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Abstract. Data Grids are increasingly popular in novel, demanding and data-
intensive eScience applications. In these applications, vast amounts of data, gen-
erated by specialized instruments, need to be collaboratively accessed, processed
and analyzed by a large number of users spread across several organizations. The
nearly unlimited storage capabilities of Data Grids allow these data to be repli-
cated at different sites in order to guarantee a high degree of availability. For
updateable data objects, several replicas per object need to be maintained in an
eager way. In addition, read-only copies serve users’ needs of data with differ-
ent levels of freshness. The number of updateable replicas has to be dynamically
adapted to optimize the trade-off between synchronization overhead and the gain
which can be achieved by balancing the load of update transactions. Due to the
particular characteristics of the Grid, especially due to the absence of a global
coordinator, replication management needs to be provided in a completely dis-
tributed way. This includes the synchronization of concurrent updates as well
as the dynamic deployment and undeployment of replicas based on actual ac-
cess characteristics which might change over time. In this paper we present the
Re:GRIDIT approach to dynamic replica deployment and undeployment in the
Grid. Based on a combination of local load statistics, proximity and data access
patterns, Re:GRIDiT dynamically adds new replicas or removes existing ones
without impacting global correctness. In addition, we provide a detailed evalua-
tion of the overall performance of the dynamic Re:GRIDiT protocol which shows
increased throughput with respect to the replication management protocol with a
static number of replicas.

1 Introduction

Novel data-intensive applications are increasingly popular in eScience. In these appli-
cations, vast amounts of data are generated by specialized instruments and need to be
collaboratively accessed, processed and analyzed by a large number of scientists around
the world. Many good examples can be listed such as high energy physics, meteorol-
ogy, computational genomics, or earth observation. Due to their enormous volumes,
such data can no longer be stored in centralized systems but need to be distributed
worldwide across data centers and dedicated storage servers. Motivated by the suc-
cess of computational Grids in which distributed resources (CPU cycles) are globally
shared in order to solve complex problems in a distributed way, a second generation of
Grids, namely Data Grids, has emerged as a solution for distributed data management
in data-intensive applications. The size of data required by these applications may be
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Fig. 1. Example Application Scenario: Data Grids for Earth Observation

upto petabytes. High energy physics data instruments like the large hadron collider at
CERN, will produce vast amounts of data during their lifetime: “[...] will be the most
data-intensive physics instrument on the planet, producing more than 1500 megabytes
of data every second for over a decade” [[7]]. Similarly, in the earth observation domain,
data archives around the world will grow to around 14.000 Tbytes by the year 2014 [14]].

Consider the following earth observation scenario (depicted in Figure[I)), where data
are collected at one or more stations and maintained at multiple sites [26]. In order
to improve availability, scalability and avoid single points of failure in the system as
well as to best meet the users’ requirements, copies of data are maintained at multiple
geographically distributed sites. Assume that scientists are closely monitoring oil spills
into the sea in a collaborative effort. The potential damage to the area at stake requires
the readiness to detect, monitor and clean-up any large spill in a rapid manner. The
occurrence of such an incident results in the acquisition and analysis of thousands of
images summing up to Tbytes of data and generating multiple concurrent accesses to
data. For this type of applications the most up-to-date data, provided in a timely manner
is essential, even in the presence of concurrent updates. An efficient data replication
protocol has to guarantee the success of such applications, by ensuring, to mention only
a few of the advantages: availability of data, efficient access to data, freshness of data,
consistency of replicas and reliability in accessing the data.

Replication techniques are able to reduce response times by moving and distributing
content closer to the end user, speeding content searches, and reducing communication
overhead. An efficient replication management protocol has to consider changes in the
access patterns, i.e., should dynamically provide more replicas for data objects which
are frequently accessed. However, increasing the number of updateable replicas per
data object in an unlimited way may have significant drawbacks on the overall system
performance. Therefore, the number of updateable replicas for data objects which are
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no longer of importance to a large group of users should be dynamically reduced, in
order to reduce the overhead of replica maintenance. A number of existing approaches
to replication management in parallel and distributed systems address data placement
in regular network topologies such as hypercubes, rings or trees. These networks pos-
sess many attractive properties that enable the design of simple and robust placement
algorithms. These algorithms, however, cannot be directly applied to Data Grid systems
due to the lack of regular network structures and the data access patterns in Data Grid
systems which are very dynamic and thus hard to predict.

In this paper, we propose the Re:GRIDIT approach to dynamic replica management
in Data Grid systems, taking into account several important aspects described below.
First, replicas are placed according to an algorithm that ensures load balancing on
replica sites and minimizes response times. Nevertheless, since maintaining multiple
updateable copies of data is expensive, the number of updateable replicas needs to be
bounded. Clearly, optimizing access cost of data requests and reducing the cost of repli-
cation are two conflicting goals and finding a good balance between them is a challeng-
ing task. We propose efficient algorithms for selecting optimal locations for placing the
replicas so that the load among these replicas is balanced. Given the data usage from
each user site and the maximum load of each replica, our algorithm efficiently min-
imizes the number of replicas required, reducing the number of unnecessary replicas.
This approach to dynamic replica management is embedded into the Re:GRIDIT replica
update protocol which guarantees consistent interactions in a Data Grid and takes into
account concurrent updates in the absence of any global component [235126].

The remainder of the paper is organized as follows. Section[2]discusses related work.
In Section 3] we introduce our system model. Section [ gives details of the proposed
protocol. SectionBldescribes the implementation of our protocol and provides a detailed
performance evaluation. Finally, Section [ concludes.

2 Related Work

In contrast to its vital importance, dynamic replication management in Data Grids which
takes into account its particular requirements of the Grid has not been the focus of pre-
vious work. In general, we can distinguish three related fields: i.) data replication in the
Grid which mainly concentrates on read-only data and/or manual data placement; ii.)
replication management in database clusters and peer-to-peer networks; iii.) dynamic
replication of services in Grid environments.

In current Data Grids, replication is mostly managed manually and based on single
files as the replication granularity [17]. In addition, these files are mainly considered as
read-only [10/11]]. There are also more comprehensive solutions as proposed in [20].
This solution, however, may suffer from consistency problems in case of multiple cata-
logs and while accessing more than one replica. Moreover, to the best of our knowledge,
there is no replication solution for Data Grids which address freshness and versioning
issues so far while also taking into account several updateable replicas.

In the context of replication management in database clusters, there are several
well-established protocols in the database literature which deal with eager and lazy
replication management. Conventional eager replication protocols have significant draw-
backs with respect to performance and scalability due to the high communication
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overhead among the replicas and the high probability of deadlocks. In order to overcome
these drawbacks, group communication primitives have been proposed in [16]. Lazy
replication management, on the other hand, maintains the replicas by using decoupled
propagation transactions which are invoked after the “original” transaction has commit-
ted. Older works on lazy replication focus only on performance and correctness [5I8].
The approach presented in [4] extends this focus by imposing much weaker requirement
on data placement and recent works consider freshness issues as well [T9U1]]. The draw-
back of these approaches is that they assume a central coordinator which can become a
bottleneck or a single point of failure. Dynamic replication in peer-to-peer networks has
also known extensive development over the years [219IT218]. Sophisticated solutions,
which eliminate the need of a central coordinator, have been proposed, but they either
do not take into account data freshness [2], or multiple data types ([I8] for example,
only considers images as data objects) or neglect consistency issues [12]].

An early attempt to evaluate scalability properties of adaptive algorithms for replica
placement services in dynamic, distributed systems was reported in [3]]. Weissman and
Lee proposed a replica management system which dynamically allocates replicated
resources on the basis of user demand, where resource requests by users can be trans-
parently rerouted if individual replicas fail. More recently, other replication schemes
have been proposed. Through experiments, most have demonstrated limited scalabil-
ity and ability to operate under conditions of resource heterogeneity and dynamism.
Valcarenghi [21]] presented a replication approach in which replicas are located in prox-
imity to each other to form service islands in a Grid network. These approaches have
been developed at the service level and thus do not take into account data replication
constraints or freshness and versioning issues.

3 The Re:GRIDIT System Model

Despite recent advances, Data Grid technologies often propose only very generic ser-
vices for deploying large scale applications such as users authorization and authentica-
tion, fast and reliable data transfer, and transparent access to computing resources. In
this context, we are facing important challenges such as the ones coming from the earth
observation application presented in Section[Il We built therefore further functionality
on top of the underlying Grid middleware, while taking into account particular require-
ments coming from both the Grid infrastructure and the Grid applications (dynamically
distributed management of replicated data, different levels of freshness, the absence of a
central coordinator). In this paper we present the Re:GRIDIiT (Replication Management
in Data GRid Infrastructures using Distributed Transactions) protocol that dynamically
synchronizes updates to several replicas in the Grid in a distributed way. Re:GRIDiT
was developed as a response to the need of a protocol that meets the challenges of repli-
cation management in the Grid, and that re-defines the Grid and re-discovers it (in other
words, that “re:grids it”), bringing it to a level where it can satisfy the needs of a large
variety of users from different communities.

Figure 2] sketches the Re:GRIDIT architecture. The bottom layer is built by the hard-
ware: computing nodes, storage nodes and fast network connections. At the middleware
level, Grid services provide homogeneous and transparent access to the underlying het-
erogeneous components while Re:GRIDIT services (which build on top of any Grid
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Fig. 2. A Layered Architecture, from Resources to Applications

middleware) provide dynamic and distributed replication of Grid-enabled applications
with data sharing and distributed computation capabilities in a way that is transparent to
the applications and the users. The application specific layer provides high level and do-
main specific services taking into account the data semantics, access to heterogeneous
database formats, high level services, support for parallel and interactive applications,
etc. The components in each layer build on new capabilities and behaviors provided by
the lower layer. This model demonstrates flexibility and shows how Grid architectures
can be extended and evolved upon.

At the middleware layer, we assume Re:GRIDIT as being part of the Grid middle-
ware and present on each site. The sites hold data objects, replicated in the network,
and operations through which the data objects can be accessed. A data object can be
represented at the base level as a file stored on the local file system, or inside a database
on the local database management system (similar to the model presented in [6]). Each
data object is uniquely identified by an object identifier OID.

As illustrated in Figure [3] each site s; offers a set of operations on data objects
Op® = {op1,0pa,...,op,}. The operations can be invoked within transactions using
the interface of the site. We consider the following update operations (shortly referred
to as updates): insert object (denoted insert(d, t, OI D) for an insertion of a data object
d into a storage type t (file or database), with a specified OI D); delete object (denoted
delete(OID) for the deletion of a data object with a specified OID); replace object
(denoted replace(d, OID) for the replacement of an object with a specified OID). We
consider the following read operations: read object (denoted read(OID) for the read-
ing of an object with a specified OID; read versioned object (denoted read,, (vnr, OID)
for the reading of a version of an object with a specified OID).

In addition to these operations, which we call direct operations, and which result
from the translation of user operations, we assume two additional operations which
are not available at the user level. These operations are used by the system in order to
support replication (indirect operations). We consider the following indirect operations:
copy object (denoted copy(OI D, vnr, dest) for the copying of a version of a data object
to a specified destination site); remove object (denoted remove(OID, vnr, dest) for
the removal of a version of a data object from a specified destination site).
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In our work the notion of conflict is defined based on the commutativity behav-
ior of operation invocations (semantically rich operations [22]). Dependencies between
transactions in a transaction’s schedule occur when there is at least a pair of operation
invocations that is in conflict. We model our system such that each site holds a copy
of the conflict matrices, by means of which they can automatically detect conflicts. We
assume conflicts to be rather infrequent, but they need to be handled properly in order
to guarantee globally serializable executions.

In Re:GRIDIT one data object can reside only on one site, but could be replicated on
several sites. We distinguish between two types of replica sites: update and read-only
sites. Read-only sites allow read access to data only. Updates occur on the update sites
and are propagated to other update sites and finally to the read-only sites. The nature
of a site (i.e., update or read-only) is determined by the operations it provides [26]. We
define an n-to-m relationship between the two types of sites; an update site can have
any number of read-only children (to which updates are propagated). Read-only sites in
turn can be shared with other update sites.

Re:GRIDIT assumes the presence of local logs on each site (see Figure[3), where op-
eration invocations are recorded. These logs are used for conflict detection and recovery
purposes. Each site uses a set of tools to obtain a (typically partial and sometimes even
out-dated) information regarding the state of the system and take replication decisions.
We introduce the following components to facilitate the scheduling of read-only trans-
actions in the Grid and the replica management decision. These components are not
centrally materialized in the system, and contain global information that is distributed
and replicated to all the update sites in the system:

— replica repository: used to determine the currently available update replicas in the
network. Moreover, each update replica is aware of its own read-only replicas,
where it propagates update changes, in order to maintain a certain level of fresh-
ness/staleness in the network.

— freshness repository: used to collect freshness levels of the data objects periodically
or whenever significant changes occur. In this paper, the term freshness level is used
to emphasize the divergence of a replica from the up-to-date copy. Consequently
update sites will always have the highest freshness level, while the freshness level
of the read-only sites will measure the staleness of their data. Since update sites
propagate changes to read-only sites, they are aware of the freshness levels of the
read-only sites to which they propagate changes.

— load repository: used to determine an approximate load information regarding sites.
This information can then be used to balance the load while routing read-only trans-
actions to the sites or for the replica selection algorithm. Update sites periodically
receive information regarding the load levels of other update sites and their read-
ony children. Read-only sites are only aware of their own load levels[]

"' In order to improve efficiency and not to increase the message overhead this information can
be exchanged together with replica synchronization request. This information needs to be ex-
changed more frequently while there is a replica synchronization process in place, while the
exchange is not needed during a site’s idle time, when the load is unlikely to vary.
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Besides these local metadata each site maintains a set of global, pre-defined set of
variables: 7, collection time interval (defined as the time between individual state in-
formation collection) and A;,,4. These values strongly depend on the nature of the
supported application, but the protocol may allow these values to be self-defined on a
per site basis, depending on the physical characteristics of the site.

With respect to transactions submitted by clients, i.e., client transactions, we dis-
tinguish between read-only transactions and update transactions (according to [I]]).
A read-only transaction only consists of read operations. An update transaction com-
prises at least one update operation next to arbitrarily many read operations. Decou-
pled refresh transactions propagate updates through the system, on-demand, in order
to bring the read-only replicas to the freshness level specified by the read-only transac-
tion. Propagation transactions are performed during the idle time of a site in order to
propagate the changes present in the local propagation queues to the read-only replicas.
Therefore, propagation transactions are continuously scheduled as long as there is no
running read or refresh transaction. Re:GRIDiT exploits the sites’ idle time by contin-
uously scheduling propagation transactions as update transactions at the update sites
commit. Copies at the read-only sites are kept as up-to-date as possible such that the
work of refresh transactions (whenever needed) is reduced and the performance of the
overall system is increased. Through our protocol a globally serializable schedule is
produced (although no central scheduler exists and thus no schedule is materialized in
the system) [24]]. Moreover, the update transactions’ serialization order is their commit
order.

Note that a transaction may not always succeed due to several failure reasons. To
satisfy the demand for an atomic execution, the transaction must compensate the effects
of all the operations invoked prior to the failure [22]]. This compensation is performed
by invoking semantically inverse operations in reverse order.
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3.1 Load Metrics

In practical scenarios, the load metrics may reflect multiple components, such as CPU
load, storage utilization, disk usage or bandwidth consumption. We abstract from the
notion of load by defining a load function load € [0, 1], where the maximum, in the
case of CPU load, for instance, corresponds to 100 % load.

We assume that an individual site can measure its total load. This can be done by
keeping track of resource consumption (CPU time, IO operations, access count rate
etc.) In order to ensure an accurate measurement, the load collection is averaged over
a certain time window and consequently the decisions are made based on load trends
rather than punctual values.

Yoo load(s;)

number of load calculations within the given time window and classify the following
load situations (for a site s):

We define the mean load as load(s) = where n represents the total

— An overload situation can occur if load(s) € (Coverioad, 1)s
where aoperioad € [0;1].

— A heavyload situation can occur if load(s) € (Qheavyioads Coverioad)s
where Qoverload € [07 1] and Qheavyload S [07 1]

- A lowload situation can occur if load(s) € (Cunderioad, Cheavyload)s
where Apequyioad € [0;1] and aynderioad € [0;1].

— An underload situation can occur if load(s) € (0, &underioad)s
where Qunderload € [Oa ]-]

The parameters ynderioad> Cheavyload aNd Qoyerioad are application dependent and
obey the following relation: 0 < underioad < Qheavyload < Qoverload < 1. The
possible load levels (together with an example of their implementation in a practical
scenario) are presented in Figure @l We extend the above classification to a system-

N
Z]‘:o load(s;)

N > Qoverloads where

wide level (i.e., a system overload can occur if
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load(s) is the average load on a site s and NN represents the total number of sites in the
system) and define two additional situations that can be observed at a system level:

— A majority overload situation can occur if a majority of sites (of at least 9 +1)isin
an overload situation. The remaining sites must be at least in a heavyload situation.

— A minority overload situation can occur if a minority of sites (of at most -1

is in an overload situation. The remaining sites must be at least in a heavyload
situation.

Note that the definition of the load levels in a practical scenario is of major impor-
tance since crossing the boundaries of a certain level will trigger a certain action in the
dynamic replication protocol.

3.2 Best Replica

The efficiency of the replication system depends on the criteria used for the selection of
replica sites. In our protocol, we choose the notion of host proximity as one of the criteria
for replica selection. The proper definition of this metric impacts both the response time
perceived by the user and the overhead involved in measuring the distance. In order to
define the “closest” replica, the metrics may include response time, latency, ping round-
trip time, network bandwidth, number of hops or geographic proximity. Since most of
the above metrics are dynamic, replica selection algorithms such as typically rely
on estimating the current value of the metric using samples collected in the past. We
abstract from the above notions by defining a closeness function, in which the notion
of closeness can reflect any of the metrics above, and is defined as close(s, ¢) € [0, 1],
where 0 is the absolute minimum value for this metric (for example, in the case of
geographic proximity, 0 would correspond to the site s that is geographically farthest
away from the client c and 1 to the site s that is geographically closest to the client c).

The second criterion for the replica selection is based on the notion of “freshness”.
We use in our approach a freshness function, fresh(d, s) € [0, 1], (as defined in [19])
that reflects how much a data object d on a site s has deviated from the up-to-date
version. The most recent data has a freshness of one, while a freshness of zero represents
infinitely outdated data (data object is not present on that site). For read-only sites, the
freshest replica has the most up-to-date data (ideally as close to 1 as possible).

The third criterion is related to the concept of load (see Subsection 3.1 and defines
the “least loaded” site as the one with the smallest value of the load within a given set.

The following situation may require a replica selection: a particular system load
situation may require the acquisition of a new update replica from the read-only replicas
available. For each replica s the replica selection algorithm keeps track of its load,
load(s) and the freshness of each data object d, fresh(d, s). For read-only sites, the
freshness is smaller or equal to one and represents a measure of the staleness of the
data on a site. The algorithm begins by identifying replicas with the smallest load level,
replicas with the highest freshness level and replicas that are the closest to the requester
and chooses the best replica among them.
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Definition 1. (Best replica function) Let S be the set of all sites in the system and
D the set of all data objects. Then, for a copy of a data object d, required by a given
client site c, the function best(c,d) is defined as follows: best : S x D — S, such

that best(c,d) = s* € S, where s* corresponds to the greatest value of the sum:
aclose(s*, c)+ B fresh(d, s*)+~v(1 —load(s*)), for given av, B,y with a+ S+~v = 1,
Vs* € 5. O

Choosing replicas in the round-robin manner would neglect the proximity factor. On the
other hand, always choosing the closest replicas could result in poor load distribution.
Our protocol keeps track of load bounds on replicas, freshness levels and proximity
factors, which enables the replica management algorithm to make autonomous selection
decisions. We allow the decision to take into account the freshness level of a replica.
The usage of freshness in this protocol is a trade off of consistency for performance.
Furthermore, by using a weighted sum for the notion of best replica, we allow higher
level applications to give preference to a certain parameter over the others.

4 The Re:GRIDIT Protocol

4.1 Replica Promote and Demote

In the following we define the conditions and consequences of dynamic replica acquisi-
tion or release. When a new updateable replica is created, it is updated with the content
of existing update replicas (depending on the data objects that exist at that site). In order
to ensure consistency the creation of a new update replica takes place in two phases: (i)
Phase 1: sites are informed that a new replica will join the network, they finish currently
executing transactions and start queueing any direct operations belonging to subsequent
transactions; (ii) Phase 2: the replica has joined and is up-to-date, the sites start execut-
ing the queued direct operations taking into account the new replica when executing
indirect operations.

However, a new replica promote may not always be beneficial. The decision whether
to acquire or release a replica is made based on a combination of local (accurate) and
global (partially accurate) information. We identify the following cases, depending on
the local load of a site (see Figure [):

— local underload; An underload situation intuitively implies that there are no up-
dates and no queries at this site. In this case the site autonomously decides to self
demote.

— local lowload; A lowload situation is considered to be a normal load situation. The
site continues the normal execution.

— local heavyload; A heavyload situation is dealt with by the acquisition of additional
replica(s). A site in heavyload will inform the other update sites of the intention to
promote a new replica. If there is no other promote taking place at the same time
and all the sites have acknowledged the promote, the site will proceed to choose
the best replica, as described in Subsection[3.2] and promote it to update site.

— local overload; An overload situation is a special case in which the global state of
the system needs to be taken into account, since a local situation may be the result
of several influencing factors that do not necessarily reflect the state of the system.
We distinguish two sub-cases:
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Algorithm 1. Re:GRIDIT Site Protocol (Extension)
: Main Execution Thread:
while true do
Proceed normal Re:GRIDIT execution;
wait for next message m;
if m contains message: inform promote then
finish direct operations of active transactions;
update replica repository information;
return ACK message;
queue all incoming direct and indirect operations;
10:  else if m contains message: end inform promote then

e AR o > e

g

11: execute queued operations;

12:  else if m contains message: inform demote then
13: update replica repository information;

14:  endif

15: end while

e In the case in which the system is in a majority overload situation the acquisi-
tion of a new replica is unlikely to improve the situation (since more replicas
imply more synchronization). No action will be taken.

e In the case in which the system is in a minority overload situation, the overload
can be assumed to be due to read operations (which are not replicated). The
protocol will dictate the site to migrate the read request to other update sites in
the system which are not in an overload situation.

Definition 2. (Replica promote). The process by which a read-only site is transformed
into an update site is called replica promote (replica acquisition).

(Preconditions). An update site s will begin the process of the acquisition of the best
replica, from its own read-only children, which satisfies the criteria defined in Defini-
tion 1, if and only if the following statements hold: load(s) = heavyload and there is no
other promote initiated by a different site taking place at the same time and the already
existing number of update replicas in the system has not reached a maximum.
(Postconditions). A read-only site r has been promoted to an update site and all the
other update site are aware of the new replica. The information in the distributed replica
repository is updated accordingly. (I

Definition 3. (Replica demote) The process by which an update site is transformed
into a read-only site is called replica demote (replica release).

(Preconditions) An update site s will begin the process of self release for a data ob-
Jject x, if and only if the following statements hold: load(s) = underload or load(s) =
overload and no active transactions exist at s and the data are available elsewhere at
a minimum number of replicas.

(Postconditions) Site s no longer exists as update site and all the other update sites are
made aware of the disappearance of the replica site s. The information in the distributed
replica repository is updated accordingly. O
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Algorithm 2. Re:GRIDIT Site Protocol (continued)
1: Background Thread:
2: while 6(7") do
3: collect load

4. if Promote Precondition then
5: select best read-only replica according to Definition 1;
6: inform update replicas of new promote;
7: promote read-only replica;
8: update replica repository information;
9: else if Demote Precondition (in underload) then
10: inform update replicas of self demote;
11: update replica repository information;
12: else if Demote Precondition (in overload) then
13: if majority overload then
14: inform update replicas of self demote;
15: update replica repository information;
16: else if minority overload then
17: route read requests to sites ¢ overload
18: end if
190 endif
20: if (load - previous load) > Ajpaq then
21: o(T) -~
22: propagate load changes to update replicas
23:  endif
24: if (previous load - load) > Ajpaq then
25: o(T) ++;
26: propagate load changes to update replicas
27:  endif

28: end while

Since our protocol is completely distributed the decision on what action to take and
when is made mostly based on local information and the partially outdated informa-
tion about the state of the system. Nevertheless, in order to maintain consistency, the
updateable replicas are synchronously informed of any replica promote or demote. The
extensions required by the Re:GRIDiT Protocol are illustrated in Algorithms[Iland 2

4.2 Failure Handling

We identify the following types of failure that could occur in dynamic Data Grid envi-
ronments. We suppose the sites fail-stop and that failures are detected by means of fail-
ure to acknowledge requests within a certain timeout. This timeout mechanism ensures
that failure detection prevents processes from long delays but also, from suspecting sites
too early which could incur unnecessary communication overhead. If a site crashes dur-
ing an inform demote or inform promote phase, the failure is detected by means of the
timeout mechanism. The site in charge of the inform will update the replica repository
and reissue the inform request. If the site to be chosen promoted is failing to answer,
the next best replica (according to Definition 1) is chosen to be promoted.
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Since the number of copies of the object varies in time the dynamic replication and
allocation algorithm is vulnerable to failures that may render the object inaccessible. To
address this problem, we impose a reliability constraints of the following form: “The
number of copies per data object cannot decrease below a minimum threshold”. If such
constraint is present, and the local site s fails to meet it, then any of sites informed of
the demote p refuses to accept the exit of a data site, if such exit will downsize the
replication scheme below the threshold. In other words, p informs s that the request
to exit from the replication scheme is denied; subsequently, updates continue to be
propagated to s. Site s continues to reissue the request whenever the preconditions for
replica demote dictates to do so. The request may be granted later on, if the replication
scheme is expanded in the meantime. Failure during other phases of the algorithm are
considered in the semi-static replication protocol described in [26]].

5 Implementation and Evaluation

The Re:GRIDIT protocol has been implemented using state-of-the-art Web service tech-
nologies which allows an easy and seamless deployment in any Grid environment. We
have evaluated Re:GRIDiIT with support for dynamic replica placement and deploy-
ment against Re:GRIDIT using a static replication scheme (presented in [23]]), in a Java
WS-Core Globus Toolkit container environment where the web services run. The exper-
imental setup consists of multiple hosts equipped with a local Derby database and Java
WS-Core. Both have been chosen due to their platform-independence, but any other
existing off-the-shelf database can be used for this purpose.

The goal of these evaluations is to verify the potential of the protocol, in terms
of scalability and performance, compared to a protocol allowing only a semi-static
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replication scheme. For the purpose of our evaluation we used up to 48 sitesﬁ, equipped
with a Dual Intel®CPU 3.20 GHz processor, 5 GB RAM and running Ubuntu Linux
8.0.4 as operating system. They are all running Java WS-Core version 4.0.3. The eval-
uation setup is schematically presented in Figure [5l For simplicity, we have used the
site’s CPU percentage as load measurement. The actual values used for the different
load situations are depicted in Figure @l These value have been chosen such that the
intervals for a site promote or demote are comparable. Unless otherwise stated the mea-
surements have consisted on runs of 100 transactions each. The conflict rate was set
to 0.01 (since conflicts are assumed to be infrequent). Each transaction consists of 5
direct operations. The transactions were started sequentially, one after the other, with
an update interval of milliseconds, such that as many transactions as possible are active
at the same time.

5.1 Load Variation in the Presence of Active Transactions

In order to evaluate the performance of our protocol we have conducted several experi-
ments that evaluate the load variation in the presence of active transactions at the sites.
We have recorded the mean local load variations, the mean system loads and the evolu-
tion of the number of replicas in time (in a dynamic setting). As observed from Figure[@]
for an initial number of 12 update sites, the average number of replicas in the system
tends to remain stable at an minimum of 6. We have compared these results with the
static replication protocol for which we used 6 update sites. The average system load
shows more fluctuations in the dynamic case (due to the dynamic replica management
overhead), and on average, the local site loads show a less than 5% increase with respect
to the static case. In this case, the static setting of 6 update replicas has been chosen to
match the optimal minimum which is reached by the dynamic setting; therefore an un-
fortunate choice of less than optimal number of replicas in the static setting produces
non-negligible load differences with respect to the dynamic setting.

% This number refers to the maximum number of update sites in the system. In addition there
may be hundreds of read-only sites present in the system.



Load-Aware Dynamic Replication Management in a Data Grid 215
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5.2 Evolution of Throughput

Another means of evaluating the performance of the dynamic and static Re:GRIDiT
protocols is by comparing their throughput, calculated as the number of transactions
committed within a time interval (in this example 20 seconds). In this measurement,
both protocols with an initial setup of 12 sites and the static protocol with an initial
setup of 6 sites have been compared. As in the previous cases, the dynamic replication
protocol has stabilized the number of update sites at a minimum of 6. As it can be
seen from Figure[§] the throughput in the dynamic setting is higher than in both static
settings. The reason for this behavior is that transactions begin the commit much sooner
in time in the dynamic case than in the static one. The rationale behind it is that the static
Re:GRIDIT requires more time to synchronize the update to a higher (and constant)
number of update sites in the case of 12 static sites, therefore the transaction duration
is higher. It can also be observed that initially the throughput in the dynamic setting is
smaller than in the case of the static setting with 6 update sites, due to the extra load
imposed by the demote of the unnecessary update sites. Nevertheless, the throughput
of the dynamic setting is increasing and outperforms the throughput of the static setting
with 6 update sites, due to the selection of the best replica sites in the dynamic case.

5.3 Load Variation in the Presence of Active Transactions and Additional Load

As it can be seen from Figures [6] and [7] the distributed concurrency control of active
running transactions and the replica management hardly drive the CPU load within the
heavyload level and never in the overload level. In order to observe the system’s be-
havior under heavier load stress we have tested the protocols in a setting using active
transaction and artificial load variations (that mimic the behavior of additional read op-
erations). These load variations introduce dynamic changes in the system which lead to
promote and demote situations. In each of the cases the load has been maintained stable
for several minutes in order to give the system enough time to react to the changes.
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Re:GRIDIT (Dynamic) Load Variation Re:GRIDIT (Static) Load Variation
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The results can be seen in Figures [0 and [[0] where an initial setup of 48 update sites is
compared and Figures [[1] and [[2] where an initial setup of 6 update sites is compared.
It is clear that while both protocols are subject to the same load levels the dynamic
Re:GRIDIT protocol is able to better cope with the varying load situations and conse-
quently promote and demote sites as needed.

5.4 Dynamic Re:GRIDiT Protocol: Summary of Evaluation Results
Summarizing, the main achieved goals of our dynamic Re:GRIDIiT protocol are:
— Dynamic: replicas can be created and deleted dynamically when the need arises.

As it can be seen from Figures [0] and [[1] dynamic changes in the load determines
when new replicas need to be acquired or released.
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— Efficient: replicas should be created in a timely manner and with a reasonable amount
of resources. Figure[@reflects the overhead in replica acquisition with respect to the
static protocol presented in Figure[7] which is shown to be at approximately 5%.

— Flexible: replicas should be able to join and leave the Grid when needed. Our dy-
namic replication protocol allows replicas to join and leave the replication scheme
as long as a minimum number of replica is present in the system. This limit is appli-
cation dependent since different application scenarios might have different needs.

— Replica Consistency: in an environment where updates to a replica are needed, dif-
ferent degrees of consistency and update frequencies should be provided. In our
measurements the Re:GRIDiT distributed and optimistic concurrency control pro-
tocol (presented in [23]) is enabled.

— Scalable: the replication system should be able to handle a large number of replicas
and simultaneous replica creation. We have tested our protocol on a setup consisting
of up to 48 update sites. In addition there may be hundreds of read-only sites.

6 Conclusions and Outlook

Data Grids are providing a cutting-edge technology of which scientists and engineers
are trying to take advantage by pooling their resources in order to solve complex prob-
lems and have known intensive developments over the past years. Basic middlewares
are available and it is now time for the developers to turn toward specific application
problems. In this paper we propose an algorithm that aims at solving key problems of
replication management in Data Grids. Re:GRIDIT hides the presence of replicas to the
applications, provides replica consistency without any global component and allows an
efficient, flexible and dynamic replication scheme where replicas can be created and
deleted as the need arises. Furthermore we provide an evaluation of our dynamic repli-
cation protocol and compare it with a protocol which allows a static replication scheme,
clearly proving the advantages of Re:GRIDiT.

Some open question remain for future research and certainly require future investiga-
tion: (i) how to respond in an efficient manner to read-only requests with different fresh-
ness levels or (ii) how to monitor access patterns (to improve access of heavy/frequent
users to data).
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