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Abstract. A stabilizing algorithm issilentif starting from an arbitrary state

it converges to a global state after which the values stored in the communi-
cation registers are fixed. Many silent stabilizing algorithms have appeared
in the literature. In this paper we show that there cannot exist constant mem-
ory silent stabilizing algorithms for finding the centers of a graph, electing

a leader, and constructing a spanning tree. We demonstrate a lower bound
of £2(log n) bits per communication register for each of the above tasks.

1 Introduction

The large number of processors and the often unreliable communication
media of a distributed system force its implementors to look for a fault-
tolerant design. A desirable property is automatic recovery following the
occurrence of faults. Automatic recovery is guaranteed when the system is
designed to bstabilizing[5, 25]. A stabilizing distributed system converges

to a desired behavior starting from any state.

In this research we define and investigate a specific class of stabilizing
algorithms, namelgilent stabilizing algorithms. A stabilizing algorithm is
silentif it converges to a global state after which the values stored in the
communication registers are fixed. While some problems are inherently non-
silent: e.g. mutual exclusion over a network, other problems can afford silent

* Anextended abstract of this paper was presented in the fifteenth annual ACM Symposium
on Principles of Distributed Computing, [7].
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or non-silent solutions: e.g. leader election. Many problems that require
stabilization have elegant silent solutions.

Beyond the simplicity implied by the silence property, a silent algorithm
may utilize less communication operations and communication bandwidth.
Following the convergence stage of a silent stabilizing algorithm, proces-
sors need only verify that the value of the communication registers are not
changed — thus write operations may be totally eliminated. Moreover, when
message passing is used to deliver the value of the communication registers
(port buffers) as described in [9] it would be enough to send some encrypted
proof that the value is not changed. At each delivery a key is chosen ran-
domly and the checksum relatively to this key is sent together with the key. In
this way the communication bandwidth usage can be dramatically reduced.

The interest in distributed and parallel systems of (identical) processors
with small memory size is motivated by current microprocessor technol-
ogy (See e.g., [22], [1]). The mass production of microprocessors motivates
multiprocessing systems in which each processor is equipped with a small
amount of memory. Even in case the memory size of the microprocessors
is not too restricted, the communication bandwidth, or the size of the com-
munication port, and in fact the number of wires connected to a communi-
cation port, is a matter of serious concern in devising massive parallelism
machine$. In another context, microprocessors are used in switches of high-
speed networks to support the distributed coordination (See e.qg. [22]). Ide-
ally, the amount of memory that such microprocessors are equipped with,
is small.

This research examines the memory requirements of silent stabilizing
algorithms to achieve several fundamental tasks, including finding the cen-
ters of a graph, leader election, and spanning tree construction. There is a
class of tasks that are inherently non-silent. An example of such a task is
mutual-exclusion or token passing where the contents of the communication
registers must be changed over time e.g. [10,11,18,23].

In order to prove our lower bounds we assume the existence of a silent
legitimate global state and use this state to construct a silent global state that
is illegitimate?. Silence is a property of the system following the conver-
gence to a legitimate global state. The means by which the silent legitimate
global state is reached are not utilized in our prédoféius, our lower bound
results apply to deterministic, nondeterministic and randomized stabilizing

1 We thank the anonymous referee for bringing this motivation to our attention.

2 A similar approach has been proposed in [18] for proving the memory required to avoid
silence (deadlock in the case of mutual exclusion), also see [24] for different techniques for
proving impossibility results in uniform systems.

% In contrast see [12] for several impossibility results based upon convergence.
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algorithms for synchronous systems, asynchronous systems and systems
that are controlled by a central-demon (See e.g. [5]).

We consideruniform semi-uniformand id-basedsystems as we now
define informally (See [10]). In aniform system all the processors with
the same number of neighbors are identical, semi-uniformsystem all
the processors are identical except for a single distinguished leader, and
in an id-basedsystem each processor has a unique identifier. Processors
communicate between each other through shared communication registers.
All registers have an identical number of bits. The number of bits in the
communication registers from which processors read and write implies a
lower bound on the local memory required per a processor — processors
need to store the communication register values. To make our lower bound
results stronger we prove the lower bounds for the minimal number of bits
in the communication registers.

The first task we consider is finding centers of the communication graph.
Theeccentricityof a node in a communication graph is the largest distance
from the node to any other node in the graph. A node with minimum eccen-
tricity is called acenterof the graph. A simple silent stabilizing algorithm for
finding the centers of trees is presented in [21]. The algorithm@sieg; »)
memory per processor. Our first result shows that at [@@ktg n) bits per
communication register (and hence per processor) are required by any silent
stabilizing algorithm to find the centers of an arbitrary graph. This result
also applies to the restricted case of trees and thus the algorithm in [21] is
optimal in its memory requirements.

Recently, relatively intricate randomized algorithms for leader election
with a small amount of memory were proposed by [3] and [19]. Our research
shows that every silent leader election algorithm for arbitrary graphs requires
2(logn) bits per communication register in a uniform system. This result
also applies to uniform id-based systems where processors are augmented
with unique identifiers. In the id-based system processors have aidgast
bits for the representation of their identifier. Nevertheless, even in such acase
it is still unclear whether?(logn) bits have to be communicated through
the communication registers. Our results show this to be the case.

Constructing a spanning tree of the communication graph in a stabilizing
distributed fashion is addressed in e.g. [10], [2], [13,14] and [26,15]. The
constructed trees are used in [10] for achieving mutual-exclusion, in [2] for
performing distributed reset, in [13, 14] for routing virtual circuits with max-
imum bandwidth and in [26, 15] for maximizing arbitrary routing metrics.
For a communication graph of diametgithe stabilizing spanning tree con-
struction for semi-uniform systems, presented in [10] requit@sg d) bits
of memory (note that is an upper bound faf). The stabilizing spanning
tree construction in [2] is for id-based systems in contrast to the others and
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Fig. 1. Edge(s, j) of the communication graph

includes the election of a distinguished leader in order to construct the tree.
All three algorithms (as well as the algorithms in e.g. [6, 4, 8]) benefit from
the silenceproperty: following the convergence, no change to the value of
the communication registers takes place.

Arelatively intricate deterministic algorithm for constructing a spanning
tree in a semi-uniform system using constant size communication registers
was presented in [16]. The algorithm of [16] is not silent. Our results show
that at least?(log n) bits per processor are required for any silent stabilizing
spanning tree construction algorithm.

The reminder of the paper is organized as follows. In the next section we
present our definitions. In Sect. 3 we discuss our proof method. In Sect. 4,
Sect. 5 and Sect. 6 we present the lower bounds for finding the centers, leader
election and tree construction, respectively. We present our conclusions in
Sect. 7.

2 Silent stabilizing systems

A distributed system consists af processors denoted by, P, - - -, P,.
Each processor in a system resides on a distinct node of the systam's
munication graphG = (V, E'). Two processors connected by an edge of
G areneighbors Communication among neighboring processors is carried
out by communication registersn the sequel we use the term registers for
communication registers. An edge= (i, j) of G stands for two registers
r; ; andr; ;. For every such edge= (i, j), P, andP; can read the contents
of r; ; andr; ;. P; (P;) can also write into; ; (r;;, respectively). We refer

to the registers in whicl?; writes asP;’s registers.

The environmentof P; consists of its local topology in the communi-
cation graph and the set of registers it can read frByis. set of readable
registers consists of its own (writable) registers and the (readable) registers
that its neighbors share with it (see Fig. 2.).

Thestateof P; consists of its internal variables.

Configuration: Denote byS; the set of states aP;, and denote by; the

set of values that can be stored in the registef configurationc € (S x

Sy x -+ Sy x Ry X Ry -+ Ry,) of the system is a vector of states of all the
processors, and the values of all the registers. In this paper we consider rings,
chains, and trees of processors and for each such particular graph we use a
simplified representation. For instance, in a chain of proceg3ors- , P,
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Fig. 2. Environment ofP;

each processaoP;, 1 < i < n, can communicate with its left neighbor
P;_1 (not applicable taP;) and its right neighbo;; (not applicable to
P,). Between any two processof3 and P,; lie their communication
registersr; ;1 andr;;1 ;. The configuration of a chain is represented as
(Sl X RLQ X R2,1 X SQ X oo 'Rn—l,n X Rn,n—l X Sn)

Transition: Each processor procesd@rhas aransition functionthat may

be defined by a program executed By. Thetransition functionof a pro-
cessor is a set dgctions Each action of a processé can be executed

only when the state of the processor and the content of its registers and the
neighbors registers have predefined values (that are chosen for this partic-
ular action). Anactionof P; changes the state & and the values of one

or more of its own (writable) registers based upon the current staig of
and the values of one or more of its readable registérdransitionis a

pair of configurationgc, ¢’) such that executing a subset of all the processor
actions at yields¢'. °

Run: A runis aninfinite sequence of configuratianscs, - - - such that each
pair (¢;, ci+1) is a transition. Each configuratioen is said to beeachable
from the initial configuration of the sequence,

Legitimate and illegitimate configurations: Implicit in the design of any
system is a labeling of its configurationslagitimateor illegitimate such
that every configuration that is reachable from a legitimate configuration is

4 This definition permits?; to read the registers from one or more neighbors and write to
any of its own registers in one action. A more common definition is thatéonof P; may
include only one communication operaticgad or write (See [10]). Our particular choice
for defining aractionimplies stronger impossibility results — we consider only a subset of
the possible interleaving of the communication operations and still succeed in proving the
memory size lower bounds.

5 Again the choice of this definition strengthens our negative results because it allows
multiple levels of concurrency.
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itself a legitimate configuration. We identify &egitimatethose configura-
tions which occur under the correct (intended) execution of a system. All
other configurations are consideiitfegitimate It is up to a system designer

to determine which configurations are legitimate and which are not. For ex-
ample, in a token passing system, clearly any configuration with more than
one token would be illegitimate.

Stabilizing and silent stabilizing: A system is callegtabilizingiff each run

of the system has a legitimate state. A configurati@silentiff each con-
figuration that is reachable froahas the same values for its communication
registers as in. A stabilizing system isilentiff its silent configurations are
the same as exactly its legitimate configurations.

In this paper we consider three types of distributed systems. We define
two processors as identical if they both have the same set of states and the
same set of actions. In @aniform systenall the processors that have the
same number of neighbors are identical, are identical and the subscripts
1,2,3,---n are used for convenience only. Insami-uniformsystem all
the processors buP; are identical.”, may have a different set of states
and a different set of actions. Again the subscripts, - - - n are used for
convenience only. We refer t6y as the distinguished leader in a semi-
uniform system. Finally, in aid-basedsystem each processdt, 1 <i <n
has a unique identifier and the actiongbaire parameterized by this unique
identifier. The unique identifiers in id-based systems are randomly chosen
from a large set of identifiers, a set that is much larger thahence no
algorithm can assume that a particular identifier exists in the system.

The focus of this paper is determining the memory requirements of silent
stabilization in relationship to the size of a system. We started off this section
by defining a distributed system to consistroprocessors, each of which
lies on a distinct node in a communication graph. Because we are interested
in memory requirements, we will need to consider system constructions that
work for arbitrary size: and for arbitrary communication graphs that fit the
constraints of the task at hand. We will use the tedgorithmto refer to
such constructions.

3 Proving the memory requirements for silent stabilization

In each of the theorems in this paper we utilize a common proof method
to obtain our results. A proof of a theorem: “The number of memory bits
per register of any silent stabilizing algorithm for doing X(Xlogn)”
proceeds as follows. First we assume there is a silent stabilizing algorithm
for doing X usingo(log n) bits per processor. Under this assumption we
construct one or more legitimate silent configurations of arbitrarily large
size for that algorithm. We then show how to combine processors from the
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legitimate silent configurations to construct an illegitimate configuration

of arbitrarily large size. If the environment of each processor remains the
same, the resultant configuration will be silent and illegitimate. Since all
silent configurations are legitimate by the definition of a silent stabilizing

system, we have a contradiction.

4 Centers of a graph

A simple silent stabilizing algorithm for finding the centers of trees is pre-
sented in [21]. The algorithm is designed for uniform systems and uses
©(log n) memory bits per a processor. In this section we show this is a tight
lower bound for any such algorithm in a uniform system. We also show that
any algorithm for finding the centers of a graph in an id-based or a semi-
uniform system require€(log n) memory bits per communication register
as well.

Our impossibility results are proven for a chain (i.e. line) of identical
processors. We prove that the size of a communication register is at least
2(logn) bits. This lower bound implies tha?(logn) bits is a bound on
the memory size of a processor that reads the contents of the registers.

Theorem 4.1 The number of memory bits per register of any silent stabi-
lizing centers finding algorithm for uniform systemg2€og n).

Proof. Assume thatthere exists a silent stabilizing centers finding algorithm
for uniform systems. Denote the number of values that can be stored in a
register byk.

Consider a chain ofi processors where a procesder 1 < i < n,
can communicate with its left neighbét_; (not applicable taP;) and its
right neighborP;;; (not applicable taP,). Letc¢ = z1, a1, b1, x2, az, ba,
-, x4, 04, b5, - -, x, De a silent configuration of the chain whergis the
state of the processadr; anda; (b;) is the value stored im; ;11 (7511,
respectively).

Assumen = k2 + 2. We claim that there exist andj, = 4, such that
a; = a; andb; = b;. Consider that the number of possible combinations
for a pair(a;, b;) is k2. Thus out ofc? + 1 register pairs, at least one pair of
registers(a;, b;) appears more than once. In a chaimgbrocessors there
aren — 1 register pairs. Solving for — 1 = k% + 1 we getn = k2 + 2.

We use the notation= L1, a;, b;, Lo, a;, b;, L3 to denote a silent config-
uration of a chain in which their exist&ndj such that;; = a; andb; = b;.
Inthe above notation; represents a sequence of processor states and register
values that is a portion of the configuration. Recall thaitentsystem con-
figuration is a configuration such that any run that starts in this configuration
is silent. Construct the configuratieh= L1, a;, b;, L2, a;, b;, Lo, a;, b;, L3
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of a system with less tha« n processors. The environment of every pro-
cessor incd is kept unchanged with respect ¢pi.e. each processdr in

¢ reads the same values in its neighboring registers$ as it does inc.
Therefore, no processor writes a new value to its registerg’dsa silent
configurations.

Without loss of generality assume that the number of processersin
even. Otherwise we can assume- k2 + 3. Since the number of processors
in cis assumed to be everi gither contains more than two centers (wlign
contains a center) or the centers are not located at the center of the system
represented by (whenL, does not contain a center). Li€tbe the number
of processors ir’. In either case we have a contradiction based upon the
assumption that’ > 2(k% + 3). Thus, in a uniform system of processors,
each register must be able to store at léast (n/2 — 3)'/2 values. Hence,
the number of bits in each register(iXlogn). |

Since a chain is a type of tree as well as a type of arbitrary graph the
above theorem applies to trees as well.

Theorem 4.2 The number of memory bits per register of any silent stabi-
lizing centers finding algorithm for id-based system&isog n).

Proof. To prove the impossibility result for id-based systems we need to en-
sure that no identifier appears twice in the silent configuration we construct.
In particular,c’ cannot be a valid configuration of an id-based system since
the processors i, of Theorem 4.1 appear twice. The result is attained as
follows. We use two configurations andc, of chain systems of? + 2 pro-
cessors each, and we require that the set of processor identittedoies not
include any processor identifier ia (and vice versa). We choosgeandcs
out of infinitely many possible systems/of 4 2 processor chains such that
c1 = L1,a;,b;, Lo, a;,b;, Ly andcy = Lll, a;, b;, LIQ, a;, b;, Lg To apply the
arguments of Theorem 4.1 we defile= L1, a;, b;, L2, a;, b;, L}, a;, b;, L3

|

Theorem 4.3 The number of memory bits per register of any silent stabi-
lizing centers finding algorithm for semi-uniform system&{%gn).

Proof. For the case of semi-uniform system we cannot assume’thatl

¢’ are valid configurations since it is possible that one of the processors in
L, is the special processor. In such a césecludes two special processors
andc” includes none. To apply the arguments of Theorem 4.1 we choose
¢ out of those system configurations in which the special processor is the
leftmost processor in the chain. [ |
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5 Leader election

Recently, relatively intricate stabilizing randomized algorithms for leader
election with a small amount of memory were proposed by [3] and [19].
These algorithms are not silent. Our research shows that every silent stabi-
lizing leader election algorithm for arbitrary graphs requifg$og n) bits

per communication register in a uniform or id-based system. Leader election
in a semi-uniform system is a trivial task that does not require communica-
tion — the special processor is a natural candidate for a leader.

In an id-based system, it is clear that processors must be equipped with
2(log n) bits to store their unique identifiers. Still it is not clear whether
the size of the communication registers of a silent stabilizing leader election
algorithm can be constant. Our lower bound implies that even for id-based
systems the size of the registers must be logarithmic in the number of proces-
sors. Thus, for instance, there is no algorithm with constant size registers that
(somehow, say serially) communicates the identifiers and then converges to
a silent configuration.

Stabilizing leader election algorithms for prime sized uniform rings with
constant memory per processor are presented in [20]. The algorithm in [20]
assumes that the activities in the system are controlled by a central demon
[5]. The central demon activates a single processor at a time. Note that the
algorithm of [20] cannot be applied to a synchronous system since symmetry
cannot be broken if all processors simultaneously execute an action [5]. We
also show that regardless of the level of concurrency, there is not a silent
stabilizing leader election algorithm for primed sized rings with constant
memory per processor.

We prove our lower bound for a ring of processors. We prove that the
size of a communication register is at leéXiog n). This implies a bound
of £2(log n) on the memory size of a processor.

Theorem 5.1 The number of memory bits per register of any silent stabiliz-
ing leader election algorithm for uniform or id-based system@ (&g n).

Proof. Assume that there exists a silent stabilizing leader election algo-
rithm. Denote the number of values that can be stored in a register by
Consider a ring of, processors, where a procesggr1l < i < n, can
communicate with its left neighbd?;_ (the leftneighbor of; is P,,) and its
right neighbotP; 1 (therightneighbor oP, is P;). Letx1, a1, b1, x2, as, bo,
<o, X, a4, b5, 0+ X, ap, by, D a silent configuration of the system, where
x; Is the state of the processBy, a; (b;) is the value stored in; ;1 (511,
respectively).
Assumen = k? + 1. We claim that there existandj, i # 7, such that
a; = a; andb; = b;. Consider that the number of possible combinations for
apair(a;, b;) is k2. Thus out ofc® + 1 register pairs, at least one pair of pair
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Fig. 3. Constructing two rings from one

of register a;, b;) appears more than once. In a ringroprocessors there
aren register pairs and thus = k2 + 1.

We use the notation = L1, a;, b;, Lo, a;, b; to denote a silent system
configuration of a ring in which there existandj such that; = a; and
b; = bj. Construct two configuration8 = L1, a;,b; andc¢” = Lo, a;, b;.

If ¢ andc” correspond to rings then it is easy to see that they are silent
configurations.

Itis possible however that eithéror ¢’ does not correspond to ring. This
can only happen if the two register pairs are not separated by three or more
processors. In order to ensure that the register pairs are separated by three or
more processors we can consider a ring of size 6(k% + 1) /2. We claim
thatin everyring of size > 6(k%+1) /2 there exist two identical sequences
of six register values that do not overlap. The claim is proved by counting
the number of possible combinations for a six-tuple whickPisTo ensure
one six-tuple appears twice we need to accommag@iate+ 1) registers in
ring. This require$ (k% +1) /2 processors. Thus, in cake< (2n,/6—1)1/6
there must exist two identical and non-overlapping sequences of six register
values. This will ensure that the register pairs are separated by three or more
processors (see Fig. 3. for an example).

We may now proceed by case analysis. If the leader i ithenc” is
a silent configuration with no leader. Otherwigeis a silent configuration
with no leader.

Since the construction preserved the uniqueness of id’s, we have a contra-
diction for the case of a uniform system and the case of an id-based system.
Our contradiction is based upon the assumptionthat6(k° + 1) /2. Thus
in a uniform or id-based system afprocessors, each register must be able
to store at least > (2n,/6 — 1)'/6 values. Hence the number of bits in each
register is2(logn). |

The result in [20] is for rings with a prime number of processors. In
Theorem 5.1 we have used one legitimate silent configuration to construct
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Fig. 4. Combining two rings

another illegitimate silent configuration for a ring of a different (smaller)
number of processors. If the constructed configuration represents a ring
with a composite number of processors then the result of Theorem 5.1 is not
applicable to the algorithm presented in [20]. In the next Theorem we prove
that there is no constant size stabilizing silent algorithm for the restricted
case of prime sized uniform rings.

Theorem 5.2 There is no silent stabilizing leader election algorithm for
prime sized uniform rings with a constant number of bits per register.

Proof. Letp; andp, be the number of processors in two rings and R2,
respectively. Dirichlet's Theorem (See e.g. [17]) states that any arithmetic
progressiom + bn with gcd(a,p = 1 contains infinitely many primes. Thus
for infinitely manyz, p; + zps is prime.

Using the silent configurations of rings of sige andp, we show how
to construct a silent configuration for a ring of sjze+ zp, that contains
more than one leader.

Consider two silent configurations,and ¢/, of rings with p; and p,
processors, respectively.df= Ly, b;, a;, Ly andc’ = L3, b;, a;, Ly such
thata; = a; andb; = b; thenc andc’ can be combined as follows? =
Ly,b;,a;, Ly, L3, b;, a;, L. The number of processorsdfiis p; + p-. Note
that there are infinitely many rings of prime size but ohfycombinations
of values fora;, b;. Thus, there must be two rings of sige # p, that have
silent configurations such asandc¢’ above.

Figure 4. illustrates the combining of two rings that share a pair of register
values. The ring?,, P», P3, Py, P5 is combined with the rind’%, Pr, Ps to
produce the ring?, P», P3, Py, Ps, Ps, Pr, Ps.

The silent configuration of a ring of sizg may be combined with itself
arbitrarily many times to produce a silent configuration:pf processors
using the above method. The resulting silent configuration may be combined
with the silent configuration of a ring @f; processors to produce a silent
configuration op; + zpy processors. Such a silent configuration will include
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z + 1 leaders. We have proved our contradiction, since for infinitely many
values ofz the above silent configuration represents a ring with a prime
number of processors. |

6 Tree construction

Silent stabilizing algorithms for tree construction can be found in [10], [2],
[13,14]and [26, 15]. Each of these algorithms u@ékg n) bits per register.

The algorithms in [10], [13,14] and [26, 15] are designed for semi-uniform
systems. The algorithm in [2] is designhed for an id-based system and in-
cludes the election of a distinguished leader in order to construct the tree.
In this section we prove that there is no silent stabilizing algorithm for tree
construction in semi-uniform or id-based systems that ufeg n) bits per
register. Hence we prove that that each of these algorithms is optimal in its
memory requirements.

Theorem 6.1 The number of memory bits per register of any silent stabi-
lizing tree construction algorithm for uniform, semi-uniform and id-based
systems i$2(logn).

Proof. In the figures that follow filled dots represent processors and lines
represent communication links (implemented by shared communication reg-
isters). The distinguished leadét;,, is marked by a circled dot.

We consider a special graph which is formed by a sequence of triangles
wherein each pair of consecutive triangles is connected by an edge (See
Graph of Fig. 5.). In a spanning tree there is exactly one path from the root
to every processor. Thus, exactly one link of every triangle in the graph does
not belong to the tree (See Tree of Fig. 5.).

Denote the number of values that can be stored in a registét by
every graph of. > k2 + 2 triangles, a silent configuration will contain two
non-triangle edges with the same pair of register values. This is shown in
the top part of Fig. 6. labeled “Tree with Distinguished Leader”.
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Fig. 6. Tree with leader and cycle without leader

We use the tree to construct a cyclical graph without a distinguished
leader. Letr1, andry, be the pair of registers with valuesandb on the left
side of Fig. 6., and lety, andry, be the registers marked layandb on the
right side of the Fig. 6.. The construction “disconnectg; from r1; and
also “disconnectsry, fromryp. It then “connects’, with r4, andrsy, with
r1p. This construction preserves the environment of every processor in the
resultant graph. Consider that the processor that read thewflu@ 1, in
the tree graph reads the valuéomr; ;| in the cycle graph. Similarly, the
processor that read the valbygfrom ;1 ; in the tree graph reads the value
b; from r;;1 ; in the cycle graph. At this stage we can conclude the lower
bound for uniform and id-based systéms- the obtained configuration of
the cycle graph is a silent configuration and each processor has a unique id
in the case of an id-based system. However, for semi-uniform systems we
must show that a distinguished leader exists in the silent configuration. To
do so we perform an additional construction step.

The last step is illustrated in tHdon-Tree with Distinguished Leader
graph of Fig. 7.. In this step the tree with a distinguished leader and the
cycle without a distinguished leader are combined to obtain a non-tree (cycle
containing) graph with a distinguished leader. The idea is to disconnect a
non-tree link from a triangle in both graphs and to connect the tree and the

5 The astute reader will have foreseen this result for the case of rooted tree construction.
Rooted tree construction in a system without a distinguished leader provides an implicit
leader election.
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Non-Tree with Distinguished Leader

Fig. 7. Final semi-uniform construction

non-tree (by non-tree links) in a way that ensures that the environment of
every processor is kept unchanged.

Given a graph ok? + 2 or more triangles, and its silent configuration
corresponding to a tree, we have constructed a silent configuration corre-
sponding to a non-tree. The construction can be applied to any graph with
more thark? +2 triangles. Since the number of processors in the constructed
graph isO(n), the order of is 2(n'/?). Thus, the number of memory bits
required isf2(logn). |

Finally we note that it is possible to consider an id-based system with
a distinguished processor (i.e. semi-uniform id-based). A slight modifica-
tion of the proof for the above theorem may be applied to such a system.
The combined tree with the leader and the non-tree without a leader must
have processors with different identifiers, similar to the technique used in
Theorem 4.2.

7 Concluding remarks

We defined the class of silent stabilizing algorithms and proved that any
centers finding, leader election and tree construction algorithms in this class
require(2(logn) bits per communication register and processor.

In order to prove our lower bounds we assumed the existence of a le-
gitimate silent configuration and used this configuration to construct an
illegitimate silent configuration. The means by which the legitimate silent
configuration was reached were not utilized in our proofs. Thus, our results
apply to deterministic, nondeterministic and randomized stabilizing algo-
rithms for synchronous systems, asynchronous systems and systems that
are controlled by a central-demon. In addition, our proofs did not rely on
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the atomicity level of actions. Thus our results apply to any level of action
atomicity.

Our results are also applicable to the case where processors can read the
entire state of their neighbors as proposed in [5]. In such a setting once the
system reaches a silent (safe) configuration no processor changes its state.
If there exists a silent algorithm for, say, finding the centers of a chain that
uses(log n) bits per processor state, then an algorithm in which processors
write their entire state in the registers must also be silent —this is impossible
by our lower bound.

There are silent stabilizing algorithms that require a constant number
of bits per register, one such example is the graph coloring algorithm of
[8]. The classification of tasks according to their memory requirements for
silence configuration may identify the levellotality of the task. Roughly
speaking, a silent algorithm that use@ogn) bits per register does not
support a global structure such as: the existencesifigie center (or two
centers), the existence ofsingle leader orsingle tree. We believe that
further research for lower bounds on the memory requirements of other
silent stabilizing algorithms and the design of such algorithms will lead to
important elegant and practical stabilizing algorithms.
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