Willow
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /WNCYB10
    /WNCYI10
    /WNCYR10
    /WNCYSC10
    /WNCYSS10
    /WoodtypeOrnaments-One
    /WoodtypeOrnaments-Two
    /WP-ArabicScriptSihafa
    /WP-ArabicSihafa
    /WP-BoxDrawing
    /WP-CyrillicA
    /WP-CyrillicB
    /WP-GreekCentury
    /WP-GreekCourier
    /WP-GreekHelve
    /WP-HebrewDavid
    /WP-IconicSymbolsA
    /WP-IconicSymbolsB
    /WP-Japanese
    /WP-MathA
    /WP-MathB
    /WP-MathExtendedA
    /WP-MathExtendedB
    /WP-MultinationalAHelve
    /WP-MultinationalARoman
    /WP-MultinationalBCourier
    /WP-MultinationalBHelve
    /WP-MultinationalBRoman
    /WP-MultinationalCourier
    /WP-Phonetic
    /WPTypographicSymbols
    /XYATIP10
    /XYBSQL10
    /XYBTIP10
    /XYCIRC10
    /XYCMAT10
    /XYCMBT10
    /XYDASH10
    /XYEUAT10
    /XYEUBT10
    /ZapfChancery-MediumItalic
    /ZapfDingbats
    /ZapfHumanist601BT-Bold
    /ZapfHumanist601BT-BoldItalic
    /ZapfHumanist601BT-Demi
    /ZapfHumanist601BT-DemiItalic
    /ZapfHumanist601BT-Italic
    /ZapfHumanist601BT-Roman
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /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 <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


