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A
Appendix: Pseudocode Descriptions

Pseudocode descriptions are presented for a considerable number of
distributed algorithms discussed in the main body of this book. Several
algorithms are excluded here either because their pseudocode descriptions
are trivial or very similar to another algorithm that is included or because
the main body contains a description that resembles the pseudocode.

Each piece of pseudocode is presented for a process p or pi; its local
variables are subscripted with p or i, respectively. We use Neighborsp to
denote the set of neighbors of process p in the network and use Processes
for the set of processes in the network.

Each pseudocode description starts with a variable declaration section.
Let bool, nat, int, and real denote the data type of Booleans, natural
numbers, integers, and reals, with default initial values false for the first
data type and 0 for the latter three. The operations ∧, ∨, and ¬ on Booleans
denote conjunction, disjunction, and negation, respectively. The data type
dist, representing distance, consists of the natural numbers extended with
infinity ∞, where ∞ + d = d + ∞ = ∞ for all distance values d, and d < ∞ for
all d ≠ ∞; its default initial value is ∞.

The data type of processes in the network, proc, has default initial value
⊥ (i.e., undefined). The data types mess-queue and proc-queue represent
FIFO queues of basic messages and processes, respectively. Likewise,



mess-set, proc-set, proc-nat-set, proc-real-nat-set, and proc-dist-set
represent sets of basic messages; processes; pairs of a process and a natural
number; triples of a process, a natural number, and a real value; and pairs of
a process and a distance value, respectively. Variables containing queues or
sets have as default initial value Ø ; that is, empty. There are three operations
on queues: head produces the head and tail the tail of the queue (on the
empty queue, these operations are undefined), while append(Q, e) appends
element e at the end of queue Q.

We recall that assignment of a new value to a variable is written as ←.
Equality between two data elements, d1 = d2 (or between two sets, S1 = S2),
represents a Boolean value, which is true if and only if the two elements (or
sets) are equal. We also recall that the network topology is supposed to be
strongly connected. In the pseudocode, it is assumed that the network size N
is greater than one.

A process is supposed to interrupt the execution of a procedure call
(under a boxed text, such as “If p receives […]”) only if it needs to wait for
an incoming message, or in the case of a while b do statement end while
construct, or when it enters its critical section.

In general, pseudocode tends to be error-prone because on the one hand
it is condensed and intricate, while on the other hand it has never been
executed. I welcome any comments on the pseudocode descriptions, as well
as on the main body of the book.

A.1  Chandy-Lamport Snapshot Algorithm
The Boolean variable recordedp in the following pseudocode is set (to true)
when p takes a local snapshot of its state. For each incoming channel c of p,
the Boolean variable markerp[c] is set when a marker message arrives at p
through c, and the queue statep[c] keeps track of the basic messages that
arrive through channel c after p has taken its local snapshot and before a
marker message arrives through c.

bool recordedp, markerp[c] for all incoming channels c of p;
mess-queue statep[c] for all incoming channels c of p;

If p wants to initiate a snapshot



perform procedure TakeSnapshotp;

If p receives a basic message m through an incoming channel c0

if recordedp = true and markerp[c0] = false then
statep[c0] ← append(statep[c0], m);

end if

If p receives ⟨marker⟩ through an incoming channel c0

perform procedure TakeSnapshotp;
markerp[c0] ← true;
if markerp[c] = true for all incoming channels c of p then

terminate;
end if

Procedure TakeSnapshotp

if recordedp = false then
recordedp ← true;
send ⟨marker⟩ into each outgoing channel of p;
take a local snapshot of the state of p;

end if

A.2  Lai-Yang Snapshot Algorithm
The variable recordedp is set when p takes a local snapshot of its state. The
set Statep[qp] keeps track of the basic messages that arrive at p through its
incoming channel qp after p has taken its local snapshot and that were sent
by q before it took its local snapshot. The variable counterq[qp] counts how
many basic messages process q sent into its outgoing channel qp before
taking its local snapshot. Right before taking its local snapshot, q sends the
control message ⟨presnap, counterq[qp] + 1⟩ to p (the + 1 is present
because the control message itself is also counted), and p stores the value
within this message in the variable counterp[qp]. Finally, p terminates when
it has received a control message ⟨presnap, k⟩ and k − 1 basic messages
with the tag false through each incoming channel qp.

bool recordedp;



nat counterp[c] for all channels c of p;
mess-set Statep[c] for all incoming channels c of p;

If p wants to initiate a snapshot
perform procedure TakeSnapshotp;

If p sends a basic message m into an outgoing channel c0

send ⟨m, recordedp⟩ into c0;
if recordedp = false then

counterp[c0] ← counterp[c0] + 1;
end if

If p receives ⟨m, b⟩ through an incoming channel c0

if b = true then
perform procedure TakeSnapshotp;

else
counterp[c0] ← counterp[c0] − 1;
if recordedp = true then

Statep[c0] ← Statep[c0] ∪{m};
if |Statep[c]| + 1 = counterp[c] for all incoming channels c of p then

terminate;
end if

end if
end if

If p receives ⟨presnap, ℓ⟩ through an incoming channel c0

counterp[c0] ← counterp[c0] + ℓ;
perform procedure TakeSnapshotp;
if |Statep[c]| + 1 = counterp[c] for all incoming channels c of p then

terminate;
end if

Procedure TakeSnapshotp

if recordedp = false then
recordedp ← true;
send ⟨presnap, counterp[c] + 1⟩ into each outgoing channel c;



take a local snapshot of the state of p;
end if

A.3  Cidon’s Depth-First Search Algorithm
The variable parentp contains the parent of p in the spanning tree rooted at
the initiator (or ⊥ if p has no parent); infop is set when p sends the token for
the first time, and tokenp[q] is set when p is certain that neighbor q will
receive or has received the token. In the variable forwardp, the neighbor is
stored to which p forwarded the token last.

bool infop, tokenp[r] for all r ∈ Neighborsp;
proc parentp, forwardp;

If p is the initiator
perform procedure ForwardTokenp;

If p receives ⟨info⟩ from a neighbor q
if forwardp ≠ q then

tokenp[q] ← true;
else

perform procedure ForwardTokenp;
end if

If p receives ⟨token⟩ from a neighbor q
if forwardp = ⊥ then

parentp ← q;    tokenp[q] ← true;
perform procedure ForwardTokenp;

else if forwardp = q then
perform procedure ForwardTokenp;

else
tokenp[q] ← true;

end if

Procedure ForwardTokenp

if {r ∈ Neighborsp | tokenp[r] = false} ≠ Ø  then



choose a q from this set, and send ⟨token⟩ to q;
forwardp ← q;    tokenp[q] ← true;
if infop = false then

send ⟨info⟩ to each r ∈ Neighborsp ∖ {q, parentp};
infop ← true;

end if
else if parentp ≠ ⊥ then

send ⟨token⟩ to parentp;
else

decide;
end if

A.4  Tree Algorithm
The variable parentp contains the parent of p in the spanning tree. The
variable receivedp[q] is set when p receives a wave message from neighbor
q. Messages are included to inform all processes of the decision.

bool receivedp[r] for all r ∈ Neighborsp;
proc parentp;

Initialization of p
perform procedure SendWavep;

If p receives ⟨wave⟩ from a neighbor q
receivedp[q] ← true;
perform procedure SendWavep;

Procedure SendWavep

if |{r ∈ Neighborsp | receivedp[r] = false}| = 1 then
send ⟨wave⟩ to the only q ∈ Neighborsp with receivedp[q] = false;
parentp ← q;

else if |{r ∈ Neighborsp | receivedp[r] = false}| = 0 then
decide;
send ⟨info⟩ to each r ∈ Neighborsp ∖ {parentp};

end if



If p receives ⟨info⟩ from parentp

send ⟨info⟩ to each r ∈ Neighborsp ∖ {parentp};

A.5  Echo Algorithm
The variable parentp contains the parent of p in the spanning tree rooted at
the initiator. The variable receivedp counts how many wave messages have
arrived at p.

nat receivedp;
proc parentp;

If p is the initiator
send ⟨wave⟩ to each r ∈ Neighborsp;

If p receives ⟨wave⟩ from a neighbor q
receivedp ← receivedp + 1;
if parentp = ⊥ and p is a noninitiator then

parentp ← q;
if |Neighborsp| > 1 then

send ⟨wave⟩ to each r ∈ Neighborsp ∖ {q};
else

send ⟨wave⟩ to q;
end if

else if receivedp = |Neighborsp| then
if parentp ≠ ⊥ then

send ⟨wave⟩ to parentp;
else

decide;
end if

end if

A.6  Shavit-Francez Termination Detection Algorithm
The variable parentp contains the parent of p in a tree in the forest, and ccp

keeps track of (or better, estimates from above) the number of children of p



in its tree. The variable activep is set when p becomes active, and it is reset
when p becomes passive.

bool activep;
nat ccp;
proc parentp;

If p is an initiator
activep ← true;

If p sends a basic message
ccp ← ccp + 1;

If p receives a basic message from a neighbor q
if activep = false then

activep ← true; parentp ← q;
else

send ⟨ack⟩ to q;
end if

If p receives ⟨ack⟩
ccp ← ccp − 1;
perform procedure LeaveTreep;

If p becomes passive
activep ← false;
perform procedure LeaveTreep;

Procedure LeaveTreep

if activep = false and ccp = 0 then
if parentp ≠ ⊥ then

send ⟨ack⟩ to parentp;
parentp ← ⊥;

else
start a wave, tagged with p;

end if



end if

If p receives a wave message
if activep = false and ccp = 0 then

act according to the wave algorithm;
in the case of a decide event, call Announce;

end if

A.7  Rana’s Termination Detection Algorithm
The variable activep is set when p becomes active, and it is reset when p
becomes passive. The variable clockp represents the clock value at p, and
unackp keeps track of the number of unacknowledged basic messages sent
by p.

bool activep;
nat clockp, unackp;

If p is an initiator
activep ← true;

If p sends a basic message
unackp ← unackp + 1;

If p receives a basic message from a neighbor q
activep ← true;
send ⟨ack, clockp⟩ to q;

If p receives ⟨ack, t⟩
clockp ← max{clockp, t + 1};    unackp ← unackp − 1;
if activep = false and unackp = 0 then

start a wave, tagged with p and clockp;
end if

If p becomes passive
activep ← false;



if unackp = 0 then
start a wave, tagged with p and clockp;

end if

If p receives a wave message tagged with q and t
if activep = false and unackp = 0 and clockp ≤ t then

act according to the wave algorithm, for the wave tagged with q and t;
in the case of a decide event, call Announce;

end if
clockp ← max{clockp, t};

A.8  Safra’s Termination Detection Algorithm
The variable activep is set when p becomes active, and it is reset when p
becomes passive. The variable blackp is set when p receives a basic
message, and it is reset when p forwards the token. Moreover, the initiator
of the control algorithm at the start sets this variable to make sure it sends
out the token when it becomes passive for the first time. As long as p is
holding the token, tokenp is set. When p sends or receives a basic message,
mess-counterp is increased or decreased by 1, respectively. The variable
token-counterp is used to store the counter value of the token. For
simplicity, we assume that the initiator of the control algorithm is also an
initiator of the basic algorithm.

bool activep, tokenp, blackp;
int mess-counterp, token-counterp;

If p is the initiator of the control algorithm
tokenp ← true;    blackp ← true;

If p is an initiator of the basic algorithm
activep ← true;

If p sends a basic message
mess-counterp ← mess-counterp + 1;

If p receives a basic message



activep ← true;    blackp ← true;    mess-counterp ← mess-counterp − 1;

If p becomes passive
activep ← false;
perform procedure TreatTokenp;

If p receives ⟨token, b, k⟩
tokenp ← true;    blackp ← blackp ∨ b;    token-counterp ← k;
perform procedure TreatTokenp;

Procedure TreatTokenp

if activep = false and tokenp = true then
if blackp = false then

mess-counterp ← mess-counterp + token-counterp

end if
if p is a noninitiator then

forward ⟨token, blackp, mess-counterp⟩;
tokenp ← false;    blackp ← false;

else if blackp = true or mess-counterp > 0 then
send ⟨token, false, 0⟩ on a round trip through the network;
tokenp ← false;    blackp ← false;

else
call Announce;

end if
end if

A.9  Weight-Throwing Termination Detection Algorithm
The variable activep is set when p becomes active, and it is reset when p
becomes passive. The variable weightp contains the weight at p, and total
contains the total amount of weight in the network. The constant minimum,
a real value between 0 and , represents the minimum allowed weight at a
process. In the case of underflow, a noninitiator informs the initiator that it
has added one extra unit of weight to the system, and it waits for an
acknowledgment from the initiator. For simplicity, we assume that there is



an undirected channel between the initiator and every other process in the
network.

bool activep;
real weightp, total only at the initiator;

If p is the initiator
activep ← true;    weightp ← 1;    total ← 1;

If p sends a basic message m to a neighbor q
if · weightp < minimum then

if p is a noninitiator then
send ⟨more-weight⟩ to the initiator to ask for extra weight;
wait for an acknowledgment from the initiator to arrive;

else
total ← total + 1;

end if
weightp ← weightp + 1;

end if
send ⟨m, ·weightp⟩ to q;
weightp ← ·weightp;

If p receives a basic message ⟨m, w⟩
activep ← true;    weightp ← weightp + w;

If p becomes passive
activep ← false;
if p is a noninitiator then

send ⟨return-weight, weightp⟩ to the initiator;
weightp ← 0;

else if total = weightp then
call Announce;

end if

If initiator p receives ⟨more-weight⟩ from a process q
total ← total + 1;



send an acknowledgment to q;

If initiator p receives ⟨return-weight, w⟩
weightp ← weightp + w;
if activep = false and total = weightp then

call Announce;
end if

A.10  Chandy-Misra Routing Algorithm
The variable parentp contains the parent of p in the spanning tree rooted at
the initiator, and distp is the distance value of p toward the initiator.

dist distp;
proc parentp;

If p is the initiator
distp ← 0;
send ⟨dist, 0⟩ to each r ∈ Neighborsp;

If p receives ⟨dist, d⟩ from a neighbor q
if d + weight(pq) < distp then

distp ← d + weight(pq);    parentp ← q;
send ⟨dist, distp⟩ to each r ∈ Neighborsp ∖ {q};

end if

A.11  Merlin-Segall Routing Algorithm
The variable parentp contains the parent of p in the spanning tree rooted at
the initiator, and distp is the distance value of p toward the initiator. In new-
parentp, the process is stored that sent the message to p on which the current
value of distp is based; at the end of a round, the value of new-parentp is
passed on to parentp. In counterp, p keeps track of how many messages it
has received in the current round.

nat counterp;



dist distp;
proc parentp, new-parentp;

If p is the initiator
distp ← 0;
initiate a wave that determines a spanning tree of the network, captured
by values of parentr for all r ∈ Processes, with p as root;
wait until this wave has terminated;
for k = 1 to N − 1 do

send ⟨dist, 0⟩ to each r ∈ Neighborsp;
while counterp < |Neighborsp| do

wait for a message ⟨dist, d⟩ to arrive;
counterp ← counterp + 1;

end while
counterp ← 0;

end for

If p is a noninitiator
take part in the wave, and provide parentp with the resulting parent
value;
for k = 1 to N − 1 do

while counterp < |Neighborsp| do
wait for a message ⟨dist, d⟩ from a q ∈ Neighborsp;
counterp ← counterp + 1;
if d + weight(pq) < distp then

distp ← d + weight(pq);    new-parentp ← q;
end if
if q = parentp then

send ⟨dist, distp⟩ to each r ∈ Neighborsp ∖ {parentp};
end if

end while
send ⟨dist, distp⟩ to parentp;
parentp ← new-parentp;    counterp ← 0;

end for



A.12  Toueg’s Routing Algorithm
The variable parentp[q] contains the parent of p in the spanning tree rooted
at process q, and distp[q] is the distance value of p toward destination q. In
roundp, p keeps track of its round number. The distance values of the pivot
in round k are stored in Distancesp[k]. Each process that sends a request to p
for the distance values of the pivot in the current or a future round k is
stored in Forwardp[k]. We assume that p only treats incoming requests
when it is idle, to avoid having a request stored in Forwardp[k] after p
forwarded the distance values of the pivot in round k. The pivot in round k
is denoted by pivot(k). We include the optimization that a process, upon
receiving distance values from the pivot, first checks which of its distance
values are improved and then forwards only those elements of the set that
gave rise to an improved distance value.

nat roundp;
dist distp[r] for all r ∈ Processes;
proc parentp[r] for all r ∈ Processes;
proc-set Forwardp[k] for all k ∈ {0,…,N − 1};
proc-dist-set Distancesp[k] for all k ∈ {0,…,N − 1};

Initialization of p
distp[p] ← 0; parentp[r] ← r and distp[r] ← weight(pr) for all r ∈
Neighborsp;
perform procedure Requestp;

Procedure Requestp

if p = pivot(roundp) then
send ⟨dist-set, {(r, distp[r]) | r ∈ Processes and distp[r] < ∞}⟩
to each q ∈ Forwardp[roundp];
perform procedure NextRoundp;

else if parentp[pivot(roundp)] ≠ ⊥ then
send ⟨request, roundp⟩ to parentp[pivot(roundp)];

else
perform procedure NextRoundp;

end if



If p receives ⟨request, k⟩ from a neighbor q
if k < roundp then

send ⟨dist-set, Distancesp[k]⟩ to q;
else

Forwardp[k] ← Forwardp[k] ∪{q};
end if

If p receives ⟨dist-set, Distances⟩ from parentp[pivot(roundp)]
for each s ∈ Processes do

if there is a pair (s, d) in Distances then
if d + distp[pivot(roundp)] < distp[s] then

parentp[s] ← parentp[pivot(roundp)];
distp[s] ← d + distp[pivot(roundp)];

else
remove entry (s, d) from Distances;

end if
end if

end for
send ⟨dist-set, Distances⟩ to each r ∈ Forwardp[roundp];
Distancesp[roundp] ← Distances;
perform procedure NextRoundp;

Procedure NextRoundp

if roundp < N − 1 then
roundp ← roundp + 1;
perform procedure Requestp;

else
terminate;

end if

A.13  Frederickson’s Breadth-First Search Algorithm
The variable parentp contains the parent of p in the spanning tree rooted at
the initiator, and distp is the distance value of p toward the initiator. In
distp[r], p stores the best-known distance value of neighbor r. After p has



sent forward or explore messages, it uses Ackp to keep track of the
neighbors that should still send a (positive or negative) reply. In Reportedp,
p keeps track of the neighbors to which it must send a forward message in
the next round. The initiator maintains the round number in counter. During
each round, ℓ levels are explored. For uniformity, messages ⟨reverse, b⟩ are
always supplied with the distance value of the sender.

nat counter only at the initiator;
dist distp, distp[r] for all r ∈ Neighborsp;
proc parentp;
proc-set Ackp, Reportedp;

If p is the initiator
send ⟨explore, 1⟩ to each r ∈ Neighborsp;
distp ← 0;    Ackp ← Neighborsp;    counter ← 1;

If p receives ⟨explore, k⟩ from a neighbor q
distp[q] ← min{distp[q], k − 1};
if k < distp then

parentp ← q; distp ← k; Reportedp ← Ø ;
if k mod ℓ ≠ 0 then

send ⟨explore, k + 1⟩ to each r ∈ Neighborsp ∖ {q};
Ackp ← {r ∈ Neighborsp | distp[r] > k + 1};
if Ackp = Ø  then

send ⟨reverse, k, false⟩ to q;
end if

else
send ⟨reverse, k, true⟩ to q;

end if
else if k > distp or k mod ℓ ≠ 0 then

if k ≤ distp + 2 and q ∈ Ackp then
Ackp ← Ackp ∖ {q};
perform procedure ReceivedAckp;

else if k = distp then
Reportedp ← Reportedp ∖ {q};

end if



else
send ⟨reverse, k, false⟩ to q;

end if

If p receives ⟨reverse, k, b⟩ from a neighbor q
distp[q] ← min{distp[q], k};
if k = distp + 1 then

if b = true and distp[q] = k then
Reportedp ← Reportedp ∪{q};

end if
if q ∈ Ackp then

Ackp ← Ackp ∖ {q};
perform procedure ReceivedAckp;

end if
end if

Procedure ReceivedAckp

if Ackp = Ø  then
if parentp ≠ ⊥ then

send ⟨reverse, distp, Reportedp ≠ Ø⟩ to parentp;
else if Reportedp ≠ Ø  then

send ⟨forward, ℓ·counter⟩ to each r ∈ Reportedp;
Ackp ← Reportedp; Reportedp ← Ø ; counter ← counter + 1;

else
terminate;

end if
end if

If p receives ⟨forward, k⟩ from a neighbor q
if q = parentp then

if k < depthp then
send ⟨forward, k⟩ to each r ∈ Reportedp;
Ackp ← Reportedp; Reportedp ← Ø ;

else
Ackp ← {r ∈ Neighborsp | distp[r] = ∞};
if Ackp ≠ Ø  then



send ⟨explore, k + 1⟩ to each r ∈ Ackp;
else

send ⟨reverse, k, false⟩ to q;
end if

end if
end if

A.14  Dolev-Klawe-Rodeh Election Algorithm
Initially, activep is set if p is an initiator, and it is reset when p becomes
passive. If p terminates as the leader, it sets leaderp. Since messages of two
consecutive rounds can overtake each other, p keeps track of the parity of
its round number in parityp and attaches this Boolean value to its message.
In election-idp, p stores the ID it assumes for the current election round. In
neighb-idp[0, b] and neighb-idp[1, b], p stores the process IDs of its two
nearest active predecessors in the directed ring, with b the parity of the
corresponding election round. We assume a total order < on process IDs.

bool activep, leaderp, parityp;
proc election-idp, neighb-idp[n, b] for n = 0, 1 and Booleans b;

If p is an initiator
activep ← true;    election-idp ← p;
send ⟨id, p, 0, b⟩;

If p receives ⟨id, q, n, b⟩
if activep = true then

if n = 0 then
send ⟨id, q, 1, b⟩;

end if
neighb-idp[n, b] ← q;
if neighb-idp[n, parityp] ≠ ⊥ for n = 0 and n = 1 then

perform procedure CompareIdsp;
end if

else
send ⟨id, q, n, b⟩;



end if

Procedure CompareIdsp

if max{election-idp, neighb-idp[1, parityp]} < neighb-idp[0, parityp] then
election-idp ← neighb-idp[0, parityp];
neighb-idp[n, parityp] ← ⊥ for n = 0 and n = 1;    parityp ← ¬parityp;
send ⟨id, election-idp, 0, parityp⟩;
if neighb-idp[n, parityp] ≠ ⊥ for n = 0 and n = 1 then

perform procedure CompareIdsp;
end if

else if neighb-idp[0, parityp] < election-idp then
activep ← false;

else
leaderp ← true;

end if

A.15  Gallager-Humblet-Spira Minimum Spanning Tree
Algorithm
The variable parentp contains p’s parent toward the core edge of p’s
fragment. The name and level of p’s fragment are stored in namep and
levelp. Initially, statep has the value find; for simplicity, the state sleep and
the corresponding wake-up phase are omitted. The channel states, statep[q]
for each q ∈ Neighborsp, initially are basic. While looking for a lowest-
weight outgoing edge, p stores the optimal intermediate result in best-
weightp. If the optimal result was reported through the basic or branch edge
pq, then best-edgep has the value q. While p is testing whether basic edge pq
is outgoing, test-edgep has the value q. In counterp, p keeps track of how
many branch edges have reported their minimum values; it starts at 1 to
account for the fact that p’s parent in general does not report a value (except
for the core nodes). In parent-reportp, a core node p can keep the value
reported by its parent; if there is no report yet, its value is 0, while the value
∞ means that p’s parent has reported no outgoing edges at its side. In
Connectsp and Testsp, p stores incoming connect and test messages to



which a reply is being delayed until the level of p’s fragment is high
enough.

{find, found}statep;
{basic, branch, rejected}statep[r] for all r ∈ Neighborsp;
real namep;
nat levelp, counterp;
dist best-weightp, parent-reportp;
proc parentp, test-edgep, best-edgep;
proc-nat-set Connectsp;
proc-real-nat-set Testsp;

Initialization of p
determine the lowest-weight channel pq;
statep ← found;    statep[q] ← branch;    counterp ← 1;    parent-reportp

← 0;
send ⟨connect, 0⟩ to q;

If p receives ⟨connect, ℓ⟩ from a neighbor q
if ℓ < levelp then

send ⟨initiate, namep, levelp, statep⟩ to q;
statep[q] ← branch;

else if statep[q] = branch then
send ⟨initiate, weight(pq), levelp + 1, find⟩ to q;

else
Connectsp = Connectsp ∪{(q, ℓ)};

end if

If p receives ⟨initiate, fn, ℓ, st⟩ from a neighbor q
namep ← fn;    levelp ← ℓ;    statep ← st;    parentp ← q;
best-edgep ← ⊥;    best-weightp ← ∞;    counterp ← 1;    parent-reportp

← 0;
for each (q0, ℓ0) ∈ Connectsp do

if ℓ0 < levelp then
statep[q0] ← branch;    Connectsp ← Connectsp ∖ {(q0, ℓ0)};

end if



end for
send ⟨initiate, fn, ℓ, st⟩ to each r ∈ Neighborsp ∖ {q} with statep[r] =
branch;
for each (q1, fn1, ℓ1) ∈ Testsp do

if ℓ1 ≤levelp then
perform procedure ReplyTestp(q1);
Testsp ← Testsp ∖ {(q1, fn1, ℓ1)};

end if
end for
if st = find then

perform procedure FindMinimalOutgoingp;
end if

Procedure FindMinimalOutgoingp

if {pr | r ∈ Neighborsp and statep(pr) = basic} ≠ Ø  then
send ⟨test, namep, levelp⟩ into the lowest-weight channel pq in this
collection;
test-edgep ← q;

else
test-edgep ← ⊥;
if counterp = |{r ∈ Neighborsp | statep[r] = branch}| then

perform procedure SendReportp

end if
end if

If p receives ⟨test, fn, ℓ⟩ from a neighbor q
if ℓ ≤levelp then

perform procedure ReplyTestp(q);
else

Testsp = Testsp ∪{(q, fn, ℓ)};
end if

Procedure ReplyTestp(q)
if namep ≠ fn then

send ⟨accept⟩ to q;
else



statep[pq] ← rejected;
if test-edgep ≠ q then

send ⟨reject⟩ to q;
else

perform procedure FindMinimalOutgoingp;
end if

end if

If p receives ⟨reject⟩ from a neighbor q
statep[q] ← rejected;
perform procedure FindMinimalOutgoingp;

If p receives ⟨accept⟩ from a neighbor q
test-edgep ← ⊥;
if weight(pq) < best-weightp then

best-edgep ← q;    best-weightp ← weight(pq);
end if
if counterp = |{r ∈ Neighborsp | statep[r] = branch}| then

perform procedure SendReportp

end if

Procedure SendReportp

statep ← found;
send ⟨report, best-weightp⟩ to parentp;
if parent-reportp > 0 and best-weightp < parent-reportp then

perform procedure ChangeRootp;
end if

If p receives ⟨report, λ⟩ from a neighbor q
if q ≠ parentp then

counterp ← counterp + 1;
if λ < best-weightp then

best-edgep ← q;    best-weightp ← λ;
end if
if counterp = |{r ∈ Neighborsp | statep[r] = branch}| and test-edgep = ⊥
then



perform procedure SendReportp

end if
else if statep = find then

parent-reportp ← λ;
else

if best-weightp < λ then
perform procedure ChangeRootp;

else if λ = ∞ then
terminate;

end if
end if

Procedure ChangeRootp

if statep[best-edgep] = branch then
send ⟨changeroot⟩ to best-edgep;

else
statep[best-edgep] ← branch;
send ⟨connect, levelp⟩ to best-edgep;
if (best-edgep, levelp) ∈ Connectsp then

send ⟨initiate, best-weightp, levelp + 1, find⟩ to best-edgep;
Connectsp ← Connectsp ∖ {(best-edgep, levelp)};

end if
end if

If p receives ⟨changeroot⟩
perform procedure ChangeRootp;

A.16  IEEE 1394 Election Algorithm
The variable parentp contains the parent of p in the spanning tree. The
variable receivedp[q] is set when p receives a parent request from a neighbor
q to which p has not sent a parent request. If p gets into root contention and
chooses to start a timer, it sets waitingp. If p terminates as the leader, it sets
leaderp.

bool leaderp, waitingp, receivedp[r] for all r ∈ Neighborsp;



proc parentp;

Initialization of p
perform procedure SendRequestp;

Procedure SendRequestp

if |{r ∈ Neighborsp | receivedp[r] = false}| = 1 then
send ⟨parent-req⟩ to the only q ∈ Neighborsp with receivedp[q] =
false;
parentp ← q;

end if

If p receives ⟨parent-req⟩ from a neighbor q
if q ≠ parentp then

receivedp[q] ← true;
send ⟨ack⟩ to q;
perform procedure SendRequestp;

else if waitingp = false then
perform procedure RootContentionp;

else
leaderp ← true;

end if

If p receives ⟨ack⟩ from parentp

terminate;

Procedure RootContentionp

either send ⟨parent-req⟩ to q and waitingp ← false,
or start a timer and waitingp ← true;

If a timeout occurs at p
perform procedure RootContentionp;

A.17  Awerbuch’s Synchronizer



The variable parentp is the parent of p in the spanning tree within its cluster,
Childrenp contains the children of p in this spanning tree, and Designatedp

contains the processes q for which there is a designated channel pq. Note
that these three values are fixed after the initialization phase. In 1st-counterp

and 2nd-counterp, p keeps track of how many messages still need to be
received in the first and second phases of this synchronizer, respectively.

nat 1st-counterp, 2nd-counterp;
proc parentp;
proc-set Childrenp, Designatedp;

Initialization
The network is divided into clusters, and within each cluster a spanning
tree is built. Between each pair of distinct clusters that are connected by
a channel, one of these connecting channels is labeled as designated.
Furthermore, a wake-up phase makes sure that each process starts its
first pulse, meaning that it performs the procedure NewPulse.

Procedure NewPulsep

send k ≥ 0 basic messages;
1st-counterp ← k + |Childrenp|;    2nd-counterp ← |Childrenp| +
|Designatedp|;
perform procedure FirstReportp;

If p receives a basic message from a neighbor q
send ⟨ack⟩ to q;

If p receives ⟨ack⟩ or ⟨safe⟩
1st-counterp ← 1st-counterp − 1;
perform procedure FirstReportp;

Procedure FirstReportp

if 1st-counterp = 0 then
if parentp ≠ ⊥ then

send ⟨safe⟩ to parentp;
else



perform procedure SendNextp;
end if

end if

Procedure SendNextp

send ⟨next⟩ to each q ∈ Childrenp;
send ⟨cluster-safe⟩ to each r ∈ Designatedp;
perform procedure SecondReportp;

If p receives ⟨next⟩
perform procedure SendNextp;

If p receives ⟨cluster-safe⟩
2nd-counterp ← 2nd-counterp − 1;
perform procedure SecondReportp;

Procedure SecondReportp

if 2nd-counterp = 0 then
if parentp ≠ ⊥ then

send ⟨cluster-safe⟩ to parentp;
else

perform procedure SendClusterNextp;
end if

end if

Procedure SendClusterNextp

send ⟨cluster-next⟩ to each q ∈ Childrenp;
perform procedure NewPulsep;

If p receives ⟨cluster-next⟩
perform procedure SendClusterNextp;

A.18  Ricart-Agrawala Mutual Exclusion Algorithm
We use the lexicographical order on pairs (t, i) with t a time stamp and i a
process index. The variable clocki represents the clock value at pi; it starts at



1. In req-stampi, pi stores the time stamp of its current request; if there is
none, req-stampi = 0. The number of permissions that pi has received for its
current request is maintained in counteri. In Pendingi, pi keeps track of the
processes it has received a request from but to which it has not yet sent
permission. The Carvalho-Roucairol optimization is taken into account. In
Requestsi, pi keeps track of the processes to which it must send (or has sent)
its next (or current) request.

nat clocki, req-stampi, counteri;
proc-set Pendingi, Requestsi;

Initialization of pi

Requestsi ← Neighborsi;    clocki ← 1;

If pi wants to enter its critical section
if Requestsi ≠ Ø  then

send ⟨request, clocki, i⟩ to each q ∈ Requestsi;
req-stampi ← clocki;    counteri ← 0;

else
perform procedure CriticalSectionp;

end if

If pi receives ⟨permission⟩
counteri ← counteri + 1;
if counteri = |Requestsi| then

perform procedure CriticalSectionp;
end if

Procedure CriticalSectionp

enter critical section;
exit critical section;
send ⟨permission⟩ to each q ∈ Pendingi;
req-stampi ← 0;    Requestsi ← Pendingi;    Pendingi ← Ø ;

If pi receives ⟨request, t, j⟩ from a pj

clocki ← max{clocki, t + 1};



if req-stampi = 0 or (t, j) < (req-stampi, i) then
send ⟨permission⟩ to pj;
if pj  Requestsi then

Requestsi ← Requestsi ∪{pj};
if req-stampi > 0 then

send ⟨request, req-stampi, i⟩ to pj;
end if

end if
else

Pendingi ← Pendingi ∪{pj};
end if

A.19  Raymond’s Mutual Exclusion Algorithm
The variable parentp contains the parent of p in the spanning tree. The
queue pendingp contains the children of p in the tree that have asked for the
token and possibly p itself.

proc parentp;
proc-queue pendingp;

If p is the initiator
Initiate a wave that determines a spanning tree of the network, captured
by values of parentr for all r ∈ Processes, with p as root;

If p wants to enter its critical section
if parentp ≠ ⊥ then

pendingp ← append(pendingp, p);
if head(pendingp) = p then

send ⟨request⟩ to parentp;
end if

else
perform procedure CriticalSectionp;

end if

If p receives ⟨request⟩ from a neighbor q



pendingp ← append(pendingp, q);
if head(pendingp) = q then

if parentp ≠ ⊥ then
send ⟨request⟩ to parentp;

else if p is not in its critical section then
perform procedure SendTokenp;

end if
end if

If p receives ⟨token⟩
if head(pendingp) ≠ p then

perform procedure SendTokenp;
else

parentp ← ⊥;    pendingp ← tail(pendingp);
perform procedure CriticalSectionp;

end if

Procedure SendTokenp

parentp ← head(pendingp);    pendingp ← tail(pendingp);
send ⟨token⟩ to parentp;
if pendingp ≠ Ø  then

send ⟨request⟩ to parentp;
end if

Procedure CriticalSectionp

enter critical section;
exit critical section;
if pendingp ≠ Ø  then

perform procedure SendTokenp;
end if

A.20  Agrawal–El Abbadi Mutual Exclusion Algorithm
The variable requestsp contains a queue of processes from which p must still
obtain permission to enter its critical section. The set Permissionsp contains
the processes from which p has received permission during its current



attempt to become privileged. The queue pendingp contains the processes
from which p has received a request; it has only sent permission to the head
of this queue. (We recall that p may have to ask permission from itself.) We
assume that N = 2k − 1 for some k > 1, so that the binary tree has depth k −
1. The constant root denotes the root node of the binary tree, and for any
nonleaf q in the tree, left-child(q) and right-child(q) denote its children at
the left and right, respectively. Processes may crash, and they are provided
with a complete and strongly accurate failure detector. When p detects that
another process has crashed, it puts the corresponding process ID in the set
Crashedp.

proc-queue requestsp, pendingp;
proc-set Permissionsp, Crashedp;

If p wants to enter its critical section
requestsp ← append(Ø , root);
perform procedure SendRequestp;

Procedure SendRequestp

if head(requestsp)  Crashedp then
send ⟨request⟩ to head(requestsp);

else
perform procedure HeadRequestsCrashedp;

end if

Procedure HeadRequestsCrashedp

if head(requestsp) is not a leaf of the binary tree then
requestsp ← append(append(tail(requestsp), left-
child(head(requestsp))),

        right-child(head(requestsp)));
perform procedure SendRequestp;

else
Permissionsp ← Ø ;
start a new attempt to enter the critical section;

end if



If p receives ⟨request⟩ from a process q
pendingp ← append(pendingp, q);
if head(pendingp) = q then

perform procedure SendPermissionp;
end if

Procedure SendPermissionp

if pendingp ≠ Ø  then
if head(pendingp)  Crashedp then

send ⟨permission⟩ to head(pendingp);
else

pendingp ← tail(pendingp);
perform procedure SendPermissionp;

end if
end if

If p receives ⟨permission⟩ from process q
Permissionsp ← Permissionsp ∪{q};    requestsp ← tail(requestsp);
if q is not a leaf of the binary tree then

either requestsp ← append(requestsp, left-child(q))
or requestsp ← append(requestsp, right-child(q));

end if
if requestsp ≠ Ø  then

perform procedure SendRequestp;
else

enter critical section;
exit critical section;
send ⟨released⟩ to each r ∈ Permissionsp;
Permissionsp ← Ø ;

end if

If p receives ⟨released⟩
pendingp ← tail(pendingp);
perform procedure SendPermissionp;

If p detects that a process q has crashed



Crashedp ← Crashedp ∪{q};
if head(requestsp) = q then

perform procedure HeadRequestsCrashedp;
end if
if head(pendingp) = q then

pendingp ← tail(pendingp);
perform procedure SendPermissionp;

end if

A.21  MCS Queue Lock
Since processes can use the same element for each lock access, we take the
liberty of representing the queue of waiting processes by using process IDs
instead of elements. The multi-writer register waitp is true as long as p must
wait to get the lock. The multi-writer register succp points to the successor
of p in the queue of waiting processes. The single-writer register predp

points to the predecessor of p in the queue of waiting processes. When a
process arrives at this queue, it assigns its process ID to the multi-writer
register last. The operation last.get-and-set(p) assigns the value p to last
and returns the previous value of last, all in one atomic step. And
last.compare-and-set(p, ⊥) in one atomic operation reads the value of last
and either assigns the value ⊥ to last, if its current value is p, or leaves the
value of last unchanged otherwise. In the first case, this operation returns
true, while in the second case it returns false.

bool waitp;
proc last, succp, predp;

If p wants to enter its critical section
predp ← last.get-and-set(p);
if predp ≠ ⊥ then

waitp ← true;    succpred p ← p;
while waitp = true do

{};
end while

end if



enter critical section;
exit critical section;
if succp ≠ ⊥ then

waitsuccp ← false;
else if last.compare-and-set(p, ⊥) returns false then

while succp = ⊥ do
{};

end while
waitsuccp ← false;

end if

A.22  CLH Queue Lock with Timeouts
The data type pointer consists of pointers to an element, with null as
default initial value. If p wants to enter its critical section, it creates an
element ε containing a pointer predε. Let element ε′ denote the nearest
nonabandoned predecessor of ε in the queue. The pointer predp points to ε′.
In pred-predp, p repeatedly stores the value of predε′. If p decides to abandon
its attempt to get the lock and has a successor in the queue, then it lets predε

point to ε′. The multi-writer register last points to the last element in the
queue.

pointer last, predp, pred-predp, predε for all elements ε;

If p wants to enter its critical section
create an element ε;
predp ← last.get-and-set(ε);
if predp = null then

perform procedure CriticalSectionp(ε);
else

while no timeout occurs do
pred-predp ← predpred p;
if pred-predp = released then

perform procedure CriticalSectionp(ε);
else if pred-predp ≠ null then



predp ← pred-predp;
end if

end while
if last.compare-and-set(ε, predp) returns false then

predε ← predp;
end if
abandon the attempt to take the lock;

end if

Procedure CriticalSectionp(ε)
enter critical section;
exit critical section;
if last.compare-and-set(ε, null) returns false then

predε ← released;
end if
terminate;

A.23  Afek-Kutten-Yung Spanning Tree Algorithm
Self-stabilizing algorithms are always defined in a shared-memory
framework. Therefore, the message-passing description of the Afek-Kutten-
Yung spanning tree algorithm in section 17.3 is here cast in shared
variables. We recall that a variable can be initialized with any value in its
domain.

The variable rootp is the root of the spanning tree according to p, parentp

represents the parent of p in the spanning tree, and distp is the distance value
of p toward the root. The variables reqp, fromp, top, and directionp deal with
join requests and corresponding grant messages. The process ID of the
process that originally issued the request is stored in reqp, the neighbor from
which p received the request is stored in fromp, the neighbor to which p
forwarded the request is stored in top, and whether a request is being
forwarded to the root of the fragment or a grant message is being forwarded
to the process that originally issued the request is remembered in directionp.
The variable togglep makes sure that p performs an event only when all its
neighbors have copied the current values of p’s local variables; toggleq(p)
represents the copy at neighbor q of the value of togglep. It is assumed that a



process copies the values of all local variables of a neighbor in one atomic
step.

We use the following abbreviations. AmRootp states that p considers
itself the root:

NotRootp states that p does not consider itself the root and that the values of
p’s local variables are in line with those of its parent:

MaxRootp states that no neighbor of p has a root value greater than rootp:

The network is stable, with the process with the largest ID as root, if at each
process p either AmRootp or NotRootp holds, as well as MaxRootp.

In the following pseudocode, p repeatedly copies the values of the local
variables of its neighbors, checks whether all its neighbors have copied the
current values of p’s local variables, and, if so, tries to perform one of
several possible events. First of all, if NotRootp ∧ MaxRootp does not hold
and p does not yet consider itself the root, then p makes itself the root. The
second kind of event arises if MaxRootp does not hold (and so, since p
skipped the first case, AmRootp does hold). Then p asks a neighbor with a
maximum root value to become its parent, if p is not already making such a
request to a neighbor q, expressed by (the negation of) the predicate
Askingp(q):



Or such a request by p may be granted by a neighbor q, expressed by the
predicate Grantedp(q):

where we take q to be top. It is, moreover, required that p issued a request to
top, expressed by the predicate Requestorp:

In this case, top becomes p’s parent. The third kind of event arises when p is
not yet handling a request from a neighbor q, expressed by (the negation of)
the predicate Handlingp(q):

Here q should be either a root that issued a join request or a child of p in the
spanning tree, expressed by the predicate Requestp(q):

If the four variables that capture requests are not all undefined, expressed
by (the negation of) the predicate NotHandlingp,

then p sets the values of these four variables to ⊥. Otherwise, p forwards a
request, but only if fromparent p ≠ p (allowing parentp to first reset its join
request variables). The fourth kind of event is a root p that is handling a
request of a neighbor setting directionp to grant. Finally, the fifth kind of
event is a nonroot p that finds that its request has been granted by its parent
setting directionp to grant. Note that for the third, fourth, and fifth kinds of
event, AmRootp ∨ NotRootp (because p skipped the first case) and MaxRootp



(because p skipped the second case). And for the fourth and fifth kinds of
event, Requestp(q) ∧ Handlingp(q) for some q ∈ Neighborsp (because p
skipped the third case).

bool togglep, togglep(r) for all r ∈ Neighborsp;
dist distp;
proc parentp, rootp, reqp, fromp, top;
{ask, grant, ⊥}directionp;

while true do
copy the values of variables of all neighbors into a local copy;
if toggler(p) = togglep for all r ∈ Neighborsp then

if ¬(NotRootp ∧MaxRootp) ∧¬AmRootp then
parentp ← ⊥;    rootp ← p;    distp ← 0;

else if ¬MaxRootp then
if ¬Askingp(r) for all r ∈ Neighborsp then

reqp ← p;    fromp ← p;    directionp ← ask;
top ← q for a q ∈ Neighborsp with rootq as large as possible;

else if Requestorp ∧Grantedp(top) then
parentp ← top;    rootp ← roottop    distp ← disttop + 1;
reqp ← ⊥;    fromp ← ⊥;    top ← ⊥;    directionp ← ⊥;

end if
else if ¬(Requestp(r) ∧Handlingp(r)) for all r ∈ Neighborsp then

if ¬NotHandlingp then
reqp ← ⊥;    fromp ← ⊥;    top ← ⊥;    directionp ← ⊥;

else if fromparentp ≠ p ∧Requestp(q) for some q ∈ Neighborsp then
reqp ← reqq;    fromp ← q;    top ← parentp;    directionp ←
ask;

end if
else if AmRootp ∧directionp = ask then

directionp ← grant;
else if Grantedp(parentp) then

directionp ← grant;
end if
togglep ← ¬togglep;

end if



end while
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