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This paper introduces a self-configuring architecture for on-demand resource allocation to applica-
tions in a shared database cluster. We use a unified approach to load and fault management based
on data replication and reactive replica provisioning. While data replication provides scaling and
high availability, reactive provisioning dynamically allocates additional replicas to applications in
response to peak loads or failure conditions, thus providing per application performance. We de-
sign an efficient method for data migration when joining a new replica to a running application
that allows for the quick addition of replicas with minimal disruption of transaction processing.
Furthermore, by augmenting the adaptation feedback loop with awareness of the delay introduced
by the data migration process in our replicated system, we avoid oscillations in resource allocation.

We investigate our transparent database provisioning mechanisms in the context of multitier
dynamic content Web servers. We dynamically expand/contract the respective allocations within
the database tier for two different applications, the TPC-W e-commerce benchmark and the RUBIS
online auction benchmark. We demonstrate that our techniques provide quality of service under
different load and failure scenarios.

Categories and Subject Descriptors: H.2.4 [Database Management]: Systems—Query processing;
H.2.7 [Database Management]: Database Administration—Logging and recovery

General Terms: Algorithms, Experimentation, Management, Measurement, Performance, Relia-
bility

Additional Key Words and Phrases: Autonomic systems, databases, query processing, transactions

1. INTRODUCTION

Autonomic management of large-scale dynamic content servers has recently
received growing attention [IBM Corporation 2003b, 2003b; Tesauro et al. 2005;
Bennani and Menascé 2005] due to the excessive personnel costs involved in
managing these complex systems. This article introduces a novel technique for
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Fig. 1. Architecture of dynamic content sites.

on-demand resource allocation across multiple dynamic-content applications
that share a cluster database tier.

Dynamic content servers commonly use a three-tier architecture (see Fig-
ure 1) that consists of a frontend Web server tier, an application server tier
that implements the business logic, and a backend database tier that stores
the dynamic content of the site. Large data centers may host multiple applica-
tions concurrently, such as e-commerce, auctions, news, and games. If services
experience daily patterns with peak loads for each service type at a different
time (e.g., daytime for e-commerce, evening for auctions, morning for news sites,
night for gaming), there is opportunity for reassigning hardware resources from
one service to another. Thus, instead of gross hardware overprovisioning for
each application’s estimated peak load, the Web service provider can efficiently
multiplex data center resources across applications through dynamic resource
allocation, that is, on-demand provisioning.

Several such approaches [Ranjan et al. 2002; DBL ; IBM Corporation 2003b;
Bennani and Menascé 2005; Woodside et al. 2006; Menasce et al. 2001; Walsh
et al. 2004; Tesauro et al. 2005] investigate dynamic provisioning of resources
within the (mostly) stateless Web server and application server tiers. However,
dynamic resource allocation among applications in the stateful database tier,
which commonly becomes the bottleneck [Amza et al. 2002; slashdoteffect ], has
received comparatively less attention.

In this article, we investigate using database replication on a commodity
cluster to run multiple applications. Our system dynamically allocates ma-
chine replicas to each application to maintain application-level performance.
In particular, we use a predefined latency bound to determine whether an ap-
plication’s requirements are being met. Furthermore, our algorithm removes
resources from an application’s allocation when it is in underload. This ap-
proach provides the following benefits. First, it allows cost savings by efficient
resource usage, for example, allocating resources to applications only when
needed may allow powering down unnecessary cluster servers for extended pe-
riods of time, thus reducing energy consumption in large data centers. Second,
dynamic replication enables a unified approach to resource management as well
as fault tolerance. Our system detects load spikes and failures as a resource
bottleneck and adapts in the same manner by adjusting the number of replicas
allocated to an application.

The performance of our system depends on the delay associated with adding
a new database replica to an application which can be a time-consuming
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operation. Consider the case where we allocate a disjoint set of machines to
host the replicas of each application and we dynamically adjust each applica-
tion’s cluster partition. When an application requires an additional machine
replica, it must use an unallocated machine or a machine allocated to another
application. In either case, the database state of the new replica for that appli-
cation will be stale and must be brought up-to-date (or a new instance of that
application may need to be installed) before it can be used through a process
we call data migration. In addition, the buffer cache at the new replica needs to
be warm before the replica can be used effectively. Replica addition delay can
be avoided altogether with fully-overlapped replicas where all the database ap-
plications are replicated across all the available cluster machines. In this case,
there is no replica addition delay because replicas do not have to be added or
removed. However, this approach causes interference due to resource sharing.
For example, when multiple database applications run on the same machine,
their performance can degrade due to buffer cache interference. This discus-
sion shows that there is a trade-off between using disjoint and fully-overlapped
replica allocation strategies. Disjoint allocation reduces interference and thus
improves steady state performance. Fully-overlapped allocation avoids replica
addition delay and thus can speed up the system’s response to load spikes and
failures.

Based on this trade-off, we design and implement an efficient method to inte-
grate a database replica into an application allocation that we call application
allocation with partial overlap. The partial overlap strategy is based on the
observation that write queries in dynamic content applications are typically
more lightweight and have a much lower memory footprint compared to read
queries [Amza et al. 2003a]. For instance, in e-commerce applications, an up-
date query typically updates only the record pertaining to a particular customer
or product, while read queries caused by browsing involve expensive database
joins as a result of complex search criteria. Moreover, read queries are much
more frequent than write queries. Hence executing writes of different applica-
tions (as opposed to their reads) on the same machine typically causes minimal
resource interference. This leads us to a dynamic allocation solution where the
application allocations are disjoint, but, for each application, we send batched
updates periodically to a set of database machines outside of that application’s
allocation, thus keeping them partially up-to-date. Our partial overlap scheme
limits application interference and keeps data migration time bounded when-
ever we need to expand an application’s allocation.

Finally, another key feature of our dynamic allocation strategy is incorporat-
ing delay awareness into the adaptation process. Even with our partial overlap
allocation technique, the replica addition process can be long (e.g., due to the
need for buffer cache warm-up) and the application latency may remain high
during this process. A naive reactive policy that measures application latency in
order to add replicas, periodically can cause instability even during replica addi-
tion. Specifically, sampling high latency values during adaptation causes unnec-
essary further allocations for that application which later need to be removed,
hence oscillation in application allocations and cross-application interfer-
ence. To improve system stability, our dynamic allocation strategy suppresses
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allocation decisions while replica addition is in progress. An additional heuris-
tic for preventing oscillatory allocation behavior is to eagerly react to resource
bottlenecks, but to use a conservative replica removal process as follows. Specif-
ically, our system compensates for the delay during adaptation by using early
latency indications on a newly added replica to trigger an additional replica
allocation. In contrast, for replica removal, a two-step process is used. Initially,
we stop read queries to a replica but continue to keep the replica up-to-date. If
the application’s performance is not significantly affected, then write queries
are stopped to remove the replica from the application’s allocation.

Our prototype implementation interposes an autonomic manager tier be-
tween the application server(s) and the database cluster in the dynamic content
server. The autonomic manager tier consists of a resource manager collaborat-
ing with a set of schedulers, one per application, to virtualize the database
cluster and the application allocations within the cluster so that each applica-
tion server sees a single database.

Our experimental evaluation uses the TPC-W industry standard e-commerce
benchmark [TPC ] modeling an online bookstore and the RUBIS online bidding
benchmark [Amza et al. 2002]. Our evaluation shows that our dynamic repli-
cation approach performs well for rapid variations in an application’s resource
requirements. We also show experimentally that the same approach can be used
to handle failure scenarios. A comparison of various allocation techniques with
and without overlap shows that the partial overlap allocation policy is most
effective and requires fewer resources than the disjoint or full overlap alloca-
tion policies. The partial overlap allocation strategy provides over 90% latency
compliance for both applications when they are run together under a range of
load and failure scenarios.

The rest of the article is organized as follows. Section 2 describes the en-
vironment in which our dynamic adaptation techniques work and specifically
provides the necessary background on scaling dynamic content applications
and introduces our cluster architecture. Section 3 introduces our partial over-
lap resource allocation strategy and presents our data migration algorithm.
Section 4 describes our delay-aware adaptation process. Section 5 presents our
benchmarks and experimental platform. We investigate dynamic allocation of
database resources to applications experimentally in Section 6. Section 7 dis-
cusses related work and Section 8 concludes the article.

2. ENVIRONMENT

This section describes the environment in which our autonomic adaptations are
meant to work. In particular, we describe our underlying database replication
algorithm and our cluster design.

In this work, we build on a replication technique called conflict-aware repli-
cation [Amza et al. 2003a, 2003b], which is among recent research proto-
types [Lin et al. 2005, Kemme and Alonso 2000a, 2000b, Plattner and Alonso
2004] providing asynchronous replication with strong consistency guarantees.
This combination has proven to be a difficult challenge with traditional replica-
tion techniques. Classic eager replication schemes [Weikum and Vossen 2002]
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with synchronous updates applied to all database replicas trivially provide
strong consistency but severely limit performance, mainly due to excessive
conflict waits and deadlocks [Gray et al. 1996]. Classic lazy replication [Guy
et al. 1999; Terry et al. 1995] with delayed propagation of modifications,
hence asynchronous replication, provides better performance but writes can
arrive out of order at different replicas and reads can access inconsistent
data.

Both asynchronous execution and strong consistency are necessary in a repli-
cated dynamic content server with autonomic adaptation. As mentioned, a syn-
chronous system typically does not allow increasing application performance by
adding new replicas, hence, it limits system adaptivity. Furthermore, integrat-
ing a stale replica into an application’s allocation should ideally occur without
stalling ongoing transactions on already active replicas for that application.
This cannot be achieved without asynchronous execution for the set of replicas
already active, on one hand, and the new replica that is being brought up to
date on the other hand. Finally, strong consistency is desirable because it hides
the replicated nature of the backend and its configuration adaptations from the
application server which interacts with the replicated backend as with a single
database.

In the following, we describe the consistency model we support, the program-
ming model for the application business logic, the cluster architecture and the
conflict-aware replication scheme.

2.1 Consistency Model

The consistency model we use for all our protocols is strong consistency or
1-copy serializability [Bernstein et al. 1987]. A replicated system provides 1-
copy serializability if it makes the system look like one physical copy to the user.
With 1-copy serializability, the execution of all transactions is equivalent to a
serial execution, and that particular serial execution is the same on all replicas.
Thus, conflicting operations of different transactions execute in the same order
on all replicas. We illustrate the consistent conflict ordering concept previously
introduced with two examples. Assume that transactions T1 and T2 have con-
flicting accesses on data items x and y . Then, with 1-copy serializability, T1
is consistently ordered either before T2 on all replicas (e.g., it cannot read any
data that T2 wrote) or after T2 on all replicas (e.g., it reads data items versions
that T2 wrote). Given this, the following interleaving of operation executions of
transactions T1 and T2 cannot occur with 1-copy serializability. In the opera-
tion interleaving T1 r(x), T2 w(x), T2 w(y), T1 r(y), T1 cannot read the unmodified
value of x but it can read the modified value of y . In the operation interleav-
ing, T1 r(x) T2 r(y) T1 w(y) T2 w(x), both T1 and T2 cannot read the unmodified
versions of x and y.

2.2 Programming Model

A single (client) Web interaction may include one or more transactions, and
a single transaction may include one or more read or write queries. The ap-
plication writer specifies where in the application code transactions begin and
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Fig. 2. Cluster architecture.

end. In the absence of transaction delimiters, each single query is considered a
transaction and is automatically committed (so called auto-commit mode).

At the beginning of each transaction consisting of more than one query,
the programmer inserts a predeclaration of the tables accessed in the trans-
action and their modes of access (read or write). The tables accessed by single-
operation transactions do not need to be predeclared.

2.3 Cluster Design

In our adaptive database replication techniques, different applications share
the same cluster of database backends. An application is defined as the entire
set of Web interactions and their associated database transactions. All transac-
tions of an application are run on an allocated set of replicas. Each application
accesses a distinct set of database tables on their allocated set of machines
which may or may not overlap with other application allocations depending on
the resource allocation scheme.

Our dynamic-content cluster architecture is shown in Figure 2. A global re-
source manager arbitrates resource allocations between the different applica-
tions within the database cluster. A set of query schedulers, one per application,
distribute incoming requests to the cluster of database replicas and deliver the
responses back to the application server. Each per-application scheduler may
itself be replicated for availability [Amza et al. 2003a, 2003b]. The presence of
the scheduler is transparent to the application server and the database, both of
which are unmodified. The application server interacts directly only with the
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scheduler in charge of its corresponding application. These interactions are syn-
chronous, so that, for each query, the application server blocks until it receives
a response from the scheduler.

Each scheduler uses a set of database proxy processes, one at each database
engine, to communicate with the databases. In addition, each scheduler uses
a per-application sequencer that assigns a unique sequence number to each
transaction. The sequence numbers are used to enforce a total ordering on
conflicting update transactions at each database replica. Figure 2 shows the
sequencer and resource manager together in one component since, in practice,
they can be placed on the same machine or even inside the same process. In the
following, we describe the per-application replication scheme that we build on,
called conflict-aware replication.

2.4 Conflict-Aware Replication

The key idea in conflict-aware replication is to augment the scheduler that
distributes queries on the database cluster with reliable state in such a way
as to optimize performance based on asynchronous replication internally, while
externally guaranteeing consistent results.

The scheduler uses a conservative concurrency control method to enforce a
predefined, consistent ordering of conflicting transactions at all replicas. Specif-
ically, it uses the sequencer to assign a unique sequence number to each trans-
action at the beginning of the transaction (i.e., at the table predeclaration).
The scheduler sends each write-type query (i.e., INSERT, UPDATE, and DELETE)
in a transaction to all database replicas and it sends each read-only query
(i.e., SELECT) to a single replica. The scheduler returns the answer to a write-
type query to the application server as soon as it receives a response from any
database replica, thus achieving asynchronous query execution. On the other
hand, we achieve 1-copy serializability by forcing transactions that have con-
flicting operations on a particular table to execute in the total order of the
sequence numbers assigned to them.

2.4.1 Scheduling Optimizations. Due to the asynchrony of write-type
transactions, at any given point, some replicas may be up-to-date with the
application of writes, while other replicas may contain stale information. Send-
ing a subsequent read query to any database would still result in a serializable
execution if the sequence-number order is respected. However, the scheduler
optimizes waiting time for each read by sending it only to an up-to-date replica.
We call this optimization conflict-aware scheduling. Furthermore, since each
query in a transaction is serviced synchronously from the time the first read in
a transaction executes to the time a subsequent read arrives for scheduling, the
load on the database replicas could have changed. The scheduler dynamically
adjusts to changes in load by making fine-grained load-balancing decisions at
the level of every query. In particular, the scheduler sends a read query to the
least loaded replica from the set of up-to-date replicas. To implement these op-
timizations, the scheduler needs to maintain internal state for all outstanding
replicated operations in each transaction as described in more detail in the next
section.
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2.4.2 Implementation. As the application executes the transaction, the ap-
plication server sends read and write operations to the scheduler. Each ta-
ble predeclaration is forwarded by the scheduler to the database proxies and
treated as a conceptual lock for each declared table in the corresponding read
or write mode. The sequencer assigns a unique sequence number to each trans-
action and thereby implicitly to each of its locks. Since the tables accessed are
specified beforehand, all conflicts between two transactions are thus ordered
consistently.

The scheduler tags each operation with the sequence number that was as-
signed to the transaction. Each database proxy regulates access to its database
server by letting an operation proceed only if the database has already pro-
cessed all conflicting operations that precede it in sequence-number order and
all operations that precede it in the same transaction. If an operation is not
ready to execute, it is queued at the proxy. Single operation read-only transac-
tions execute at a single replica without the need for explicit sequence number
assignment.

In the following, we describe the state maintained at the scheduler and at the
database proxy to support failure-free execution. Additional state maintained
for fault-tolerance purposes is described in Section 2.4.2.3.

2.4.2.1 The Scheduler’s State. The scheduler maintains for each active
transaction, its sequence number and the locks requested by that transaction.
In addition, it maintains a record for each operation that is outstanding with
one or more database proxies. A record is created when an operation is received
from the application server and updated when it is sent to the database engines
or when a reply is received from one of them. The record for a read operation
is deleted as soon as the response is received and delivered to the application
server. For every replicated operation (i.e., table lock request, write, commit, or
abort), the corresponding record is deleted only when all database proxies have
returned a response.

The scheduler also records the current load of each database in terms
of the total estimated complexity of all active queries executing at that
databases [Amza et al. 2003a]. This value is updated with new information
included in each reply from a database proxy.

2.4.2.2 The Database Proxy’s State. The database proxy maintains a
reader-writer lock [Weikum and Vossen 2002] queue for each table. These
lock queues are maintained in order of sequence numbers. Furthermore, the
database proxy maintains an out-of-order queue for all operations that arrive
out of sequence-number order.

2.4.2.3 Fault Tolerance of Writes. To enable fault tolerance and flexible
extensions of an application’s database allocations, the scheduler maintains
persistent logs for all write-type queries (i.e., INSERT, UPDATE, and DELETE) of
past transactions in its serviced application. These logs are maintained un-
til all corresponding transactions either commit or abort at all databases in
the available database pool. The write logs are maintained per table for the
corresponding write queries in order to facilitate later replay. The scheduler
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maintains a version number for each table which counts the write-type queries
logged for that table. We maintain the log in a relational database, with one
relational table per corresponding table in the application schema.

The scheduler maintains all per-table version numbers for its application
in an array called global version vector ( �G). In addition to the global version
vector, the scheduler maintains a replica version vector ( �R) for each database
replica. This data structure keeps track of the number of updates applied by the
replica. These data structures are used when bringing a new database replica
up-to-date through data migration.

2.5 Motivation for Database Replication with Dynamic Resource Allocation

In this section, we argue that the trade-offs that we make in our underlying
replication technique are worthwhile due to common characteristics of dynamic
content applications. A conflict-aware scheduler enforces 1-copy serializability
by consistent transaction ordering at the table level, and it reduces conflict
waiting time by directing reads to replicas where no conflicts exist. This design
matches the characteristics of the database workloads that we have observed
in dynamic content sites, namely, the high cost of reads relative to the cost
of writes, high locality, and high conflict rates. In the following, we show how
these characteristics favor our design. Then we present experimental results
that motivate the use of dynamic database replication.

First, we have shown in an earlier workload characterization study [Amza
et al. 2002] that the typical read-only transactions in dynamic content applica-
tions are much more frequent than their write-type transactions (usually by a
ratio of 5 to 1 or higher) and much more complex than write-type transactions
(usually by more than an order of magnitude). Hence, the critical conflict waits
to optimize are read-write conflicts between long read-only queries and conflict-
ing updates, while write-write conflicts between write-type transactions become
a bottleneck only at large cluster sizes [Amza et al. 2003a]. The conflict-aware
scheduler reduces read-write conflict waiting time by asynchronous execution
of updates and by load balancing reads on conflict-free replicas. We have also
previously shown [Amza et al. 2003b], that for write-intensive workloads, the
overhead of conservative table locking can be partially alleviated by reducing
the duration of the conservatively perceived conflicts through explicit marking
of the last use for each table in a transaction.

Second, dynamic content applications exhibit significant locality in their ac-
cess patterns. For example, in online shopping [TPC ], bestsellers, promotional
items, and new products are accessed with high frequency. Similarly, the stories
of the day on a bulletin board or the active auctions on an auction site receive
the most attention [Amza et al. 2002]. Due to locality in access patterns, for
the usual range of application versus memory sizes (e.g., all industry-standard
sizes of TPC-W and typical memory sizes of commodity servers), much of the
working set can be captured in memory. As a result, disk I/O is limited [Amza
et al. 2002]. This characteristic favors replication as a method for distributing
the data compared to alternative methods such as data partitioning. Replica-
tion is suitable to relieve hot spots, while data partitioning is more suitable for
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Fig. 3. Overhead of scheduler-based concurrency control versus MySQL row-level locking.

relieving high I/O demands [Boral et al. 1990]. Thus we choose to investigate
full replication schemes instead of data partitioning or using partial replication
schemes. As a bonus, full replication also brings with it high data availability.

Third, not only reads, but updates to the database exhibit locality as well.
For instance, the probability that a bestseller book is bought and its item stock
is updated, a comment is posted for the story of the day, or a bid is placed on one
of the hot items, is higher than for other books, stories, and auctioned items,
respectively. The locality in access patterns of dynamic content applications
thus implies higher conflict rates between transactions relative to traditional
applications. In other words, the probability that a table conflict is in fact a true
row-level conflict is intuitively higher than for traditional OLTP applications
(e.g., banking transactions) where most read and write access patterns are
uniformly distributed onto the table data.

Finally, our conservative concurrency control algorithm brings with it two
benefits (i) deadlock prevention, that is, given that the probability of deadlock
increases approximately quadratically with the number of replicas [Gray et al.
1996], any concurrency control algorithm that allows deadlock is undesirable
for large clusters. and (ii) transparency, meaning that no modifications are
necessary in the application server or in the database to take advantage of a
conflict-aware scheduler.

Next, we present experimental results that support the arguments just pre-
sented and motivate the use of our underlying replication algorithm and this ar-
ticle’s exploration of a dynamic resource allocation strategy with partial overlap.

2.5.1 Motivating Baseline Results. Figure 3 shows the overhead intro-
duced by the scheduler concurrency control and query indirection through the
scheduler compared to the baseline row-level locking of the database. We use
a single MySQL database with InnoDB tables running the standard shopping
workload mix of the TPC-W benchmark in all our experiments. We use enough
Web server machines to make sure that the Web server stage is not the bot-
tleneck. We report the throughput, in Web interactions per second (WIPS) and
latency at the client in milliseconds with an increasing number of clients. In
one experiment (Table), queries are intercepted by the scheduler and forwarded
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to the database through the database proxy, which implements per-table order-
ing. In the second experiment (MySQL), the scheduler is not present, and the
application server sends queries directly to the MySQL database. In both cases,
the MySQL database system is unmodified and uses row-level locking, its built-
in concurrency control algorithm. As we can see from the figure, the scheduler
overhead is minimal in terms of both throughput and latency.

Next, we present scaling results for our replication scheme from our previous
work [Amza et al. 2003a]. Figures 5(a) and 5(b) show the performance scaling
graphs for the TPC-W and the RUBIS benchmarks. Each graph contains two
curves, a scaling curve obtained experimentally on a cluster of 8 database ma-
chines, and a curve obtained through simulation for larger clusters of up to 60
database machines.

Our simulation with large numbers of replicas uses a simulator we intro-
duced in our previous work [Amza et al. 2003a]. The simulator was calibrated
using the real 8-node cluster. Figures 5(b) and 5(b) show that the simulated
performance scaling graphs for TPC-W and RUBIS are within 12% of the ex-
perimental numbers for both applications. The simulations show that TCP-W
scales better than RUBIS. The reason is that replication allows scaling the
throughput of read queries, and the scaling limit depends on the ratio between
the average complexity of read and write queries. The time spent in executing
read versus write transactions is 50 to 1 for TPC-W and 8 to 1 for RUBIS.

While database replication is appealing, it requires appropriate strategies
for dynamic replica allocation. As described earlier, the two most significant
and competing challenges in the design of these policies are the delay associ-
ated with replica addition and the buffer cache interference with overlapping
replicas. While it should be intuitively clear that adding a database replica can
be slow, we show in the following that buffer cache interference can also be
a significant problem, which led us to investigate the disjoint and the partial
overlap allocation policies.

We conduct an experiment with the TPC-W and RUBIS applications using
three configurations on our experimental cluster. The applications are run (i) on
separate machines (disjoint), (ii) load balanced on both machines together (full
overlap) or (iii) reads are serviced from a separate machine for each individual
application but both machines are maintained up-to-date for both applications
(write overlap). Figure 4 shows the throughput and latency for TPC-W and
RUBIS when run on a cluster of two database machines in these three configu-
rations. In all configurations, the results reported are after the buffer pool has
been warmed up. With disjoint allocation, TPC-W has a memory footprint that
fits in available memory, while RUBIS’s footprint exceeds total available mem-
ory. However, when the applications share each of the two machines, the RUBIS
application evicts TPC-W’s pages from the shared buffer pool. This causes TPC-
W to issue more I/O requests which degrades its performance severely. Based
on the time each application spends waiting for I/O as reported by the vmstat
Linux utility, the percent of total CPU time waiting for I/O increases from 0%
to 44% for TPC-W and from 31% to 38% for RUBIS in the fully overlapped ver-
sus disjoint configurations. As a result, the TPC-W throughput is halved with
full overlap allocation compared to disjoint allocation and its query latency is
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Fig. 4. The effect of interference in the buffer pool.

Fig. 5. Throughput scaling with increasing database cluster size for TPC-W and RUBIS.

more than doubled. While it is possible to reduce interference effects by vari-
ous tuning methods, such as by increasing available memory to the buffer pool
and by tuning per-application buffer pool sizes, this approach quickly becomes
infeasible as the number of overlapping applications is increased. Finally, we
see that overlapping only the writes of the two applications does not degrade
performance significantly, hence the interference effect is not present in the
write overlap allocation.

3. DYNAMIC REPLICA ALLOCATION WITH PARTIAL OVERLAP

We distinguish between an application’s read and write replica sets, called read
set and write set, respectively. The read set is the set of machine replicas from
which an application reads. Likewise, the write set of an application is the set
of replicas that are maintained fully up-to-date with the writes of the applica-
tion through our underlying replication scheme. The transaction delimiters and
write-type queries are sent to all databases in an application’s write set. For
a particular application, the read set and write set may be different. However,
the read set of an application is always a subset of its write set.
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Motivated by the experimental results shown in the previous section, we
keep application read sets disjoint in order to avoid application interference.
The write set of each application is the same as its read set except during adap-
tation for expanding an application’s resource allocation. Finally, in our algo-
rithm, in addition to the replicas within an application’s write set, we maintain
a set of additional replicas within a staleness bound. These replicas are an
overflow pool used for rapid adaptation to temporary load spikes since data
migration onto them is expected to be relatively fast. All overflow replicas are
updated through batched updates whenever they violate the staleness bound.
They may belong to the read and/or write sets of other applications. The overlap
region between applications is configurable in our system. To simplify algorithm
analysis for the purposes of this article, we will henceforth assume that, for a
given application, the overflow replica set consists of all other replicas available
in the system outside the application’s write set partition. A smaller overlap
region may become necessary if a large number of applications share the clus-
ter, hence execution of updates on behalf of all applications on all database
machines becomes prohibitive.

In the following section, we introduce our data migration algorithm for in-
corporating a new replica into the write set of an application.

3.1 Data Migration

Due to the stateful nature of databases, the allocation of a database to an appli-
cation requires the transfer of data to bring the newly added replica up-to-date.
Our data migration algorithm is designed to transfer the current state to the
joining database with minimal disruption of transaction processing. To bring
a stale database replica up-to-date, the scheduler has to send it all missing
updates from the on-disk update logs to it. When the update log is replayed
on the new replica, data migration is complete. The challenge for an effective
data migration implementation is that new transactions continue to update the
databases in the application’s allocation, while data migration is taking place.
Hence, the scheduler needs to add the new database replica to its application’s
replica write set before the end of data migration, otherwise the new replica
would never catch up. Unfortunately, any updates made after the start of mi-
gration cannot be directly applied to the stale replica. New update queries are
thus queued at the new replica and applied only after data migration is com-
plete. Since the migration time can be long, the in-memory queue of updates at
that replica may grow without bound, overflowing the available memory space
for that replica.

In order to prevent this problem, in our implementation, the scheduler ex-
ecutes data migration in stages. In each stage, the scheduler reads a batch of
old updates from its disk logs and transfers them to the new replica for replay
without sending any new queries. This approach reduces the number of logged
updates to be sent after each stage until the remaining log to be replayed falls
below a threshold bound. During this last stage, the scheduler is able to con-
currently send both old queries from disk logs and new updates to the replica
that is being added.
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Algorithm 1 Data Migration

Require: Database replicas DB1 . . . DBnR from which DB1 . . . DBi are currently used,
global version vector �G, replica version vectors �R1 . . . �RnR , batching threshold BT ,
database schema containing nT tables {T1 . . . TnT }
Ensure: Database replica DB j is added to the write set

1: While ( �G − �R j ) > BT do
2: Set the migration checkpoint vector: �M ← �G
3: for all table t in {T1 . . . TnT } do
4: for v = �R j [t] + 1 to �M [t] do
5: Get update U with version v for table t from the LOG
6: Send update U to replica DB j
7: end for
8: end for
9: end while

10: Initialize trap version vector �T V
11: Send BEGIN MIGRATION message to replica DB j
12: for all table t in {T1 . . . TnT } do
13: for v = �R j [t] + 1 to min( �G[t], �T V [t] − 1) do
14: Get update U with version v for table t from the LOG
15: Send update U to replica DB j
16: end for
17: end for
18: Send END MIGRATION message to replica DB j

Algorithm 1 shows the pseudocode for the data migration process. Assume
that the overall database pool contains nR replicas DB1 · · · DBnR . The replicas
use a schema that contains nT tables {T1 · · · TnT }. The scheduler maintains two
version vectors (1) global version vector ( �G) and (2) a replica version vector ( �R j )
for each database replica DB j where 0 ≤ j ≤ nR . The version vectors �G and
�R j store nT values while �G[t] indicates how many writes have been applied to

table t, and �R j [t] indicates how many writes have been applied to table t by
database replica DB j .

As shown in line 1 of the algorithm, before every stage, the scheduler checks
whether the difference between �G and the replica’s �R j for each table is manage-
able (i.e., less than some bound). If not, then the scheduler records the current
global version vector �G into a migration checkpoint vector ( �M ) (line 2). The
migration checkpoint vector records the highest version of each table corre-
sponding to all committed transactions at the start of the current stage. The
scheduler then transfers a batch of old logged updates with versions between
�R j [t] and �M [t] for each table t, respectively, to the replica without sending any
new queries (lines 3–8). This reduces the number of logged updates to be sent
after each stage until, during the last stage, when the scheduler is able to con-
currently send new updates to the replica that is being added. Since during this
last phase of migration, the new queries that are sent are also logged by the
scheduler and the global version vector keeps increasing, the scheduler uses
an additional mechanism to avoid sending duplicate queries to the new replica.
In particular, the scheduler records the version number of the first new query
sent to each table on the replica under migration into a trap version vector ( �T V )
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(line 10). The scheduler then sends old queries from the log up to the minimum
of �G[t] and �T V [t] − 1 for each table t (lines 13–16). When data migration is
finished, the scheduler sends an END MIGRATION message to the database proxy
(line 18). After receiving this message, the proxy begins the processing of the
queued write queries.

3.1.1 Warm Migration. Data migration time can be long if the database
replica that is to be incorporated has not been updated in a long time. Hence,
in order to ensure predictable adaptation costs, as mentioned before, we keep
the data migration time within a tight bound by sending batched updates pe-
riodically to databases outside of an application’s allocation. We call data mi-
gration with periodic batch updates warm migration. Updates are batched un-
til a batching threshold (BT in Algorithm (1)) is reached. Once the batching
threshold is reached a short duration data migration is initiated for just the
updates in the batch for all database replicas that we intend to keep warm.
The batch threshold is set based on a desired upper bound for the delay in-
troduced by the application of the maximum size batch. There is a trade-off
between the data migration time (i.e., the system reactivity) and the potential
interference caused by frequent batch updates for other applications. As we
have seen from our baseline experiments, the interference effect of writes is
minimal with two applications. Hence, this trade-off cannot be fully explored
unless several concurrent applications share the cluster. Other considerations,
such as the possibility of aggregating queries inside a batch for more efficient
application of writes (e.g., several INSERT queries into a single INSERT query),
potential energy savings from extended periods of idleness, or the need to fre-
quently garbage collect log updates may also play a role in selecting the optimal
batch size. Exploring these considerations is beyond the scope of this article.
We select a batching threshold of 1,000 updates, which allows us to add a new
database in roughly 2.5 minutes.

3.1.2 Database Checkpoints. Even with update batching, the size of the
database update log may grow without bound in the case where the update
batch is not applied on all replicas (e.g., during database failure). To minimize
the reintegration time of very stale databases, for example, after a long-term
failure, and to facilitate periodic garbage collection of old update log entries
maintained by the scheduler, we also implement database checkpoints at reg-
ular intervals. Each database proxy performs periodic checkpoints of its corre-
sponding database together with the current state in terms of the version num-
bers of its database tables. To make a checkpoint, the database proxy stops all
write operations going out to the database engine, and when all pending write
operations have finished, it takes a snapshot of the database (i.e., copies all
tables) and adds the new state to the checkpoint, that is, the replica version
vector. If any tables have remained unchanged since the last checkpoint, they
do not need to be included in the new checkpoint.

In the case of adding a new database, which is either too stale or does not
have a database image for the required application, we import an existing
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checkpointed database image including its table version numbers from one
of the existing replicas. We then use the previously described data migration
algorithm to bring this replica fully up-to-date. A full checkpoint currently takes
on the order of minutes to perform for a 4GB database. Although we implement
a basic checkpointing scheme in our prototype which we do not evaluate in this
article, well-known techniques for minimizing the time for taking file snapshots
exist [Hutchinson et al. 1999].

4. REACTIVE PROVISIONING WITH DELAY AWARENESS

In this section, we describe the reactive control loop of our autonomic resource
manager, which allocates replicas to applications in order to meet predefined
per-application service level agreements (SLA).

We define the SLA as maintaining the average query latency for a particular
application under a given value. Specifically, we determine the fraction of the
total end-to-end latency that the query latency represents on average and derive
a conservative upper bound for the query latency such that the end-to-end
latency is met with a high probability.

The schedulers keep track of average query performance metrics and commu-
nicate performance monitoring information periodically to the resource man-
ager. All schedulers use the same sampling interval for the purposes of main-
taining these performance averages and communicating them to the resource
manager. The resource manager, based on its global knowledge of each appli-
cation’s SLA requirements and their perceived performance, makes database
allocation decisions for all applications. The decisions are communicated to the
respective application schedulers, which act accordingly by including or exclud-
ing databases from their database read and/or write sets for their correspond-
ing application. The resource manager increases an application’s allocation if
the respective application is perceived to be in overload as long as the total
resources available are not exceeded. When the overall system is in overload,
we revert to a fairness scheme that allocates an equal share of the total database
resources to each application.

Our reactive provisioning algorithm has two key components: (1) per-
application performance monitoring and (2) adaptation delay awareness
through a state machine approach. Performance monitoring is used to trigger
adaptations in response to impending SLA violations for any particular appli-
cation. At the same time, the resource manager uses a state machine approach
to track the system state during adaptations in order to trigger any subsequent
adaptations only after the changes of all previous adaptations have become
visible. This closes the feedback loop and avoids unnecessary overreaction and
oscillation in the system. We explain the two key ingredients of our main pro-
tocol in detail in the next sections.

4.1 Per-Application Performance Monitoring

To prevent triggering adaptations upon short and sudden spikes, our re-
source manager uses a smoothened response time in its adaptation decisions.
Smoothing is achieved through a commonly-used [Welsh and Culler 2003]
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Fig. 6. Replica allocation logic.

exponentially-weighted running latency average of the form WL = α × L +
(1 − α) × WL, where L is the current query latency. A larger value of the α pa-
rameter makes the average more responsive to current changes in the latency.
The resource manager uses α = 0.25. Our results are, however, relatively in-
dependent of the precise value of the α parameter. Specifically, we did not need
to choose a different set of parameters for each benchmark nor did we choose
different parameters for smoothing for the purposes of adding and removing
databases to/from an application’s allocation.

4.2 Feedback Loop with Adaptation Delay Awareness

Figure 6 presents the main states used in the feedback loop of the resource
manager. We explain the state transitions for adding and removing databases,
respectively, in more detail in the following two sections.

4.2.1 Adding Databases to an Application’s Allocation. The resource man-
ager starts in the initial steady state, called MonitorAndControl, where the
resource manager monitors the average latency received from each application
scheduler during each sampling period. If the average latency over the past
sampling interval for a particular application exceeds the HighSLAThreshold
and hence an SLA violation is imminent, the resource manager places a re-
quest to add a database to that application’s allocation. This request may in-
volve data migration to bring up a new database for that application. Since the
request for adding a new database may not be fulfilled immediately, latency
sampling is suspended at the resource manager until the request has been ful-
filled and the result of the change can be observed. This implies waiting in the
AddReplicatoWriteSet until (i) state a free machine can be found and allocated
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to the overloaded application and (ii) while the newly added database replica
is brought up-to date, if necessary.

The replica is then added to the application’s read set, and the scheduler
starts sending read queries of the application to the new replica. However,
during replica addition, the system as a whole may continue to register high
latencies until system stabilization. We use a heuristic in order to detect system
stabilization and thus avoid oscillating between eagerly adding and removing
databases for a particular application. Thus, the AddReplicatoReadSet state
includes waiting for system stabilization which involves load balancing and
warmup of the buffer pool on the new replica. The resource manager compares
average statistics collected by the scheduler from the old read replica set and the
new replica in order to determine when system stabilization is complete. Since
this wait may be long and will impact system reactivity to steep load bursts,
we optimize waiting time by using the individual average latency generated at
the newly added database. Since this database has no load when added, we use
its latency exceeding the SLA as an early indication of a need for even more
databases for that application and we transition directly into adding another
replica in this case. Otherwise, we first wait for system stabilization before
resuming overall latency sampling and potentially adding another database to
the application if the SLA is still not met at that time.

4.2.2 Removing a Database from an Application’s Allocation. The resource
manager removes a database from an application allocation in either of the
following two scenarios: (i) the application is in underload for a sufficient period
of time and does not need the database (voluntary removed) or (ii) the system
as a whole is in overload and fairness between allocations needs to be enforced
(forced removed).

In the former case, as we can see from the right branch of the finite state
machine diagram in Figure 6, the removal path is conservative with an extra
temporary remove state on the way to final removal of a database from an
application’s allocation. This is another measure to avoid system instability by
making sure that an application is indeed in underload and remains quiescent
in a safe load region even if one of its databases is tentatively removed.

In our current system, this wait is achieved by tentatively remov-
ing a database from an application’s read set (but not from its write
set) if its average latency has been under the LowerSLAThreshold for the
last sampling interval. After the replica is removed from the applica-
tion’s read set, we loop inside this state for a configurable number of
confidence intervals, RemoveConfidenceNumber, before transitioning into the
RemoveReplicafromWriteSet state. Each confidence interval is of the same
length as the estimated duration of warm data migration for the particular ap-
plication. Hence, we base our observation period on the data migration penalty
and leave some leeway for making even more conservative decisions by looping
in this state more than once. Subsequently, the feedback loop initiates the final
removing procedure of the database from the application’s write set and tracks
this process until complete.
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4.3 Alternative Dynamic and Static Allocation Algorithms

In this section, we introduce a number of other scheduling algorithms for com-
parison with our main dynamic partial-overlap allocation algorithm with warm
migration. By using alternates for some of the features of our main algorithm,
we are able to demonstrate what aspects contribute to its overall performance.

Specifically, we consider various degrees of allocation overlap from disjoint
to full overlap of application allocations and both static and dynamic alloca-
tion algorithms. We also consider an algorithm without delay-awareness in the
adaptation control loop. Hence, we distinguish the following alternative dy-
namic allocation algorithms using different database read and write sets and
either delay-aware or delay-oblivious adaptation.

4.3.1 Dynamic Disjoint Allocation with Cold Migration. In this scheme,
each application is assigned a current partition of the database cluster. We
keep up-to-date only the databases in the particular application’s allocation
and any database within the partition can be selected to service a read of the
particular application. The protocol uses our finite state machine approach in
a similar way as our main protocol to dynamically adjust partition allocations.
If we need to extend an application’s partition, data migration time can be long
if the database replica to incorporate has not been updated in a long time. The
protocol’s potential benefit is ensuring zero interference between applications
during periods of stable load, thus increasing the probability that each individ-
ual working set fits in each database buffer cache.

4.3.2 Dynamic Partial-Overlap Allocation with Hot Migration. Writes of
all applications are sent to all databases, while the read set of each application
is allocated a specific partition. Logging of write queries is unnecessary in this
protocol. Since all databases are up-to-date, we can quickly add many databases
to an application’s read set allocation. On the other hand, this protocol does not
extend to the general case of large clusters running many concurrent appli-
cations where writes can become a bottleneck. In addition, since persistent
logs are not kept, the protocol needs to special case the treatment of database
failures. In this case, reintegrating a failed replica always copies an existing
database snapshot from another replica.

4.3.3 Dynamic Partial-Overlap Allocation with Stateless Scheduling. Any
of the dynamic allocation protocols with warm, hot or cold migration can be
combined with a stateless resource manager. Instead of following our state
machine approach, the resource manager simply reacts to any reported above
high or below-low threshold smoothened average query latency during a partic-
ular sampling interval by increasing or decreasing the application allocation,
respectively. This technique is similar to overload adaptation in stateless ser-
vices [Welsh and Culler 2003] where simple smoothing of the average latency
has been reported to give acceptable stability to short load spikes.

4.3.4 Fully-Overlapped Allocation. In this approach, the writes of all ap-
plications are sent to all databases. Each read query of any application can be
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sent to any replica at any given point in time. This protocol does not use our
finite state machine transitions since the read sets and write sets of all appli-
cations contain all machines and are never changed. The protocol offers the
advantage of fine-grain multiplexing of resources, hence high overall resource
usage. Furthermore the protocol offers the flexibility of opportunistic usage of
underloaded databases for either application under small load fluctuations. On
the downside, both reads and writes of all applications share the buffer cache
on each node, hence poor performance can occur if the buffer cache capacity is
exceeded.

4.3.5 Static Partitioning. This is a standard static partitioning protocol
where each application is assigned a fixed, predefined partition of the database
cluster. The read set of each application is the same as the write set. Both
contain the machines within the fixed application partition and never change.

5. EXPERIMENTAL SETUP

5.1 Platform and Methodology

Our experimental setup consists of Web servers, schedulers (one per applica-
tion), the resource manager, database engines, and client emulators that sim-
ulate load on the system. All these components use the same hardware. Each
machine is a dual AMD Athlon MP 2600 + (2.1GHz CPU) computer with 512MB
of RAM. We use the Apache 1.3.31 Web server [Apache ] and the MySQL 4.0.16
database server with InnoDB tables [MySQL ]. All the machines use the RedHat
Fedora 3 Linux operating system with the 2.6 kernel. All nodes are connected
via 100Mbps Ethernet LAN.

To demonstrate the scaling and the performance behavior of the database
backend, the Apache Web/application servers are run on a sufficient number of
machines so that these servers do not become a bottleneck for either applica-
tion. Furthermore, the machine running the client emulator is not the bottle-
neck in any experiment. The MySQL databases are run on 8 machines. For all
experiments, we run each individual experiment repeatedly and present either
measurement averages or confidence intervals in the corresponding graphs.

To generate the input load function for each application in our experiments,
we start with a number of clients for which one database is sufficient to service
the requests for that application (which is considered a level 1 load). We then
change the number of clients used by the client emulator for that application
dynamically during the experiment and represent the load as the number of
clients normalized to the initial (level 1) client load. We select a batching thresh-
old of 1,000 updates for all experiments involving warm migration which allows
us to add a new database to an application’s write set in roughly 2.5 minutes.

5.2 Benchmarks

5.2.1 TPC-W E-Commerce Benchmark. The TPC-W benchmark from the
Transaction Processing Council [TPC ] is a transactional Web benchmark de-
signed for evaluating e-commerce systems. Several interactions are used to
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simulate the activity of a retail store. The database size is determined by the
number of items in the inventory and the size of the customer population. We use
100K items and 2.8 million customers which results in a database of about 4GB.

The inventory images, totaling 1.8GB, are resident on the Web server. We
implemented the 14 different interactions specified in the TPC-W benchmark
specification. Of the 14 scripts, 6 are read-only, while 8 cause the database to
be updated. Read-write interactions include user registration, updates of the
shopping cart, two order placement interactions, two involving order inquiry
and display, and two involving administrative tasks. We use the same distribu-
tion of script execution as specified in TPC-W. The complexity of the interactions
varies widely, with interactions taking between 20ms and 1s on an unloaded
machine. Read-only interactions consist mostly of complex read queries in au-
tocommit mode, up to 30 times more heavyweight than read-write interactions
containing transactions. The weight of a particular query (and interaction) is
largely independent of its arguments.

We are using the TPC-W shopping mix workload with 20% writes which is
considered the most representative e-commerce workload by the Transactional
Processing Council.

5.2.2 RUBIS Auction Benchmark. We use the RUBIS Auction Benchmark
to simulate a bidding workload similar to e-Bay. The benchmark implements
the core functionality of an auction site: selling, browsing, and bidding. We do
not implement complementary services like instant messaging or newsgroups.
We distinguish between three kinds of user sessions: visitor, buyer, and seller.
For a visitor session, users need not register but are only allowed to browse.
Buyer and seller sessions require registration. In addition to the functionality
provided during the visitor sessions, during a buyer session, users can bid on
items and consult a summary of their current bid, rating, and comments left
by other users.

We are using the default RUBIS bidding workload containing 15% writes,
considered the most representative of an auction site workload according to an
earlier study of e-Bay workloads [Shen et al. 2001].

5.3 Client Emulator

We implemented a client browser emulator. A session is a sequence of inter-
actions for the same customer. For each customer session, the client emulator
opens a persistent HTTP connection to the Web server and closes it at the
end of the session. Each emulated client waits for a certain think time before
initiating the next interaction. The next interaction is determined by a given
state transition matrix that specifies the probability of going from one interac-
tion to another. The session time and think time are generated from a random
distribution with a specified mean.

The client emulator is a lightweight implementation in C/C++ which con-
sumes very little of the system’s resources. Through experimentation, we notice
that we can support more than 500 clients on a single machine. We can also
run multiple instantiations of the client emulator concurrently on different
machines.
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Fig. 7. Comparison of replica allocation techniques with and without delay awareness.

6. EXPERIMENTAL RESULTS

In this section, we present our experimental results. First, we show the adap-
tation process using a single application. Second, we show how we adapt to
satisfy the demands of multiple applications. In addition, we show our fairness
scheme when the system is in overload. Third, we present how our architecture
can be used to recover from failures in the backend. Finally, we present sensi-
tivity results showing the performance of the system in response to changes in
system parameters.

6.1 Single Application Adaptation

In this section, we use a single TPC-W benchmark application to show the
effect of replica-addition delay on the replica allocation and data migration
techniques.

6.1.1 Impact of Adaptation Delay Awareness. Figure 7 shows the results
of using two replica allocation techniques. The input load function is shown in
Figure 7(a). The first technique is delay oblivious and uses continuous latency
sampling to trigger replica addition or deletion when the average latency rises
above the HighSLAThreshold parameter or falls below the LowSLAThreshold pa-
rameter, respectively. The second technique is delay-aware and implements the
replica allocation technique described in Section 4.

In this experiment, we use partial overlap with hot migration as the replica
allocation scheme. This scheme ensures that replica addition is a relatively
fast operation. Even so, Figure 7(b) shows that oscillations occur when the
replica-addition delay is not taken into account by the allocation policy. During
the instability period after replica addition, this policy overallocates replicas,
which subsequently causes the latency to dip below the LowSLAThreshold. As
a result, the resource manager then deletes replicas. This situation would be
even worse when the replica-addition delay is longer such as with warm or
cold migration. Our delay-aware policy avoids these oscillations as shown in
Figure 7(c). This figure shows that the resource manager adds databases to
meet the demand without overallocation.

6.1.2 Reactivity of Replica Allocation Techniques. Figure 8 compares the
results of using the cold and warm replica allocation techniques with partial
overlap. We initially subject the system to a load that requires 3 databases to
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Fig. 8. Comparison of replica allocation techniques with cold and warm data migration.

satisfy the SLA. After 2 hours (7,200 seconds) of elapsed time, we increase the
load to 7.

Figure 8(a) shows the load function, while Figure 8(b) shows the latency
spikes caused by the two techniques. Both the intensity and the duration of the
spike is smaller for warm migration compared to cold migration because the
replicas are maintained relatively up-to-date through periodic batched updates.
Figure 8(c) shows the allocation of replicas during cold migration. The width
of each adaptation step widens with each replica addition because, in addition
to the application of the two-hour log of missed updates, the amount of data
and the number of queries to be transferred and executed on the new replicas
accumulates with the incoming transactions from the new clients. Hence, the
system has a difficult time catching up. Figure 8(d) shows that warm migration
is able to quickly adapt to the spike in load.

6.2 Multiple Application Adaptations

In this section, we use both the TPC-W and the RUBIS benchmark applications
to evaluate our adaptive replication system. Initially, we consider a simpler
scenario where the load for only the TPC-W workload is varied, while the RUBIS
load is constant throughout the experiment. Then we consider scenarios when
both loads vary dynamically.
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Table I. Percent Compliance and Number of Allocated
Replicas

Scheme % Compliance Allocated Replicas
Partial overlap 92% 5.2
Static partitioning 36% 4
Full overlap 31% 8

6.2.1 TPC-W Adaptation. Section 6.1 showed that delay-aware alloca-
tion reduces oscillatory allocation behavior, and warm migration outperforms
cold migration. Our system uses this combination together with the partial-
overlap allocation policy described in Section 4. We now compare our sys-
tem against two alternatives, static partitioning that uses disjoint allocation
and the full-overlap allocation techniques. These schemes represent opposite
end points of the allocation schemes. Static partitioning assigns a fixed, dis-
joint and fair-share partition of the database cluster to each application, while
full-overlap allocation allows both the applications to operate on all the ma-
chines in the system. These schemes, unlike partial-overlap allocation, re-
quire no dynamic allocation or migration and serve as good baseline cases for
comparison.

Figure 9 shows the results of running the two benchmarks. Figure 9(a) shows
that the load function for TPC-W changes over time, while the RUBIS load is
kept constant. The TPC-W normalized load function varies from one to seven,
while the RUBIS load is kept at one. Note that load steps are roughly 2.5
minutes wide so a sharp seven-fold load increase occurs within a short period
of 15 minutes. The number of replicas allocated to TPC-W under the partial
overlap policy is shown in Figure 9(c). Note that the read and write sets of the
applications do not change for the other techniques. The three graphs at the
bottom of Figure 9 show the query latency with the three allocation techniques.

The latency results show that partial-overlap allocation substantially out-
performs both the static partitioning and the full-overlap allocation schemes
which exhibit sustained and much higher latency SLA violations. The poor
performance of the static partitioning scheme occurs as a result of insufficient
resources allocated to TPC-W since this scheme splits resources fairly across
applications (4 machines per application). Full overlap performs poorly due to
the interference caused by the overlapping read sets of the two applications in
the buffer cache of the database since requests from either application can be
scheduled on any database replica at any point in time.

Figure 9(d) shows that the latency in our system briefly exceeds the TPC-W
SLA of 600ms as the system receives additional load while adapting to previous
increases in load. However, the system catches up quickly and the latency target
is met immediately after the last load step. Figure 9(c) shows that machines
are gradually removed from the TPC-W allocation as load decreases in the last
part of the experiment. The write-set removal lags behind the read set removal
because of our two-step removal process (see Section 4.2) where replicas in the
write set are removed more conservatively than replicas in the read set.

Table I shows the percentage compliance and the average number of repli-
cas used by the three schemes in this experiment. To calculate compliance,
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Fig. 9. Multiple application load, TPC-W load adaptation.

we divide the experiment into 10 second intervals and consider an inter-
val as noncompliant if the latency rises above the HighSLAThreshold value
even once in the interval. While static partitioning uses fewer machines, it
has only 36% compliance. Similarly, the full-overlap scheme has 31% com-
pliance although it uses 8 machines. On the other hand, our partial-overlap,
warm migration scheme uses 5.2 machines on average and provides 92% SLA
compliance.
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Fig. 10. TPC-W and RUBIS adaptation.

6.2.2 TPC-W and RUBIS Adaptation. In this section, we show the ro-
bustness of our system when both the TPC-W and the RUBIS workloads vary
dynamically. These experiments also show how our resource manager handles
the underload and overload conditions.

Figure 11 shows the complete set of results when running the two varying
load benchmarks. Figure 10(a) shows the input load function for TPC-W, and
Figure 10(b) shows the load function for RUBIS. These loads vary so that the
system is in underload initially but becomes overloaded roughly 50–60 minutes
into the experiment when the total number of machines needed by the two
benchmarks is approximately 11 (load levels 6 and 5) which exceeds the total
available capacity of 8 database machines.

Figures 10(c) and 10(d) show the number of replicas allocated to the TPC-W
and the RUBIS benchmarks by our partial-overlap allocation scheme. These
figures show that the allocations closely follow the load increase during un-
derload. However, the lightweight and irregular nature of the RUBIS workload
leads to some oscillation in allocation between one and three replicas (mostly in
the RUBIS read set) when two replicas appear to be sufficient for RUBIS. Once
the system is in overload (roughly after 60 minutes), the system enforces fair-
ness in replica allocation across applications. In this case, as Figure 10(c) shows,
there are two consecutive forced replica removals from TPC-W so that TPC-W
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Fig. 11. TPC-W and RUBIS adaptation.

ACM Transactions on Autonomous and Adaptive Systems, Vol. 1, No. 2, December 2006.



P1: IAZ
Acmj209-03 ACM-TRANSACTION November 15, 2006 4:37

28 • G. Soundararajan and C. Amza

Fig. 12. Adaptation to replica failure.

eventually has 4 replicas allocated to it. The TPC-W write set lags behind the
read set because ongoing update transactions need to finish on the removed
replicas. The two machines removed from TPC-W are added to RUBIS as they
become available, and, as a result, our dynamic partitioning scheme behaves
similar to static partitioning during overload.

The rest of the graphs in Figure 11 show the query latency for TPC-W and
RUBIS for the three allocation techniques. Figures 11(e) and 11(f) show that
our system keeps the query latency under the SLA for almost the entire un-
derload period. During overload, our scheme performs comparably with static
partitioning. However, the two consecutive spikes in RUBIS latency during this
period are due to misses in the buffer cache in the two machines that were pre-
viously running TPC-W. This penalty occurs as a result of a real load change
in the system. However, it shows that any unnecessary oscillation in replica
allocation is expensive for database replication.

The remaining latency graphs show the impact of varying load on the two
static allocation techniques, static partitioning and full-overlap. Static parti-
tioning performs worse than our scheme in underload for TPC-W because this
policy allocates resources equally to both applications, regardless of their needs.
Full overlap performs poorly for both applications. The high latency is caused
by buffer cache interference, especially during overload.

6.3 Adaptation to Failures

Our dynamic replication system adapts replica allocation to meet application
requirements and uses partial-overlap allocation together with warm migration
to speed the replica addition process. This approach enables handling database
failures as well. In particular, our system treats failures simply as load increas-
ing events and adds new replicas to meet current demand.

Figure 12 demonstrates the fault-tolerant behavior of our system with a
simple, single application experiment. Figure 12(a) shows the input load func-
tion for the TPC-W benchmark. Figure 12(b) shows that the replica allocation
matches the input load until 20 minutes into the experiment when a fault is
injected into one of the TPC-W replicas. At this point, the TPC-W latency is
approximately 300ms which is lower than the SLA, and therefore the resource
manager does not take any action. However, Figure 12(c) shows that the TPC-W
latency increases rapidly (as a result of the fault) until it violates the SLA at
roughly 22 minutes into the experiment. When the SLA is violated, the resource
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Table II. Number of Allocated Replicas and Average
Latency vs. the LowSLAThreshold Parameter

LowSLAThreshold Read Set Write Set Latency
0.0 × SLA 2.51 2.51 213 ms
0.1 × SLA 1.74 2.14 251 ms
0.4 × SLA 1.56 2.09 277 ms
0.5 × SLA 1.55 2.08 309 ms

0.75 × SLA 1.41 2.08 303 ms

manager adapts its allocation by adding another replica. At this point, the la-
tency drops to prefault levels.

6.4 Sensitivity Analysis

This section shows that our system is robust and does not require careful hand-
tuning of parameters to achieve good performance. The main parameters in our
system are the low and high SLA thresholds and the smoothing parameter α.
The high SLA threshold is the same as the SLA specified by the application
in all our experiments. Following, we show the effects of varying the other two
main parameters, of fine-tuning the RemoveConfidenceNumber parameter and
the effects of varying the speed of load change.

For this study, we use the TPC-W application, and we designed an input
load function that simulates various workload scenarios including changes in
load, transient spikes, and regions of constant load. This load function, which
stresses the system with frequent and high amplitude changes in load, is shown
in Figure 13(a).

6.4.1 Variation in the LowSLAThreshold Parameter. Figure 13 shows the
output of our replica allocation scheme for the TPC-W application as the
LowSLAThreshold parameter is varied from 0.75 × SLA to 0. Higher values of
LowSLAThreshold cause more aggressive replica removal, and thus the number
of machines allocated to an application will be more precisely matched with the
number of machines needed to meet the SLA. However, aggressive removal can
lead to oscillatory allocation which is expensive because of buffer cache inter-
ference. To reduce this problem, the allocation policy described in Section 4.2
separates replica removal for the read set and the write set of an application.
Removing a replica from the write set can be much more expensive because a
later replica addition will require data migration, and hence this removal is
performed more conservatively than removing a replica from the read set.

Figures 13(b) through 13(f) show the number of replicas allocated to the read
and the write sets of the application. These figures show that higher values of
LowSLAThreshold cause more responsive read set allocation (thin lines in the
figures), but the more expensive write-set allocation is stable (thick lines in the
figures). Small values of LowSLAThreshold cause read set allocation to become
less responsive and eventually replicas are never removed unless the system is
in overload and a removal is forced to ensure fair allocation.

Table II shows the average number of replicas allocated to the read and the
write sets and the average TPC-W latency. We see that the average number
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Fig. 13. Replica allocation with different LowSLAThreshold parameters.

of replicas grows minimally with decreasing LowSLAThreshold, and the aver-
age latency rises slowly with increasing LowSLAThreshold. Finally, it should
be clear that when two or fewer replicas are allocated to the read set, then a
LowSLAThreshold value greater than 0.5 × SLA causes unnecessary oscillation.
As a result, any nonzero value for LowSLAThreshold that is below 0.5 × SLA
will yield reasonable performance.

6.4.2 Variation in the Smoothing Parameter α. The smoothing parameter
α controls the response of the system. Higher values of α cause the system to
react faster to the current value of latency, while lower values of α give more
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Table III. Percent Compliance vs. the
amoothing Parameter α

Smoothing Parameter α % Compliance
1 93
0.5 91
0.25 96
0.125 92
0.0625 89

Table IV. The Effect on Performance by
Varying RemoveConfidenceNumber

RemoveConfidenceNumber Compliance
%

0 91
0.5 90
1 92
3 93
5 92

weight to the latency history. While a larger value of α speeds replica addition
which helps maintain the SLA, aggressive replica removal can cause oscillatory
and expensive reallocation.

Table III demonstrates this trade-off. It presents the percentage compliance
for the input load shown in Figure 13(a) as the α parameter is varied. The
best compliance is achieved when α = 0.25. However, the table also shows that
compliance does not vary significantly and is over 90% for any value of the
smoothing parameter.

6.4.3 Variation of RemoveConfidenceNumber. To determine the sensitivity
of our algorithm to the parameter RemoveConfidenceNumber, we vary the pa-
rameter and measure the percentage of compliance (see Table IV). Similar to
the smoothing parameter α, higher values of RemoveConfidenceNumber make
the removal of databases more conservative. As Table IV shows, the perfor-
mance does not vary much, and SLA compliance is high for all values of this
parameter.

6.4.4 Sensitivity to Speed of Load Change. In this section, we show the
effect of load change on adaptation time and the query latency. In previous
sections, we have shown good performance in adapting to load functions that
vary the load every 2 minutes or every 5 minutes. In this section, we use two
load functions which vary the load faster, that is, every 1 minute and every 30
seconds, respectively. These experiments are designed to test the limits of our
system to fast load changes.

Each load function is a ramp that starts with a normalized load of 1 and steps
up to a load of 4 in the middle of the experiment, and then steps back down to 1.
We show the average (smoothened) latency when using load steps either every
minute as shown in Figure 14(a) or every 30 seconds as shown in Figure 14(b).
As Figure 14(e) shows, we are able to adapt to load changes while maintaining
the latency mostly underneath the SLA for the 1-minute step function, but
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Fig. 14. Replica allocation with 1 minute and 30-second load step changes.

not for the 30-second step function. The cut-off depends on our update batch
frequency for maintaining overflow replicas. In order to guarantee a desired
reactivity level, the staleness limit for overflow replicas, in terms of the time
estimate to bring a replica up to date which is 2.5 minutes in our experiments,
should be set roughly equal to the desired system reaction time. Finally, even
for frequent load changes of 1 minute or 30 seconds, our algorithm does not
register any oscillations in resource allocation.

7. RELATED WORK

We address the hard problem of dynamic resource allocation within the
database tier, advancing the research area of autonomic computing [IBM
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Corporation 2003a]. Autonomic computing is the application of technology
to manage technology, materialized into the development of automated self-
regulating system mechanisms. This is a very promising approach to deal-
ing with the management of large scale systems, hence reducing the need for
costly human intervention. Specifically, in this article, we expand on our pre-
vious work on database replication techniques in single [Amza et al. 2003a,
2003b] and multiple application [Soundararajan et al. 2006] configurations
through an in-depth presentation of dynamic provisioning of replicas in the
database backend of dynamic content servers, including a discussion of al-
gorithmic trade-offs, comprehensive performance evaluation, and sensitivity
analysis.

A number of recent articles in the area of autonomic resource provision-
ing use resource allocation models based on analytical queuing models [Ben-
nani and Menascé 2005; Woodside et al. 2006] or queuing models coupled
with hill-climbing for searching through a multidimensional configuration
space [Menasce et al. 2001], interpolation based on offline experiments [Walsh
et al. 2004], utility models [Tesauro et al. 2005], machine learning algo-
rithms [Tesauro et al. 2006], or dynamic programing [Karve et al. 2006] to
adjust the mapping between a desired service level agreement and the amount
of resources to be provisioned.

For instance, Karve et al. [2006] study resource allocation as an instance of
workload placement in Web applications running on cluster servers. They for-
mulate a dynamic programming problem where they assign capacities and de-
mands to applications, classified as load independent (e.g., memory) or load de-
pendent (e.g., CPU). They evaluate the effectiveness of their technique through
simulations.

Most of these analytic performance models of Web servers have
demonstrated good accuracy in simulations or experimentally. On the other
hand, to the best of our knowledge, current performance prediction techniques
for large data centers assume a single database server as backend [Walsh et al.
2004; Bennani and Menascé 2005; Woodside et al. 2006] or do not consider the
database configuration parameters as part of their search space [Menasce et al.
2001; Karve et al. 2006].

Most of these solutions treat the system as a set of black boxes, hence, in
theory, they could be applied to provisioning database replicas as well by simply
adding boxes to an application’s allocation based on model-based bottleneck
detection. On the other hand, our article shows that, for a stateful system,
awareness of the costs of provisioning and adaptation states in the particular
system is a key feature for successful adaptation. Specifically, for a replicated
database tier, the allocation of a new database replica to an application requires
data migration, that is, the transfer of data to bring that replica up-to-date.
Only if the resource allocation manager is conscious of the progress of data
migration can it evaluate with reasonable accuracy an adaptation’s impact on
performance and, in particular, whether or not further provisioning is needed
for that application. Moreover, accurately modeling a complex stateful system
is a daunting task. Therefore, the applicability of generic queuing or utility
models to database applications needs further investigation.
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Apart from our previous work in conflict-aware database replication [Amza
et al. 2003a, 2003b, 2005] a number of independent solutions exist that pro-
vide both scaling and strong consistency in replicated database clusters. They
range from industry established solutions such as the Oracle RAC [ORACLE ]
to research and open-source prototypes [Kemme et al. 2001; Cecchet et al. 2004;
Milan-Franco et al. 2004; Kemme and Alonso 2000b; Plattner and Alonso 2004;
Daudjee and Salem 2004]. The industry solutions provide strong consistency,
high availability, and good scalability, but they are costly and require special-
ized hardware such as Shared Network Disk [ORACLE]. The research proto-
types use commodity software and hardware, but they typically rely on support
for snapshot isolation inside the database [Plattner and Alonso 2004; Wu and
Kemme 2005] and explore providing snapshot isolation semantics on a repli-
cated database cluster [Wu and Kemme 2005; Lin et al. 2005; Plattner and
Alonso 2004] instead of 1-copy serializability.

With a few notable exceptions [Kemme et al. 2001; Milan-Franco et al. 2004],
these systems do not investigate database replication in the context of dynamic
adaptation. Kemme et al. [2001] propose algorithms for database cluster re-
configuration through a staged approach similar to our database migration
algorithm. The algorithms are, however, not evaluated in practice. Our article
studies efficient methods for dynamically integrating a new database replica
into a running system and provides a thorough system evaluation using re-
alistic benchmarks. Milan-Franco et al. [2004] present both global and local
adaptation to changing demand in a database cluster by adapting the place-
ment of primary replicas and the degree of multiprogramming at each replica.
Their work is, however, orthogonal to ours because they do not address replica
provisioning.

Related, but orthogonal, efforts toward providing differentiated Quality of
Service in dynamic content cluster servers include service differentiation based
on tracking customer actions [Totok and Karamcheti 2006] and automati-
cally determining correlations between system metrics and potential bottleneck
states [Cohen et al. 2004; Parekh et al. 2006]. Instead of the conventional ap-
proach of labeling customers with service class types (e.g., the traditional gold,
silver, bronze), Totok and Karamcheti [2006] determine the value of a customer
dynamically from his/her actions such as putting items into the shopping cart.
Based on a cumulative reward, a request scheduler assigns the client to its
appropriate service class.

Cohen et al. [2004] propose using a tree-augmented Bayesian network (TAN)
to discover correlations between system metrics and service level objectives
(SLO). Through training, the TAN discovers the subset of system metrics that
lead to SLO violations. While this approach predicts violations and compliances
with good accuracy, in contrast to our work, it does not provide any information
on how to adapt in order to avoid SLO violations. The Elba project [Parekh
et al. 2006] is based on the similar idea of evaluating the performance of the
system using several machine learning classifiers. Its novelty lies in advocating
observing service level objectives even before deployment, with the goal of de-
tecting errors and potential bottlenecks during the design and testing phases
of the system.
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Various scheduling policies for proportional share resource allocation can be
found in the literature, such as STFQ [Goyal et al. 1996]. Steere et al. [1999]
describe a feedback-based real-time scheduler that provides reservations to ap-
plications based on dynamic feedback, eliminating the need to reserve resources
a priori. In other related paper discussing resource controllers [Diao et al. 2002;
Li and Nahrstedt 1999], the algorithms use models by selecting various param-
eters to fit a theoretical curve to experimental data. These approaches are not
generic and need cumbersome profiling in systems running many workloads.
An example is tuning various parameters in a PI controller [Diao et al. 2002].
The parameters are only valid for the tuned workload and not applicable for
controlling other workloads. In addition, none of these controllers incorporate
the fact that the effects of control actions may not be seen immediately, and the
fact that the system may be instable immediately after adaptation.

Further challenges in adaptive database replication, which we do not address
in this work, include adaptive replication in the wide area. While, as we have
shown, strongly consistent replication can be achieved transparently in a local
cluster, different methods may be needed in a geographically distributed system
because of problems of latency, bandwidth, and possible disconnected operation.
Among the recent efforts in this direction, GlobeDB [Sivasubramanian et al.
2005] addresses adaptive data replication at edge servers in a Content Delivery
Network (CDN) and studies the trade-offs between data replication and data
placement in this context. In GlobeDB, a centralized server observes the access
patterns from different edge servers and places the database items (rows) onto
edge servers based on the observed clustered accesses. The degree of replication
is controlled by a cost function which reduces the response time or the number
of updates. The authors use the TPC-W benchmark in the evaluation of their
solution. While currently our solution is limited to a cluster of database replicas
in a LAN environment, we are planning to explore wide-area extensions of our
dynamic content server solution in future work.

8. CONCLUSIONS

In this article, we introduce a novel solution to resource provisioning in the
database tier of a dynamic content site. Our self-configuration techniques allow
the server the flexibility to dynamically reallocate database commodity nodes
across multiple applications. Our approach can react to resource bottlenecks or
failures in the database tier in a unified way.

We avoid modifications to the Web server, the application scripts, and the
database engine. We also assume software platforms in common use: the Apache
Web server, the MySQL database engine, and the PHP scripting language. As
a result, our techniques are applicable without burdensome development and
replace human management of the Web site. We use the shopping workload mix
of the TPC-W benchmark and the RUBIS online auction benchmark to evaluate
the reactivity and stability of our dynamic resource allocation protocol.

Our evaluation shows that our dynamic replica allocation approach can han-
dle rapid variations in an application’s backend resource requirements while
maintaining the per-application query latency under a predefined SLA for our
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two benchmarks. We show that an approach with partial-overlap in appli-
cation allocations works significantly better than a full-overlap and a static
partitioning approach, which suffer from workload interference and rigid allo-
cations, respectively. We also show that introducing adaptation delay awareness
in the feedback loop of the resource manager is key for avoiding oscillations in
resource allocation. We finally show through our sensitivity analysis, that our
delay aware provisioning technique obviates the need for careful handtuning
of any system parameters.
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