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Abstract

Large document collections are increasingly available over the network. In order for users to access
these collections, information retrieval systems must provide coordinated, concurrent, and distributed
access. Sinceeven unified informationretrieva (IR) systems place heavy demands on system resources,
itisunclear how performance will be affected as user demand increases and the distributed IR systems
grow in size. In thispaper, we present the implementation of asimulator and a prototypesystem, and the
design for experiments to study the performance of distributed IR systems.

The prototype distributed information retrieval system is based on Inquery, an existing, unified
IR system. We have implemented a flexible ssimulation model to serve as a platform for analyzing
performance issues given a wide variety of system parameters and configurations. We validate the
accuracy of our simulation model using the prototype. We present a series of experiments that are
designed to measure system utilization and identify bottlenecks. We vary numerous system parameters,
such as the number of users and text collections, number of terms per query, response time, and system
load to generalize our results for other distributed IR systems.

1 Introduction

Full-Text information retrieval (IR) systems are increasingly being used on larger databases and by more
users. Current systems allow users to connect to a single database either locally or perhaps on another
machine. Theresource demandslimit the performance of IR systemsespecially asthesize of text collections
and the number of usersincrease. Distributed computing offers a solutionto these problems. Systemsbased
on distributed architectures can use resources more efficiently by spreading work across a network of
workstations and by enabling parallel computation.

An IR system is an ideal application to distribute across a network of workstations. The amount of
information available and the number of people accessing data over networks is rapidly increasing. To
meet future demands, a distributed IR system must provide concurrent, efficient access to multiple text
collections located on remote sites. However, due to the mix of 1/0O and CPU intensive operations, IR
systems present unique problems for distributed system designers. The disparity between /0O and processor
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speeds exacerbates these problems. Another concern is network traffic, since the amount of datatransferred
over the network by a distributed IR system fluctuates considerably.

Thefocus of our research isto analyze the performance of distributedinformationretrieval architectures.
Changesto different system parameters (e.g., the number of usersand text collections) affects responsetime,
throughput, and resourceutilization. During our investigation wewill identify potential bottlenecksand study
the effects of various architectures and parameters. Our goal isto use resources efficiently by maximizing
parallelism and ensuring scalability. Also, we believe it isimportant to maintain the effectiveness, in term
of recall and precision, of a standalonelR system.

In the next section, we propose a basic architecture for a distributed system and we describe the
implementation a prototype based upon the design. We based the prototype on Inquery, an existing and
effective standalone IR system. Using an existing system allows us to concentrate on overall architecture
performance issues rather than retrieval methods. The prototype serves as a basis for a detailed simulation
we implemented to perform our analysis of distributed IR architectures. The simulation, described in
Section 3, accurately models the prototype system since it uses measurements we obtained from the actua
system. We describe a set of experimentsin Section 4 designed to measure system utilization and identify
bottlenecks. We examined severa diverse text collections and query sets to obtain parameters used during
the experiments. We further generalize our results for other IR systems by varying other system parameters.
In afuturereport, we will present the results of the experiments. We also briefly describe future experiments
that we will base upon our initial results. Finaly, in Section 5, we discuss related work.

2 A Distributed Information Retrieval System

We have implemented a prototype distributed information retrieval system that is based on Inquery; an
inference network, full-text information retrieval model [CCH92]. The system adopts a variation of the
client-server paradigm consisting of a set of clients connected to a set of retrieval enginesthrough a centra
administration process, asillustrated in Figure 1.

Thecdlientistheuser interfacetotheretrieval engine. Clientsinitiatethework performed inthe system by
sending commands to the servers. The commands include the retrieval operations such as query evaluation
and document retrieval. The client also determinesthe set of text collectionsto search for query operations.

An Inquery server isthe retrieval engine. An Inquery server represents a single open database that is
selected at start-up time. All retrieval operations take place at the Inquery server. There are three types
of Inquery servers: query, document, and integrated. A query server only performs query operations,
a document server only performs document retrieval operations, and an integrated server performs both
document retrieval and query evaluation operations.

The connection server isthe administrator between the clients and Inquery servers. Multipleclientsand
Inquery servers may be connected to the same connection server. The connection server is a lightweight
processthat manages the work between the user interface and retrieval engine. All messages passed between
the clientsand Inquery servers must go through the connection server. Messages are placed in a queue until
the Inquery server is available to process new operations. The connection server also maintains a limited
amount of state information about current operations and avail able databases.

In this section, we first discuss an initial system designed to provide access to data located on remote
sites. Then, we describe a new prototype system designed to address the drawbacks of the original system.
We use the prototype distributed architecture to create our simulation model.

Initial System

Theinitial client-server version of Inquery providesaconnection between aclient and asingleInquery server.
In this simple implementation, the clients send commands to the connection server which is responsiblefor
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forwarding the commands to the appropriate Inquery server when it becomes available. The advantage
of this system is that users can perform retrieval operations on text collections located at remote sites.
Unfortunately, the system has several disadvantages.

e Inefficient allocation of resources (i.e., no parallelism)
e The connection server and Inquery servers are located on same host
e Connection between a client and Inquery server remains static

The disadvantages impose severe restrictions upon the system. Only a few Inquery servers may run at
the same time since the system locates the connection server and Inquery servers on the same host. The
system a so does not allow the connections between the clients and Inquery serversto change. That is, upon
initialization, the client chooses the Inquery server to search. To search a different database, the user must
create anew client process.

Prototype Distributed System

A new distributed system was designed and implemented to address the disadvantages of theinitia client-
server version. The new system includes the following features:

e It provides multiple, simultaneous connections between clients and Inquery servers.
e Clients, Inquery servers, and connection servers may belocated on different hosts.

e Connections between clients and Inquery servers are dynamic.



Thefunctionality of the clientsand Inquery serversremains mostly unchanged. Theonly changetotheclient
isthat it may connect to multiple Inquery servers and the connections may change. The user may chose a
different list of databases to search just before each query operation. We made several significant changes
to the connection server to provide multiple connections between clients and Inquery servers.

A command from aclient containsalist of Inquery server ids. The connection server readsthe command
and routes it to the appropriate Inquery servers. If the Inquery server is busy, the connection servers places
the command on a queue until the Inquery server isfree. The connection server does not immediately send
resultsfrom the Inquery servers back to the client. Instead, the connection server temporarily maintainsthe
intermediate results and once it collects and merges the results, it sends the final answer back to the client.
The routing and merging algorithms performed by the connection server depend upon the command. We
describe these algorithmsin the following paragraphs.

The connection server does not change queries sent from aclient; it ssmply forwardsthem to the selected
Inquery servers. The answer for a query is aranked list of matching documents. The connection server
merges the lists from each of the Inquery servers before sending them back to the client. The merging
process involves parsing the message and creating a list which it merges together with prior results. The
connection server maintains the ranked list and sends the combined result to the client when it receives the
resultsfrom the last Inquery server.

The summary information command sent by the client contains alist of documentsand an associated list
of Inquery servers that contain each of the documents. However, the Inquery servers expect the summary
list to only contain documents that it manages. The connection server reads and changes the summary
information command before passing it along to the Inquery servers. The connection server sortsthelistsby
Inquery server and sendsthelist of documentsto the appropriate Inquery server. Unlikethe merging process
for a query answer, the merging process for the summary information is not incremental. The connection
server merges the resultsfrom each of the Inquery serversin the original order before sending the the answer
back to the client.

Processing a document retrieval command is very simple. A document retrieval operation sent by a
client contains the document id and the name of Inquery server that containsthe document. The connection
server looksat the command and forwardsit to the Inquery server indicated. When the document isreturned,
the connection server returns it to the requesting client. The connection server does not need to maintain
intermediate results or merge answers.

Clearly, the new distributed system is more complex than the previous implementation and there are
many design considerationsthat can affect performance. For example, the connection server appearsto bea
bottleneck in the system. It routes routing messages between all clientsand Inquery servers, and it collects
and merges intermediate results from the Inquery servers. Through experimentation we can determine the
conditionsthat cause the connection server to noticeably degrade overall performance. We will investigate
severa factors that may affect performance in a series of experiments described in Section 4.

3 Simulation Model

Simulation techniques provide an effective and flexible platform for analyzing large and compl ex distributed
systems. We can quickly change inputs, run experiments, and analyze results without making numerous
changes to large amounts of code. Furthermore, simulation models alow us to easily define very large
systems and examine resultsin a controlled environment.

We have written a simulation model of our distributed information retrieval system. The modél is
designed to be simple, yet contain enough details to accurately represent the important features of the
system. The work modeled by the simulation represents the activities performed by an actua retrieval
system. The model is driven by empirical measurements obtained from Inquery, an existing IR system.



Although the model isbased upon Inquery, it is parameterized in order to easily model variations of our own
system and other retrieval systems.

The following sections describe the simulator toolkit used to implement the simulation model, the
workload model, simulation parameters, and the simulation configuration procedure.

3.1 Simulation Library Toolkit

Our simulator is built upon the YACSIM simulation library. YACSIM is a process-oriented discrete-event
simulation language based on the C programming language [Jum93]. The process-oriented nature of the
simulation language allows the structure of the simulator to closely reflect the actua system. YACSIM
contains a set of data structures and library routines that manage user-created simulation objects. A
simul ation object defines an activity (i.e., a process), aqueue (i.e., aresource), or a statistic record.

Thesimulator model sthe major componentsof our system (i.e., theclients, connection server, and Inquery
servers) as YACSIM processes. Processes simulate the activities of the real system by requesting services
from resources. A process that requests a resource executes when the resource is available. Otherwise, the
process suspends until the resource is available. The processes synchronize viaa set of YACSIM message
passing library routines. Processes that are waiting for messages suspend until the appropriate message is
received.

YACSIM provides convenient mechanismsto model resources. Each resource is defined as a queue and
aset of servers. When aresourceisrequested by aprocess, it is assigned to an available server. If the server
is not available, the request is queued until a server becomes free.

Our model defines a CPU as a resource with one server. The queuing discipline used by the resource
mimics an actual processor. Each request is serviced without delay, but as the number of requestsincreases,
the remaining service time for each request increases. For example, if two processes request the CPU at the
same time for one second, then it takes atotal of two seconds for each process to compl ete.

The simulator models a disk as a resource with one server which uses afirst in first out (FIFO) queuing
discipline. Each request is serviced without interruption when the server becomes available. If the disk is
not available, the simulator places the request at the end of the queue.

The network resourceislimited by the amount of datathat can be transmitted at any time rather than the
number of requeststhat it can handle. A user parameter constrainsthe bandwidth of the network. The model
defines the network as a resource with servers for each of the processes created. Thus, each process may
send amessage at any time. The simulator queues new requests when the bandwidth would be exceeded.

3.2 Workload Mod€

The workload model represents the work typically performed on an information retrieval system, such as
Inquery. Currently, we only simulate query evaluation and document retrieval operationswhich arethe basic
retrieval operations. More complicated functions such as rel evance feedback are not simulated. The clients
initiate al the work performed in the system. Clients send commands to the Inquery servers and wait for
the results until the next operation is initiated. In the simulator, clients repeatedly perform the following
sequence of operations:

1. Evauateaquery
2. Obtain summary information of top ranked documents
3. Think

4. Retrieve documents



5. Think

Thesimulator varies the specific operationsfor each user and during each sequence. For example, the model
generates new queries and retrieves different documents for each iteration. The following sections describe
each of these operationsin detail .

3.2.1 Query Evaluation

Inlnguery, aquery consistsof natural languagewordsand structured query operators[CCH92]. Our simulator
only model squeries consisting of words and ignores structured query operators, suchas#phr ase or #sum
Either the simulator generates queries or the user supplies queriesin a separate file. Instead of using words,
werepresent queries as alist of collection term frequencies.

Userssupply parametersto construct the artificial parameters generated by the simulator. The parameters
include:

e Distribution of the number of termsin a query.
e Distribution of the query term frequencies.
e Maximum term frequency in the text collection.

e Number of queriesto generate.

Users may also supply compl ete queries to the simulator. The advantage isthat users may collect traces
from rea IR system and directly feed the traces to the simulator. The format of the queriesisasimplelist
of term frequencies. Using Inquery, it is simple to collect the term frequencies given a trace of actual user
gueries and the text collection. An example of an entry in thefileis9 13583 16938 46629 25663
18943 30328 152523 33056 16084. Thefirst valueisthe number of terms and therest aretheterm
frequencies.

The simulator accurately reflects the operations performed by the prototype. That is, once a query
is generated it is sent to the connection server over the network and the connection server is responsible
for routing the message to the appropriate Inquery servers. The client receives a ranked list of matching
documents and then obtains summary information about the documents.

3.2.2 Summary Information

In the Inquery system, summary information about the top ranked documents is displayed on the screen
once aquery is evaluated. The summary information includes the title, heading, 1D, and rank score for a
document. The number of document summaries retrieved depends upon the size screen. A user is able to
scroll up and down thelist to view more document summaries.

The model simulates the activity of browsing summary information without actually displaying any
information. Thesimulator accountsfor theresourcesused to obtain the summariesand thetimeto browsethe
information. Themodel representsthetimeto browsetheinformation as*“think time”. A document summary
command involves sending a message to the connection server that requests the summary information for a
list of documents. A parameter to the simulator defines the number of documentsinthelist (i.e., the“screen
size”). The connection server routes individual summary operations to the Inquery servers that maintain
the document requested. The simulator randomly chooses the Inquery servers that contain the documents.
A simulation parameter indicates the number of document summary commands that a client issues after
evaluating a query.



3.2.3 Document Retrieval

After browsing summary information, the client retrieves and displaysacomplete document from an Inquery
server. The simulator model sthedocument retrieval operation by sending amessage to the connection server
requesting the document. Similar to the summary information operation, the simulator accounts for disk,
processor, and network resources that are needed to load the document from secondary storage and send it to
the client. Time to read the document expires after retrieving a document. The simulator randomly chooses
the Inquery server. The size of the document retrieved is a simulation parameter.

3.3 Simulation Parameters

To accurately model an IR system, we anayzed the Inquery system and measured thetime theresources used
for each operation. Empirical measurements rather than an analytical model drive the activities performed
in the simulator. Creating a full analytical model requires too many simplifying assumptions to make an
accurate model of a complex information retrieval system.

In this section, we first describe the text collections used to obtain resource measurements. We aso
describe the measurements for each of the activitiesperformed by the prototype. The measurementsinclude:

e Query evaluationtime

Document retrieval time

e Summary retrieval time
e Connection server time
e Timeto merge results
e Network time

We obtai ned measurements using a DECsystem-5000/240 (M1 PS R3000 clocked at 40 MHz) workstation
running Ultrix V4.2A (Rev. 47) with64 MB of memory and 300 MB of swap space. To minimizethe effects
of other users we ran all tests during the evening when the system load was very light.

Text Collections Used to Obtain M easurements

We examined several different text collectionsand query setsto obtain measurements used in the simulation.
Thetext collectionsare

e TIPSTER1
¢ CACM
e Legidativelnformation (103rd CR)

Table 1 lists statistics about the text collectionsand query sets.

TIPSTER 1 is a large heterogeneous collection of full-text articles and abstracts used in the TREC-1
evaluations[Har92]. The documentsin the collection come from avariety of sourcesincluding newspapers,
magazines, and government announcements. The average document size is not large but the sizes of the
documents vary from 100 bytesto 1 MB. The TIPSTER 1 collection includes a set of 50 queries created
automatically from TIPSTER topics 51-100. The queries consist of English text and do not contain any
structured operators.



Collection Statistics Query Statistics
Collection | Size No. of Avg. Doc No. of Max Term | No. of | Avg. No.
(MB) | Documents | Size(KB) | Postings | Frequency | Queries | of Terms
TIPSTER1 | 1198 510887 2.3 | 109571494 554658 50 27.1
CACM 21 3204 0.5 115967 2208 50 10.7
103rd CR 500 43378 11.7 | 48078407 714849 5141 2

Table 1: Collection and Query Set Sttistics

The legidative information collection contains the text of the Congressional Record for the 103rd
Congress [CCW95]. The documents in the collection summarize of the day’s events from Congress. The
size of the documents range from 1K to 700K and the average document size is large. We included this
collection sinceit is adatabase that is accessible over the Internet and we were able to obtain the user query
traces. We examined the query logs between March 1st and April 1st, 1995to obtainrealistic query statistics.
We discarded all queries that Inquery marked illegal. Interestingly, people searching the database typically
enter small queries, usually only 1 or 2 words and never more than 9 words. This contrasts with the other
guery setsthat contain long queries.

The CACM document collection cons stsof small abstractsfrom the Communi cationsof the ACM [Fox83].
This collection is an older test collection consisting of a small number of homogeneous documents. The
collectionis only 2MB and the average size of the documentsis small. The CACM collection also includes
a set of 50 English text queries. Again, no structured operators appear in the queries.

3.3.1 Query Evaluation M easurements

In Inquery, a query operation consists of creating a query network, evaluating the query network on the
document network, and ranking the documentsthat match the query. Since the processisquite complicated,
we empirically measured the time required to evaluate a query using Inquery rather than creating acomplex
analytical model. We found that the evaluation time is very strongly related to the number of terms in
the query and the frequency of each of the terms. Figure 2(a) shows a scatterplot which compares query
length versus evaluation time for each query in the TIPSTER 1 query set. The correlation isvery high, .96,
indicating astrong linear association between query length and query evaluationtime. Figure 2(b) showsthe
relation between term frequency and evaluationtime. Again, the correlation coefficient, .95, indicatesavery
strong association. To collect this data, we measured evaluation times for individual terms with different
term frequencies.

The simulation model contains a distribution of evaluation times based upon the term frequency. We
measured thetimeto evaluate theindividual termswith Inquery. Given aquery that isinternally represented
as alist of term frequency values, the evaluation time is the sum of the times for evaluating the individual
termsin the query. The datain Figure 2 indicates that this simple model reflects the time to perform query
evaluation.

We validated the query model used by the simulation against the actua system. Figure 3 shows that
the simulation model is close but does not exactly reflect the actual system, especialy for large queries.
However, thereisastrong correl ation between the simul ation times and actual times. The difference between
the times is due to the simple model used by the simulation. The actua retrieval process implemented by
Inquery isquite complex and difficult to describeusingasimplemodel. Althoughitisnot perfect, thegeneral
trend of the model is accurate. (Using a prototype and amodel enables usto do thistype of validation.) We
need to examine the actual retrieval processin greater detail to add more features to the simulation model.
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3.3.2 Document Retrieval and Summary | nformation M easurements

Thetime required to retrieve a document isdominated by the 1/O time to read the document from secondary
storage and is a function of the document size. We empirically measured the time required to retrieve
documents of different sizes and use the resultsin the simulation.

The summary information operation is implemented as a series of document retrieval operations. The
only difference is the amount of data that is transmitted back to the client. For example, if summary
informationisrequested for 10 documentsthen the timefor the operationisthe sum of 10 document retrieval
operations. User defined simulation parameters indicate the average size of the summary information for a
document, sinceit varies with the collection.

3.3.3 Connection Server M easurements

We analyzed the connection server to determine resource usage. The connection server remains idle until
either aclient or an Inquery server sends a message. Once the connection server receives a message, it uses
asmall amount of CPU time time to perform two activities; merging intermediate results and/or routing the
message. We do not account for the time necessary to create the initial connection between the connection
server and client or Inquery server. During our experiments, we create the connections at the beginning of
the simulation and they remain until the simulation ends.

Our measurementsindicate that the connection server usesa constant amount of timeto route a message.
This time is 100 milliseconds. The time required to merge results is a function of the size of the data.
Although the merging time is very quick, the time slightly increases as the size of the dataincreases.

3.3.4 Network Time M easurements

Network time consists of CPU time to process the message plus the time to transmit the data over the
network. The simulation uses different models for sending and receiving messages. The model for sending
a message includes both CPU and network usage. However, the model for receiving a message includes
only the CPU time necessary to process the message because the sender accounts for the network time. We
empirically measured the times using our local area network. It uses a 10Mbs Ethernet connection. We
obtai ned measurements during the night to determine times when theload on the network islight. Thetime
for transmitting messages depends upon the size of the message and the network bandwidth.

3.4 Simulation Configuration

A user defines the architecture of the distributed information retrieval system using a simple command
language. A configuration file contains the commands and the simulator reads this file at start-up time.
Command line options may also be used to define certain aspects of the architecture and these options
override any commands in the configuration file. The command line options allow users to easy run the
simulator in batch mode by using a single configuration file and changing the command line optionsfor each
simulation. For example, if an experiment teststhe effect of the number of clients, then asingle configuration
file defines the architecture and a command line option specifies the number of clients.

The command language supportsarich and flexible set of commands for specifying different distributed
architectures. Table 2 describes the set of commands that define the different processes and resources used
by the simulation. Each of these commands expects a parameter which is either a constant value or an
expression evaluated when thefileis read.

Table 3 describes the commands that assign properties and attributes to the simulation objects. The
parameters depend upon the actual command. The configuration file allows users to provide parameters as
constant values or symbolic values evaluated when the simulator reads the file. A user creates a system
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| Category | Command | Description

Processes | clients Number of clients
conn_servers | Number of connection servers
i ng_servers Number of Inquery servers

Resources | cpus Number of processors

di sks Number of disks

| ans Number of local area networks
Objects machi nes Number of hosts

dat abase Number of text collections

Table 2: Definition Commands

| Command | Properties
conn_server | Machine assigned to connection server
client Machine assigned to client
i ng_server Machine, database, and type of server
machi ne CPU, Disk, and LAN that create a machine
I an Bandwidth of network in MB/s
dat abase Size of collection, No. of documents, Avg. size of documents
connect Define connections between processes
gueries Define attributes of queries

Table 3: Property Commands

architecture by assigning processes to resources. Also, users may assign various attributes to resources or
combine several resources creating a larger object. For examine, a machine object is a combination of the
CPU, disk, and network resources. A user creates acompl ete distributed architecture by defining connections
between the different processes.

4 Experimental Methodology

In this Section, we describe the experiments we will conduct in order to analyze the performance of our
system, identify potential bottlenecks, and to create a scalable system. We first describe our experimentsthat
analyze system utilization. At the end of the section, we briefly discuss several other types of experiments
wewill perform.

4.1 System Utilization

We designed these initia sets of experiments to measure the utilization of the different resources in the
distributed system under varying conditions.

11



Client 1 T INQUERY
Server
HOST 2
HOST M+2
Client 2
HOST 3 = Connection INQUERY
Server Server
Client 3 HOST 1 HOST M+3
L]
HOST 4 :
L]

ClientM | = \_.  INQUERY

Server

HOST M+1

HOST M+N+1
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411 Fixed Parametersfor System Utilization

In the initial experiments, the system architecture closely matches the prototype client-server version of
Inquery. We must fix several parameters throughout these experimentsto match the architecture of prototype
system. We fix other parameters to reduce the total number of experiments performed. We will explore the
effects of varying these parameters in future experiments.

Thefixed parameters are:

Functionality of processes (e.g., clients, connection server, Inquery servers)

Connectivity between clients and Inquery servers

e Size of text collections

Network speed

The basic architecture defines a set of clients, a single connection server, and a set of Inquery servers.
In Section 2, we described the basic components of the prototype client-server information retrieval system.
The simulator allocates each of these components to its own host to eliminate the effects of competing
processes and to measure the overall paralelism in the system. Each host contains its own processor,
memory, and secondary storage. A loca area network with a bandwidth of 10 Mbs connects all hosts.
Figure 4 illustratesthis basic architecture.

All messages sent between the clients and Inquery servers pass through the connection server. The
connection server isalso responsiblefor merging results from the Inquery servers before sending them back
to the client.

Each Inquery server processes both query and document retrieval operations. The size of the text
collection managed by each server is one GB. The size of the collection influences the frequency of the
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terms in the queries. We analyzed the TIPSTER 1 document collection to determine the average size of a
document and the average size of the summary information for each document. The document retrieval and
summary information operations uses these parameters.

Upon initialization, each client connects to a random number of Inquery servers and the connections
remain throughout the simulation. The process of connecting to a random number of Inquery servers
simulates the actions performed by actual users. That is, a typical user will choose to search some set of
availabletext collections, or asingle collection that is distributed over a set of machines. Connecting to all
the available Inquery servers or only one of the databasesis probably rare.

41.2 Parametersfor System Utilization

We analyze system utilization by running many experiments which vary several important parameters. The
parameters affect system performance and are often variable in actual systems. We will determine the
effects of these parameters on system performance by using the simulator. We provide a description of the
experiment parameters listed below in the following sections.

e Number of clients

e Number of Inquery servers

e Terms per query

e Distribution of termsin queries

e Number of documentsthat match query
e Think Rate

e Documentsretrieved

e Summary information operations

Number of Clients/Inquery Servers

M easuring the effect of increasing the number of clientsand Inquery serversprovidesinsight into identifying
when each of the processes and resources become overburdened.

Asthe number of clients increases, the amount of total work performed in the system increases. The
connection servers must handle more messages and the Inquery servers perform more retrieval operations.
Also, the amount of data transmitted across the network increases. If the clients each connect to distinct
Inquery servers, thenthe parallelism of the systemimproves sincethe components can operated concurrently.
However, if several clients connect to the same Inquery servers then the effect on the system is unclear, but
obviously performancewill degrade somewhat dueto contention of resources. Regardlessof the connections,
the performance of the connection server decreases as the number of clients increases. It is also unclear
when the performance degradation will become intolerable.

Asdescribedin Section 2, thelnquery servers handlequery eval uation and document retrieval operations.
These operations are both CPU and /O intensive. In general, the document retrieval operations occur much
more quickly than query operations. Increasing the number of Inquery serversin the system hasaslightly
different effect than increasing the number of clients. Each Inquery server islocated on its own processor
and operatesindependently from the others. Any effect on performance caused by adding additional Inquery
serversis due to additional connections to the server, i.e., the additional connections create extra contention
for resources and cause more messages to be passed between the components. In the simulation, as the
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number of Inquery serversincreases, the number of connections between the clients and connection servers
increases causing more contention for resources. Thus, increasing the number of Inquery serversincreases
the total amount of work performed by the system.

We will test configurations using 1, 4, 8, 32, 64, and 128 clients and Inquery servers. A basdline
comparison architecture consists of one client and one Inquery server. The other values provide meaningful
comparisons between small and large configurations.

Query Evaluation

Query evaluation operations dominate the time spent in an IR system. There are a number of factors that
affect the time to evaluate queries, including the number of terms per query, the query term frequency
distribution, and the number of matching documents returned by the operation. In our experiments, we vary
each of these parameters.

Terms Per Query There are severa reasons to consider the performance effects caused by varying the
number of terms per query. First, thetimeto evaluate aquery isstrongly related to thelength of thequery. In
addition, thelength of queries entered into a retrieval system varies significantly from one or two keywords
to over 20.

For example, the queries used in the TREC eval uationsare long and contain an average of 27.1 terms per
guery. Conversely, thetypical query entered in the THOMAS system is very short and contains an average
of 2.17 terms per query. In additionto using the values from actual data, we will perform experiments using
medium length queries that contain contain 12 terms per query.

Figure 5 showsthe query length distribution for the 103rd Congressional Record and TIPSTER 1 query
sets. Notice that, even though the two query sets are very different, the shapes of the distributionsare very
similar. We use thisinformation to create the synthetic queries.

Matching Documents Returned The IR system returns a sorted list of matching documentsids from the
Inquery servers. To reduce the number of matching documents returned, users usually specify a maximum
value. The number of documents returned has an effect on network traffic and processing by the connection
server and Inquery servers. We will experiment with returning the top 1000 and top 100 documents.
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Figure 6: Query Term Frequency Distributions

Query Term Frequency Distribution Zipf documented the widely accepted distribution of term frequen-
cies in text collections based upon empirica measurements [Zip49]. In contrast, the distribution of term
frequenciesin queriesis more difficult to characterize and researchers do not agree on acommonly accepted
distribution [Wol92]. Figure 6 shows the query term frequency distributionsfor our query sets. The shapes
of the distributionsfor the three query sets are very similar. The difference between the three distributions
is due to the size of the text collections. The TIPSTER text collection is the largest, so the distribution is
shifted to theright indicating that the terms used in the queries appear more frequently. Asthe figure shows,
the shape of the collection term frequency and the query term frequency distributionsare very different. The
frequency of most of the query terms is somewhere in the middle of the text collection distribution. Terms
that occur very infrequently or very frequently in the text collection rarely occur in queries.

Since the frequency of terms in queries has an impact on evauation time, we consider the following
query term frequency distributions.

Mid-range - The frequency distribution observed from our query sets.
Low Frequency - The frequency distributionis skewed towards terms that occur less frequently.

High Frequency - Thefrequency distributionis skewed towards terms that occur often.

Think Rate

In the simulated workload, “thinking” occurs after receiving summary information and after retrieving a
document. Thinking represents the time users need to ook at the results of their requests. The amount of
thinking performed after each retrieval operation can have asignificant effect on overall performance. When
aclient isthinking, it remainsidle and other processes are alowed access to the system resources. Clients
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initiate operations more frequently and there is more contention for resources when the think time is short.
On the other hand, system resources may remain idleif the think timeistoo long.

It isimportant to understand under what conditi onssystem resources become saturated or under utilized.
In the experiments, we will change the time spent thinking to study this effect. The think time after a
summary information operation will be 30, 90, or 240 seconds. The think time after a document retrieval
operation will be 60, 180, or 480 seconds.

Document Retrieval and Summary Information

During our experiments, we will vary the number of summary information operations and the number of
documents received after each query is evaluated. These operations are similar since they both involve
retrieving documents. Document retrieval operations are 1/0O intensive, but, in general, take less time
than query operations. When very few documents are retrieved, query evaluation time will dominate the
performance of the distributed system. When the client process retrieves many documents, the effects of the
operationswill be more balanced. As more documents are retrieved, more time is spent thinking. Thisidle
time al so has an effect on the system since it frees system resources.

We categorize the number of summary operations and documents retrieved that the client performsinto
three groups. These groups represent workloads seen in practice and each group represents a range of
summary information or document operations. The number of operations to perform is randomly chosen
fromthefollowingranges: 1-5, 8-12, and 15-20. For example, in thefirst range, the client performs between
1 and 5 summary information and document retrieval operations.

4.2 Future System Architecture Experiments

After we perform the initial system utilization experiments, we will perform a series of experiments to
examine different architectures. We will base our experiments on the results obtained from the initial
experiments. The experiments will focus on the Inquery server configuration, distribution of functionality,
and dynamic responsesto system load and we describe them bel ow.

Inquery Server Configuration

The Inquery server receives IR commands, eval uates them, and sends results back to the connection server.
In the system utilization experiments, a single Inquery server is responsible for both query evaluation and
document retrieval operations. However, these operations use systems resources differently. For example,
evaluating aquery usually takeslonger than retrieving adocument and query eval uation uses more processor
time.

We will explore the effects of splitting an Inquery server into two servers, one for document retrieval
and onefor query evaluation. A split configuration reduces the competition for the single server by allowing
document retrieval and query evaluation operationsto proceed concurrently.

Thereisacost associated with splittingaserver. For example, asthe amount of network traffic increases,
the demands on the connection server increase and the number of processes created increases. The goal of
this experiment is to identify the circumstances under which a split server isbetter than a combined server.

Functionality Distribution

Based upon our system utilizationresults, wewill run aseriesof experimentstesting theeffects of distributing
certain functionsin the system. Two areas identified as potential bottlenecks during preliminary experiments
are the connection server and the Inquery servers.
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The connection server is responsiblefor managing messages passed between the clients and the Inquery
servers. The connection server also collects and combines results obtained from the Inquery servers before
forwarding thefinal result to the client. For example, when multiple servers eval uate aquery, the connection
server merges results together. We would like to experiment with moving this process from the connection
server to the client to determine if it improves performance. Moving this process allows the connection
server to perform other activities. The cost of moving the merging process is increased network traffic. It
also increases the CPU demands on the client.

Another costly process is document ranking. During query evaluation, the Inquery server ranks the
matching documents according to a “belief” value. The Inquery server ranks the list as a fina step before
returning the results. We will experiment with moving the ranking process to the connection server or
possibly theclient. Preliminary experiments show that query evaluation isvery time consuming and moving
the ranking process might improve overall throughput by alowing the Inquery server to process more
operations. However, the disadvantageis increased network utilization.

Increasing Connection Servers

In the prototype system, only one connection server manages al the messages between the clients and
Inquery servers. The scalability of the prototype system is limited since it creates only one connection
server. We will use the results from the system utilization experiments to determine the conditions under
which the connection server becomes overloaded.

We will vary the number of connection servers to determine the best configuration. Creating more
connection serversincreases the complexity of the architecture. The clientsand Inquery server may connect
to one or more of the existing connection server. We will need to define a process to manage the connection
servers, caled the Distributed Services Manager. The clients and Inquery servers determine information
about the configuration by talking with the Distributed Services Manager. We will also experiment with a
dynamic Distributed Services Manager that knows when to replicate connection servers.

One experiment will have a connection server for each Inquery server, so the connection server will
become merged with the Inquery server on the same machine. This experiment simulates the effect of
implementing an Inquery server that directly manages multiple connections from the clients. The problem
with this configuration is that we must move the merging process to the clients (as discussed above).

5 Related Work

Very few people have investigated issues specific to distributed IR systems. We present a brief description
of previouswork related to our research. We organize the descriptionsinto the following sections:

e Architecture Performance
e Data Partitioning

e Caching

e Multiprocessor Systems

The work on architecture performance relates most closely to this work. Our research combines and
extendsthe previouswork sincewe model and analyze compl ete system architectures. Although othershave
examined some of the design issues, no one has considered the entire system. Our research measures system
utilization under a variety of realistic conditions. The results will provide information which identify areas
where we can improve parallelism and scal ability.
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Architecture Performance

Prior work on analyzing complete distributed IR architectures is limited. Most work concentrates on
particular aspects of system performance such as data partitioning and caching. Our research complements
previous work on architecture performance analysis by extending the scope of the experiments. In our
experiments, we vary more parameters and study larger systems consisting of more text collections and
users. Also, our simulation more accurately reflects user workloads since we use information from our
analysis of actual text collections.

Burkowski reports on a simulation study for a distributed text retrieval system which uses aloca area
network to connect aset of clients(i.e. users) to aset of servers(i.e. text collections) [Bur90]. Theoperations
model ed in the system involve both query evaluation and text retrieval. The experiments performed explore
two strategiesfor distributing the workload acrossthe servers. Thefirst equally distributesthetext collection
among all the servers. In the second implementation, the servers are split into two groups, one group for
guery evauation and the other group for document retrieval. Experiments performed use 8 clientsand 1, 2,
4,8 or 16 servers. Responsetime, speedup, and efficiency statisticsare presented. Burkowski concludesthat
the uniform distribution strategy is very reasonable and performance approaches linear speedup depending
on the overheads. He further concludes that the split functionality strategy provides better response times
than the uniform approach under certain conditions. Our work differs from this work in several ways.
Burkowski assumes a worst case workload where each client broadcasts queriesto all servers without any
delay (i.e. no user think time). Also, we experiment with larger distributed configurations, vary the number
of clients, and use amore accurate systemmodel. Another differenceisthat our system architectureincludes
a middle component between the clients and servers. Our experiments will identify the advantages and
disadvantages of thisarchitecture.

The implementation and analysis of a distributed IR system is studied by Lin and Zhou [LZ93]. They
implement theretrieval system on anetwork of DEC5000 workstations. ThePVM (Parallel Virtual Machine)
software manages the distributed system by coordinating work and communication over the network. The
retrieval model usesavariation of the signaturefile scheme to encode documentsand to map the signaturefile
acrossthe network. Experimentsare performed to determinethe effectiveness of adistributed architecturefor
IR systems. Their results show large speedup improvements due to parallelization. The motivation behind
this work is to show that an implementation of an IR system on a network of workstations can improve
performance. Our research extendsthiswork by analyzing adistributed system to increase efficiency. Since
we use asimulation, we are al so able to run more experiments under different conditions. Another advantage
of our distributed system isthat it is based upon proven, effective retrieval model rather than a new model
devel oped to expose parallelism.

Brumfield et al. also create adetailed simulation to measure the performance of different configurations
and workloads [BMC88]. However, the application is a distributed object-oriented database system which
is quite different than an IR system. The paper isrelevant sinceit presents a model for using a simulation
to examine the performance of a distributed system. As they show, a flexible simulation model enables
different aspects of a distributed system to be tested prior to implementation. They obtain a variety of
statistics such as query processing time and resource utilization. The results provide valuable insightsinto
potentia problems.

Data Partitioning

In this section, we discuss previous research which examines the performance of various data partitioning
schemes. Our initial experiments do not specifically examine the performance of different data partitioning
schemes. Instead, we are concerned with overal performance and scalability for large systems involving
many text collections. The work on data partitioning only examines systems that distribute a single text
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collection. Furthermore, no one has considered the tradeoff between performance and effectiveness when
distributing a text collection. These issues have only been considered in isolation. Callen et al. [CLC95]
and Viles and French [VF95] present recent studies on retrieval effectivenessfor distributed collections.

Tomasic and Garcia-Molina investigate the performance of various inverted file organizations in a
distributed shared-nothing text retrieval system [Tom94, TGM93]. A shared-nothing model is a system in
which each processor has its own memory and secondary storage. Three index organizations are studied.
The system organization evenly spreads the inverted file across all disksin the system. The disk and host
organizations partition the collection into two groups, one for each disk and processor, respectively. These
organizations create a separate inverted file for each partition. They use a detailed simulation model to study
performance tradeoffs of each organization. The simulator defines synthetic databases and generates queries
from probability distributionsbased on actua statistics.

A single host initiates query evaluation which broadcasts subqueries to the hosts containing the ap-
propriate data. They conclude that the choice of index organization depends upon the network speed and
secondary storage accesstime. In general, the host organization performs the best or closeto the best. The
system organization only performs well when the network speed and storage access times are quick. In this
work, they only simulate query operations resulting in a workload that does not accurately reflect real user
sessions. That is, the experiments ignore the effects of document retrieval operationsand user think time.

Macleod et al. present an implementation of a prototype distributed IR system based upon Fulcrum
FUL/Text, an existing unified system that uses inverted files [MMNP87]. They describe and test four
data distribution strategies that partition and replicate data. They implement a distributed simulation that
is physicaly distributed across a network to test the performance of the data distribution strategies. The
hardware includes five personal computers connected by IBM’s PC Network. The simulation runs on a
singlenode and directly compared against the FUL/Text system to validate the model. They perform several
experiments to evaluate the effectiveness of the distribution strategies. The experiments only create small
distributed architectures consisting of only a couple users. The paper does not discussthe effect of varying
simul ation parameters, such asterms per query and query term frequency, on performance.

Jeong and Omiecinski study the performance of two different inverted file partitioning schemes in a
shared-everything multiprocessor [JO92]. In the shared-everything model, memory and secondary storage
iscommon to al processors. Thefirst scheme partitions by term id while the second scheme partitions by
document id. They use a simulation model to compare the performance of the two strategies. Validation
occurs by comparing the simulation to an analytica model. The experiments vary several parameters in-
cluding document term frequencies, query term frequencies, the number of disks, and the multiprogramming
level. Neither scheme is superior under all conditions. Partitioning by term id is best when document term
frequencies are small or when query term frequencies are uniformly distributed. Partitioning by document
id is best when the multiprogramming level is high. The main disadvantage of the shared-everything model
isscalability. It isimportant to ensure scal ability as the size of collectionsand the number of usersincreases.

Caching

Severd studies have examined the use of caching in distributed information retrieval systems. The client
caches dataso that operationsare not repeatedly sent to theremote server. Instead, theclientlocally performs
frequent operations. The use of cachingismost beneficia for systemsthat are distributed over slow networks
or that evaluate queries slowly. We do not study caching effects since we implement our system on a fast
local area network. Furthermore, certain caching schemes (e.g. caching data at the client) would require a
different retrieval engine. Our work focuses on using a existing and proven retrieval system. The Inquery
retrieval engine actually performs a small amount of caching to improve the speed of query evaluation.
Martin et al. [MMR*90], and Martin and Russell [MR91] investigate severa strategies for caching
data in a distributed IR system. These studies are a continuation of the work performed by Maclead et
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al. [MMNP87]. Again, they use a simulation model of an existing system, called Ful/Text, to evaluate the
caching strategies. The system architecture consists of a single server, which maintains the text collection,
and severa clients which access the text collection over 9600 baud communication lines. The workload
model consists of both search and browse transactions. They analyze the performance of two caching
strategies, a client cache and a server cache. The client cache saves documents retrieved for browsing.
The server cache simply retrieves data from disk and holds the data in a buffer. They experiment with
different cache replacement algorithms and modify other parameters such as server load, think time, and
degree of locality during the experiments. They concludethat distributed IR systemsare effective and useful
when intelligent data caching schemes are employed. These studies do not discuss more complex system
architectures using multiple servers. Furthermore, the communication lines in the network are limited to
9600 baud lines.

Simpson and Alonso investigate the effect of adding caching to personal computers that access asingle
information retrieval system over a network [SA87]. For example, a sophisticated caching scheme retains
any data that is necessary to reevaluate a query on the PC &fter it is downloaded from the central retrieval
system. They create a detailed simulation to study the performance of different caching strategies. Their
results show that simple caching strategies are useful but that the amount of caching performed must be
carefully chosen. They present a general model of an information retrieval system but do not discuss the
details (e.g., the retrieval model). Also, their study only examines caching on a system connected by very
slow communication lines.

Continuing the work performed in apreviousstudy [TGM93], Tomasic and Garcia-Molinaa so perform
experiments on caching [TGM92]. The main difference between this paper and their previous work is
that they use real traces from FOLIO, an existing IR system that provides access to an abstracts database.
As well as studying caching, they also report on data partitioning strategies and database scaling. The
caching experimentsinvestigatethe effects of caching inverted listsin main memory. Thistypeof cachingis
beneficial when similar queriesare repeatedly issued. When searching abstracts peopletend to enter multiple
gueries to reduce the number of answers. Typically, each query contains similar terms which provides an
opportunity to exploit caching. They report that asmall cacheimproves performance significantly. However,
the experiments are limited small collections and workloads consisting of only query operations.

I mplementations on Multiprocessors

In this section, we provideavery brief description of systemsimplemented on multiprocessor machines (i.e.,
shared-everything model). Our work differs greatly from these systems since we use the shared-nothing
model. Also, we use a simulation to perform our experiments. In the future, we will investigate distributed
IR systems based on the shared-everything model.

Pogue and Willett usethe ICL Distributed Array Processor toimplement an IR system based on signature
files[PW87]. They designed this system as a batch system athough they suggest how an interactive system
may be constructed. Stanfill and Kahle use the CM-2 system to implement and IR system which uses
signature files [SK86]. They report on a batch system and an interactive system which exploits the CM-2
hardware. Later Stanfill et al. proposean IR system onthe CM-2 based on inverted fil es rather than signature
files[STW89]. They concludethat cost-effectiveinteractive access to 100-1000 GB collectionsis possible.
Salton and Buckley implement the Smart retrieval system, a vector processing model, on a Connection
Machine [SB88]. They suggest that parallel methods do not provide large enough gainsin effectiveness or
efficiently. However, this decision is based on cost factors and the assumption that users are not primarily
interested in speed. Cringean et al. report on the implementation of a retrieval system, based on signature
files, built for a transputer based M40 Meiko Computing Surface [CEMW90]. This paper isan initial study
and uses a small document collection and a small number of queries. Rather than studying areal distributed
system, we have created a simulation to examine the performance of different system architectures. This
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environment is more flexible for analyzing different systems. We will use thisinformation to improve our
real distributed information retrieval system.

6 Summary

Asthe number of online document collectionsincrease and the number of users accessing these collections
increase, it will be necessary to develop efficient distributed IR systems to access these collections. Dis-
tributed IR systems present unique problemsto designers of distributed system dueto the typesof operations
performed.

In this paper, we present the implementation of a prototype distributed information retrieval system.
The prototype is based on Inquery, an existing and effective standalone IR system. We developed a
detailed simulation model to test the performance of the distributed system under varying parameters and
configurations. The simulator provides an easy and flexible platform for quickly performing different
experiments in a controlled environment. To accurately model the actual system, the simulator uses many
measurements obtained from the prototype system.

We present a series of experiments using the simulator to analyze the performance of the distributed
IR architecture. We designed the experiments to test system utilization and identify potential bottlenecks
under different workloads and system configurations. The experiments vary many parameters including the
number of clients and Inquery servers, terms per query, distribution of terms in queries, and the number of
documentsretrieved. We will present the results of the experimentsin afuture report.
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