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Abstract

Chordal rings (or circulant graphs) are a popular class of fault-tolerant network
topologies which include rings and complete graphs. For this class, the fundamental
problem of Leader Election has been extensively studied assuming either a fault-free
system or an upper-bound on the number of link failures.

We consider chordal rings where an arbitrary number of links has failed and a
processor can only detect the status of its incident links.

We shows that a Leader Election protocol in a faulty chordal ring requires only
O(n log n) messages in the worst-case, where 7 is the number of processors. More-
over, we show that this is optimal. If the network is not partitioned, the algorithm
will detect it and will elect a leader. In case the failures have partitioned the net-
work, a distinctive element will be determined in each active component and will
detect that a partition has occured; depending on the application, these distintives
elements can thus take the appropriate actions.

1 Introduction

1.1 Chordal Rings

A common technique to improve reliability of ring networks is to introduce link redun-
dancy; that is, to have each node connected to two or more additional nodes in the
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network. With alternate paths between nodes, the network can sustain several nodes and
links failures. Several ring networks, suggested in [2, 7, 11, 21, 28, 33] are based on this
principles. The overall topological structure of these redundant rings is always highly
regular; in particular, the set of ring edges (regular) and additional edges (bypass) form a
Circulant Graph or Chordal Ring.

A chordal ring Cn{dy,da,...,dx) of size n and k-chord structure (dy,dz,...,dr) is a
ring R, of n processors {po, P2, -+, Pu—1}, Where each processor is also connected to the
processors at distance 1,dy,da, - - ,dg,n—dy, -+, n—dz,n—dy,n—1 by additional incident
chords. The link connecting two nodes is labeled by the distance which separates these
two nodes on the ring, i.e. following the order of the nodes on the ring: the node p; 1s
connected to the node p, ;- mod n through its link labeled d; (as shown in figure 1(a)). In
particular, if a link, between two processors p and ¢, is labeled by distance d at processor
p, this link is labeled by n — d at the other incident processor ¢, where n is the number
of processors. Note that this labelling is globally consistent; that is, it forms a Sense of
Direction (as defined in [30]). Note that both rings and complete graphs are circulant
graphs, denoted as C,( ) and C(2,3,- -, |n/2]), respectively. It is worth pointing out that
some designs for redundant meshes and redundant hypercubes are also circulant graphs,
[5, 6].

The distinction between regular and bypass links is purely a functional one. Typically,
the bypass links are used strictly for reconfiguration purposes when faults are detected;
in the absence of faults, only regular links are used. Special classes of chordal rings have
been widely investigated to analyze their fault-tolerant properties [2, 6, 7, 8, 11, 21, 27, 29]
and solutions have been proposed for reconfiguration after links and/or node failures
[23, 24, 32]. In some applications (e.g., distributed systems), all the links (or chords) of a
circulant graph are always used to improve the performance of a computation.

(a) (b)

Figure 1: (2,4) Chordal Ring (a) with Faulty Links (b)



1.2 Election

In distributed systems, one of the fundamental control problem is the Leader Election;
that is, the problem of moving the system from an initial situation where the nodes
are in the same computational state, to a final situation where exactly one node is in
a distinguished computational state (called leader) and all others are in the same state
(called defeated). The election process may be independently started by any subset of
the processors. It is assumed that every processor P, has a distinct ¢d; chosen from
some infinite totally ordered set ID; each processor is only aware of its own identity (in
particular, they do not know the identities of their neighbours).

The election problem occurs, for instance, in token-passing when the token is lost or
the owner has failed; in such a case, the remaining processors elect a leader to issue a
new token. Several other problems encountered in distributed systems can be solved by
election; for example: crash recovery (a new server should be found to continue the service
when the previous server has crashed), mutual ezclusion (where values for election can
be defined as the last time the process entered the critical section), group server (where
the choice of a server for an incoming request is made through an election among all the
available servers managing a replicated resource), etc.

The processors all perform the same distributed algorithm. A distributed algorithm
(or protocol) is a program that contains three types of executable statements: local com-
putations, message send and message receive statements. An execution is a sequence
of events, each being one of the above three statements. We assume that the messages
on cach arc arrive with no error, in a finite but unbounded delay and in a FIFO order.
The complexity measure is the maximum number of messages sent during any possible
execution.

1.3 Election in a Faulty Chordal Ring

The Leader Election problem in chordal rings has been extensively studied assuming that
there are no failures in the systems [3, 15, 17, 19, 20, 26, 31]. The problem becomes rather
more difficult if there are failures in the system. In asynchronous systems, in particular,
the election problem is unsolvable (i.e., no deterministic solution protocol exists) if failures
are undetectable and can occur at any time; this impossibility result holds even if just
one processor may fail (in a fail-stop mode) and follows from the result of [9].

The research has thus focused on studying the problem in more restricted environ-
ments: (r1) failures are detectable, (r2) failure occurs prior to the execution of the
election protocol, (r3) the number of failures is bounded by some constant,‘(rél) failures
are fail-stop, (r5) every processor is directly connected to every processor.

All the existing results for Election in faulty chordal rings have been developed under
assumptions (r2), (r3), (r4) and (r5) [1, 13, 22, 25]. Note that, restriction (r5) (there is a
link between any two processors) makes these results applicable only to the special case
of chordal rings which are complete graphs.



# Faults (r3) (r1) (r2)
Graph Links l Nodes Detectability | Occurrence || Termination
Arbitrary Chordal Ring 0 1 No Arbitrary || Impossible [9]
Complete (r4) 0 <t No Prior Possible [1, 13, 22]
Complete (r4) <k <t No Prior Possible [25]
Arbitrary Chordal Ring || unbounded | unbounded Yes Prior Possible (this paper)

Table 1: Impossibility versus Possibility Results (k and ¢ are constants bounding the
number of Fail-Stop Faults).

In this paper, we consider the Election Problem in asynchronous arbitrary chordal
rings where an arbitrary number of links has failed and a processor can only detect the
status of its incident links. That is, we make assumptions (r2) and (r4), and a relaxed
version of assumption (rl). Thus, unlike all previous investigations, we do not restrict
to complete graphs; we do not make any a priori restriction on the number of failures;
we do however assume that a processor can detect the failure of its incidents links. We
prove that, under these assumptions, a Leader Election protocol in a faulty chordal ring
requires only O(n log n) messages in the worst-case, where n is the number of processors.
Moreover, we show that this is optimal. If the network is not partitioned, the algorithm
will detect it and will elect a leader. In case the failures have partitioned the network, a
distinctive element will be determined in each active component and will detect that a
partition has occured; depending on the application, these distintives elements can thus
take the appropriate actions. We will now describe the algorithm as executed in each
active component; if no partition has occurred, a leader will be elected.

Both processors and links may fail; in the following, we will assume that if a processor
fails all its incident links fail. Thus, without any loss of generality, we can just consider
link failures. A processor can only detect the failure of its incident links. We emphasize
the fact that both regular and bypass links can fail (as shown in figure 1(b)).

It is worthy of attention that the detectability assumption (rl) is required to cope
with an unbounded number of faulty components (see table 1). Knowledge that a link is
faulty can be either a priori (namely, in a case where the hardware subsystem provides
directly such a knowledge to the processors) or can only be acquired upon an attempt to
transmit. From a computational point of view, the latter case is more difficult than the
former. In particular, to transform it into a priori knowledge case (e.g., by a pre-processing
phase where each active processor tests its incident links) would cost an additional Q(e)
messages. Thus, our O(n log n) solution, for the case where faults are only detected upon
transmission attempt, is all the more important since fault-detection is performed only on
these links which are used by the computation. Furthermore, this solution can obviously
be applied with the same complexity to the case where there is a priori knowledge on the
faulty links. Thus, in following, we will only concentrate on the more difficult case.

The algorithm presented here is based on the protocol by [18] for election in non-faulty
network with sense of direction; it uses and combines different techniques developed in



[10, 14, 16] for election in non-faulty networks. The full algorithm is given in the Appendix.

2 Election Algorithm

We present an Election algorithm in chordal ring, where an arbitrary number of links
have failed and where failure of a link is detectable only if an incident node attempts to
transmit on it. Any node can independantly and spontaneously start the election process
(we will model this by having such a node receive a WAKEUP message). If the network
is not partitioned, the algorithm will detect it and will elect a leader. In case the failures
have partitioned the network, a distinctive element will be determined in each active
component and will detect that a partition has occured; depending on the application,
these distintives elements can thus take the appropriate actions. We will now describe
the algorithm as executed in each active component.

2.1 Description

The algorithm builds a Rooted Spanning Tree or Kingdom in each component by repeatly
combining smaller spanning trees; the final root of the spanning tree is the distinctive
element of that component. In the following, we describe the algorithm as executed in
one component.

The algorithm proceeds in phases. Initially, each node is a king, and does not know
which of its links have crashed. At the end, all nodes are citizen except one which is still
a king. During each intermediate phase of the algorithm, each king tries to expand its
kingdom (a rooted directed tree) by attacking another kingdom. The attack is carried
out by a particular node: the warrior.

Each kingdom is a tree with two distinguished nodes: the king and the warrior. Each
king is assigned a level, initialized at zero. Each node p stores the identity king, and
the level level, of its king, as well as the label of the outgoing chord to its king and to
‘ts warrior. I a node is attacked, it stores the label of the incoming chord from which
the attack came. In the algorithm, each warrior p maintains a local view List, of all the
others processors with the indication of which of them belong to the kingdom. An attack
message contains such a local view in the request message containing a request status
RegStatus = (reqking, reqlevel, reqList).

Informally, the attack is carried out only by a warrior; the warrior will select among
its links an outgoing link (i.e., a link which leads to another kingdom). It then attempts
to transmit a REQUEST message on that link. If the link is faulty, a failure detection
signal will notify the warrior of such a situation and the appropriate action will be taken;
otherwise, the REQUEST message will carry the attack to the other kingdom, as shown
in figure 2.

The attacks by a kingdom follow a Depth First Search strategy. A state S, for
each chord is defined to specify if the chord is unused (initially), branched (is part of the
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Figure 2: Local Failure Detection

spanning tree) or fatled (determined after an attempt of transmission). For each branched
chord a substate SubS, is introduced to specify if the chord is closed (is faulty or does
not lead to another kingdom), or still opened (the incident node has not been completly
explored and thus can lead to nodes which have not been reached yet). It is used to
control the backtracking by closing a subtree whose visit has been completed. If a warrior
j cannot reach any node outside the kingdom (this is locally determined by the state
of its incident links and the local view List;), then the state of warrior, together with
List;, is backtracked to its parent and the chord between them becames closed (initially,
all non-faulty chords are opened). This strategy has the main advantage to limit the
amount of backtracking after a combination compared to a breadth first search strategy.
A state transition diagram of a chord is shown in figure 3(a). Each node saves the label
{Wout, Win, K, } of the incident chord for warrior,, the warrior attacking p, and king,
respectively.

Define the status, of node p as (levely, king,, List,). We say that status, > status;
if:
- either (a) level, > level;
- or (b) level, = level; and king, > king;.

Our algorithm obeys two main rules:

Rule A : a warrior p can only successfully attack a kingdom with status less than its
own. Let the attack by warrior p be successfull. In case (a), each node in the kingdom
which lost is informed of the identity of the new king king, and updates its level to level,.
In case (b), each node in the attacked kingdom receives the identity king, of the new king
and all nodes in both kingdoms increases their level by one (the level of a kingdom never
decreases). After a successful attack by a warrior p to a warrior j, the warrior of the new
kingdom is warrior;.



Rule B (controls the number of messages during each phase): three differents cases
are theoretically possible when an attack from a warrior p reaches a node j in another
kingdom :

1. status, < status;: the warrior is not strong enough to attack this kingdom and,
thus, its attack fails (message is killed).

2. status, > status;: the attack from p must be forwarded to warrior;. Any subse-
quent attack by other kingdoms, if not killed, is delayed until this attack is resolved
at j (i.e. until j receives a new status).

When forwarding an attack, if node ¢ on the path to warrior; has a greater status
(i.e., status; > status,), the request is killed. This situation occurs when the
previously visited nodes have not yet been informed that they have become part of
a greater kingdom (i.e. the level has increased), .

When the attack reaches warrior 7, if it still has a lower status, then a surrender
message is sent back to warrior, and each node on path waits for the new status.

3. status, = status;: as proved later, this case (i.e. an attack within the same king-
dom) can not occur during the execution of the algorithm.

If warrior p receives a message of surrender, it broadcasts the new status to the ab-
sorbed kingdom or to both kingdoms, depending on Rule A. The new local view List 1s
obtained by merging the two Lists. The initial local view is a list of bits List[0..(n — 1)]
initialized to 10* (i.e. all bits are set to 0 except List[0] which is set to 1).

The number of parallel incoming attacks in a kingdom must be limited in order to
guarantee a message complexity of O(n) for each phase. A substate Substate, for each
node p is introduced to specify if the node 1s WaitingForSurrender (has forwarded an
attack message), is WaitingForStatus (has forwarded a surrender message and is waiting
for its new level), or is Regular (is ready to receive an attack). The state transition
diagram of a processor is shown in figure 3(b).

The reason to introduce some substates is to deal with two specific situations which
may occur due to the inherent concurrency of the model.

First of all, if a citizen j has forwarded an attack to warrior; a subsequent attack
with a greater status will be delayed (wait at j), but not killed (Rule B2).

Secondly, an incoming attack can be received before knowing that the kingdom has
already absorbed (or been absorbed by) an other kingdom (the level may have increased).

In both cases, the citizen knows afterwards (when it receives the new status) if the
forwarded attack was successful. At this time, if the status of the forwarded attack 1s
smaller than the new received status, the attack will be killed; thus, the citizen can go
back to regular substate. Otherwise, the current attack status is still legal; thus, the
inhibition waiting substate must be kept.
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Figure 3: State Transition Diagrams

The extreme case of this problem occurs if a warrior ¢ receives a surrender message
from a warrior p when it is already engaged in a wait for status process from a warrior w.
Consistently with Rule B, the warrior ¢ has to wait for the new status of warrior w before
it can send the new status to the warrior p. The total ordering on the status forbids the
creation of waiting cycles.

The algorithm terminates when the kingdom includes all nodes in its connected non-
faulty subgraph. The determination of this event may differ depending on whether the
network is disconnected or not. Consider first the case of a partitioned network. Once all
reachable nodes have become part of the kingdom, the king will become warrior (because
of the depth first search strategy) and all its incident chords will be closed. At this
point, it will detect termination; from its local view, it will also determined the size of
its kingdom and that a disconnection has occurred. If the network is not disconnected,
the termination detection can occur earlier: as soon as a warrior determines, by its local
view, that the kingdom includes all the nodes in the network. In both cases, the warrior
(which is possibly the king) broadcasts along the tree the termination message. Since this
message contains the view of the warrior upon termination, every node in the component
can determine whether or not the graph is disconnected as well as which other nodes are
in this component. In case of a disconnection, depending on the application, the king can
take the appropriate action.

An example of an attack is shown in figure 5, where the kingdom K has a greater status
than the kingdom K’ (the corresponding Chordal ring Cy(3, 8) is shown in figure 4). The
result of the successful attack is shown in figure 6.

Messages Used :

(i) (REQUEST,Status): it is an attack by a warrior, and is forwarded to its adversary.
This message is also considered as the first ATTEMPT on the chord, and provides the
failure detection if the chord is faulty,



(i1) (SURRENDER, Status): it is sent by a defeated warrior to inform the winner of its
success,

(iti) (NEWSTATUS,Status): it is broadcasted by the winner on the appropriate tree
(depending on Rule A),

(iv) (BRANCH): it is sent by a successful warrio on the chord connecting the two trees,
(v) (BACKTRACK,Status): it is sent by the warrior to its parent when all its chords
have been closed, that is when all the nodes reachable through this chord are part of the
kingdom or are faulty,

(vi) (MOVEWARRIOR,Status): it is sent by the warrior to one of its opened chords after
a backtracking, backtrack process,

(vii) (TERMINATION): it is broadcasted by the sole remaining warrior of the connected
component to terminate the execution of the algorithm.

Any number of processors can spontaneously start the execution of the algorithm;
this is modeled by the reception of a WAKEUP message. The active components are
those where at least one processor spontaneously start the algorithm (i.e., it receives a
WAKEUP message).

The proof of correctness is similar to [18] and is omitted here for brevity.

KING % WARRIOR  wreeereenee REQUEST e BRANCHED

Figure 4: Kingdoms in C14(3,8)




....... request
—= branched

warrior
@ king

Figure 5: Two Kingdoms in Cy6(3,8)

....... request
— branched

warrior

& king

Figure 6: Result of Attack in C16(3,8)
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2.2 Complexity analysis

The measure of efficiency analysed here is the communication complexity. Note that the
attempt to transmit on a failed chord is not a transmission.

Lemma 2.1 The number of phases is at most logk for each kingdom, if k independent
nodes start the algorithm.

Proof By Rule A. ]

Corollary 2.1 The number of surrender messages sent by a warrior during a particular
ezecution is at most logn.

Lemma 2.2 For a given phase and a given non-faulty chord [ in a kingdom, at most one
request will be transmitted through the chord 1.

Proof For a given phase and a given non-faulty chord ! in a kingdom, a request passing
through this chord will face two possible outcomes:

1. the request is successful : it will cause the phase to increase.

9. the request is unsuccessful: that is, the message has been killed further on the path
to the warrior. This implies that the level has been increased by an other attack,
but the nodes incident on this chord does not know it yet.

Therefore, following a request message, only a surrender and/or a new status messages
will travel through ! during this phase. A similar argument can be used for a branched
chord between two kingdoms. 0O

More precisely,

Theorem 2.1 The total number of messages used by the algorithm does not exceed 3nlog k +
4(n —1)

Proof The number of messages of each kind is the following:

REQUEST : sent, at a given phase, through at most n — 1 non-faulty chords (see
Lemma 2.2). Hence, the total number of such request messages sent during the
whole execution is bounded by nlog k.

SURRENDER :‘ sent through a path in a kingdom only before a modification of its
level. Hence, the total number of such messages sent during the whole execution 1s
also bounded by nlog k. '
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NEWSTATUS : broadcasted in the kingdom only to increase its level. Hence, the total
number of such messages sent during the whole execution is also bounded by n log k.

BRANCH : sent on each branched chord of the kingdom, i.e. at most n — 1 messages.

BACKTRACK : sent on a branched chord of the kingdom if the subtree can not reach
further nodes. Hence, the total number of such messages is bounded by the size of
the spanning tree, i.e. at most n — 1.

MOVEWARRIOR : sent on each opened-branched chord of the kingdom if the node
can not reach further nodes. Hence, the total number of such messages is also
bounded by the size of the spanning tree, i.e. at most n — 1.

TERMINATION : at most n — 1 messages.

0

Only seven differents types of message exists. The status is composed of : the identity
of the king which value is at most m, the level which takes at most logn values, and
the List which is a n bits array. Therefore, the size of each message is at most n +
log(7 m logn) bits.

2.3 Worst-Case Optimality

Theorem 2.2 The algorithm has an optimal worst-case message complexity.

Proof Given a chordal ring C, let F(C) denote the set of the possible combination of
links failures in C; clearly the cardinality of F'(C) is 2Bl where F is the set of chords of
C. Given f € F(C) denote by M(C, f) the number of messages required to solve the
election problem in C when the failures described by f have occurred. Then, the worst
case complexity WC(C) to solve the election problem in C after an arbitrary number of
link failures is

WC(C) = max (M(C, )} 2 M(B.,0) = O(n log n)

where n is the number of processors, and R, is the ring without bypass; the last equality
follows from the lower bound by [4] on oriented rings. O

3 Sensitivity to Absence of Failures

The algorithm we have presented uses O(nlogn) messages in the worst case, regardless
of the amount of faults in the system.
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Consider now the case where no faults have occurred in the system and an Election is
required. If all the nodes had a priori knowledge of this absence of failures, then they could
execute an optimal Election protocol for non-faulty networks. In this case, depending on
the chord structure, a lower complexity (in some cases, O(n)) can be achieved 3, 15, 17,
26, 31]. However, to achieve this complexity, it is required that the absence of failures is
a priori known (more specifically, it is common knowledge [12]) to all processors.

Now we show how to achieve the same result without requiring this common-knowledge.
First observe that the existing optimal algorithms for election in non-faulty chordal rings
use only a specific subset of the chords to transmit messages. The basic idea is quite sim-
ple. A processor ” assumes” that its specific incident arcs are non-faulty. Based on this
assumption, it starts the corresponding topology-dependent optimal election algorithm
A. Tf a processor = detects a failure when attempting to transmit a message of protocol
A, = will start the execution of the algorithm proposed in section 2. Thus, if there is no
failures, algorithm A terminates using M4 messages; if there are failures, the overall cost
of this strategy is Ma + O(n logn) which is O(n logn) since My < O(nlogn).

The approach actually leads to a stronger result. To obtain the topology-dependent
optimal bound My for the non-faulty case is sufficient that the chords used by A are
fault-free.

4 Concluding Remarks

In this paper, we have presented a O(n log n) solution for the Election problem in chordal
rings where an arbitrary qumber of links have failed and a processor can only detect the
status of its incident links. If the network is not partitioned, the algorithm will detect
it and will elect a leader. In case the failures have partitioned the network, a distinctive
clement will be determined in each active component and will detect that a partition
has occured; depending on the application, these distintives elements can thus take the
appropriate actions. Moreover, the algorithm is worst-case optimal.

All previous results have been established only for complete graphs and have assumed
an a priori bound on the number of failures. No efficient solution has been yet developed
for arbitrary circulant graphs when failures are bounded but undetectable.
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Appendix: Fault-Tolerant Election

procedure Election(p)
begin
/* initially - processor is asleep */
(0) Upon RECEIPT of (WAKEUP) or other on chord d
State, := Warrior; Substate, := Regular;
Koyt = mal
for each faulty chord d detected
Unused, := Unused, — {d}
SubS,; = closed
level, = 0;king, = id,
List, = 0*; Listp[0] =1
Status, = {king,, level,, List,}
if message = WAKEUP then
ATTEMPT /* attempt on request */
else process as a warrior who lost

end WAKEUP

o If (State, = Citizen) or (State, = King) :

(1) Upon RECEIPT of (REQ UEST,Status) on chord r
TRANSPOSE(List, r)
if Status, < Status then
if Substate, = Regular then
SEND (REQUEST,Status) on chord Wou:
Substate, = Waiting ForSurrender
ReqStatus := Status
Win = r
else delay message /* control requests number */

else kill message
end REQUEST

(2) Upon RECEIPT of (SURRENDER,Status) on chord 7
/* r must be Wous */
TRANSPOSE(List, )
SEND (SURRENDER,Status) on chord Wi,
Substate, = WailingForStatus

end SURRENDER
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(3) Upon RECEIPT of (NEWSTATUS,Status) on chord r
TRANSPOSE(List, )
if king, # king then /* new kingdom */
Lout = T
if king, = idp
then State, := Citizen /* no more king */
fi
Status, = Status
if (Substate, # Regular) and (ReqStatus < Statusp)
then Substate, := Regular
for each traversed chord d except r
SEND (NEWSTATUS,Status) on chord d
end NEWSTATUS

(4) Upon RECEIPT of (BACKTRACK,Status) on chord r
TRANSPOSE(List, r)
SubS, = closed
State, = Warrior
forall chord d with List[d] = 1
do Unused, := Unused, — {d}
ATTEMPT /* attempt on request */
if (Substate, # Regular) then
/* previous warrior backtrack before receipt of request */
SEND (SURRENDER,Status, ) on chord Wi,
Substate, := WaitingForStatus
else /* backtrack again */
BTRACK
fi
end NEWSTATUS

(5) Upon RECEIPT of (MOVEWARRIOR,Status) on chord r
/* must be Koyt */
TRANSPOSE(List, r)
State, := Warrior
forall chord d with List[d] =1

do Unused, := Unused, — {d}
ATTEMPT /* attempt on request */
if Unused, = { then

BTRACK
fi
end NEWSTATUS

o If State, = Warrior:

(6) Upon RECEIPT of (REQUEST,Status) on chord r
TRANSPOSE(List, r)
if Status, < Stalus then
if Substate, = Regular then
[/Vm =T
SEND (SURRENDER,Status, ) on chord Wi,
Substate, := WaitingForStatus
else delay message /* control requests number */
else kill message

end REQUEST
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(7) Upon RECEIPT of (NEWSTATUS,Status) on chord »
TRANSPOSE(List, r)
List := List, U List
Koyt =1
Status, = Status
Substate, = Regular
for each traversed chord d except r do
SEND (NEWSTATUS,Status) on chord d
forall chord d with List[d] =1
do Unused, := Unused, — {d}
accept delayed messages /* possible waiting requests */
if (State = Warrior) then
if List[1..n] # 1* then /* start a new attack */
ATTEMPT /* attempt on request */
if Unused, = § then BTRACK
else /* no more node to attack */
/* The graph is connected */
for each d € Traversed, do
SEND (TERMINATION,Status) on chord d
State, = Citizen
od
fi
fi
end NEWSTATUS

(8) Upon RECEIPT of (SURRENDER,Status) on chord r
TRANSPOSE(List, r)
List, = List, U List
if Opened, = 0 then State, = King
else State, = Citizen
fi
SEND (TRAVERSE) on chord »
S, = traversed
SubS, = opened
Wous 1= 7 /* new warrior direction */
if Substate = Regular then
if level = level, then
level, := level, +1
SEND (NEWSTATUS,Statusy)
on all traversed chords
else SEND (NEWSTATUS,Status, ) on chord r
fi
/¥ else: new status yet unknown,
will forward it as a Citizen */
fi
end SURRENDER

e forall State, :
(9) Upon RECEIPT of (TRAVERSE) on chord r
S, = traversed

‘SvubSr = opened
end TRAVERSE
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(10) Upon RECEIPT of (TERMINATION,Status) on chord r
/* if the List # 1* then the graph is not connected */
for each d € Traversed, — {r} do
SEND (TERMINATION, Status) on chord d
od

terminate execution /* king, and K,y: already known */
end TERMINATION

procedure TRANSPOSE(List, r)

NewlList : array of [1..n] bits

begin
forall i € [1..n] do NewList[(r + i) mod n] := List[i]
forall i € [1..n] do List[i] := NewList[i]

end TRANSPOSE

procedure BTRACK
if Opened, = then
/* Complete Election in the connected Component */
for each d € Traversed, do
SEND (TERMINATION,Status) on chord d
od
else
if Opened, # {Kou:} then /* give power to a son */
SEND (MOVEWARRIOR,Status)
on chord r € Opened, — {Kout}
Wour := 7
else /* backtrack to its parent */
SEND (BACKTRACK,Status) on chord Koyt
SubSkout = closed
Wour 1= Kout

fi
end BTRACK

procedure ATTEMPT
if Unused, # 0 then
repeat Select unused chord r
SEND (REQUEST,Status) on r
if chord r is Faulty then
Failed, = Failed, + {r}
Unused, := Unused, — {r}
until Unused, = § or r non-Faulty
fi end ATTEMPT

end Election(p)
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