
Efficiency vs. Portability
in Cluster-Based Network Servers

Enrique V. Carrera
Department of Computer Science

Rutgers University
Piscataway, NJ 08854-8019

vinicio@cs.rutgers.edu

Ricardo Bianchini
Department of Computer Science

Rutgers University
Piscataway, NJ 08854-8019

ricardob@cs.rutgers.edu

ABSTRACT
Efficiency and portability are conflicting objectives for cluster-
based network servers that distribute the clients’ requests
across the cluster based on the actual content requested.
Our work is based on the observation that this efficiency
vs. portability tradeoff has not been fully evaluated in the
literature. To fill this gap, in this paper we use modeling and
experimentation to study this tradeoff in the context of an in-
teresting class of content-based network servers, the locality-
conscious servers, under different inter-node communication
subsystems. Based on our results, our main conclusion is
that portability should be promoted in cluster-based network
servers with low processor overhead, given its relatively low
cost (≤ 16%) in terms of throughput performance. For clus-
ters with high processor overhead communication, efficiency
should be the overriding concern, as the cost of portability
can be very high (as high as 107% on 96 nodes). We also
conclude that user-level communication can be useful even
for non-scientific applications such as network servers.

1. INTRODUCTION
The number of Internet users has increased rapidly over the

last few years; this growth can be expected to continue for
the foreseeable future. As a result, popular service providers
have no alternative but to utilize either large multiprocessor
or distributed network servers in order to achieve reasonable
quality of service levels. We are interested in distributed
servers (cluster-based servers in particular), as they have the
potential to deliver high performance at low cost.
Two of the key performance issues in cluster-based network

servers are how the clients’ requests are distributed across
the different nodes of the cluster and how replies are sent
back to clients. Several cluster-based servers (e.g. [9, 14,
11, 4, 19]) distribute requests based solely on a load met-
ric, which is usually the resource utilization or the number
of open connections being handled by each node. In these
servers the cluster node that accepts a request (usually a
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TCP connection) is also responsible for serving the request
(independently of other nodes) and replying with the content
requested to the corresponding client.
Other cluster-based servers (e.g. [14, 20, 21, 23, 16, 3, 7,

5]) can distribute requests based on the actual content re-
quested; for instance, requests for images may be directed
to a different set of nodes than requests for html files, re-
quests for unreplicated disk data can be directed to the node
that stores the data, or requests for certain files may be di-
rected to the nodes that cache those files in memory. In
these servers the cluster node that initially accepts a request
(establishing a TCP connection with the client) and deter-
mines the content requested may not be the node that will
actually service the request. In this case, the reply to the
request can either (1) be sent directly from the service node
to the client; or (2) be staged at the node that originally re-
ceived the request. The former approach is efficient in that
the (potentially large) reply does not have to be transferred
between two cluster nodes, but requires a TCP connection
hand-off mechanism [16, 2] to transfer the TCP state of the
node that accepts a request to the node that actually services
the request transparently to the client. Unfortunately how-
ever, operating systems currently do not provide TCP hand-
off mechanisms, so implementing hand-off requires modifica-
tions to the operating system kernel. Thus, TCP hand-off
is currently not portable across different operating systems
or maybe even across different versions of the same operat-
ing system. This portability problem limits the usefulness
of these servers, as upgrading the cluster software or imple-
menting the server on a different cluster platform requires
a serious development effort. Hereafter, we refer to servers
that rely on hand-off as non-portable servers.
The alternative approach is to transfer each reply to the

node that originally received the corresponding request, which
can in turn relay the reply to the client. This approach pro-
motes portability, but is less efficient than using TCP hand-
off. The extent of the performance degradation caused by
promoting portability depends mainly on the performance of
the inter-node communication subsystem. Hereafter, we re-
fer to servers that do not rely on hand-off as portable servers.
Our work is based on the observation that the efficiency

vs. portability tradeoff posed by these two approaches to
sending replies to clients has not been fully evaluated in the
literature. In particular, we are not aware of any studies that
consider the impact of modern, high-performance communi-
cation subsystems on this tradeoff. To fill this gap, in this
paper we study this tradeoff in the context of an interesting
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Figure 1: Typical modern cluster of workstations.

class of content-based network servers, the locality-conscious
servers [16, 2, 3, 7, 5], under different inter-node communi-
cation subsystems.
Locality-conscious servers are inspired by work on coop-

erative caching [10, 13, 12]. These servers use the set of
memories of the cluster as a single large cache and distribute
requests for read-mostly files based on cache locality. This
strategy has the potential to improve performance signifi-
cantly with respect to traditional, locality-oblivious servers,
since serving a request from main memory (even if the mem-
ory is remote) is much less expensive than serving it from a lo-
cal disk. Even though we focus on locality-conscious servers,
our study should apply to any type of content-based server.
We use analytical modeling and experimentation to ad-

dress this tradeoff. Our model gauges the potential through-
put benefits of portable and non-portable locality-conscious
request distribution with respect to a traditional server. (Ser-
ver latencies are almost always low compared to the overall
latency a client experiences establishing connections, issuing
requests, and waiting for replies across a wide-area network,
so we only focus on throughput.) In effect, the model places
an upper bound on the throughput achievable by portable
and non-portable locality-conscious request distribution.
Our main modeling results show that for clusters that com-

bine a high-performance system-area network (SAN) with
low-overhead user-level communication (hereafter referred to
as fast-communication clusters), portable locality-conscious
distribution can increase throughput with respect to a tra-
ditional server by up to 10-fold for a 32-node cluster, de-
pending on the average size of the files requested and on the
cache hit rate. The comparison between non-portable and
portable locality-conscious servers shows that the through-
put advantage of the former is never greater than 16% on
fast-communication clusters of up to 96 nodes. In clusters
where communication is effected by the operating system
kernel over lower-performance networks (hereafter referred
to as slow-communication clusters), portability can cost sig-
nificantly more in terms of throughput; as much as 107% on
96 nodes.
Although useful, these modeling results require the backing

of real experiments to confirm the trends they suggest. Thus,
we design and evaluate a novel portable and scalable locality-
conscious server (called PRESS) for fast-communication clus-
ters. (The modeling results favor efficiency so strongly in
slow-communication clusters that we do not consider these
clusters in our experiments.) PRESS promotes both locality
and load balancing without any centralized resources, avoid-
ing connection hand-offs by transferring a requested file back
to the client through the cluster node that initially accepted
the connection. To guarantee the portability of PRESS, we
implemented the server completely in user-space. Further-
more, we implemented the PRESS inter-node communica-

tion using the Virtual Interface Architecture (VIA) industry
standard for user-level communication, which has been im-
plemented for virtually all modern SANs, such as Giganet
and Myrinet.
PRESS can be used to implement a variety of cluster-based

network servers, such as ftp, email, or WWW servers. Our
evaluation of PRESS concentrates on its application as a
WWW server. The evaluation is based on its performance
on an 8-node cluster of PCs connected by a Giganet net-
work, 4 real WWW traces, and on a performance comparison
of PRESS against a traditional server and two non-portable
servers, all of them based on the same code as PRESS.
Our experiments validate and confirm our modeling results

for fast-communication clusters. In fact, all experimental re-
sults for the locality-conscious servers are within 9% on av-
erage (min=3%, max=17%) of the model predictions on 8
nodes, which shows that our model is very accurate in deter-
mining trends. Our results also show that PRESS outper-
forms and outscales the traditional server. Furthermore, the
non-portable servers achieve throughput that is only 6-7%
higher on average (min=4%, max=9%) than the through-
put of PRESS on 8 nodes, confirming that portability does
not significantly degrade performance in fast-communication
clusters.
Based on our modeling and experimental results, we con-

clude that portability should be promoted in network servers
based on fast-communication clusters. We also conclude that
the efficiency vs. portability tradeoff should be resolved in fa-
vor of efficiency in slow-communication clusters, as was done
by other researchers [16, 2, 3]. Finally, we conclude that user-
level communication is the key issue that enables the imple-
mentation of cluster-based network servers that are portable
and efficient at the same time.
In summary, the main contributions made by this paper

are:

• Our modeling results are the first to compare the full
potential of portable and non-portable locality-consci-
ous servers for different types of communication sub-
strates.

• PRESS is the first cluster-based server to distribute re-
quests based on cache locality and load balancing con-
siderations in a portable and scalable fashion. As far as
we are aware, PRESS is the first real network server to
apply user-level communication and in particular the
VIA standard.

• Our experimental results confirm the modeling results
by demonstrating that portability costs little in terms
of performance in fast-communication clusters.

The remainder of this paper is organized as follows. The
next section describes our model in detail and presents its
most important results. Section 3 presents PRESS. Section
4 describes the methodology used in our experimental study
and our most important results. Section 5 discusses some
related pieces of work. Finally, section 6 summarizes our
findings and concludes the paper.

2. MODELING
In order to determine the potential performance benefits of

locality-conscious network servers and quickly explore their
associated parameter space, we have developed a simple open
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Figure 2: Model for a fast-communication cluster.

queuing network to model portable and non-portable locality-
conscious servers and traditional (i.e. locality-oblivious) ser-
vers. In order to stress the communication aspects of these
servers, we focus on servers of static content (i.e. read-mostly
files) only. In the next two subsections, we present our model
and its results, and explain why the model represents an up-
per bound on the throughput of the modeled servers.

2.1 The Model
Figure 1 presents a typical architecture for a modern clus-

ter of workstations or PCs, or a fast-communication cluster.
The nodes can be connected by one or more networks. Each
node is a full-blown commodity workstation or PC, with one
or more processors, multiple levels of caches, main memory,
one or more disks, and one or more network interfaces. Fast-
communication clusters usually have two networks: an inter-
node or “internal” network and an “external” network that
connects the cluster to the outside world. Communication
over the internal network is effected at the user level. In
contrast, we model slow-communication clusters with only
one network, which handles both inter-node and external
message traffic. In these clusters, communication is based
on kernel-level communication protocols, such as TCP and
UDP. We depict the cluster with two networks and each node
with one processor, one disk, and two network interfaces, be-
cause this is the architecture of our own real cluster.
Figure 2 depicts our model of a locality-conscious server

running on a fast-communication cluster of N workstations.
(The models for a locality-conscious server running on a
slow-communication cluster and a traditional server running
on any cluster are straightforward variations of the one we
present.) The model assumes that all queues are M/M/1.
Assuming that the traffic to the nodes is perfectly balanced,
the probability that a request is assigned to a specific work-
station is the same for all the workstations (1/N). Thus,
each external network interface receives requests with a rate
λ and processes them at a rate µe. The initial processing
of requests (reading and parsing) is done by the CPU at a
rate µp. If the requested file is cached locally the node just

replies to the request at a rate µm. If the file is cached only
remotely, the locality-conscious server requires some mecha-
nism for forwarding the request to another workstation, so
we assume that requests are forwarded by the CPU at a rate
µf . Each internal interface processes forwarded requests and
replies at a rate µi. (From now on, we will refer to the node
that receives a client request as the “initial” node and the
node to which the request is forwarded as the “service” node.)
After a request is received by the service node, the server

behavior depends on whether the file can be found in the
main memory cache. If the requested file is cached, it is sent
back by the CPU to the initial node through the internal
cluster network with a rate µs. Otherwise, the node must
first read the file from disk, store it in its memory, and then
transfer the file across the cluster (again with a rate µs).
Each disk receives read requests with a rate (1 − H) × λ
(where H is the probability that a requested file is cached in
main memory) and processes them at a rate µd. The CPU
of the initial node receives the reply of a forwarded request
at a rate µg . Finally, when the requested file is ready to be
sent out to the client, it is sent at a rate µe.
Other important parameters to our model are the cache

(main memory) size per node (C), the average size of the
requested files (S), and the file request distribution. This
latter parameter deserves further comments. In this study,
we concentrate on heavy-tailed distributions of access, such
as the ones exhibited by WWW servers [6]. Such distribu-
tions can be approximated by means of Zipf-like distributions
[6], where the probability of a request for the i’th most pop-
ular file is proportional to 1/iα with α typically taking on
some value less than unity.
With these parameters, we can define the total cache space

and the average cache hit rate for the two types of servers
we consider. In the traditional server, the total cache space
Clo is only C bytes, since the most requested files end up
cached by all nodes. On the other hand, a locality-conscious
server can use Clc = N × C bytes of cache space if no file
replication is allowed, or Clc = N × (1 − R) × C + R × C
bytes, if an R percentage of the main memory is used for file
replication. (Note that we can regard a traditional server as
a locality-conscious server with R = 1).
With these cache sizes, the average cache hit rate can be

defined as: H = z(n, F ), where z(n,F ) represents the accu-
mulated probability of requesting the n most accessed files in
a Zipf-like distribution of the requests to F files. The number
of cached files (n) is equal to min(Clo ÷ S, F ) for the tradi-
tional server, and min(Clc ÷ S, F ) for the locality-conscious
server. Furthermore, the percentage of requests forwarded to
another workstation in the locality-conscious server can be
defined as: Q = (N − 1) × (1 − h) ÷N , where the hit rate
for replicated files (h) is equal to z(min(R × C ÷ S, F ), F ).
Note that our use of z(n, F ) to describe hit rates effectively
means that the most accessed files are always cached in the
model.
Note that all the above definitions assume that the proba-

bility of an unreplicated file to be cached by a specific work-
station is the same for all the workstations (1/N). The first
two columns of table 1 summarize the model parameters and
their descriptions.
As our model assumes a cost-free distribution algorithm,

cost-free load and caching information dissemination, perfect
load balancing, and does not consider cache replacements and
contention for network wires and memory and I/O buses,
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Param Description Definition or Default Value
N Number of nodes 1–96
R Percentage of replication 15%
α Zipf constant 1
µi NIi transfer rate (only applicable to fast-comm cluster) (0.000003 + size/64000)−1 ops/s
µe NIe transfer rate (0.000004 + size/12000)−1 ops/s
µp Request read/parsing rate by CPU 9000 ops/s
µm Client reply send rate (after stored locally) by CPU (0.0001 + S/11500)−1 ops/s
µd Disk access rate (0.0188 + S/3000)−1 ops/s
µf Inter-node request forwarding rate by CPU 60000 ops/s (port), 55000 ops/s (non-port) – fast

7000 ops/s (port), 6900 ops/s (non-port) – slow
µs Inter-node reply send rate by CPU (0.00001 + S/80000)−1 ops/s – fast

(0.0001 + S/11500)−1 ops/s – slow
µg Inter-node reply reception rate by CPU (0.00001 + S/80000)−1 ops/s – fast

(0.0001 + S/11500)−1 ops/s – slow
C Total cache space Clo = C = 128 MBytes

Clc = N × (1−R) ×C +R× C
H Cache hit rate Hlo = z(min(Clo ÷ S, F ), F )

Hlc = z(min(Clc ÷ S, F ), F )
h Cache hit rate for replicated files h = z(min(R× C ÷ S, F ), F )
Q Percentage of requests forwarded Q = (N − 1) × (1− h) ÷N

Table 1: Model parameters and their default values. S = avg file size in KBytes; size = avg transfer size in KBytes.

F = number of files; lo = locality-oblivious; lc = locality-conscious.

it provides an upper bound on the throughput and a lower
bound on the service latency achievable by these servers. The
usefulness of these bounds lie in comparing them against our
experimental results to evaluate how efficient our servers are.

Parameter Values. We carefully selected default values
for our model parameters, always assuming that the only code
inside the operating system kernel is the hand-off code for the
non-portable server. The value of R was chosen to maximize
the performance of the locality-conscious servers; recall that
R has no effect on the traditional server. An external network
interface is present in both fast- and slow-communication
clusters. The service rate of the external network interface,
µe, was selected assuming that the interface provides 100
Mbits/s full-duplex links with 4-microsecond overhead per
message. These parameters approximate the characteristics
of our Fast Ethernet network interface cards. An internal
network interface is only assumed for the fast-communication
cluster. The service rate of the internal network interface, µi,
was selected assuming that the interface provides 1 Gbit/s
full-duplex links with 3-microsecond overhead per message.
These parameters approximate the characteristics of our Gi-
ganet interface cards. The µd, µp, µm, µs, and µg rates are
based on measurements we took by running a single request
at a time through our own real server on two cluster nodes.
The µf , µs, and µg rates have two default values, one

for high-performance communication in fast-communication
clusters (labeled “fast”) and one for low-performance com-
munication in slow-communication clusters (labeled “slow”).
The µf values for the non-portable server reflect a 2-micro-
second overhead for retrieving the state of a TCP connec-
tion. All these values reflect the low processor overhead
and high bandwidth achievable in a fast-communication clus-
ter, with VIA user-level communication over Giganet, and
the higher processor overhead and lower bandwidth in slow-
communication clusters, with TCP/UDP kernel-based com-
munication over Fast Ethernet for inter-node communication.

2.2 Results
We have studied the throughput of traditional and locality-

conscious servers as a function of the average size of requested
files and the file working set size. We considered average
file sizes from 2 to 64 KBytes; average sizes larger than 64
KBytes seem unrealistic for most current network servers.
To simplify the analysis, we model variations in working set
size using the cache hit rate of the traditional server; as the
working set size increases, the cache hit rate decreases. We
considered average hit rates from 1 to 100%. This study lead
to several interesting observations. Unfortunately, in this
section we only present our most important modeling results
(figures 3 and 4), due to space limitations.
Figure 3 plots the maximum (over the whole parameter

space of file sizes and hit rates) throughput performance gain
achievable by a portable locality-conscious server with re-
spect to a traditional server for cluster configurations of up
to 96 nodes. These gains correspond to areas of the param-
eter space around 2.5 KBytes and 75% hit rate. This figure
shows that regardless of the performance of the communi-
cation substrate and the number of cluster nodes, consider-
ing cache locality can improve throughput performance by
several fold. For instance, on 32 cluster nodes, a portable
locality-conscious server can improve performance by 6 and
10-fold assuming slow and fast-communication clusters, re-
spectively.
The comparison between non-portable and portable locali-

ty-conscious servers is not as clear-cut. Figure 4 plots the
maximum (again, over the whole space of file sizes and hit
rates) performance gain achievable by a non-portable locality-
conscious server with respect to a portable one. These gains
correspond to areas of the parameter space around 64 KBytes
and 65% hit rate. The figure shows that portability never
costs more than 16% in throughput in a fast-communication
cluster. In fact, beyond 8 nodes, portability costs very little
extra as we increase the size of the fast-communication clus-
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ter. In contrast, in slow-communication clusters, portability
can cost as much as 107% on 96 nodes. These results suggest
that the cost of portability does not increase significantly in
larger fast-communication clusters, but does increase sub-
stantially in larger slow-communication clusters.
There are three communication performance issues that

should be considered in explaining this difference: processor
overhead, network latency, and network bandwidth. Net-
work latency is really not an issue when we consider through-
put. Network bandwidth is not critical either, since the
network is not a bottleneck in our parameter space, even
in the case of the slow-communication cluster. Processor
overhead is the main reason why portability is inexpensive in
fast-communication clusters but not in slow-communication
clusters; see the values for the µs and µg parameters. A com-
munication substrate with high processor overhead increases
processor utilization and, as a result, decreases throughput.
Given how expensive portability can be for slow-communi-

cation clusters, hereafter we focus solely on locality-conscious
servers for fast-communication clusters, where the efficiency
vs. portability tradeoff is more interesting.

3. PRESS
Based on the results of our modeling work, in this sec-

tion we propose PRESS, a portable locality-conscious server
for fast-communication clusters. PRESS is based on the ob-
servation that serving a request from any memory cache is
substantially more efficient than serving it from a local disk.
PRESS is completely implemented at the user level. It

includes several optimizations previously proposed for single-
node servers (e.g. [17]). The local server at each node is
event-driven but, besides the main event-processing thread,
uses 4 helper threads for accessing disk, and one send thread
and one receive thread for inter-node communication.
PRESS has two modes of operation. It starts executing in

locality-oblivious mode, i.e. without communication between
nodes, until it detects that the local miss rate is significant
enough (> 5% in our prototype) to justify taking locality
into account. If that eventually happens, PRESS switches
to locality-conscious mode, when each node starts to exe-
cute the request distribution algorithm described in figure
5. The idea behind it is to allow multiple nodes (named in

the Servers array) to cache a certain file and distribute the
requests for the file among these nodes, according to load
considerations. A node’s load is measured as the number of
connections being serviced by the node.
We assume that requests are directed to nodes using a

standard method, such as Round-Robin DNS or a content-
oblivious front-end device. (In terms of throughput what is
important is for the DNS server or the front-end device not
to become bottlenecks. As shown clearly in [3], a content-
oblivious front-end is much less likely to become a bottleneck
than a content-aware one.) When a request arrives at an
initial node, the request is parsed and, based on its content,
the node must decide whether to service the request itself
or forward the request to another node. A request for a
large file (≥ 128 KBytes in our prototype) is always serviced
locally by the initial node. In addition, the initial node is
chosen as the service node, if this is the first time the file is
requested or it already caches the requested file. If neither
of these conditions holds, the least loaded node in the set
of servers for the file becomes a candidate for service node.
This node is chosen as a service node either when it is not
overloaded (i.e. its number of open connections is not larger
than a user-defined threshold, T = 80 in our experiments) or
when it is overloaded but so are the local node and the least
loaded node in the cluster. Popular files tend to force the
addition of new nodes to their set of servers by overloading
them. Although not shown in the figure, a node takes itself
out of a server set when it replaces the corresponding file in
its cache.
A forwarded request is handled in a straightforward way

by the service node. If the requested file is cached, the service
node simply transfers it to the initial node. If the file is not
cached, the service node reads the file from its local disk,
caches it locally (becoming part of the server set for the file),
and finally transfers it to the initial node. Upon receiving
the file from the service node, the initial node sends it to the
client. The initial node does not cache the file received from
a service node to avoid excessive file replication.
It is clear then that a node trying to make a distribu-

tion decision requires locality and load information about all
nodes. These data are disseminated throughout the cluster
via periodic broadcasts. To avoid excessive overheads (and
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while (true)
receive and parse next request r;
if (filesize(r.target) >= S) then
serve r but don’t cache r.target;
continue;

if (Servers[r.target] = φ) then
add local node to Servers[r.target];
n← local node;

else
if (local node ε Servers[r.target]) then

n← local node;
else

n← {least loaded node in Servers[r.target]};
if (n.load > T ) then

if (local node.load < T) then
add local node to Servers[r.target];
n← local node;

else
p← {least loaded node};
if (p.load < T ) then

add p to Servers[r.target];
n← p;

if (n = local node) then
serve r;

else
forward r to n (reply will come later);

Figure 5: Pseudo-code for request distribution in

PRESS.

remain portable), internal cluster communication is imple-
mented with VIA and the frequency of broadcasts is con-
trolled as described below.
The dissemination of load information is simple. A node

broadcasts information about its load changes when its cur-
rent load is a certain number of connections (4 in our proto-
type) greater or smaller than the last broadcast value. Each
broadcast of load information is implemented by multiple
remote memory write (no data copies, implicit receive, no
interrupt at receiver) VIA messages.
The dissemination of caching information is also straight-

forward. Whenever a node changes the server set for a cer-
tain file (i.e. it either replaces or starts caching the file), it
broadcasts this information using multiple regular (one copy
on each side, explicit receive operation) VIA messages. The
number of these broadcasts is relatively small, since modifi-
cations to the server sets occur seldomly in steady state.
Inter-node forward and reply messages are also implemen-

ted with regular VIA messages, whereas flow control mes-
sages are implemented with remote memory writes.
Note that PRESS can be used without modification to

achieve a good distribution of requests for either persistent
(such as HTTP/1.1) or non-persistent (such as HTTP/1.0)
connection-oriented protocols.

4. EXPERIMENTATION
In this section we evaluate the performance of PRESS

by comparing our server with a traditional (i.e. locality-
oblivious) server and two non-portable servers. In addi-
tion, we compare the performance of our servers with up-
per bounds generated by the model. Before presenting these
results, we describe our experimental methodology.

4.1 Methodology
Our cluster is comprised by 8 Linux-based PCs with 800

MHz Pentium III processors, local memory, a SCSI disk, and
interfaces to switched Fast Ethernet and Giganet networks.
The four servers we study run on this cluster. PRESS was
described in detail in the previous section.
The two non-portable servers have different structures.

One of them is similar to PRESS in that request distribu-
tion decisions are made by each node independently. If the
initial node decides that the request should be serviced by an-
other node, it hands-off the connection to the other node. As
distribution decisions are distributed, this server uses broad-
casting for exchanging load and caching information, just as
PRESS does. In contrast, the other non-portable server uses
a centralized dispatcher process (which runs on a 9th clus-
ter node to avoid any interference with server nodes) that
makes all distribution decisions, as proposed in [3]. In this
scheme, any node can receive a request from a client, but it
has to communicate with the dispatcher to find out which
node should actually service the request. If the dispatcher
decides that a node other than the initial node should ser-
vice the request, the initial node hands-off the connection to
the other node. As the distribution decisions are only made
by the dispatcher, there is no need to broadcast load and
caching information in this server. The request distribution
algorithm used by both non-portable servers is the same as
that of PRESS to make comparisons possible.
The locality-oblivious server uses the same code as PRESS,

but does not run the request distribution algorithm and does
not involve any information dissemination, as nodes service
the requests they receive independently of other nodes.
Intra-cluster communication in PRESS and the non-porta-

ble servers is implemented with VIA over Giganet. Under
the Giganet implementation of VIA, sending a regular 4-byte
message between two processes takes 19 microseconds. Out
of this one-way latency, approximately 6 microseconds are
spent by the communicating CPUs (3 microseconds a piece).
The Giganet switch fabric peaks at 1 Gbit/s bandwidth.
We did not implement TCP hand-off in the Linux kernel,

so our non-portable servers emulate this mechanism. Never-
theless, our non-portable servers are a good basis for com-
parison, as they represent an upper bound on the throughput
performance of their equivalent real non-portable servers. We
made a few optimistic assumptions in our emulation of the
non-portable servers. We emulate a TCP hand-off by delay-
ing the initial and service processors by 2 microseconds and
transferring 256 bytes over VIA/Giganet for each forward
operation. The 2-microsecond processor delay at the initial
node mimics the execution of a system call to retrieve the
state of the TCP connection. The same delay at the service
node mimics a system call to create a TCP connection (with-
out going through the TCP three-way handshake) and set its
state. The 256 bytes transferred correspond to the TCP state
and the information about the file requested. The service
node replies directly to the requesting client over permanent
TCP connections. All the code of the non-portable servers
besides the forwarding operation (including the request dis-
tribution algorithm) is the same as that of PRESS. The re-
sults in the next subsection will show that our non-portable
servers are very efficient, as they closely approximate the
throughput upper-bound predicted by the analytical model.
Besides our main cluster, we use another 12 Pentium-based

machines to generate load for the servers. These clients
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Logs Num Avg file Num Avg req α
files size requests size

Clarknet 28864 14.2 KB 2978121 9.7 KB 0.77
Rutgers 18370 27.3 KB 498646 19.0 KB 0.79
Forth 11931 19.3 KB 400335 8.8 KB 0.81
Combined 64651 21.6 KB 12590736 16.2 KB 0.78

Table 2: Main characteristics of the WWW server traces.

connect to the cluster using TCP over the Fast Ethernet
switch. For simplicity, we did not experiment with a content-
oblivious front-end device; clients send requests to the nodes
of the server in randomized fashion and reproduce four WWW
server traces. Thus, the cluster infrastructure (described
above) and load generation in our experiments are the same
as modeled in section 2.
Three of the WWW traces we experiment with have been

used in previous studies (e.g. [1]) and are among the half-
dozen server traces that are publicly available on the Inter-
net. Clarknet is from a commercial Internet provider, Forth
is from the FORTH Institute in Greece, and Rutgers contains
the accesses made to the main server for the Computer Sci-
ence Department at Rutgers University in the first 25 days of
March 2000. We eliminated all incomplete (due to network
failures or client commands) requests in the traces and ended
up with the characteristics listed in table 2.
These traces cover a relatively wide spectrum of behavior.

The number of files ranges from about 12000 to 28900 with
an average file size between roughly 14 and 27 KBytes. The
average size of the files serviced ranges from about 8 KBytes
to 18 KBytes. The coefficient of the Zipf-like distribution
(α) that better represents each trace also varies widely, from
0.77 to 0.81. However, these traces are fairly old, so their
working sets are very small compared to those of today’s
popular WWW content providers or WWW hosting services
and, thus, we use small main memory caches (64 MBytes for
Rutgers, 48 MBytes for Clarknet, and 24 MBytes for Forth)
in the experiments with these traces to reproduce situations
where working set sizes are significant in comparison to cache
sizes. These traces and cache sizes produce single-node miss
rates in the 88–93% range.
Given that traces from real WWW content providers and

hosting services are not available publicly due to business
reasons, we try to mimic the behavior of a hosting service
with a combined trace (last line of table 2). This trace inter-
leaves accesses from the other three traces and from another
small trace, NASA [1]. The combined trace has a much larger
working set size and so, for experiments involving this trace,
we use 128 MBytes of main memory cache. The single-node
miss rate of the combined trace is 89%.
We warm the node caches by executing 1/3 of the accesses

in each trace before starting our measurements. To deter-
mine the maximum throughput of each system, we disre-
garded the timing information in the traces and made clients
issue new requests as soon as possible.
Note that the range of hit rates (88–93%) and average

requested file sizes (9–19 KBytes) in our experiments is an
interesting one according to our model for 8 cluster nodes
(not shown). In this region of the parameter space, the gains
associated with considering locality and promoting efficiency
in spite of portability are not at their peaks, but are still
non-trivial, as we discuss below.

4.2 Results
Base results. Our base throughput results are shown in

figures 6–9. The figures plot the throughput of the com-
pletely distributed non-portable server (labeled “non-port”),
the dispatcher-based non-portable server (“dp non-port”),
PRESS (“port”), and the locality-oblivious server (“trad”),
as well as the best possible throughput for each type of server,
as predicted by our model assuming 15% replication, as a
function of the number of cluster nodes. (Note that the mod-
eling results for the non-portable server can be compared to
the experimental results of the dispatcher-based server as
well, given that we only consider throughput and the dis-
patcher and the internal network never become bottlenecks
in our experiments.) The modeling results for each trace
were computed based on the single-node cache hit rate for
the trace. Model results are identified with an “ m” suffix.
Many interesting observations can be made from these fig-

ures. The figures show that the locality-conscious servers
are extremely efficient and scalable, even compared to the
optimal performance predicted by our model. The maxi-
mum difference between measured and modeled results for
the locality-conscious servers on 8 nodes occurs for the Forth
trace: the throughputs of these servers for this trace are 17%
lower than the corresponding modeled throughputs. On av-
erage, the difference between measured and modeled results
for the locality-conscious servers on 8 nodes is only 9%. The
modeled and experimental results of the locality-oblivious
servers are not as close, but are always still within 38%. The
main reason for this discrepancy is that the modeled miss
rates are usually slightly lower than the real miss rates. This
effect is more pronounced for the locality-oblivious server
(and the locality-conscious servers on 2 and 4 nodes), for
which workloads are more heavily disk-bound.
Another interesting set of observations is that PRESS achie-

ves throughput that is consistently higher than that of the
traditional server. The performance advantage of PRESS on
8 nodes is 51% on average; 57% for Clarknet, 48% for Rut-
gers, 50% for Forth, and 49% for Combined. In addition, the
performance advantage of the completely distributed non-
portable server over PRESS is always small, 7% on average,
again on 8 nodes: 9% for Clarknet, 7% for Rutgers, 8% for
Forth, and 4% for Combined. As one would expect, the
dispatcher-based server performs virtually the same in terms
of throughput as the completely distributed non-portable
server, as inter-node communication bandwidth is plentiful
and the dispatcher never becomes a bottleneck in our ex-
periments. These results confirm some of the conclusions
we drew from our modeling results of a fast-communication
cluster, showing that for the parameters of real traces: (a)
locality can provide significant performance gains; (b) porta-
bility costs little in terms of performance for these clusters.
Our experimental results quantify these gains and costs.
The statistics that explain these results are presented in

table 3. From left to right, the table shows the average cache
hit rate of the locality-oblivious server and several statistics
for PRESS and the non-portable servers: the average cache
hit rate of all requests (coming from either clients or remote
nodes) serviced locally by each node (“LHR”), the average
total cache hit rate (“THR”), the percentage of forwarded
requests (“Fwd”), the percentage of requests that lead to
broadcasts of load information (“Load”), and the percentage
of requests that lead to broadcasts of caching information
(“Cache”) for each of our traces. All of these statistics cor-
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Figure 6: Throughputs for the Clarknet trace.
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Figure 7: Throughputs for the Rutgers trace.
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Figure 8: Throughputs for the Forth trace.
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Figure 9: Throughputs for the Combined trace.

respond to executions on 8 nodes, except for the executions
of the dispatcher-based non-portable server, which involved
9 nodes. Note that all values in the table are percentages.
The main reason for PRESS to outperform the traditional

server is that by efficiently distributing requests based on
locality and load balancing (approximately 72% of the re-
quests are forwarded within the cluster), PRESS can achieve
a higher hit rate. Considering locality in PRESS cuts down
the number of disk accesses by a factor of up to 28 (Clarknet).
The messaging overhead involved in the PRESS distribution
algorithm is not significant; only about 27% of the requests
cause a broadcast of load information, whereas a negligible
fraction of the requests cause broadcasts of caching informa-
tion.
The hit rate statistics of PRESS and the non-portable

servers are similar, as one would expect. However, forward
messages are slightly more common in the non-portable ser-
vers and load broadcasts are more common in the completely
distributed non-portable server than in PRESS. Despite these
overheads, the non-portable servers do outperform PRESS
in all cases due to the former servers’ lower communication-
induced processor overhead.

Impact of important parameters. In order to fully
understand the behavior of the servers we study, it is crucial

to vary some of our most important parameters and observe
the results. We focus on two parameters: the size of the local
memories and the frequency of load information broadcasts.
As one would expect, the size of the local memories affects the
servers in very different ways. Larger memories improve the
performance of the traditional server much more significantly
than that of the locality-conscious servers. Nevertheless, the
locality-conscious servers outperform the traditional server
until each memory becomes large enough to almost contain a
trace’s working set. When that is the case, all systems except
for the dispatcher-based server behave in the same way, since
PRESS and the completely distributed non-portable server
never enter their locality-conscious mode. The dispatcher-
based server involves communication between server nodes
and the dispatcher, regardless of the memory size. The num-
ber of hand-offs does decrease with larger memory, though.
Regarding the frequency of load information broadcasts,

we find that thresholds in the range 2-8 perform equally well.
A threshold of 1 hurts performance due to an excessive num-
ber of updates, while a threshold > 8 hurts performance be-
cause load balancing is degraded. The dispatcher-based and
traditional servers do not involve broadcasts.
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Logs Trad PRESS Distributed non-port Dispatcher non-port
HR LHR THR Fwd Load Cache LHR THR Fwd Load Cache LHR THR Fwd

Clarknet 88.9 98.4 99.6 74.6 28.9 0.2 98.2 99.6 79.2 36.3 0.1 98.2 99.6 79.8
Rutgers 88.1 89.5 97.1 72.0 22.6 0.1 89.9 97.1 71.6 30.2 0.1 87.3 97.1 77.3
Forth 92.8 97.7 99.3 71.5 27.4 0.1 97.7 99.4 71.8 43.3 0.1 97.1 99.4 77.7
Combined 88.6 91.1 97.6 73.4 27.3 0.5 90.0 97.7 77.2 39.3 0.4 89.4 97.7 78.1

Table 3: Execution statistics on 8 cluster nodes. Dispatcher runs on an extra node. All values are percentages.

5. RELATED WORK
The work that is closest to ours is that of Aron et al. [2].

They studied the performance of different schemes for sup-
porting persistent TCP connections in slow-communication
servers that use a locality-conscious front-end node. The
problem they tackled is that requests in a single connection
may have to be assigned to different cluster nodes accord-
ing to the request distribution policy. They considered two
schemes for handling persistent TCP connections while re-
taining locality: (1) multiple hand-off – the front-end node
may hand off the connection multiple times (to different
back-end nodes) depending on the locality of each request;
and (2) back-end forwarding – the front-end hands off each
connection to a single back-end node, based on the first re-
quest to arrive on the connection. After this, the front-end
informs the connection handling node about which other
back-end node should handle each request. The connec-
tion handling node then forwards the request to the other
node, receives its reply, and finally forwards the reply to the
client. Their worst-case simulation results show that in slow-
communication clusters back-end forwarding performs better
than multiple hand-off for files averaging up to 6-12 KBytes,
while the converse is true for larger average file sizes. Sim-
ulation results with a real workload show that back-end for-
warding performs almost as well as the significantly more
complex multiple hand-off strategy.
Even though we do not focus on persistent connections,

their worst-case simulations are comparable to our model-
ing results for slow-communication clusters, in that we also
assume a very high percentage of forwarded requests. How-
ever, their results differ from ours (even though the trends
are the same), as we never find the portable server to out-
perform its non-portable counterpart. We believe that the
main reason for this discrepancy is that Aron et. al. assume
that the request distribution algorithm, back-end forward-
ing, and hand-off are all completely implemented within the
kernel, whereas we always assume a user-level distribution
algorithm and user-level to user-level forwarding (which was
modeled for slow-communication clusters assuming standard
socket system calls in portable servers and custom hand-off
system calls in non-portable servers). As an example of the
effect of these different assumptions, consider an average file
size of 512 bytes. According to [2], back-end forwarding such
a file would incur 24 microseconds of transmission overhead.
In contrast, we assume that such a transfer would cost 143
microseconds in a slow-communication cluster (see µs in ta-
ble 1). This high overhead makes the portable server less
attractive.
Our paper differs from [2] in a few other ways: (1) one

of our main goals is to evaluate the efficiency vs. portabil-
ity tradeoff for high-performance communication subsystems,
whereas Aron et. al. only consider slow-communication clus-
ters; (2) we consider portable servers, whereas the focus of

[2] is non-portable servers; (3) we consider servers without
a content-aware front-end, whereas Aron et. al. always as-
sume content-aware front-ends; and (4) our modeling results
explore different parameters and extrapolate to a larger num-
ber of cluster nodes.
PRESS is the first cluster-based server to distribute re-

quests based on cache locality and load balancing considera-
tions in a portable and completely distributed fashion. Pre-
vious cluster-based locality-conscious WWW servers were ei-
ther not portable [16, 2, 3, 7, 5], involved bottleneck-causing
locality-conscious front-ends [16, 2], or did not consider load
balancing when distributing requests [13].
In previous papers [7, 5], we evaluated the potential ben-

efits of non-portable locality-conscious servers and proposed
a non-portable server called L2S. PRESS differs from L2S
in three main ways: (1) it does not rely on TCP hand-off;
(2) it strongly favors serving requests locally, since forwarded
requests usually involve more overhead and the initial node
must also participate in the service of forwarded requests
by staging their replies; and (3) it only evicts a cached file
to create space for a new file. Finally, L2S was evaluated
in simulation, while we evaluate a native implementation of
PRESS in this paper.
The cluster-based network server that is closest in spirit to

PRESS is the Porcupine e-mail server [21]. Porcupine shares
two important characteristics of PRESS: (1) it does not rely
on TCP hand-offs or any other operating system modifica-
tions; and (2) it does consider both locality and load bal-
ancing in distributing requests. The key difference between
this system and PRESS is that Porcupine’s request distribu-
tion strategy focuses on disk locality and disk load, rather
than cache locality and node load. This means that Porcu-
pine’s dissemination of information across the cluster does
not have to be as aggressive as in PRESS, which relies on
high-performance communication to make request distribu-
tion decisions that are as accurate as possible. In fact, as
far as we know, PRESS is the first server to apply user-level
communication and in particular the VIA standard.
User-level communication has been studied in several pre-

vious papers (e.g. [15, 8, 22, 18]). However, all of these
studies were performed in the context of scientific applica-
tions, microbenchmarks, or distributed shared-memory sys-
tems. Our study focuses on an important non-scientific, I/O-
intensive application, network servers. In addition, although
a detailed study of VIA is not our focus, this paper does
extend the small body of work on this industry standard.

6. CONCLUSIONS
Based on our modeling and experimental results, our main

conclusion is that portability should be promoted in network
servers implemented for fast-communication clusters, given
its relatively small cost (≤ 16%) in terms of performance.
For slow-communication clusters, efficiency should be the
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overriding concern, as the performance cost of portability
can be very high (as high as 107% on 96 cluster nodes). This
conclusion is especially important to popular network service
providers, which can avoid server re-implementations for each
new generation of operating system or hardware platform at
a small performance cost by using our server.
We also conclude that user-level communication can be

be extremely useful, even for non-scientific applications such
as network servers. This conclusion is especially important
to system-area network protocol designers and system-area
network manufacturers, since the previous work on user-level
communication had not proven their case for these applica-
tions.
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