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Abstract

We investigate scalability issues involved in developiig h
performance digital library systems. Our observations aod
lutions are based on our experience with the Alexandria talgi
Library (ADL) testbed under development at UCSB. The ctirren
ADL system provides on-line browsing and processing ofidéeg
maps and other geo-spatially mapped data via the World Wiete W
(WWW). A primary activity of the ADL system involves computa
tion and disk I/O for accessing compressed multi-resofuticages
with hierarchical data structures, as well as other dutiesls as
supporting database queries and on-the-'y HTML page genera
tion. Providing multi-resolution image browsing serviasm re-
duce network traf®c but impose some additional cost at tiverse
We discuss the necessity of having a multi-processor Dleséov
match potentially huge demands in simultaneous acces&séesju
from the Internet. We have developed a distributed schegluli
system for processing DL requests, which actively monitoes
usages of CPU, I/O channels and the interconnection netimwrk
effectively distribute work across processing units tol@kpask
and I/O parallelism. We present an experimental study ompére
formance of our scheme in addressing the scalability isatisgg
in ADL wavelet processing and ®le retrieval. Our resultsaat
that the system delivers good performance on these typasks.t

1. Introduction

The number of digital library (DL) projects is increasingidly
at both the national and the international levels (see,Xanmle,
[6, 2]). Many of the current projects are moving rapidly tods
their goals of supporting on-line retrieval and processifighajor
collections of digitized documents over the Internet.

Performance and scalability issues are especially impbfta
the Alexandria Digital Library (ADL) project [2, 14]. The fu
damental goal of this project is to provide users with thditgito
access and process broad classes of spatially-refereretediais
from the Internet. Materials that are currently in the cciiiens of
ADL and accessible through the ADL World Wide Web (WWW)

server includegeographicallyreferenced items such as digitized
maps, satellite images, digitized aerial photographsaasdciated
metadata. When fully developed, ADL will comprise a set ade®
distributed over the Internet supporting such library comgnts
as collections, catalogs, interfaces, and ingest fagslitiADL is
currently building collections that will involve millionsf items
requiring terabyte levels of storage. Many collection isehave
sizes in the gigabyte range while others require extensivegss-
ing to be of value in certain applications. The catalog congpb
alone contains a metadatabase of signi®cant size.

Before such goals can be achieved, however, major issues of
performance and scalability must be resolved, particyfar DLs
supporting extensive collections or collections with Erdata
items. Critical performance bottlenecks that must be avere
to assure adequate access over the Internet involve sepegs-
ing capability and network bandwidth. While we expect natwo
communication technology to improve steadily, particiylavith
the advent of ATM and B-ISDN, we still need to consider the-min
imization of network traf®c in the design of the current eyst
Additionally, the server performance must scale to matgieeted
demands.

A strategy used in the ADL system for reducing network traf®c
is to provide the service of progressive image browsing dred t
subregion retrieval, to avoid unnecessary large imagsinéssion.
The trade-off, however, is that more processing is requateithe
server site. Considering that popular WWW sites such as Alta
Vista, Lycos and Yahoo have been receiving over two million
accesses per day (or 20-30 requests per second), and the ADL
server involves much more intensive I/O and heterogene®ld C
activities, a multi-processor server becomes indispdagah

Inthis paper, we investigate the network bandwidth requoést
in the ADL system using progressive image browsing rettiand
the computational and I/O demands for supporting suchitietv
We study the use of networks of existing, inexpensive waitishs
and disks to augment the processing and storage capabiiftiel
servers. In particular, we have investigated to what extytcling
the idle cycles of processing units in networks of workstagi
as well as retrieving ®les in parallel from inexpensive sliskn
signi®cantly improve the scalability of a DL server respogdo
many simultaneous requests.



We have implemented our scheme on a cluster of SUN SPARC  Since we are initially focusing on users who access ADL from
nodes connected by a Meiko CS-2 Elan network, and clusters ofthe WWW, primary access to ADL is from WWW browsers con-
SUN and DEC workstations connected by Ethernet. Each pgeces nected to the ADL WWW server. Z39.50 clients are also able to
ing unit (e.g. a SUN SPARC node) is linked to a local disk and is connect with the ADL SQL/Z39.50 query engines. The WWW
capable of handling a user request. There are a variety ofires is based on three critical components: the Uniform Resouoce
constraints that can affect the performance of the servéies@ cator (URL), the HyperText Markup Language (HTML), and the
constraints include: the CPU speed and memory size of aesingl HyperText Transfer Protocol (HTTP). The URL de®nes which
processing unit; the current system load; the transmisiséond- resource the user wishes to access, the HTML language allows
width between the processing unit and its local disk; thevoek the information to be presented in a platform-independenstill
latency and bandwidth between a processing unitand a redisdte  well-formatted manner, while the HTTP protocol is the apgiion-
when the accessed ®les are not stored in the local disk; akd di level mechanism for achieving the transfer of informati8h [The
contention when multiple 1/0 requests access the same @igk. =~ WWW supports general types of multimedia information syste
understanding these effects, we can achieve server diglatn while a DL system provides more advanced features for brayysi
particular, by actively monitoring the run-time CPU, dig®| and searching, and delivering digitized documents.
network loads of system resource units, we can dynamiceltigc-

ule user requests to nodes in a manner that provides theegteat A Major reason for adopting an evolutionary and incremental
overall processing ef®ciency. approach to design and development stems from the rapidlity o

developments in Internet technology. The ®rst incremertihén

Our strategies are based on our work for a scalable WWW serverdevelopment of ADL involved the design and construction of a
called SWEB [1]. We assume that the system contains a set ofstand-alone 2rapid prototype® (RP) system [5]. A second] an
networked workstations (see Figure 3). Some of the worikstsit now completed, increment provided an augmented versioheof t
are connected to SCSI-II disks or mass storage subsystems. | functionality of the RP over WWW. The third increment is feeul
this paper, the terms workstation unit, node, and proceasor  on developing a greatly enhanced catalog component basad on
interchangeable. We assume that each CPU unit may be used bgeneral model of metadata and supporting catalog inteabjgiy
other applications and can leave and join the resource paoiya with other DLs.

time.
The approach of providing digitally-supportable extensito

The paper is organized as follows: Section 2 brie'y desaibe traditional libraries is represented in the high-levelhitecture of
the ADL Project. Section 3 discusses the scalability isadks ADL shown in Figure 1. Each of these components may be dis-
dressed in the ADL system for ameliorating network and gerve tributed over the Internet. This architecture involvesfthe major
bottlenecks. Section 4 discusses scheduling and resouwsoe m
toring strategies in our multi-processor system. SectipreSents

experimental studies concerning multi-node performamukamn-
alyzing overhead and the effectiveness of resource sdingdul interface [nterface
Section 6 discusses related work. Section 7 discussesusinics HTTP N}~
and future work. HTMI\ Internet
ADL server
~

2. The Alexandria Digital Library on the

Ingest

Key aspects of the development strategy for ADL involve:

developing a library whose components are distributed over Figure 1. The ADL architecture.

the Internet and are accessible to many classes of users;

following an evolutionary and incremental approach to both components of traditional libraries, namely a catalog congmt,
design and implementation; a collection component, an ingest component, and a usefaote

. . . . component.
focusing on the design dfigitally supportable extensions P

traditional library functionality, and making ADL conséstt
with requirements of the library community; The storage componentf ADL contains a collection of
digital objects The collections on which ADL is initially
focused include spatially-referenced materials, suchgs d
itized maps, digitized aerial photographs, and images from
many domains of application [5]. An important aspect of
developing collections afpatially-referencednaterials. the ADL collection is that individual items are typically
very large. Satellite images are frequently 100 MB in size,
We comment brie 'y on these key strategic points. and sizes of up to two GB are not uncommon.

providing the user with access to the implicit information
available in the DL collections, as well as to the explicit
information;



The catalog componentf ADL permits users to make a

boxes (10Mb/sec), ATM and vBNS (155Mb/sec), the transrorssi

mapping between their requirements for information and time will signi®cantly decrease but the demands for langege
the most appropriate set of information that can be accessed®les will continue increasing, especially when there adéans

from the library's collection of items. Since it is importan

of users on the Internet. The ADL has adopted progressivé-mul

that spatially-referenced items be accessible by means ofresolution and subregion browsing strategies to reducerrat
a spatial reference, each item is represented in the catalogtraf®c in accessing map images. This approach is based on the

by aspatial footprint which is a pointset characterizing the
spatial extent of the item in the space over which it is de-
®ned. Footprints are represented in an extensible metadata
model for spatially-referenced information (currentlynco
bining the FGDC and USMARC standards [5]) and are in-
dexed to support ef®cient search over the catalog holdings.
The metadata model also incorporates extensions involv-
ing gazetteers (i.e. mappings between named geographic
features and the footprints of their spatial extent) and pre
selected image 2textures features®. Both the gazetteer and
the image texture features are used to support contenttbase
search.

The ingest componeninvolves the digitization of non-
digital items; the extraction of catalog metadata from gem
that are admitted to the collections (which initially may
be in either digital or non-digital form); and the applica-
tion of transformations, such as wavelet decompositians, t
ingested items. The metadata extraction is in accordance
with the metadata model of the catalog. Currently available
metadata includes approximately 450K frame-level records
for a NASA/Ames database; approximately 350K sheet-
level records for Geodex topographic series; approxingatel
100K USMARC map records from MELVYL; and catalog
records for selected items, such as WWW sites for spatial
data in digital form and aerial photographs for four local
counties in California.

The goal of thenterface componeris to provide easy ac-
cess to a core set of functionality for a heterogeneous user
population. This component contains a browser based on
HTTP/HTML to support user access via the WWW. Current
implementations of HTTP/HTML impose signi®cant limi-
tations on browsers, such as statelessness and the general
reliance on small, fast transactions. In particular, HTML
lacks mechanisms for presenting spatial data in vector,form
and provides weak support for the entry of spatially-
information. The development of the WWW interface com-
ponent has involved attempts to overcome such limitations
and the system provides external viewers and 2helper apps°®
for the display of spatially-indexed materials of both eaist
and vector type. These limitations are being overcome with
the current generation of programmable browsers.

following ideas:

Users often make the selection of materials of interest-with
out browsing the image information at ®ne-grain levels of
resolution; in particular, they initially need informationly

at coarse levels of resolution. Delivering images at coarse
grain resolution substantially reduces the size of datestra
ferred between the client and the ADL server.

For current computer monitors, it is reasonable to assume
that one would usually view an image of resolution 512
512, or at most 1 1 to ®t a screen. Compressed
512 512 color images have size of 100K-300KBytes and
take around ten seconds to transfer over a T1 link.

Users should be able to rapidly view higher-resolution ver-
sions of those images already being viewed to assist their
selection. It is desirable to have a method that can con-
struct a higher resolution image from the lower resolution
image with only a small amount of additional data. If such
construction can be performed at the client site, then since
the lower solution image is already available at the client
site, only the difference data needs to be transferred from
the ADL server over the Internet. Note that the size of dif-
ference data is usually small, taking less than 1 second to
deliver ina T1 link.

Satellite map images usually have high resolutions (e.g.
2 2 and 10 10 ), and such high resolutions
can not be viewed on a regular screen. A reasonable user
requirement is to browse a subregion of an image to iden-
tify details of interest. Popular subregion resolutions ar
likely to be around 512 512. Thus supporting subregion
browsing can also signi®cantly reduce network bandwidth
requirements.

: To support these features, the ADL system is using a wavelet-

indexe based hierarchical data representation for multi-regmudecom-
position of images. Images and their subregions can be lexins

' different levels of resolution and can be delivered in a peegive

manner [2]. We brie y describe the techniques of waveletgma

data retrieval and transformation below.

Given an image, a forward wavelet transform produces a sub-

sampled image of lower resolution called a 2@humbnail®, énée
additional coef®cient data sets. More formally, for theegiquan-
tized image 1 of resolution !, we specify the input and
output of the forward wavelet transform as follows.

3. Scalability of the ADL

As noted above, digitized data objects in ADL are typically zor 23 B !

very large. With current network speeds, it is quite infekesio
consider sending the full contents of an image ®le to usetbéo
browsing purposes. An image data ®le of size 100 MB will take
about 8.5 minutes over a full T1 (1.544Mb/sec) connectioor F
the next generation of Internet, e.g. T3 (45Mb/sec), TVtept-

2 is the thumbnail of resolution;
resolution

5, 1 2and 3 are of
. Fig. 2 depicts the result of wavelet transform.

1Rectangular shapes can also be supported while square snaage
used here for demonstration.



Figure 2.
thumbnail
wavelet transform.(left)

left A map image i.(right) The
o after applying the forward

The inverse wavelet transform can be performed to re-cocistr
the original image on-the-"y from the coef®cient data setsthe
thumbnail.

1 2 1 2 3

Ifimage thumbnail ; is available at the client site, then by request-
ing that ADL sends 1 2 3, image 1 can be reconstructed at
the client site. The image reconstruction is not time coriegm
taking about 1.5 seconds for a 51512 image on a SUN SPARC
5. The size of compressed data » 3 to be transferred is in
the range of 10 to 100KBytes, which takes less than 1 secaed ov
a Tl link.

If a user wishes to access subregions of an imagethen
the corresponding subregions in thumbnail ;1 . 3 can be
retrieved and the reconstruction performed accordinglg.rivédel
such a process as follows.

1

1 2 3

A detailed de®nition of forward and inverse wavelet fundio
can be found in [4]. The time complexity of wavelet transferm
is proportional to the image size. The wavelet transform loan
applied recursively, namely the thumbnail can be decomposed
further to produce smaller thumbnails ;3 . The ingest com-
ponent of the ADL performs the forward transformation toatee
pose data images into thumbnails and the coef®cient data set

The ADL system uses the above wavelet technique and at run-
time, the following operations will be frequently invokea the
ADL server.

Retrieval of regular ®les and thumbnail imageshen a
client requests a thumbnail for the initial browsing, the
server retrieves the corresponding ®le from the ADL stor-
age.

Retrieval of image coef®cient data for progressive image
browsing: when a client further requests images with higher

resolutions, the server retrieves compressed image coef®-
cient data from permanent storage and delivers it to the
client as the client machine performs the inverse wavelet
to construct images of higher resolutions from the existing
thumbnail and new coef®cient data. If the client machine
does not have such a capability, the server performs the
image reconstruction.

Retrieval of image subregionsafter a client identi®es an
interesting point in an image, the request is made for an
enhanced resolution view of the subregion surrounding that
point. The appropriate image data is then retrieved and sent
to the client.

If a user ®nds it necessary to access the original large image
e.g., for scienti®c applications, the ADL will direct thegjuest to a
large storage server (currently a 1TB robotic tape storayéecd at
the San Diego Supercomputer Center). This ®le will be deld/e
via ftp since large images (with size 10-100MB), take a lantgt
to transfer over the Internet. We do not address the issugof f
delivery of large documents in this paper.

It should be noted that there are other operations perfoimed
the ADL server. For example, content-based database guerie
®nd suitable images are important, so the speed of the databa
server and its supporting mass storage is vital [2, 12]. VEerag
that the database functionality is provided by a separatgater
within ADL, and so focus our attention on the problem of deting
data, whether simple ®les or wavelet data, to the user aklyuic
as possible over the Net. We also focus on scalability isBues
supporting the multi-resolution and subregion browsingrafges.

While we have addressed issues relating to the network band-
width bottleneck, the ADL server itself can be another leitick
in document delivery. For example, the computation and W3k
performed in the ADL for decompressing and accessing sidimsg
of images involve a substantial amount of time and occuply dis
1/0 channels for long periods.

There are several aspects in assessing the scalability &f a D
system. When there are many requests coming in, the typical
situation (such as one in the current WWW servers) is that the
server's response for an individual request becomes slaw. aF
single-workstation server, there is an upper bound for tmelver of
requests per second (RPS) that the server can handle. Foplkxa
a SPARC 10 can handle 4 requests per second for deliverirsg ®le
of size 1IMB-2MB. When the system limit is reached, the retpies
fail due to congestion at the server. Our overall objectioe f
the system is to reduce and sustain the response time umger la
numbers of simultaneous requests. We de®ne the resporgetim
arequest as the length of time from when a request is indtiagil
all requested information arrives at the client for thahsaction.
Another performance goal is to have the RPS limit of the syste
as large as possible since the access activities of curcgntigr
WWW sites already indicate that 20 requests per second can be
expected.

We performed an experiment to determine the network band-
width requirements after adopting the progressive imagerbing
strategy, and examine the ADL server requirements. Tableesg
the compressed size for a number of greyscale images. Eagjeim



was eight bits per pixel, and was a square image. We use the com
pression algorithm developed in [11] whose compressido &t
approximately 90%. The compressed full images are stitlaite.
Using progressive image delivery can reduce network desand
since full resolution images are not always required. Fangple,

with the @pentagon® image (a satellite photo of the Pentjgibe

128 128 pixel thumbnail requires just 3.3K, and only 6.2K of
additional data is needed to view this image at a 25856 res-
olution. This indicates our multi-resolution/subregiorowsing
strategy signi®cantly reduces network bandwidth requergm

But retrieving subregions from the compressed images iggo0s
processing cost. On a Sun SPARC station 10, the current im-
plementation takes 2 seconds of CPU time for extracting 8KB o
compressed coef®cient data from a 2K x 2K pixel greyscalgéma
To support 20 users per second, at least 40 high-end wdrkssat
need to be employed.

Image Dim. Full | Thumb 2 4
lena 256 7K 1K | 1.5K | 2.3K
textures 512 47K 3.3K 6K 14K
pentagon| 1024 | 102K 3.3K | 6.2K | 16.4K
spotregl | 2048 | 440K 13K | 27K 75K

Table 1. Wavelet compressed data size for
progressive delivery.  2Full° is the com-

pressed full image size. The thumbnail size
is 1/8 of the original image dimensions.

\\\\ HTTP requests

A RIRRY
Parallel Server ADL operations
esource
Lo e Scheduler
Disks— F@ Meiko CS-2 Elan Network /Ethernet

8D/ —

Workstations

Figure 3. ADL multi-node server architecture.

network resources. The load of a processing unit must be-moni
tored so that requests can be distributed to relativelytlijdgbaded
processors. An ADL request following the HTTP protocol isha
dled through a TCP/IP connection and then subsequentlyghro

a forked subprocess. This subprocess may retrieve a ®leaiein

a Computational Gateway Interface (CGI) program implerngnt
an ADL-speci®c operation. In processing most ADL requésis,

To reduce and sustain the response time under large numbersaige data needs to be retrieved from disks, so disk channgtusa

of simultaneous requests, our strategies involve:

Utilizing multiple networked commodity workstations and

must be observed. Simultaneous user requests accessargnlif
disks can utilize parallel 1/0 to achieve higher throughptihe
local interconnection network bandwidth affects the perfance

disks to build a scalable server. The computing environment of ®le retrieval since many ®les may not reside in the loslafia
can be heterogeneous and workstation/processor units withprocessor. Therefore remote ®le retrieval through the orét®le
different speeds and different loads at any time. system will be involved. Local network traf®c congestiomldo

Developing sophisticated dynamic scheduling algorithms dramatically slow the request processing.

for exploiting task and 1/O parallelism adaptive to the run-
time change of system resource loads and availabilities. Th

system needs to provide good system resource estimation

to assist the scheduler. The scheduler needs to incorporat
multiple system performance parameters to assign user re-
queststo a proper unit for ef®cient processing. The ovdrhea
involved for current resource load assessment and schedul-
ing should be minimized.

4. System Resource Monitoring and Request
Scheduling

In this section we ®rst discuss the monitoring of system re-
sources, introduce the functional modules of our schegaitet we
then present an algorithm for determining the processag@asent
of a given ADL request.

There are several factors that affect the response timeon pr
cessing ADL requests. These include loads on CPU, disk, and

€

Thus a critical component of our system is a load daemon run-
ning at each processor to detect its own CPU, disk, and nktwor
load, and periodically broadcasts this information to oftreces-
sors. Our experiments show that such overhead is insigni®ca

4.1. Internal scheduler structure

There are two approaches to designing the scheduler. One is

to have a centralized scheduler running on one processhrtsat

all requests go through this processor. The scheduler prsritie
usages of all system resources, makes assignment dedisised

on this information, and routes requests to appropriategesors.

Our main reason for not adopting this approach is that th&aen
distributor becomes a single point of failure, making theiren
system vulnerable.

The current version of our system uses a distributed sckedul
The user requests are ®rst evenly routed to processors wiaibo
Name System (DNS) rotation. DNS rotation provides the ahiti



assignment of HTTP requests and is used in the NCSA multi- the new location, so redirection is virtually transparenttte user.
workstation server [10]. In this scheme, multiple real niaek are _ o o
mapped to the same IP name. When a client requests the network The primary advantages of URL redirection are the simpficit
ID of the machine name (e.g., www.cs.ucsb.edu), the DNSeat th Of implementation and universal compatibility. An simplew-of-

server site rotates the network 1Ds, picking one (e.g., 111} .to
send back to the client. The rotation on available workstati
network IDs is in a round-robin fashion. This functionality
available in current DNS systems. The major advantagesi®f th
technique are simplicity and ease of implementation [10].

The DNS is subject to caching problems when attempting to

do dynamic load balancing, and it assigns requests withat ¢
sulting dynamically-changing system load information.uour
scheduler conducts a further re-direction of requestshpaaces-
sor in the ADL server contains a scheduler and those processo
collaborate with each other to exchange system load inftoma
After a request is routed to a processor via DNS, the schedule
that processor makes a decision regarding whether to pabiss
request or redirect it to another processor. An HTTP regisest
not allowed to be re-routed more than once in order to avad th
ping-pong effect.

The functional structure of the scheduler at each procassor
depicted in Fig. 4. It contains a daemon based on NCSA httgel co
for handling httpd requests, withtaoker module that determines
the best possible processor to handle a given request. ©kerbr
consults with two other modules, the and the . The

control modi®cation can be made within a WWW server, where th
main complexity lies in the routines to determine the optiseaver

for a particular request. Furthermore, the approach lidbwithin

our design parameters; it does not require a modi®catioheof t
HTTP protocol, is reasonably ef®cient, and is able to supmr
phisticated optimization algorithms. The primary disattege of
URL redirection in practice is the added overhead of an amitit
connect/pass request/parse/respond cycle after theectidim oc-
curs. We will show that such overhead is more than negated by
improved performance overall.

4.2. The processor assignment of ADL requests

In [1], we designed an algorithm that decides the routingafor
general HTTP request. In this subsection, we discuss theegtes
for the ADL system.

In the previous work on load balancing (e.g. [13]), usualhgo
factor (CPU load) is considered. A processor can be cladsi®e
lightly loaded and heavily loaded based on the CPU load. One
purpose of such a classi®cation is to update load informatity

is a miniature expert system, which uses a user-supplied When a classi®cation changes. Sucha strategy reducesesagc

table to characterize the CPU and disk demands for a paaticul
task. The daemon is responsible for updating the system
CPU, network and disk load information periodically (evers
seconds), and marking those processors which have notésgo
in a preset period of time as unavailable. When a procesavese

or joins the resource pool, the daemon will be aware of the
change.

Request

HTTP demon

Oracle
Accept requests

> Analyze the computing and 1/0 demand.

Broker
Select a node to process.

Redirection or process locally.

Load demon
Update system load info.

Load info from other nodes

Figure 4. The functional modules of a sched-
uler for each processor.

overhead. In our problem context, itis hard to classify apesor

as heavily or lighted loaded since there are several loaahpeters.

A processor could have a light CPU load but its local disk may
receive many access requests from the network ®le system.

Hot spots

I
0

Request

e —

Internet

|
|
|
|
|
|
|
|
|
|
|
|
l
|
Interconnection network |
|
1

An internal communication path used for processing a request.

Figure 5. Resource hot spots monitored.

As listed above, several system load parameters affectauch
scheduling decision and should be considered togetheurd-ig

After a processor accepts a HTTP request through TCP con-Shows hot spots in system resources to be monitored andslepic

nection, the system assigns a request to a particular [roices/e
discuss how this request can tsansparentlyrouted to this pro-
cessor. The best situation would be to modify the UNIX sogket
package to change the semantics of the 2accept® systenbaall,
such modi®cation requires a substantial change of the UN&X-0
ating system kernel. The approach that we implemented edbas
on the fact that the HTTP protocol allows for a response dalle
aURL Redirection®. When client sends a request to servey,

o returns a rewritten URL and a response code indicating that
the information is located at.  then follows to retrieve the
resulting data. Most Net browsers and clients automayicplery

communication path used in processing an ADL request. Tits p
starts from one CPU and goes through the local intercororecti
network and then through another disk (remote ®le accgsaivey
discuss two cases in explaining how the aggregated restmade
factors affect the choice of processor assignment. Asshateat
request is to access a ®le on the disk of Procesgoalled disk

in short).

Given a slow interconnection network, this request should
be assigned to processorif is not heavily loaded. If
this request is assigned to another processathe remote



®le access from to disk takes along time, which slows
down the response performance.

Butif processor is heavily loaded, then this request should

be assigned to a node whose CPU is lightly loaded since
computation cost takes a part of the response time. Also

if disk 's channels are fully occupied, the available band-
width may be smaller than the network bandwidth. In this

5. Experimental Studies

case disk locality becomes less signi®cant, since remote

accessing speed is not the key factor dominating the perfor-

mance.

Given afastinterconnection network, remote access will no

create a bottleneck for request processing, thus a pracesso
which has a light CPU load should be selected. Of course
the load of network, disk channels and CPUs should be
consistently monitored to let the scheduler be aware of the

change.

Our primary experimental testbed consists of a workstation
cluster (Meiko CS-2) at UCSB. Each node has a scalar praggssi
unit (a 40Mhz SPARC Viking chip) with 32MB of RAM running
Solaris 2.3. We mainly use six CS-2 nodes, each of which is con
nected to a SCSI-Il 1GB disk on which test data ®les reside. Th
reason that we use 6 Meiko nodes is that these were the deailab
resource with disks dedicated to our research. Under these ¢
®gurations our experiments still demonstrate the scilabfithe
system and effectiveness of our scheduling techniquesk $@is
vice is available to all other nodes via NFS mounts. Thesesod

Multiple system load parameters can be used together in de-are connected via a modi®ed fat-tree network called Elam avit

ciding the assignment of a request. Since our goal is to nik@m
the response time for each request, we design the decishimm
heuristic based on the following estimated response timetion
for processing each request:

is the overhead to redirect the request to another

processor, if required. is the time to transfer the required
data from the disk drive, or from the remote disk if the ®leas n
local. is the time to fork a process and perform disk 1/0 to
handle a HTTP request, plus any known associated compuahtio
cost. Inthe ADL environment, we identify a set of waveldated
functions and characterize their CPU demands. For exaraple,
cessing a wavelet data subregion costs CPU cycles propaltio
the subregion size in the ADL implementation. is the cost for
transferring the processing results over the Internetc&Sime are
interested in getting the result out of the server as soonssilge,

peak bandwidth of 40MB/s. The complete ADL SWEB server
is based on NCSA httpd 1.3 source with extensive modi®cation
to support scheduling functionality. Each custom cliertesses
the broker, and is then redirected (if necessary) to theagpjate
node to ful®ll the request. All software uses the socketaryb
built on TCP/IP. Because current Meiko CS-2 communicat@n r
tines are not optimized for TCP/IP we were only able to aahiev
approximately 5-15% of the peak communication performarce
the Meiko.

We consider two major types of requests for the ADL: ®le
fetches (e.g. thumbnails) and wavelet data retrieval foltimu
resolution/subregion browsing. The second type usuallglies
a certain amount of CPU activity in locating appropriate gma
data and performing on-the-'y compression. We believefthase
types of requests will consume the majority of resourcekiwithe
current ADL WWW prototype. As we discussed before, dirattio
of database queries (farmed out to a dedicated databasénmpch
and dynamically generated interface pages for the cliehigw
may prove signi®cant) consume other CPU cycles. We willesdr

is considered constant in our scheduling scheme. Further-these activities in our future work, but we expect that osutts in

more, this time is likely to be the same across the set of nadds
can be ignored.

this paper shall be valid for those activities as well.

Our clients were primarily situated within UCSB. This was

Having determined the estimated time for each node to ®ll the gye to the instability of available Internet bandwidth nmekit

request using the formula above, the broker selects a ndti¢ive
minimum estimated completion time. If the chosen node not
the processor for this broker, the request is redirected #t node

, this request is processed in the normal HTTP manner, with an
CGl's executed as needed.

It should be noted that it is not easy to model the cost assatia
with processing an ADL request accurately. We still needives-
tigate further the design of such a function. Our experinsteivs
that the current cost function does re ect the impact of iplétpa-
rameters on the overall system response performance, anthéh
multi-node system delivers acceptable performance bassdah
a heuristic function, adapting to dynamically-changingtsyn re-
source loads. In our experiments, we show that the overtmad f
scheduling and system monitoring is insigni®cant comparéte
system resources used for request ful®liment and otherteei

dif®cult to obtain consistent results. Furthermore, owal goto

get the data out of the server as fast as possible, and pngvidi
bandwidth is outside the scope of our research. We expett tha
over the next few years, the available bandwidth of the traer
will increase substantially and will be comparable to ourrent
local environment.

It should be noted that the results we report involve theayer
performance of multiple iterations over an extended peridtle
test performance is affected by dynamically-changingesydbads
since the machines are shared by many active users at UCSB.

We report our experiments to examine the performance of our
system in the following aspects: scalability of overall fper
mance, the effectiveness of scheduling strategies, aretastion
of scheduling overhead costs imposed.



5.1. The maximum number of requests per second 5.2. Response time and drop rates

The ®rst experiment was run to determine how many requests We examine the response time when we vary the number of
per second could be processed in delivering regular ®ldsasic  server nodes. The system starts to drop requests if the RieBe®
thumbnails or text. This depends on the average ®le sizesstgl the limit. For small ®le requests (1K) with RPS=16, the multi
and the number of nodes. The maximum number of serviced RPSnode server performs much better than one-node server but th
(or MRPS in short) is determined by ®xing the average ®laside  response remains constant (around 0.5 second) when using 2 o
increasing the RPS until requests start to fail, which iatés that more processors, because none of the theoretical or pablatiits
the system limitis reached. The duration of the test whichuates on bandwidth or processing power have been reached.
the burst of simultaneous requests also affects the expatah
results. Requests arriving in a short period can be queudd an 100 _ Reshonseime in seconds, fetching data fles of size 1SMB
processed gradually. But requests continuously geneiated Qrop 37:3%
long period cannot be queued without actively processimgnth
since new requests are continuously arriving. We have chgd6e
seconds as the test duration since in practice bursts obstgju or
arrive periodically.

Drop 5.0%

Response time
@
S

File sizes in bytes| 1K | 1.5M
Single server 45 9
Multi-node server| 82 45

Drop 3.5%

Drop 3.5%

. . 1 14‘5 é 24‘5 é 3?5 1‘1 4‘,5 é 5‘,5 6
Table 2. MRPS for a test duration of 30s on six #odes

nodes clustered by Meiko CS-2 Elan. _ ) _
Figure 6. The response times in seconds and

drop rates for Meiko. RPS=8; 30 seconds.

Table 2 shows the MRPS numbers obtained for a test duration
of 30 seconds on the 6-node Meiko. For small ®les, the MRPS can ) ) o )
reach 45 for a single node, but only 9 for 1.5MB ®les. We also Figure 6 sr_lows the response times for delivering a set ofémag
conducted a test for a duration of 120 seconds, in which MRPS data ®les of size 1.5MB with RPS=8 when we vary the number of
drops to 4 for a single node. The multi-node server can sigmiély server nodes. Whgn the numberpf processors increasesuttie m
speedup the MRPS as shown in Table 2. We also tested the MRPE0de System provides substantially better performancedetin
on the workstations clustered by the Ethernet. Effectivesipadth especially heavy loads, which tend to occur during peak atir
of our Ethernet is much smaller than the CS-2 Elan network, th PopPularsites, asingle server tends to drop aimost half cewidhe

MRPS for processing 1.5 MB ®les is about twice as small as on CONnections made, whereas a multi-node server might havge|
the Meiko. overall average response time but ®ll every request. Frour&i

6 a superlinear speedup can be inferred. We have also testes i
Ethernet implementation and have similar super-lineaedpps.
No.servers| 1 1 2] 4] 6 For a sequence of wavelet-based requests (accessing 512
MRPS 21 48] 12 subregions from2 2 satellite images) we again note a super
linear speedup as shown in Figure 7.

Table 3. MRPS for accessing 512 512image . tTtTne tsfhpetr Iinfa.r SpefEdUp in te.m?ﬁ of re;ponze times r?_‘;‘“ th
subregion data at a duration of 30s on Meiko. act that fhe fotal Size ot memory in the muti-node servente

larger than on a one-node server. Furthermore, the mudteno

server accommodates more requests within main memory while
one-node server spends more time in swapping between memory
File accesses do not involve additional computations on the gnd the disk. The network overhead for accessing remote ®les

server. Accessing subregion data involves some computétio s gistributed among multiple nodes rather than concesdrat a
locate the correct location of data in compressed large ésiag/e single node.

examine the performance of accessing 51312 subregion data

fromasetof2 2 mapimages atthe server site and delivering

the results to the client for constructing a 51212 image. Figure3  5.3. The effectiveness and overhead of scheduling
shows the MRPS for a duration of 30 seconds on Meiko for such

browsing activities. Linear speedups are obtained usintjipfes

nodes. Again, it should be noted that the single node pegoom Our scheduling strategy takes into consideration the ityoad
reaches 2 MRPS for a test of 30 seconds. For a longer test, thaequested ®les, and also the current resource loads. Weacomp
requests cannot be queued and thus the MRPS drops. our approach with a strategy that uniformly distributesrémests



Speedups for the response time, extracting subregion data
T T T T T

2‘.5 5‘5
Figure 7. Wavelet image extractions, speedup

for response times. RPS=3, 30sec. 0% drop
rate for 2 nodes.

to nodes (called round robin). Through such a comparison, we
examine the bene®ts of scheduling in an ADL environment with
heterogeneous computing and I/O activities.

We tested the ability of the system to handle ADL requests for

accessing image and text ®les with mixed sizes from 100 bytes

to 1.5MB. Fig 8 shows the performance improvement in terms
of response times. For heavily loaded situations, our adhed
ing strategy considers the aggregative impact of systeouress

over the ADL operations and has an advantage of 18-54% over

round robin for heavily-loaded situations with varying vegt re-
quirements. For lightly loaded cases, the round robin perfo
well since CPU/disk/network resources are not saturatedsiich
cases, load imbalance does not affect the performance cégso
ing. The added overhead in our strategy only slows down feasis
by 1%, which is insigni®cant. A series of tests with wavelbirs-
gion image data accesses were performed, also indicatintasi
results.

Improvement

54%

Lightly Toaded
system

Heavily loaded
system

Figure 8. Effectiveness of scheduling. Im-
provement ratio of intelligent scheduling over
round-robin. Meiko, 30 sec.

In order to determine the overhead of scheduling imposed on
the system, we instrumented our code to determine the cagrhe
cost for arequest. For the case of fetching a 1.5MB image®@le o
a fairly heavily loaded system, the total time from requedia-

tion to receiving the last byte of information was approxieta5.4
seconds. Of that time, the server spent 4.9 seconds tramgnmit
data, with approximately 10% of the total time spent acqgiri
the connection, handling the redirection, and spent me¥y€l95
seconds in the scheduling algorithm. The algorithm reguine-
proximately 0.004 seconds for analysis when the URL has not
been previously redirected, and about 0.001 seconds wlhers.it
For wavelet subregion image extraction, the numbers atealiy
identical, with the exception that the time spent actuall®fl-
ing the request is typically larger. The results indicatat tthe
overall overhead introduced by the scheduling algorithihlaad
monitoring is insigni®cant.

Load monitoring 0.2%

i 0,
Request parsing 3.4% Scheduling&redirection 0.02%

Request fulfillment 96.4%

Figure 9. CPU time distribution at a server
node. The testis for 512 512subregion ex-
traction.

We also investigated the distribution of CPU cycles at theese
site to identify the amount contributed for scheduling digis
and resource information collection. Figure 9 shows theeger
load distribution for processing requests that accessegidms of
2 2 images from the ADL map collection in the previous
experiment ( see Figure 7). 3.4% of the CPU is used for parsing
the HTML commands, but less than 0.2% time is used for col-
lecting load information and making scheduling decisioe
investigated the overhead for fetching ®les, and the pergerof
overhead for load information collection and schedulingiads
very small (less than 0.1%).

6. Related Work

Numerous other initiatives to create high-performance RTT
servers have been reported. Thektomiserver at UC Berkeley
is based on NOW technology [3], and the research focus is on
information searching and indexing. NCSA [10] has built dtimu
workstation HTTP server based on round-robin domain nase re
olution (DNS) to assign requests to workstations. The renaixh
technique is effective when HTTP requests access HTML infor
tion of relatively uniform size and the load and computingvpoof
workstations is relatively comparable. Our assumptiomé the
computing power and other machine resources can be heteroge
neous. They can be used for other computing needs, and cen lea
and join the system resource pool at any time. Thus schegulin
technigues which are adaptive to the dynamic change of myste



load and con®guration are desirable. Heterogeneous ciomgpsit Library team for many valuable discussions and suggestioves
studied in [15]. We have not addressed scheduling on process would also like to acknowledge the student researchers whe ¢
with different architectures in this paper; however, owhigiques tributed to this project, including Vegard Holmedahl andvida
can be extended to such cases. Watson.
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