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Abstract

Client request rates for Internet services tend to be bursty
and thus it is important to maintain ef�cient resource uti-
lization under a wide range of load conditions. Network
service clients typically seek services interactively and
maintaining reasonable response time is often impera-
tive for such services. In addition, providing differenti-
ated service qualities and resource allocation to multiple
service classes can also be desirable at times. This paper
presents an integrated resource management framework
(part of Neptune system) that provides �exible service
quality speci�cation, ef�cient resource utilization, and
service differentiation for cluster-based services. This
framework introduces the metric of quality-aware ser-
vice yield to combine the overall system ef�ciency and
individual service response time in one �exible model.
Resources are managed through a two-level request dis-
tribution and scheduling scheme. At the cluster level,
a fully decentralized request distribution architecture is
employed to achieve high scalability and availability.
Inside each service node, an adaptive scheduling pol-
icy maintains ef�cient resource utilization under a wide
range of load conditions. Our trace-driven evaluations
demonstrate the performance, scalability, and service
differentiation achieved by the proposed techniques.

1 Introduction

Previous studies show that the client request rates for
Internet services tend to be bursty and �uctuate dra-
matically [5, 10, 11]. For example, the daily peak-to-
average load ratio at Internet search service Ask Jeeves
(www.ask.com) is typically 3:1 and it can be much
higher and unpredictable in the presence of extraordi-
nary events. As another example, the online site of En-
cyclopedia Britannica (www.britannica.com) was

taken of�ine 24 hours after its initial launch in 1999 due
to a site overload. Over-provisioning system resources
for a service site to accommodate the potential peak will
not be cost-effective. As a consequence, it is important
to maintain ef�cient resource utilization for those ser-
vices under a wide range of load conditions.

Network clients typically seek services interactively and
maintaining reasonable response time is imperative. In
addition, providing differentiated service qualities and
resource allocation to multiple service classes can also
be desirable at times, especially when the system is
reaching its capacity limit and cannot provide interactive
responses to all the requests. Quality of service (QoS)
support and service differentiation have been studied ex-
tensively in network packet switching with respect to
packet delay and connection bandwidth [12, 26, 37]. It
is equally important to extend network-level QoS sup-
port to endpoint systems where service ful�llment and
content generation take place. Those issues are es-
pecially critical for cluster-based Internet services in
which contents are dynamically generated and aggre-
gated [5, 17, 20, 33, 35].

This paper presents the design and implementation
of an integrated resource management framework for
cluster-based services. This framework is part of Nep-
tune system: a cluster-based software infrastructure for
aggregating and replicating partitionable network ser-
vices [34, 35]. Neptune has been successfully de-
ployed at Internet search engine Ask Jeeves [5] since
December 2001. Although cluster-based network ser-
vices have been widely deployed, we have seen lim-
ited research in the literature on comprehensive resource
management with service differentiation support. Re-
cent studies on endpoint resource management and QoS
support have been mostly focused on single-host sys-
tems [1, 2, 6, 7, 8, 27, 39] or clustered systems serving
static HTTP content [3, 32]. In comparison, Neptune
is intended for clustered services with dynamic service



ful�llment or content generation. The work presented
in this paper addresses some of the inadequacy of the
previous studies and complements them in the following
three aspects.

Flexible resource management objectives. Most pre-
vious studies used a monolithic metric to measure re-
source utilization and de�ne QoS constraints. Com-
monly used ones include system throughput, mean re-
sponse time, mean stretch factor [41], or the tail distri-
bution of the response time [28]. We introduce a uni-
�ed quality-aware metric that links the overall system
ef�ciency with individual service response time. To be
more speci�c, we consider the ful�llment of a service
request produces certain quality-aware service yield de-
pending on the response time. The overall goal of the
system is to maximize the aggregate service yield result-
ing from all requests. As an additional goal, the sys-
tem supports service differentiation for multiple service
classes.

Fully decentralized clustering architecture with
quality-aware resource management. Scalability and
availability are always overriding concerns for large-
scale cluster-based services. Several prior studies re-
lied on centralized components to manage resources for
a cluster of replicated servers [3, 10, 32, 41]. In contrast,
our framework employs a functionally symmetrical ar-
chitecture that does not rely on any centralized compo-
nents. Such a design not only eliminates potential single
point of failure in the system, it is also crucial to ensur-
ing smooth and prompt responses to demand spikes and
server failures.

Ef�cient resource utilization under quality con-
straints. Neptune achieves ef�cient resource utilization
through a two-level request distribution and schedul-
ing scheme. At the cluster level, requests for each ser-
vice class are evenly distributed to all replicated service
nodes without explicit partitioning. Inside each service
node, an adaptive scheduling policy adjusts to the run-
time load condition and seeks high aggregate service
yield at a wide range of load levels. When desired, the
service scheduler also provides proportional resource al-
location guarantee for speci�ed service classes.

The rest of this paper is organized as follows. Section 2
illustrates a target architecture for this work and then de-
scribes our multi-fold resource management objective.
Section 3 presents Neptune’s two-level request distribu-
tion and scheduling architecture. Section 4 illustrates the
service scheduling inside each service node. Section 5
presents the system implementation and trace-driven ex-
perimental evaluations. Section 6 discusses related work
and Section 7 concludes the paper.

2 Targeted Architecture and Resource
Management Objective

In this section, we �rst illustrate the targeted system ar-
chitecture of this work. Then we introduce the concepts
of quality-aware service yield and service yield func-
tions. Through these concepts, service providers can ex-
press a variety of quality constraints based on the service
response time. Furthermore, using service yield func-
tions and resource allocation guarantees, our framework
allows service providers to determine the desired level of
service differentiation among multiple service classes.

2.1 Targeted Architecture

Neptune targets cluster-based network services accessi-
ble to many users through an intranet or the Internet.
Inside those clusters, services are usually partitioned,
replicated, aggregated, and then delivered to external
clients through protocol gateways. Partitioning is intro-
duced when the service processing requirement or data
volume exceeds the capacity of a single server node.
Service replication is commonly employed to improve
the system availability and provide load sharing. Partial
results may need to be aggregated across multiple data
partitions or multiple service components before being
delivered to external users.

��� ��� � � �	� 
�� ���
�
� ��� 
	���� �
� ��� ����� �
� ��
�� �

����� ��� � �� ! "�# $ ���

%&� '&� � �
'('� ��� � � ��� )+*+,�	�-� �
���	�)+*+,�
�
� �
���	�)+*+,�
�
� �
���	�

./��012��� 3����./��012��� 3����./��0'���� 3(���

4 � 5
�
6'���� 3����7-��� � � �8� 
��:9
4 � 5
�
6'���� 3����7-��� � � �8� 
��+9
4 � 5
�
6'���� 3����7-��� � � �8� 
��+9 4 � 5
�	6'���� 3(���7(��� � � � � 
���;

4 � 5
�	6'���� 3(���7(��� � � � � 
���;
4 � 5
�	6'���� 3����7(��� � � � � 
���;

<=
-�'���� 3(���7(��� � � � � 
���;
<=
-�'���� 3����7(��� � � � � 
���;
<	

�'���� 3����7(��� � � � � 
���;

<=

�'���� 3����7(��� � � � � 
��:9
<=

�'���� 3����7(��� � � � � 
��:9
<=

�'���� 3����7(��� � � � � 
��:9

<=

�'���� 3����7-��� � � �8� 
��2>
<=

�'���� 3����7-��� � � �8� 
��2>
<=

�'���� 3����7-��� � � �8� 
��2>

%&� '&� � �
'('� ��� � � ���

Figure 1: A targeted system architecture: search engine.

Figure 1 uses a prototype search engine to illustrate such
a targeted system architecture [5, 18]. In this exam-
ple, the service cluster delivers search services to con-
sumers and business partners through Web servers and
XML gateways. Inside the cluster, the main search tasks
are performed on a set of index servers and document
servers, both partitioned and replicated. Each search
query �rst arrives at one of the protocol gateways. Then



some index servers are contacted to retrieve the identi�-
cations of index documents related to the search query.
Subsequently some document servers are mobilized to
retrieve a short description of these documents and the
�nal results are returned through the original protocol
gateway. The resource management work in this study
focuses on resources and quality constraints inside the
service cluster. Issues related to wide-area network la-
tency or bandwidth is beyond the scope of this paper.

A large-scale service cluster typically consists of mul-
tiple groups of replicated service components. We call
each replication group a sub-cluster. For instance, the
replicas for partition 1 of the index servers in Figure 1
form one such sub-cluster. While Neptune supports the
construction of multiple sub-clusters, this paper focuses
on the resource management within a single sub-cluster.
Here we give a brief discussion on the formation of
sub-clusters. Each sub-cluster typically hosts a single
type of service for modularity and ease of management.
This scheme also allows for targeted resource alloca-
tion. For instance, machines with large number of CPUs
can be allocated for sub-clusters hosting CPU-intensive
service components while machines equipped with fast
I/O channels can be used for sub-clusters hosting I/O-
intensive components. Nonetheless, it is not uncommon
to co-locate multiple types of service components in a
single replication group to improve resource utilization
ef�ciency.

2.2 Quality-aware Resource Utilization

Most previous studies used a monolithic metric such as
system throughput, mean response time, mean stretch
factor [41], or the tail distribution of the response
time [28] to measure the ef�ciency of system resource
management. We use a more comprehensive metric by
conceiving that the ful�llment of a service request pro-
vides certain yield depending the response time. This
yield, we call quality-aware service yield, can be linked
to the amount of economic bene�t or social reach result-
ing from serving this request in a timely fashion. Both
goals of provisioning QoS and ef�cient resource utiliza-
tion can be naturally combined as producing high aggre-
gate yield. Furthermore, we consider the service yield
resulting from serving each request to be a function of
the service response time. The service yield function is
normally determined by service providers to give them
�exibility in expressing desired service qualities. Let r1,
r2, � � � , rk be the response times of the k service ac-
cesses completed in an operation period. Let Yi() rep-
resent the service yield function for the ith service ac-
cess. The goal of our system is to maximize the aggre-

gate yield, i.e.

maximize
kX

i=1

Yi(ri): (1)

In general, the service yield function can be any
monotonically non-increasing function that returns non-
negative numbers with non-negative inputs. We give a
few examples to illustrate how service providers can use
yield functions to express desired service qualities. For
instance, the system with the yield function Ythroughput de-
picted in Figure 2 (A) is intended to achieve high system
throughput with a deadline D. In other words, the goal
of such a system is to complete as many service accesses
as possible with the response time � D. Similarly, the
system with the yield function Yresptime in Figure 2 (B)
is designed to achieve low mean response time. Note
that the traditional concept of mean response time does
not count dropped requests. Yresptime differs from that
concept by considering dropped requests as if they are
completed in D.

We notice that Ythroughput does not care about the exact
response time of each service access as long as it is com-
pleted within the deadline. In contrast, Yresptime always
reports higher yield for accesses completed faster. As a
hybrid version of these two, Yhybrid in Figure 2 (C) pro-
duces full yield when the response time is within a pre-
deadline D0, and the yield decreases linearly thereafter.
The yield �nally declines to a drop penalty C 0 when the
response time reaches the deadline D. This corresponds
to the real world scenario that users are generally com-
fortable as long as a service request is completed in D0.
They get more or less annoyed when the service takes
longer and they most likely abandon the service after
waiting for D. C represents the full yield resulting from
a prompt response and the drop penalty C 0 represents
the loss when the service is not completed within the �-
nal deadline D. Figure 2 illustrates these three functions.
We want to point out that Ythroughput is a special case of
Yhybrid when D0 = D; and Yresptime is also a special case
of Yhybrid when D0 = 0 and C 0 = 0.

2.3 Service Differentiation

Service differentiation is another goal of our multi-fold
resource management objective. Service differentiation
is based on the concept of service classes. A service
class is de�ned as a category of service accesses that ob-
tain the same level of service support. On the other hand,
service accesses belonging to different service classes
may receive differentiated QoS support. Service classes
can be de�ned based on client identities. For instance,
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Figure 2: Illustration of service yield functions.

a special group of clients may be con�gured to receive
preferential service support or a guaranteed share of sys-
tem resources. Service classes can also be de�ned based
on service types or data partitions. For example, a or-
der placement transaction is typically considered more
important than a catalog-browsing request.

We provide differentiated services to different service
classes on two fronts. First, service classes can ac-
quire differentiated service support by specifying differ-
ent yield functions. For instance, serving a VIP-class
client can be con�gured to produce higher service yield
than serving a regular client. Secondly, each service
class can be guaranteed to receive a certain portion of
system resources. Most previous service differentiation
studies have focused on one of the above two means of
QoS support [7, 24, 30, 40]. We believe a combina-
tion of them provides two bene�ts when the system is
overloaded: 1) the resource allocation is biased toward
high-yield classes for ef�cient resource utilization; 2) a
certain portion of system resources can be guaranteed
for each service class, if needed. The second bene�t is
crucial to preventing starvation for low-priority service
classes.

3 Two-level Request Distribution and
Scheduling

In our framework, each external service request enters
the service cluster through one of the gateways and it
is classi�ed into one of the service classes according to
rules speci�ed by service providers. Inside the cluster,
service components are usually partitioned, replicated,
and aggregated to ful�ll the request. In this section, we
discuss the cluster-level request distribution for a parti-

tion group or sub-cluster.

The dynamic partitioning approach proposed in a pre-
vious study adaptively partitions all replicas for each
sub-cluster into several groups and each group is as-
signed to handle requests from one service class [41].
We believe such a scheme has a number of drawbacks.
First, a cluster-wide scheduler is required to make server
partitioning decisions, which is not only a single-point
of failure, but also a potential performance bottleneck.
Secondly, cluster-wide server groups cannot be repar-
titioned very frequently, which makes it dif�cult to re-
spond promptly to changing resource demand. In order
to address these problems, Neptune does not explicitly
partition server groups. Instead, we employ a symmetri-
cal and decentralized two-level request distribution and
scheduling architecture illustrated in Figure 3.
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Figure 3: Two-level request distribution and scheduling.

In this scheme, each service node in a sub-cluster can
process requests from all service classes. The resource
management decision is essentially made at two levels.
First, each service request is directed to one of the repli-
cated service nodes through the cluster-level request dis-
tribution. Upon arriving at the service node, the request



is then subject to a node-level service scheduling. At
the cluster level, Neptune employs a class-aware load
balancing scheme to evenly distribute requests for each
class to all replicas. Our load balancing scheme uses
a random polling policy that discards slow-responding
polls. Under this policy, whenever a client is about to
seek a service for a particular service class, it polls a
certain number of randomly selected service nodes to
obtain the load information. Then it directs the service
request to the node with the smallest number of active
and queued requests. Nodes that do not respond within
a deadline are discarded. This strategy also helps ex-
clude faulty nodes from request distribution. In practice,
we use a poll size of 3 in our system. The polling dead-
line is set to be 10 ms, which is the smallest timeout
granularity supported by select system call in Linux.
Our recent study shows that such a policy is scalable and
it performs well for services of small granularities [34].
Inside each service node, Neptune must also deal with
the resource allocation across multiple service classes.
This is handled by a node-level class-aware scheduling
scheme, which will be discussed in Section 4.

An Alternative Approach for Comparison. For the
purpose of comparison, we also designed a request
distribution scheme based on server partitioning [41].
Server partitioning is adjusted periodically at �xed inter-
vals. This scheme uses the past resource usage to predict
the future resource demand and makes different parti-
tioning decisions during system under-load and overload
situations.

� When the aggregate demand does not exceed the
total system resources, every service class acquires
their demanded resource allocation. The remain-
ing resources will be allocated to all classes pro-
portional to their demand.

� When the system is overloaded, in the �rst round
we allocate to each class its resource demand or its
resource allocation guarantee, whichever is smaller.
Then the remaining resources are allocated to all
classes under a priority order. The priority order
is sorted by the full yield divided by the mean re-
source consumption for each class, which can be
acquired through of�ine pro�ling.

Fractional server allocations are allowed in this scheme.
All servers are partitioned into two pools, a dedicated
pool and a shared pool. A service class with 2.4 server
allocation, for instance, will get two servers from the
dedicated pool and acquire 0.4 server allocation from the
shared pool through sharing with other classes with frac-
tional allocations.

The length of the adjustment interval should be cho-
sen carefully so that it is not too small to avoid exces-
sive repartitioning overhead and maintain system stabil-
ity, nor is it too large to promptly respond to demand
changes. We choose the interval to be 10 seconds in
this paper. Within each allocation interval, service re-
quests are randomly directed to one of the servers allo-
cated to the corresponding service class according to the
load balancing policy [34].

4 Node-level Service Scheduling

Neptune employs a multi-queue (one per service class)
scheduler inside each node. Whenever a service request
arrives, it enters the appropriate queue for the service
class it belongs to. When resources become available,
the scheduler picks a request for service. The scheduled
request is not necessarily at the head of a queue. Figure 4
illustrates such a runtime environment of a service node.

Class 1

Class 2

... ...
Class N

Service
scheduler
Service

scheduler

Figure 4: Runtime environment of a service node.

For a service node hosting N service classes:
C1; C2; � � � ; CN , each class Ck is con�gured with a ser-
vice yield function Yk and optionally a minimum system
resource share guarantee gk, which is expressed as a per-
centage of total system resources (

PN

1 gk � 1). The
goal of the scheduling scheme is to provide the guaran-
teed system resources for all service classes and sched-
ule the remaining resources to achieve high aggregate
service yield. Figure 5 illustrates the framework of our
service scheduling algorithm at each scheduling point.
In the rest of this section, we will discuss two aspects of
the scheduling algorithm: 1) maintaining resource allo-
cation guarantees; and 2) achieving high aggregate ser-
vice yield.

4.1 Estimating Resource Consumption for Al-
location Guarantees

In order to maintain resource allocation guarantees, we
need to estimate resource consumption for each service
class at each scheduling time. This estimation should be
biased toward recent usage to stabilize quickly when the




