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Abstract— This paper presents a self-stabilizing distributed clock
synchronization protocol in the absence of faults in the system. It is
focused on the distributed clock synchronization of an arbitrary,
non-partitioned digraph ranging from fully connected to 1I-
connected networks of nodes while allowing for differences in the
network elements. This protocol does not rely on assumptions
about the initial state of the system, other than the presence of at
least one node, and no central clock or a centrally generated signal,
pulse, or message is used. Nodes are anonymous, i.e., they do not
have unique identities. There is no theoretical limit on the
maximum number of participating nodes. The only constraint on
the behavior of the node is that the interactions with other nodes
are restricted to defined links and interfaces. This protocol
deterministically converges within a time bound that is a linear
function of the self-stabilization period. We present an outline of a
deductive proof of the correctness of the protocol. A bounded
model of the protocol was mechanically verified for a variety of
topologies. Results of the mechanical proof of the correctness of
the protocol are provided. The model checking results have verified
the correctness of the protocol as they apply to the networks with
unidirectional and bidirectional links. In addition, the results
confirm the claims of determinism and linear convergence. As a
result, we conjecture that the protocol solves the general case of this
problem. We also present several variations of the protocol and
discuss that this synchronization protocol is indeed an emergent
system.

Keywords: self-stabilizing, arbitrary, digraph, emergent system,
distributed, clock, synchronization

I. INTRODUCTION

How can a distributed system solve a problem that is
inherently global by executing a set of rules locally? For
millennia people have witnessed in awe flocks of birds fly in
unison, hundreds of frogs croak in harmony and thousands of
fireflies flash in synchrony and wondered how such collective
(or mass) synchrony comes about. In Southeast Asia, a large
number of Malaccae fireflies routinely flash on and off in
synchrony. Do these insects follow a leader or do they have
an inherit sense of rhythm? This question was asked by
George Hudson in 1918 [1][2]. The synchronization
phenomenon, whether a natural occurrence or artificially
induced, still fascinates us today and has become one of the
most interesting scientific problems of our time. In a recent
survey, Arenas [3] reports on the advances in the
understanding of synchronization phenomena by oscillating
elements in a complex network topology. He concludes that:

“Synchronization processes are ubiquitous in nature and play a
very important role in many different contexts as biology,
ecology, climatology, sociology, technology, or even in arts.”
But, how does collective synchrony emerge from chaos? The
answer to this question has intrigued mankind, in particular,
some of the greatest minds of the twentieth century, including
Albert Einstein, Richard Feynman, Norbert Wiener, Brian
Josephson, Edward Lorenz, and Arthur Winfree. Many
questions still persist today. Is synchrony inevitable? If so,
how exactly does it happen? @ When and under what
circumstances is it possible or impossible to achieve? What
are the ramifications of either case? What are the theoretical
and practical implications of either case?

Besides being an intellectual curiosity and a theoretical
problem in computer science and engineering, synchronization
has practical significance as a fundamental service for higher-
level algorithms that solve other problems. For example, in
safety-critical TDMA (Time Division Multiple Access)
architectures [4][5][6][7], synchronization is the most crucial
element of these systems.

Clock synchronization algorithms are essential for
managing the use of resources and controlling communication
in a distributed system. We define synchronization of a
distributed system as the process of achieving and
maintaining coordination among independent local clocks by
exchanging local time information. We define bounded-
synchrony as the exchange of local time information by the
nodes in unison but within a given bound. True synchrony, as
operating and exchanging messages in perfect unison, is only
possible under strict assumptions and ideal conditions.
Bounded-synchrony on the other hand is a more general term
that encompasses imperfections in the network. Here, we use
the term synchrony to mean bounded-synchrony.

Charlie Peskin [8] posed the self-organization idea around
1975 while working on cardiac pacemakers and, at about the
same time, Edsger Dijkstra [9] presented the self-stabilization
problem in a distributed system. These two scientists asked
whether it would be possible for a set of oscillators or
machines to self-organize and self-stabilize their collective
behavior in spite of unknown initial conditions and distributed
control.

A distributed system is defined to be self-stabilizing if,
from an arbitrary state, it is guaranteed to reach a legitimate
state in a finite amount of time and remain in a legitimate



state. A legitimate state is a state where all parts in the system
are in synchrony. The self-stabilizing distributed-system clock
synchronization problem is to develop an algorithm (i.e., a
protocol) to achieve and maintain synchrony of local clocks in
a distributed system after experiencing system-wide
disruptions in the presence of network element imperfections.
Hereafter in this paper, we use the term synchronization to
mean self-stabilizing clock synchronization in distributed
systems.

There is a vast literature on synchronization phenomenon
exhibited by humans, animals, and even inanimate objects.
There are also many proposed solutions for synchronization of
a large number of entities based on models inspired by nature
or abstract ideas. There exist many solutions for special cases
and restricted conditions. Other solutions require embedding a
directed spanning tree or rewiring the network in order to
achieve synchrony [10][11][12][13]. In [14], a solution for the
general case is presented, but a closer examination reveals that
it only addresses maintaining synchronization (stability of
stable in-phase synchronization) and not how to achieve it. In
computer science and computer engineering terminology,
stability is referred to as the closure property. The
convergence and closure properties address achieving and
maintaining network synchrony, respectively (see Section
IILLE for a formal definition of these parameters). There are
many solutions that deal with the closure property
[15][16][17] and either do not address convergence or provide
an ad hoc solution [18] for initialization and integration,
separately. Typically, the assumed topology is a regular'
graph such as a fully connected graph or a ring. These
topologies do not necessarily correspond to practical
applications or biological, social, or technical networks.
Furthermore, the existing models and solutions do not always
achieve synchrony and, therefore, do not solve the general
case of the distributed synchronization problem. Even when
the solutions achieve synchrony, the time to achieve
synchrony is very large for many of the solutions.

Another key factor in a proposed solution is whether or not
it deals with faults. A fault is a defect or flaw in a system
component resulting in an incorrect state [6][19][20]. Large-
scale distributed systems have become an integral part of
safety-critical computing applications, necessitating system
designs that incorporate complex fault-tolerant resource
management functions to provide globally coordinated
operations with ultra-reliability. As a result, robust clock
synchronization has become a required fundamental
component of fault-tolerant safety-critical distributed systems.
The requirement to handle faults adds a new dimension to the
complexity of the synchronization of fault-tolerant distributed
networks. Ultra-reliable distributed systems are designed to
deal with variety of faults that reflect the desired degree of
reliability of the system. We define the fault spectrum as a

" A regular graph is a graph where each vertex has the same
number of neighbors, i.e., every vertex has the same degree or
valency. A regular graph with vertices of degree £ is called a
k-regular graph or regular graph of degree k.

range of faults that span from no faulty nodes at one extreme
end to arbitrary (Byzantine) faulty nodes at the other extreme
end.

A fundamental property of a robust distributed system is the
capability of tolerating and potentially recovering from
failures that are not predictable in advance. In [15][21]
various ideas for overcoming failures in a robust distributed
system are addressed that include tolerating Byzantine faults.
There are many algorithms that address permanent faults [16],
where the issue of transient failures is either ignored or
inadequately addressed. There are many efficient Byzantine
clock synchronization algorithms proposed that are based on
assumptions on initial synchrony of the nodes [16][17] or
existence of a common pulse at the nodes, e.g., the first
protocol in [22]. There are many clock synchronization
algorithms that are based on randomization and, therefore, are
non-deterministic, e.g., the second protocol in [22]. In [23] a
counterexample is presented to a clock synchronization
algorithm [24] that is based on the existence of a common
pulse at the nodes.

Two Byzantine-fault-tolerant self-stabilizing protocols for
distributed systems were reported in [25] and [26]. Instances
of these protocols are demonstrated via mechanical
verification to self-stabilize from any state, in the presence of
at most one permanent Byzantine faulty node, and
deterministically converge in linear time with respect to the
synchronization period [27]. These protocols synchronize a
fully connected network of two or more nodes in the absence
of faults. These protocols, however, do not solve the general
case of the problem in the presence of multiple Byzantine
faults.

A thorough understanding of the synchronization of a
distributed system has proven to be elusive for decades. The
main challenges associated with distributed synchronization
are the complexity of developing a solution and proving the
correctness of the solution. It is possible to have a solution
that is hard to prove or refute. Such a solution, however, is not
likely to be accepted or used in practical systems. The
proposed solutions must restore synchrony and coordinated
operations after experiencing system-wide disruptions in the
presence of network element imperfections and, for ultra-
reliable distributed system, in the presence of various faults.
In addition, a proposed solution must be proven to be correct.
If a mathematical proof is deemed difficult, at a minimum, the
proposed solution must be shown to be correct using available
formal methods. Furthermore, addressing network element
imperfections is necessary to make a solution applicable to
realizable systems.

In this paper, we present a solution for an arbitrary, non-
partitioned network (digraph) in the absence of faults. The
networks range from fully connected to 1-connected networks
of nodes, while allowing for differences in the network
elements. Some networks of interest include grid, ring, fully
connected, bipartite, and star (hub). We do not require any
particular information flow nor imposes changes to the
network in order to achieve synchrony. However, we focus on
one extreme of the fault spectrum and only consider



distributed systems in the absence of faults. The assumption
of an absence of faults is equivalent to the assumption that all
faults are detectable. This departure from the Byzantine
extreme of the fault spectrum is in part because of the niche
use and the extra cost associated with the Byzantine faults.
Also, using authentication and error detection techniques, it is
possible to substantially reduce the effects of variety of faults
in the system. Furthermore, the classical definition of a self-
stabilizing algorithm assumes generally that there are no faults
in the system. In other words, we wanted to search for a
general solution in the absence of faults before attempting to
solve the problem in the presence of various faults [28].

In Section II of this paper, we provide a system overview.
We present the protocol description in section III. In Section
IV we present results of mechanical proof of the protocol via
model checking. In Section V we discuss variations of the
protocol including the general case of the protocol that
encompasses dynamic node count and dynamic topology.
Finally, we present concluding remarks in Section VI.

II.  SYSTEM OVERVIEW

We consider a system of pulse-coupled entities (e.g.,
oscillators, pacemaker cells) pulsating periodically at regular
time intervals. These entities are said to be coupled through
some physical means (wire or fiber cables, chemical process,
or wirelessly through air or vacuum) that allows them to
influence each other. We model the system as a set of nodes
that represent the pulse-coupled entities and a set of
communication links that represent their interconnectivity.

The underlying topology considered is an arbitrary, non-
partitioned digraph ranging from fully connected to 1-
connected network of K > 1 nodes that exchange messages
through a set of communication links. Nodes are anonymous,
i.e., they do not have unique identities. All nodes are assumed
to be good, i.e., actively participate in the synchronization
process and correctly execute the protocol. The
communication links are assumed to connect a set of source
nodes to a set of destination nodes with a source node being
different than a destination node. All communication links are
assumed to be good, i.e., reliably transfer data from their
source nodes to their destination nodes.  The nodes
communicate with each other by exchanging broadcast
messages. Broadcast of a message by a node is realized by
transmitting the message, at the same time, to all nodes that
are directly connected to it. The communication network does
not guarantee any relative order of arrival of a broadcast
message at the receiving nodes, that is, a consistent delivery
order of a set of messages does not necessarily reflect the
temporal or causal order of the message transmissions [4].
There is neither a central system clock nor an externally
generated global pulse or message at the network level. The
communication links and nodes can behave arbitrarily
provided that eventually the system adheres to the protocol
assumptions (Section IILE).

A. Drift Rate (p)

Each node is driven by an independent, free-running local
physical oscillator (i.e., the phase is not controlled in any way)
and a logical-time clock (i.e., a counter), denoted LocalTimer,
which locally keeps track of the passage of time and is driven
by the local physical oscillator. An oscillator tick, also called
a clock tick or a system tick, is a discrete value and the basic
unit of time in the network [6].

An ideal oscillator has zero drift rate with respect to real-
time, perfectly marking the passage of time. Real oscillators
are characterized by non-zero drift rates with respect to real-
time. The oscillators of the nodes are assumed to have a
known bounded drift rate, p, which is a small constant with
respect to real-time, where p is a unitless non-negative real
value and is constrained to 0 < p << 1. The maximum drift of
the fastest LocalTimer over a time interval of ¢ is given by
(1+p)t. The maximum drift of the slowest LocalTimer over a
time interval of ¢ is given by (1/(1+p))t. Therefore, the
maximum relative drift of the fastest and slowest nodes with
respect to each other over a time interval of ¢ is given by

5 = ((1+p) - U(1+p).

B.  The Logical Clock (LocalTimer)

The LocalTimer is driven by the local physical oscillator,
takes on discrete values, and locally keeps track of the passage
of time. As shown in Figure 1, the LocalTimer is a monotonic
linear function increasing from an initial value to a maximum
value. If uninterrupted, i.e., when the node does not receive
any messages from other nodes, the LocalTimer periodically
takes on all integer values from its initial value, 0, to its
maximum value, P, linearly increasing within each period, i.e.,
the LocalTimer is bounded by 0 < LocalTimer < P.
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Figure 1. The LocalTimer.

C. Communication Delay (D, d, and %)

The communication delay between adjacent nodes is
expressed in terms of the minimum event-response delay, D,
and network imprecision, d. These parameters have units of
real time clock ticks and are described with the help of Figure
2. As depicted in this figure, a message transmitted by a node
at real time ¢, is expected to arrive at its directly connect
adjacent nodes, be processed, and subsequent messages
generated within the time interval of [#)+D, ¢, +D+d].

I | | time

d
Figure 2. Event-response delay, D, and network imprecision, d.



Communication between independently clocked nodes is
inherently imprecise. The network imprecision, d, is the
maximum time difference among all receivers of a message
from a transmitting node with respect to real time. The
imprecision is due to the drift of the oscillators with respect to
real time, jitter, discretization error, temperature effects and
differences in the lengths of the physical communication
media. These two parameters are assumed to be bounded such
that D = 1 and d = 0 and both have units of real time clock
ticks. The communication latency, denoted yis defined as y =
(D+d) and has units of real time clock ticks.  The
communication delay between any two adjacent nodes is
bounded by [D, #.

D. Topology (T)

A communication link, or simply link, is an edge in the
graph representing a direct physical connection between two
nodes. A path is a logical connection between two nodes
consisting of one or more links. A path-length is the number
of links connecting any two nodes. The general topology, T,
considered is a strongly connected directed graph (digraph)
consisting of K nodes, where each node is connected to the
graph by at least one link, there is a path from any node to any
other node, and the links are either unidirectional or
bidirectional. Furthermore, we assume there is no direct link
from a node to itself, i.e., no self-loop, and there are no
multiple links directly connecting any two nodes in any one
direction.

In this paper, we use the terms network and graph
interchangeably.  The following terms are used in the
subsequent sections.

e Two nodes are said to be adjacent to each other or
neighbors if they are connected to each other via a
direct communication link.

e [, an integer value, number of links, denotes the
largest loop in the graph, i.e., the maximum value of
the longest path-lengths from a node back to itself
visiting the nodes along the path only once (except
for the first node which is also the last node).

e ¥, an integer value, number of links, signifies the
width or diameter of the graph, i.e., the maximum
value of the shortest path connecting any two nodes.

For digraphs of size K> 1, L and W are bounded by
2<L<Kand 1 <W<K-1.

III. PROTOCOL DESCRIPTION

In this section we provide a description of the protocol and
provide an intuitive depiction of its behavior. The system has
two synchronization states: synchronized and
unsynchronized. The system is in the unsynchronized state
when it starts up, i.e., at power-on. The system is in the
synchronized state when the nodes are within an expected
bounded precision.  The system transitions from the
unsynchronized state to the synchronized state after the
execution of a synchronization protocol. Therefore, the clock
synchronization protocol is expected to enable the system to

transition to the synchronized state and remain there. When a
system reaches and operates in the synchronized state, it is
said to be synchronous or in synchrony. Due to the inherent
drift in the local times, a synchronization protocol must be re-
executed at regular intervals to ensure that the local times are
kept synchronized. The rate of resynchronization is
constrained by physical parameters of the design (e.g.,
oscillator drift rates) as well as precision and accuracy goals.
The protocol presented in this paper addresses achieving and
maintaining the precision goal of the system. Achieving the
clock accuracy goal is beyond the scope of this paper and is
addressed separately as described in [25]. Therefore, the clock
synchronization protocol enables the system to achieve and
maintain synchrony among distributed local logical clocks,
i.e., LocalTimers (not local physical oscillators).

The clocks need to be periodically synchronized due to their
inherent drift with respect to each other. In order to achieve
synchronization, the nodes communicate by exchanging Sync
messages. A node is said to time out when its LocalTimer
reaches its maximum value. Upon time out, the node
generates a new Sync message and broadcasts it to others. A
node is said to be interrupted when it accepts an incoming
Sync message before its LocalTimer reaches the maximum
value, i.e., before it times out. Upon interrupt and except for a
predefined window (Section 3.1), the node relays the incoming
Sync message by broadcasting it to others. The periodic time
synchronization after achieving the initial synchrony is
referred to as the resynchronization process whereby all
nodes reengage in the synchronization process. The
resynchronization process begins when the first node times out
and transmits a Sync message and ends after the last node
transmits a Sync message. For p << 1, the fastest node cannot
time out again before the slowest node transmits a Sync
message (see [29] for more discussion on p). A Sync message
is transmitted either as a result of a resynchronization timeout,
or when a node receives Sync message(s) indicative of other
nodes engaging in the resynchronization process. The
messages to be delivered to the destination nodes are
deposited on communication links.

The following definitions and terms are used in the
description and operation of the protocol presented in this
paper. All protocol parameters have discrete values with the
time-based terms having units of real time clock ticks. The
discretization is for practical purposes in implementing and
model checking of the protocol. Although, the network level
measurements are real values, locally and at the node level, all
parameters are discrete.

e The resynchronization period, denoted P, has units
of real time clock ticks and is defined as the upper
bound on the time interval between any two
consecutive resets of the LocalTimer by a node.

e Drift per ¢, denoted d(?), has units of real time clock
ticks and is defined as the maximum amount of drift
between any two nodes for the duration of ¢, d(¢) = 0.

In particular:
e  Drift per D, denoted (D), for the duration of one
D, o(D) = 0.



e  Drift per % denoted J(%, for the duration of one
% 0(y)=0.

e Drift per P, denoted J(P), for the duration of one
period P, 6(P) = 0.

e The graph threshold, 75, is based on a specified
graph topology and has units of real time clock ticks.

e The guaranteed precision or simply precision of the
network, denoted 7z, 0 < 7 < P, has units of real time
clock ticks and is defined as the guaranteed
achievable precision among all nodes.

e The convergence time, denoted C, has units of real
time clock ticks and is defined as the bound on the
maximum time it takes for the network to converge,
i.e., to achieve synchrony.

e Precision between LocalTimers of any two adjacent
nodes N; and N; denoted by 4;; and has units of real
time clock ticks.

e The initial synchrony is a state of the network and
the earliest time when the precision among all nodes,
upon convergence, is within 7. The initial synchrony
occurs at time Cp,;,.

e The initial precision among LocalTimers of all
nodes is denoted by A4y, has units of real time clock
ticks and, for all ¢t > C,,;, is defined as a measure of
the precision of the network immediately after a
resynchronization process.

e The initial guaranteed precision among
LocalTimers of all nodes is denoted by Ay,iGuaranteeds
has units of real time clock ticks and, for all ¢ > C, is
defined as a measure of the precision of the network
immediately after a resynchronization process.

A. How Does The Protocol Work?

In this section we provide an intuitive description of the
protocol behavior. A node periodically undergoes a
resynchronization process either when its LocalTimer times
out or when it receives a Sync message. If it times out, it
broadcasts a Sync message and so initiates a new round of a
resynchronization process. However, since we are assuming
that there are no faults (F) present, i.e., F = 0, when a node
receives a Sync message, except during a predefined window,
it accepts the Sync message and wundergoes the
resynchronization process where it resets its LocalTimer and
relays the Sync message to others. This process continues
until all nodes participate in the resynchronization process and
converge to a guaranteed precision. The predefined window
where the node ignores all incoming Sync messages, referred
to as ignore window, provides a means for the protocol to
stop the endless cycle of resynchronization processes triggered
by the follow up Sync messages.

B.  The Graph Threshold (Ts)

When a node receives a Sync message, except during a
predefined ignore window, it accepts the Sync message and
undergoes the resynchronization process where it resets its
LocalTimer and relays the Sync message to others. We bound

the ignore window to [D, T5). The lower bound is due to the
minimum event-response delay, D, and the upper bound,
referred to as the graph threshold, Ts, is a function of a
specified graph topology.

C. Sync Message And Its Validity

In order to achieve synchrony, the nodes communicate by
exchanging Sync message’. When the system is in synchrony,
the protocol overhead is at most one message per
resynchronization period P. Assuming physical-layer error
detections are dealt with separately, the reception of a Sync
message is indicative of its validity in the value domain. The
protocol performs as intended when the timing requirements
of the messages from every node are satisfied. However, in
the absence of faults, the reception of a Sync message is
indicative of its validity in the value and time domains. A
valid Sync message is discarded after it is relayed to the
synchronizer and has been kept for one local clock tick.

D. The Monitor, Synchronizer, And Protocol Functions

A node consists of a synchronizer and a set of monitors.
To assess the behavior of other nodes, a node employs as
many monitors as the number of nodes it is directly connected
to with one monitor for each source of incoming messages. A
node neither uses nor monitors its own messages. A monitor
keeps track of the activities of its corresponding source node.
Specifically, a monitor reads, evaluates, validates, and stores
the last valid message it receives from that node. Upon
conveying the valid message to the local synchronizer, a
monitor disposes of the valid message after it has been kept
for one local clock tick.

ValidateMessage():
if (incoming message = Sync) then
{Message is valid,

Store it.}

ConsumeMessage():

if (stored message timer > 1 tick) then
{Message is expired,
Clear it.}

ValidSync():

if (number of stored messages > () then
{ return true,
else
return false.}

Figure 3. The protocol functions.

The functions ValidateMessage() and ConsumeMessage(),
Figure 3, are used by the monitors. The function ValidSync()
is used by the synchronizer.

% Since only one message type is used for the operation of this
protocol, a single bit suffices.



E. Protocol Assumptions

1. K=1.

2. All nodes correctly execute the protocol.

3. All links correctly transmit data from their sources to
their destinations.

4. Tis anon-partitioned, strongly connected digraph.

0<p<<l.

6. A message sent by a node will be received and
processed by its adjacent nodes within % ¥ = (D + d).

7. The initial values of the variables of a node are within
their corresponding data-type range, although
possibly with arbitrary values. (In an implementation,
it is expected that some local mechanism exists to
enforce type consistency for all variables.)

e

F.  The Distributed Self-Stabilizing Problem

To simplify the presentation of this protocol, it is assumed
that all time references are with respect to an initial real time
t9, where 7, = 0 and for all ¢ > ¢, the system operates within the
protocol assumptions. The maximum difference in the value
of LocalTimer for all pairs of nodes at time ¢, Ay.(?), is
determined by the following equation that accounts for the
variations in the values of the LocalTimer across all nodes.

r=[ W+ 1)+ oM.

LocalTimer,,;,(x) = min (N;LocalTimer(x)), and

LocalTimer ,(x) = max (N.LocalTimer(x)), for all i.

Ave(t)= min ((LocalTimer,,,,(t) - LocalTimer,,;,(t)),
(LocalTimer (¢ - r) - LocalTimer ,;,(t - r))).

The following symbols were defined earlier and are listed
here for reference:

e ( denotes a bound on the maximum convergence
time.

e Ay.(?), for real time ¢, is the maximum difference of
values of the LocalTimers of any two nodes (i.e., the
relative clock skew) for ¢ > .

e 7, the synchronization precision, is the guaranteed
upper bound on Ay,«(t), for all £ > C.

There exist C and = such that the following self-
stabilization properties hold.
1. Convergence: Ay, (C) <7, 0<z<P
2. Closure: Forallt> C, Ay.(t) <7
3. Congruence: Forall nodes N, forallt>C,
(Ni.LocalTimer(t) = y) implies Ay.(?) < 7.
For all t > C, LocalTimer of every node
sequentially takes on at least all integer
values in [}, P-x].

4. Liveness:

G. The Self-Stabilizing Distributed Clock Synchronization
Protocol For Arbitrary Digraphs

The protocol is presented in Figure 4 and consists of a
synchronizer and a set of monitors which execute once every
local clock tick. The protocol parameters are obtained
analytically.

The following is a list of protocol parameters when all
links are bidirectional.
Ts 2 (L+2)(y+ o(Y)
P>3Tg, forp=0
P2>23(Ts+ 6(Tg)), for L=Kandp >0
P 2max (2K + 1)(y+ o(p), 3(Ts + 6(Ty))), for L = f(T)
andp>0

The following is a list of protocol parameters for digraphs,
i.e., when at least one link is unidirectional.
Ts 2 (K+2)(y+ o(p)
P> K(Ts+ 6(Ts))

Regardless of the types of links in the network, the
following is a list of protocol measures.
Chie = 2P + K(y+ (7))
Api < (K- 1)(y+ ()
C=Cpuie+1 Apir/ 7-| P
Wd < AlnitGuamnteed < W( 7/+ 5(7))’ fOI' all t2 C
T = ApisGuaranieed T O(P) 20, forall t > C,and 0 <z < P

A trivial solution is when P = 0. Since P > T and the
LocalTimer is reset after reaching P (worst-case wraparound),
a trivial solution is not possible.

Monitor:
case (message from the corresponding node)
{Sync:
ValidateMessage()
Other:
Do nothing.
} // case
ConsumeMessage()

Synchronizer:
EO: if (LocalTimer < 0)

LocalTimer =0,
El: elseif (ValidSync() and (LocalTimer < D))
LocalTimer =¥ /I interrupted
E2: elseif (ValidSync() and (LocalTimer = Ty))
LocalTimer =y, /] interrupted
Transmit Sync,

E3: elseif (LocalTimer > P)
LocalTimer =0,
Transmit Sync,

E4: else
LocalTimer = LocalTimer + 1.

/] timed out

Figure 4. The self-stabilizing clock synchronization protocol for arbitrary
digraphs.

IV. PROOF OF THE PROTOCOL

There are two general formal methods approaches for the
verification of the correctness of a protocol: theorem proving
and model checking. Proof via theorem proving requires a
deductive proof of the protocol. Proof via model checking is



based on specific scenarios and generally limited to a subset of
the problem space. A deductive proof of the protocol is the
subject of a subsequent report. In the mean time, we chose the
model checking approach for its ease, feasibility, and quick
examination of a subset of the problem space while attempting
a more comprehensive proof via theorem proving.

What follows in this section is the model checking results
of the proof of correctness of the protocol. In particular,
model checking effort encompasses the verification of
correctness of a bounded model of the protocol by confirming
that a candidate system self-stabilizes from any state. This
effort, furthermore, includes the verification of claims of
determinism and linear convergence of the bounded model of
the protocol with respect to the synchronization period.

The main theorems are enumerated here and address the
following questions. Assuming a Sync message does not get
ignored and P is sufficiently large, is it possible for a message
to circulate within the network without dying out? In other
words, will E2° get executed indefinitely? Is it possible for a
node to transmit Sync messages without ever timing out? In
other words, will £3 ever get executed? Also, will E4 ever get
executed?

Theorem Convergence — For all t = C, the network
converges to a state where the guaranteed network
precision is m, i.e., Ayu(t) <.

Theorem Closure — For all t > C, a synchronized network
where all nodes have converged to Ay.(t) < m shall
remain within the synchronization precision .

Theorem Congruence — For all nodes N; and for all t >C,
(N..LocalTimer(t) = 3) implies Ay (t) <.

Lemma InitGuaranteedPrecision — For all t > C, the
initial ~ guaranteed precision of the network is
Wd < AlnitGuamnteed < W(}""‘é(}/)), wher e AlnitGuamnteed < Wd;
fOl"p = 0’ and AInitGuaranteed < W(}H‘é(y)), fOi’p > 0.

Theorem Liveness — For all t > C, LocalTimer of every
node sequentially takes on at least all integer values in

[y P-].

Lemma ConvergenceTime — For p > 0, the convergence
time is C = Cpyiy + [ Apid ¥1 P.

Since in the protocol we do not limit K, model checking of
all possible connected graphs for all K, even for idealized
scenarios (d = 0, p = 0), is simply impossible. Model
checking of all possible topologies for a given K is also a
daunting task. Given the limited resources available and to
circumvent state space explosion, we had to limit the network
size. Nevertheless, to verify our claims of the correctness of
the protocol, we have model checked all possible graphs for
small K, K < 5. Additionally, we were able to model check
some topologies for larger K, K = 20. Table 1 is a list of the
model checked networks with their sizes and corresponding
number of topologies while bounding the drift to p < 0.2.

3 Labels E0 - E4 refer to different parts of the synchronizer.

Each row corresponds to a given K and two types of
topologies considered with the number of model checked
graphs of the possible total combinations for the
corresponding topology type in its column.

Table 1. Model checked networks.

K Topology Topology
(all links bidirectional) (digraphs)
2 1ofl 1ofl
3 2 of2 S5of5
4 6 of 6 83 of 83
5 21 of 21 Single Directed Ring,
2 Variations of
Doubly Connected
Directed Ring
6 112 of 112 -
7 Linear’ Linear’
7 Star” Star”
7 Fully Connected” Fully Connected”
7 (3x4) Fully Connected Bipartite” Fully Connected Bipartite”
7 Grid -
7 Full Grid -
9 (3x3) Grid -
20 Star’ Star’

* For Linear and Star topologies and for the network to be
strongly connected (to be precise,l-connected), the links are
by necessity bidirectional. For Fully Connected (Complete)
and Fully Connected Bipartite topologies the links are by
definition bidirectional.

Details of the model checking efforts are reported in [29].
Thus far, the model checking results have verified the
correctness of the protocol as they apply to the networks with
unidirectional and bidirectional links as described earlier
(Section I1.D). In addition, the results so far confirm the
claims of determinism and linear convergence. As a result, we
conjecture that the protocol solves the general case of this
problem for all K> 1.

V. DISCUSSIONS

From the expression for 4;,;, the synchronization time C
and precision 7 are functions of the network topology and the
drift rate, specifically, the graph’s width and the amount of
drift the network experiences. In other words, C = f (W, 6(P))
and = = f (W, 6(P)). From the expressions for A4, and
ApitGuaraneed 1t Tollows that for networks with small W values,
ApitGuaranieed OCCUrs instantaneously, but for networks with
large W values AjiGuaraneea 1S @ gradual process. The general
equation for A4,,; applies to the ideal (p = 0, d = 0) and semi-
ideal (p = 0, d = 0) scenarios. For these scenarios, 4;,; < Wy.

Although the initial (coarse) synchrony, 4;,;, occurs within
Chir, the initial guaranteed precision, AjGuaranees> takes place
after a number of periods and after achieving the initial
synchrony. The general equation for z applies to the ideal and
semi-ideal scenarios. Since ApiGuaraniced = (W, 0(P)), for large
values of 0(P), ApiGuaranieed = Amic and no improvement on A4;,;
is achievable. However, since typically 0 < p << 1, for small
values of 6(P), ApiGuaraneed < Ami and improvement on



ApitGuaranieea 18 POssible. In particular, for the ideal and semi-
ideal scenarios, subsequent resynchronization processes
beyond the initial synchrony result in tighter precision.
Specifically, for C = Cy,;; + [ Apid 7/-1P, for the ideal scenario,
the result is A;,Guaranced = 0 and 7z = 0, while for the semi-ideal
scenario, Apicuaranteeda = Wd and w = Wd.  Therefore,
ApitGuaranieea 18 0, Wd, and W(y+ (), for the ideal, semi-ideal,
and realizable systems (p = 0, d = 0), respectively.

So far we have studied the system in the absence and
presence of p. In [29] we discuss whether or not p should be
bounded and determine its theoretical upper bound. Recall
that 7 = f{W, d(y) and C =f(W, 6(y)). Therefore, depending on
the values of W and d(%), the precision of the network and the
convergence time may be quite large. So, is it possible to
achieve faster synchrony? Is it possible to achieve a desired
precision? From the expression for z it follows that for
networks with small W values, synchronization occurs
instantaneously with optimal precision while for networks
with large W values, synchronization is a gradual process and
with larger precision. For instance, for a fully connected
graph, W =1, = = d+J(p is at its minimum with minimal
dependence on the drift, and the convergence time is at its
minimum value of C= Cj,;,, whereas for a linear graph,
W= K-1, & is at its maximum and more dependent on the drift,
and the convergence time is at its maximum value of C.
Indeed, for the worst case where drift is very high, no
improvement on A, is possible no matter how much time
passes. So, to achieve a desired precision, we must reduce
either W or 6(P), or both.

To reduce W, we have to add new links to the graph, but
where to add the new links and how many links to add? The
idea of adding a few random links and rewiring links with a
certain probability to provide shortcuts between different
segments of a graph has been studied by Watts and Strogatz
[30] and others [31][32][33][34][35][36]. As Arenas [3]
concluded from these studies, “In general, the addition of
shortcuts to regular lattices improves synchronization.” and
“The basic observation is that the network synchronizes when
the coupling strength is increased.” These studies have shown
the effects of adding new links, but they do not specify how
many links and where to add them in order to expedite
synchronization. However, thus far in our report we have
established that = = (7T, p) and, so, = = f(W, 6(P)). Therefore,
to achieve the tightest precision, i.e., £ = d+dJ(3), we need to
add new links to the graph such that we successively halve the
graph width # and, hence, double the precision. This implies
that the number of links (or edges) to be added, E, is
given by E 2 |—log2A1,,,-,—|.

To reduce the drift, more accurate oscillators are needed,
but the more accurate the oscillators, the higher the cost.
What if the graph cannot or should not be modified by adding
new links? Also, there are no perfect oscillators. So, what if
we cannot improve upon the drift beyond a practical limit? Is
there another way to achieve synchrony faster and with more
accurate precision? The following section addresses these
issues and examines variations of this protocol.

A. Variations Of The Synchronization Protocol

In this section we present several variations of the
synchronization protocol. But first we provide an intuitive
explanation. One of the key elements of the presented
protocol is the proper setting of the LocalTimer upon receiving
a Sync message. In the protocol we set the LocalTimer to .
The rationale is that when a node times out, it resets its
LocalTimer, i.e., LocalTimer = 0, and after one % the
transmitting and receiving nodes would naturally be in relative
synchrony of at most d clock ticks from each other. If we set
the LocalTimer to D, the protocol behaves similarly but with a
lower precision. In fact, as we’ll see in the following section,
setting the LocalTimer to any value less than ¥ produces lower
precision than setting it to 2 We will not consider setting the
LocalTimer to D a variation of the protocol.

Setting the LocalTimer to other values would not produce
the desired effect. On the other hand, if a node gets
interrupted, the receiving nodes have no knowledge of the
transmitting node’s LocalTimer value (which could be either 0
or ). Once again, in the protocol we chose to set the
LocalTimer to yupon interrupt and we verified that it achieves
the desired goal. However, upon interrupt, the LocalTimer
could be assigned to other values, but what value should be
chosen? An arbitrary value is not going to produce the desired
synchrony, but if the value of the transmitting node’s
LocalTimer is forwarded, then the LocalTimer of the receiving
node could be set to that value (offset by 7) and once again the
two nodes will be in relative synchrony. In the following
sections, we analyze these variations. We believe that
transmitting any value other than the transmitting node’s
LocalTimer value does not produce the desired effect.

1) Variation #1, Reset

In this variation LocalTimer is reset, i.e., LocalTimer = 0,
upon receiving a Sync message (E/ and E2). Thus far, the
model checking results have verified the correctness of this
variation of the protocol. This variation of the protocol also
synchronizes the network for p > 0 and d = 0 with the same
Apiss 1.6, Apir < (K - 1)(y+(p). Also, whenp =0and d =0,
unlike the original protocol where A4;,;Guarantced = 05 AmitGuaranteed
= Wy. Setting the LocalTimer to other values between 0 and y
would produce similar results as the original protocol and this
variation of it with 0 < Ay.6uaranteea < WY

In this version, since ApiGuaraneed = W% €ven in the absence
of drift, the system’s behavior resembles a ripple effect where
the nodes remain at most one yapart from each other with the
leading node as the center and originator of the ripple.

From variation #1 and the original protocol, one could
conclude that upon receiving a Sync message, setting the
LocalTimer from 0 to yresults in improvement of the initial
guaranteed precision. An interesting question is whether
setting the LocalTimer to a greater value than ywould improve
upon the performance even further. As argued in the opening
of this section, the next logical value beyond ¥ would be
LocalTimer of the transmitting node. The following variation
of the protocol is based on this idea.



2) Variation #2, Jump Ahead

In this variation, the current value of the LocalTimer is
transmitted along with the Sync message and, so, upon
receiving a Sync message LocalTimer is set to the incoming
value plus yto compensate for the worst case message delay.
If the sum reaches or exceeds P, the LocalTimer is reset to
zero (EI and E2). Thus far, partial model checking has also
confirmed the correctness of this variation of the protocol.
This variation introduces more overhead due to the
transmission of LocalTimer value but synchronizes the
network for p >0 and d >0 with the same initial precision.
In  other words, 4;,; < (K-1)(y +6(y). However, this
variation produces tighter initial guaranteed precision for the
same convergence time, i.e., ApiGuaranteed = (17d)0(P) and C =
Conie + [ A3 171 P.

This variation of the protocol has two drawbacks. The first
drawback is that it requires greater number of exchanges of
Sync messages during the convergence process. The excess
transmission of the Sync messages is due to the burst of relays
of Sync messages prior to the convergence. Note that since
after receiving a Sync message the LocalTimer of a node gets
incremented, all messages will eventually die out when the
LocalTimer of a node reaches or exceeds its maximum value
of P. Recall that in the original protocol, by setting the
LocalTimer to 7y the node immediately enters the ignore
window. In this variation, however, depending on the initial
value of the LocalTimer of a node, a message may not get
ignored until eventually the LocalTimer of a node reaches or
exceeds its maximum value of P and then enters the ignore
window.

The second drawback is that due to an interrupt, the slowest
nodes may never get set to a ¥ during a resynchronization
process even when the system is in synchrony. As a result
(Theorem Congruence), for t > C, the nodes are in synchrony
when N.LocalTimer(t) = Wy.  In the original protocol, for all
t 2 C, LocalTimer of every node sequentially takes on at least
all integer values in [ P - =]. However, for this variation the
minimum range of values is [y, P - «].

B.  Dynamic Digraphs

We have elaborated thus far in previous sections that the
general form of the distributed synchronization problem, S, is
defined by the following septuple.

S=(K.T,D,d, p, P, F)

In other words, the distributed synchronization problem is
a function of the number of nodes (K), network topology (7),
event-response delay (D), communication imprecision (d),
oscillator drift rate (p), synchronization period (P), and
number of faults (F), respectively.

However, so far, we have considered topologies with static
nodes and links. This restriction helped to reduce the
complexity of the problem to a more manageable size. We
now define the most general form of the distributed
synchronization problem, S”, by the following septuple.

S’=(K@), T®),D,d, p P, F)

Where, K(?) represents the dynamic node count and 7(?)
represents the dynamic topology for a given K(?).

In a dynamic node count, the number of nodes comprising
the network can change at any time. Since the nodes are
anonymous and do not have unique identifiers, the presented
protocol and its variations are readily applicable to this
scenario. The dynamic topology allows for topologies with
any combination of unidirectional and bidirectional links as
described in Section II.D, whether they are static or dynamic.
In other words, for a given K(?), the number of links can
change at any time.

In a dynamic digraph, once synchrony is achieved, the
system maintains its synchrony provided that the new nodes
enter the network from a reset state where they are clear of all
residual effects. ~We have model checked a number of
topologies with static nodes and various combinations of static
unidirectional and bidirectional links and, thus far, the model
checking results have verified the correctness of the protocol.
We conjecture that the presented protocols are applicable to
the general case.

VI. CONCLUSIONS

How can a distributed system solve a problem that is
inherently global by executing a set of rules locally? In this
paper, we have attempted to answer this question by providing
a solution that synchronizes an arbitrary digraph, ranging from
fully connected to 1-connected networks of nodes, under
variety of conditions ranging from ideal to non-ideal
circumstances. These networks include grid, ring, fully
connected, bipartite, and star (hub) formation, to name a few,
while allowing differences in the network elements. In our
proposed solution, there is no central control or a centrally
generated signal, pulse, or message. Nodes are anonymous,
i.e., they do not have unique identities. We discussed the
complexity of the problem and defined the parameters
constituting the distributed synchronization problem.

We provided an intuitive description of the behavior of the
protocol. We also provided an outline of a deductive proof of
the protocol followed by the model checking results that have
verified the correctness of the protocol as they apply to the
networks with unidirectional and bidirectional links. In
addition, the model checking results so far have confirmed the
claims of determinism and linear convergence. We also
provided variations of the protocol and presented model
checking results of those variations. We also discussed
generalization of the protocol to include dynamic node count
and dynamic topology. Details of the deductive proof and
details of the model checking efforts of this protocol, and its
variations, are the subject of subsequent reports. We
elaborated on the effects of the oscillator drift rate on the
convergence time and network precision and discussed
whether or not it should have an upper bound.

The proposed self-stabilizing protocol is expected to have
many practical applications as well as many theoretical
implications. Embedded systems, power grid, distributed
process control, synchronization, computer networks, the
Internet, Internet applications, security, safety, automotive,



aircraft, distributed air traffic management systems, swarm
systems, wired and wireless telecommunications, graph
theoretic problems, leader election, time division multiple
access (TDMA), and the SPIDER (Scalable Processor-
Independent Design for Enhanced Reliability) project [6][7] at
NASA-LaRC are a few examples.

There does not seem to be a consensus on the definition of
either emergent behavior or emergent systems. However, in
the context of self-organization systems Goldstein defines
emergence as: "the arising of novel and coherent structures,
patterns and properties during the process of self-organization
in complex systems" [37]. Emergent systems tend to display a
collective behavior that is greater than the sum of their parts.
An emergent behavior or emergent property surfaces in
systems as a result of the interactions at an elemental level.
The family of clock synchronization protocols presented in
this paper is an emergent system. In these protocols all nodes
operate  asynchronously while the system operates
synchronously. Finally, we believe this protocol can be used
as a basis for modeling and studying mass synchrony as
exhibited in biological and social systems.

ACKNOWLEDGMENT

The author would like to thank the reviewers for their
helpful comments.

REFERENCES

[1] George H. Hudson, Science 48, pp. 573-575, 1918.

[2] Strogatz, S.H.: “SYNC, How Order Emerges From Chaos in the
Universe, Nature, and Daily Life,” ISBN 978-0-7868-8721-7, 2003.

[3] Arenas, A.; Diaz-Guilera, A.; Kurths, J.; Moreno, Y.; Zhou, C.:
“Synchronization in complex networks,” PACS: 05.45.Xt, 89.75.Fb,
89.75.Hc, December 2008.

[4] Kopetz, H: “Real-Time Systems, Design Principles for Distributed
Embedded Applications,” Kluwar Academic Publishers, ISBN 0-7923-
9894-7, 1997.

[5] Miner, P.S. ; Malekpour, M.R.; Torres, W.: “A Conceptual Design For a
Reliable Optical Bus (ROBUS)”, Presented at the 21st Digital Avionics
Systems Conference (DASC), Irvine, California, October 27-31, 2002.

[6] Torres-Pomales, W.; Malekpour, M.R.; Miner, P.S.: “ROBUS-2: A
Fault-Tolerant Broadcast Communication System,” NASA/TM-2005-
213540, March 2005.

[7] Torres-Pomales, W.; Malekpour, M.R.; Miner, P.S.: “Design of the
Protocol Processor for the ROBUS-2 Communication System,”
NASA/TM-2005-213934, pp. 252, November 2005.

[8] Peskin C.: “Mathematical Aspects of Heart Physiology”, 1975.
http://www.math.nyu.edu/faculty/peskin/heartnotes/CLN-Peskin1975-
7.pdf

[9] Dijkstra, E.W.: “Self stabilizing systems in spite of distributed control,”
Commun. ACM 17, pp. 643-644, 1974.

[10] Nishikawa, T.; Motter, A.E.: “Maximum performance at minimum cost
in network synchronization,” Physica D 224 (2006) 77-89.

[11] Nishikawa, T.; Motter, A.E.: “Synchronization is optimal in
nondiagonalizable networks,” Phys. Rev. E 73 (2006) 065106.

Gleiser, P.M.; Zanette, D.H.: “Synchronization and structure in an
adaptive oscillator network,” Europ. Phys. J. B 53 (2006) 233-238.

Brede, M.: “Locals vs. global synchronization in networks of non-
identical kuramoto oscillators,” Europ. Phys. J. B 62 (2008) 87-94.

[14]

[15]
[16]

[17]

(18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]
[31]
[32]
[33]

[34]

[35]
[36]

[37]

Earl, M.G.; Strogatz, S.H.: “Synchronization in Oscillator Networks
With Delayed Coupling: A Stability Criterion,” The American Physical
Society, 2003.

Lamport, L; Melliar-Smith, P.M.: “Synchronizing clocks in the presence
of faults,” J. ACM, vol. 32, no. 1, pp. 52-78, 1985.

Srikanth, T.K.; Toueg, S.: “Optimal clock synchronization,” Journal of
the ACM, 34(3), pp. 626645, July 1987.

Welch, J.L.; Lynch, N.: “A New Fault-Tolerant Algorithm for Clock
Synchronization,” Information and Computation volume 77, number 1,
pp-1-36, April 1988.

Davies, D.; Wakerly, J.F.: “Synchronization and matching in redundant
systems,” IEEE Transactions on Computers, 27(6), pp. 531-539, June
1978.

Girault, A.; Rutten, E.: “Modeling Fault-tolerant Distributed Systems for
Discrete Controller Synthesis,” Electronic Notes in Theoretical
Computer Science, vol. 133, pp. 81-100, 2005.

Butler, R.: “A primer on architectural level fault tolerance,” NASA/TM-
2008-215108, February 2008.

Lamport, L.; Shostak, R.; Pease, M.: “The Byzantine General Problem,”
ACM Transactions on Programming Languages and Systems, 4(3), pp.
382-401, July 1982.

Dolev, S.; Welch, J.L.: “Self-Stabilizing Clock Synchronization in the
Presence of Byzantine Faults,” Journal of the ACM, Vol.51, No. 5, pp.
780-799, September 2004.

Malekpour, M.R.; Siminiceanu, R.: “Comments on the ‘Byzantine Self-
Stabilizing Pulse Synchronization’ Protocol: Counterexamples.”
NASA/TM-2006-213951, February 2006.

Daliot, A.; Dolev, D.; Parmnas, H.: “Linear Time Byzantine Self-
Stabilizing Clock Synchronization,” Proceedings of 7th International
Conference on Principles of Distributed Systems (OPODIS-2003), La
Martinique, France, December 2003.

Malekpour, M.R.: “A Byzantine-Fault Tolerant Self-Stabilizing Protocol
for Distributed Clock Synchronization Systems.” Eighth International
Symposium on Stabilization, Safety, and Security of Distributed
Systems (SSS06), November 2006.

Malekpour, M.R.: “A Self-Stabilizing Byzantine-Fault-Tolerant Clock
Synchronization Protocol,” NASA/TM-2009-215758, June 2009.

Malekpour, M.R.: “Verification of a Byzantine-Fault-Tolerant Self-
Stabilizing Protocol for Clock Synchronization.” IEEE Aerospace
Conference, March 2008.

Malekpour, M.R.:  “A  Self-Stabilizing
Synchronization Protocol For Arbitrary Digraphs,”
NASA/TM-2011-217054, February 2011.

Malekpour, M.R.: “Model Checking A Self-Stabilizing Distributed
Clock Synchronization Protocol For Arbitrary Digraphs,” NASA/TM-
NASA/TM-2011-217152, May 2011.

Watts, D.J.; and Strogatz, S.H.: “Collective dynamics of ’small-world’
networks,” Nature (London) 393, 440, 1998.

Gade, P.M.; Hu, C.K.: “Synchronous chaos in coupled map lattices with
small-world interactions,” Phys. Rev. E 62 (2000) 6409-6413, 2000.
Barahona, M.; Pecora, L.M.: “Synchronization in Small-World
Systems,” Phys. Rev. Lett. 89 (2002) 054101, 2002.

Hong H.; Choi, M.Y.; Kim, B.J.: “Synchronization on small-world
networks,” Phys. Rev. E 65 (2002) 026139, 2002.

Hong H.; Kim, B.J.; Choi, M.Y.; Park, H.: “Factors that predict better
synchronizability on complex networks,” Phys. Rev. E 69 (2004)
067105, 2004.

Li, C.; Chen, G.: “Phase synchronization in small-world networks of
chaotic oscillators,” Physica A 341 (2004) 73-79, 2004.

Gomez-Gardenes, J.; Moreno, Y.; Arenas, A.: “Paths to Synchronization
on Complex Networks,” Phys. Rev. Lett. 98 (2007), 034101, 2007.

Goldstein, j: “Emergence as a Construct:
Emergence 11, pp. 49-72, 1999.

Distributed  Clock
NASA/TM-

History and Issues,”




<<
  /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 1.7
  /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 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
    /blex
    /blsy
    /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
    /Cmb10
    /CMBSY10
    /Cmbsy10
    /CMBSY5
    /CMBSY6
    /CMBSY7
    /CMBSY8
    /CMBSY9
    /CMBX10
    /Cmbx10
    /CMBX12
    /Cmbx12
    /CMBX5
    /Cmbx5
    /CMBX6
    /Cmbx6
    /CMBX7
    /Cmbx7
    /CMBX8
    /Cmbx8
    /CMBX9
    /Cmbx9
    /CMBXSL10
    /Cmbxsl10
    /CMBXTI10
    /Cmbxti10
    /CMCSC10
    /Cmcsc10
    /CMCSC8
    /Cmcsc8
    /CMCSC9
    /Cmcsc9
    /CMDUNH10
    /Cmdunh10
    /CMEX10
    /Cmex10
    /CMEX7
    /CMEX8
    /CMEX9
    /CMFF10
    /Cmff10
    /CMFI10
    /Cmfi10
    /CMFIB8
    /Cmfib8
    /CMINCH
    /Cminch
    /CMITT10
    /Cmitt10
    /CMMI10
    /Cmmi10
    /CMMI12
    /Cmmi12
    /CMMI5
    /Cmmi5
    /CMMI6
    /Cmmi6
    /CMMI7
    /Cmmi7
    /CMMI8
    /Cmmi8
    /CMMI9
    /Cmmi9
    /CMMIB10
    /Cmmib10
    /CMMIB5
    /CMMIB6
    /CMMIB7
    /CMMIB8
    /CMMIB9
    /CMR10
    /Cmr10
    /CMR12
    /Cmr12
    /CMR17
    /Cmr17
    /CMR5
    /Cmr5
    /CMR6
    /Cmr6
    /CMR7
    /Cmr7
    /CMR8
    /Cmr8
    /CMR9
    /Cmr9
    /CMSL10
    /Cmsl10
    /CMSL12
    /Cmsl12
    /CMSL8
    /Cmsl8
    /CMSL9
    /Cmsl9
    /CMSLTT10
    /Cmsltt10
    /CMSS10
    /Cmss10
    /CMSS12
    /Cmss12
    /CMSS17
    /Cmss17
    /CMSS8
    /Cmss8
    /CMSS9
    /Cmss9
    /CMSSBX10
    /Cmssbx10
    /CMSSDC10
    /Cmssdc10
    /CMSSI10
    /Cmssi10
    /CMSSI12
    /Cmssi12
    /CMSSI17
    /Cmssi17
    /CMSSI8
    /Cmssi8
    /CMSSI9
    /Cmssi9
    /CMSSQ8
    /Cmssq8
    /CMSSQI8
    /Cmssqi8
    /CMSY10
    /Cmsy10
    /CMSY5
    /Cmsy5
    /CMSY6
    /Cmsy6
    /CMSY7
    /Cmsy7
    /CMSY8
    /Cmsy8
    /CMSY9
    /Cmsy9
    /CMTCSC10
    /Cmtcsc10
    /CMTEX10
    /Cmtex10
    /CMTEX8
    /Cmtex8
    /CMTEX9
    /Cmtex9
    /CMTI10
    /Cmti10
    /CMTI12
    /Cmti12
    /CMTI7
    /Cmti7
    /CMTI8
    /Cmti8
    /CMTI9
    /Cmti9
    /CMTT10
    /Cmtt10
    /CMTT12
    /Cmtt12
    /CMTT8
    /Cmtt8
    /CMTT9
    /Cmtt9
    /CMU10
    /Cmu10
    /CMVTT10
    /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
    /Dcb10
    /Dcbx10
    /Dcbxsl10
    /Dcbxti10
    /Dccsc10
    /Dcitt10
    /Dcr10
    /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
    /NimbusRomDGR-Bold
    /NimbusRomDGR-BoldItal
    /NimbusRomDGR-Regu
    /NimbusRomDGR-ReguItal
    /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
    /SimSun-PUA
    /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


