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Abstract

Failure resilience is a fundamental problem. If fail-
ures are frequent, it is reasonable to envisage the repli-
cation on multiple servers. Although replicating anob-
ject (i.e., data) over multiple network locations copes
with failures, this makes object modification costly in
term of message exchanges to guarantee consistency. In
large-scale dynamic systems, nodes join or leave the sys-
tem arbitrarily often, while the tremendous number of
participant prevents nodes from gathering global infor-
mation. Therefore there is an inherent tradeoff in dy-
namic distributed systems between the operation time-
complexity and message complexity required for consis-
tency maintenance in atomic memory. This paper ad-
dresses this trade-off by presenting and classifying ex-
isting solutions.

1. Introduction

Replicating a read/write object over a set of distant
network locations leads to consistency problem. Assume
that an object is modified at some place. From this point
on, changes must appear from any location: If a partic-
ular client reads the value, then it must return the lastly
written value of the object. This simple expression de-
scribes the idea at the core of atomic consistency also
known as linearizability [12, 11, 14].

Since late seventies [8, 19],quorums(mutually in-
tersecting sets) have been proposed as a building block
to provide availability in distributed systems. The sim-
plest representation of quorums among a set ofn ele-
ments is the majority sets. Quorums systems are fun-
damental in distributed shared memory (DSM), because

they represent the minimal set of locations where the ob-
ject must be replicated. That is, reading or writing the
object consists simply in accessing a constant number
of quorums among the existing ones. The quorum sys-
tem represents all nodes owning a copy of the object. In
the remaining we refer ton as its size. The quorum in-
tersection property guarantees that at least one contacted
element can testify of the last value written when con-
tacted through a read operation. Therefore quorums are
at the core of atomicity and minimizing quorum access
time boils down to speed-up read/write operations.

Even though increasing quorum size can tolerate
more failures in static systems, dynamic systems can
not afford such a solution. Indeed, in static systems
where the amount of failures is upper bounded, the in-
tersection between quorums should contain enough ele-
ments to guarantee that at least one of it is correct. In
dynamic systems where the amount of failures is un-
bounded, consistency requires additional mechanisms.
Among those mechanisms arereconfigurationintroduc-
ing new active quorums,adaptivequorum access, and
probabilistic quorumprobing.

This paper discusses the tradeoff relying between op-
eration time and message complexity induced by consis-
tency requirements.

The paper is divided as follows. Section 2 investigates
approaches that cope with infinite amount of failures.
Section 3 presents solutions to the problem induced by
large-scale systems with limited bandwidth capacity. Fi-
nally Section 4 concludes the paper.

2. Facing Dynamism

Several existing papers focus on the emulation of
shared memory in message passing systems, also known



as Distributed Shared Memory (DSM). For instance,
Attiya et al. [4] propose a robust single-writer multi-
reader (SWMR) shared memory algorithm. This algo-
rithm specifies a two-phase read operation and a sin-
gle phase write operation, each phase consisting in an
exchange of messages between the client and a major-
ity of nodes. More recently, single-phase read operation,
namelyfast read, appeared in [7, 20].

2.1. Reconfigurable Atomic Memory

The robustness in dynamic systems is more challeng-
ing. Although using majority of nodes is robust in face
of a bounded number of failures, in dynamic systems the
number of failures might grow infinitely. That is, recon-
figuration has been introduced in RAMBO [15] to cope
with accumulated failures. The reconfiguration process
replaces the sets of contacted nodes by active ones. The
quorum replication is sufficient to cope with failures oc-
curring between subsequent reconfigurations.

Fast reconfiguration is at the core of fault tolerance
in dynamic systems. More precisely, the faster the sys-
tem switches to the new active configuration the more
fault-tolerant the system is. RDS [6] proposes an accel-
erated reconfiguration process coupled with fast read op-
erations. The RDS algorithm proposes fast reconfigura-
tion using "Fast Paxos" [13, 5] consensus algorithm as
a fully-integrated part of the shared memory. RDS im-
plements a leader-based protocol that makes the recon-
figuration three message delays long when the leader
stabilizes. To conclude, RDS achieves a fault-tolerant
MWMR shared memory especially suited for dynamic
networks.

2.2. Restricting the Gossip

Aforementioned algorithms suffer from a potential
drawback when applied in large-scale systems where the
bandwidth capacity is bounded. Indeed, operation exe-
cution at the core of those algorithms relies on the fact
that clients know the currently used configuration (i.e.,
quorum system). Since any node is a potential client, an
approach is to maintain global knowledge at each node
despite reconfiguration. For this purpose, one should
use all-to-allgossip(message exchange). Therefore, the
number of messages produced after a reconfiguration is
n2.

In [10] the authors propose a substantial improve-
ment in order to reduce the communication complexity
from quadratic to linear. The key idea is roughly to dif-
ferentiate replicas from common nodes. In this paper,
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Figure 1. The global knowledge approach

replicas are calledownersand they are considered lo-
cally by other nodes as active configuration members.
Restricting gossip among owners makes reconfiguration
possible provided that at least one member of any con-
figuration is active. However, maintaining such knowl-
edge at any node remains unachievable when the num-
ber of owners is large, the reconfiguration is frequent,
and a configuration member must remain active. These
reconfigurable approach requiresO(n) during a recon-
figuration while operations are executed in a constant
number of message delays as presented in Figure 1 (the
client is represented by a C, and the quorum has size 6).

3. Facing Scalability

Because of the recent growing interest for dynamic
large-scale systems, a radically different approach has
been adopted. This approach relies strongly on a locality
principle: participants maintain only a piece of the sys-
tem information depending on their location. Therefore
reconfiguration is made locally and involves less mes-
sages.

3.1. Restricting Knowledge

Assuming that each node maintains the information
about a restricted set of nodes, reconfiguration is exe-
cuted locally, thus, with low communication complexity.
The direct drawback of such a solution is the operation
latency. Although reconfiguration message complexity
is minimized, the time complexity of an operation is in-
creased. Indeed, minimizing knowledge prevents opera-
tion from completing after a single round-trip. Suppose
that any replica maintains knowledge of only one other
replica in a logical overlay. Then, in order to contact an
entire quorum a phase will take as many message de-
lays as the number of the quorum elements.

3.2. Adaptive Atomic Memory

Global/local reconfiguration paradigm is interest-
ingly related to theproactive/reactive routingparadigm.
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The local reconfiguration process is such that only re-
active routing can be adopted by phases: a node (not
the first contacted one) belonging to the quorum is not
identified before the phase reaches its direct neigh-
bor. Unlike local reconfiguration, global reconfiguration
process requires that a phase executes a pro-active rout-
ing, where the whole set of nodes is known when
the phase starts. Algorithms based on the first tech-
nique are callednon-adaptivewhile algorithms based
on the second one are calledadaptive according
to [18]. This paper extends this notion to atomic mem-
ory.

Recently, some authors have focused on dynamic
types of quorums [18, 17, 1]. In [1], another node is in-
serted by adding a vertex in a De Bruijn graph, while
vicinity is defined by graph neighboring. For instance,
the Dynamic Path [18] defines quorums in a logical
overlay using Voronoi cells and the Dynamic And-Or
Quorum System [17] defines quorums as a set of leaves.

DSM finds its way into such emergent ideas. SAM [2,
3], is a read/write memory using adpative operations.
Quorums are defined as rows and columns of a dynamic
torus grid. This solution provides local reconfiguration,
that is, the message required to reconfigure after a sin-
gle departure is constant. In the meanwhile, the adaptive
operations requireO(

√

n) message delays to complete,
where all nodes of a(

√

n)-sized quorum are contacted
in turn. In the meanwhile reconfiguration requires a con-
stant number of messages, since the number of neigh-
bors is constant. Figure 2 represents the way a quorum
is contacted in this example of adaptive approach.
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Figure 2. The adaptive approach

3.3. Probabilistic Atomic Memory

In order to guarantee progress and consistency in
asynchronous dynamic systems the previous solutions
make some assumptions. For instance, in [6] reconfigu-
ration is guaranteed provided that the system stabilizes.
Likewise, failure detection is required in [3] to guaran-
tee consistency.

Recently, probabilistic approaches have been inves-
tigated to implement quorum systems. Malkhi et al.
defined in [16] a probabilistic quorum system (i.e.ǫ-
intersecting quorum system) as a quorum system whose
quorum intersection is guaranteed with probability (1 −

ǫ). This approach brings a solution for asynchronous
dynamic systems where ensuring intersection determin-
istically remains unachievable without constraining as-
sumptions.
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Figure 3. The random walks approach

In [1] the authors propose a logical overlay struc-
ture using a De Bruijn graph in order to maintaink-
connectivity. They make this structure dynamic by defin-
ing join and leave primitives, each requiring local recon-
figuration withO(log n) messages before the structure
stabilizes. They define quorums that intersect with high
probability. To achieve this result, their approach con-
sists in executingO(

√

n) random walks (cf. Figure 3),
each of lengthO(log n). That is, a quorum access lasts
O(log n) message delays.

3.4. Structureless Atomic Memory

Differently, it is noteworthy that the structure im-
poses several constraints due to the maintenance of the
overlay. When dynamic events—such as join or leave
events—occur, the overlay changes. Therefore, the over-
lay must be readapted to reflect changes involving mes-
sage exchanges.

Consequently, providing building blocks that are in-
dependent from the underlying overlay minimizes com-
munication complexity. In [9] the authors present a way
to preserve object persistence through the use of a set of
nodes called acore. This core can be used to preserve
information persistence, such as quorums, and thus, can
serves as DSM building block.

The key idea is temporal in the sense that an object
persists if operations are sufficiently frequent regarding
to the system dynamism, orchurn—the rate at which
nodes enter and leave the system. Roughly speaking,
if the object is written at enough locations with a rea-
sonable frequency then the object persists. This build-
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Figure 4. The disseminating approach

ing block can be used to provide efficient quorum access
with weak maintenance constraint. Figure 4 presents an
access through dissemination that isO(log n) message
delays long.

4. Conclusion

This paper classifies a panel of achievements in the
context of quorum-based solution for large-scale dy-
namic DSM implementation. Two major problems arise
from large-scale and dynamic DSM: the time complex-
ity required by operation and the communication com-
plexity required to guarantee consistency while partic-
ipants join or leave and while object state must re-
flect write operations. This paper enlightens the inher-
ent tradeoff between these two fundamental issues.

We are currently specifying a probabilistic protocol
for structureless quorum system withO(log n) opera-
tion time complexity and very low reconfiguration cost.
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