Rank-Preserving Two-Level Caching for
Scalable Search Engines:

Patricia Correia Saraivat=:
Wagner Meira!

Edleno Silva de Mouraz
Rodrigo Fonseca:

Nivio Ziviani:
Berthier Ribeiro-Netot

{pcs,edleno,nivio,meira,rfonseca,berthier }@dcc.ufmg.br

! Federal Univ. of Minas Gerais 2 Akwan Information Technologies
Belo Horizonte, Brazil

Belo Horizonte, Brazil

ABSTRACT

We present an effective caching scheme that reduces the
computing and I/O requirements of a Web search engine
without altering its ranking characteristics. The novelty
is a two-level caching scheme that simultaneously combines
cached query results and cached inverted lists on a real case
search engine. A set of log queries are used to measure and
compare the performance and the scalability of the search
engine with no cache, with the cache for query results, with
the cache for inverted lists, and with the two-level cache.
Experimental results show that the two-level cache is su-
perior, and that it allows increasing the maximum number
of queries processed per second by a factor of three, while
preserving the response time. These results are new, have
not been reported before, and demonstrate the importance
of advanced caching schemes for real case search engines.

1. INTRODUCTION

Popular search engines receive millions of queries daily, a
load never experienced before by any IR system. Addition-
ally, search engines have to deal with a growing number of
Web pages to discover, to index and to retrieve, and must
handle very large databases. To compound the problem,
search engine users want to experience small response times
as well as precise and relevant results for their queries. In
this scenario, the development of techniques to improve the
performance and the scalability of search engines without
degrading the quality of the results becomes a fundamental
topic of research in IR. One effective alternative for improv-
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ing performance and scalability of information systems is
caching. The effectiveness of caching strategies depends on
some key aspects, such as the presence of reference locality
in the access stream and the frequency at which the database
being cached is updated.

In this paper we describe and evaluate the implementa-
tion of caching schemes that improve the scalability of search
engines without altering their ranking characteristics. The
starting point of the work is TodoBR [28], a state-of-the-art
full scale operational search engine that crawls the Brazilian
Web. We enhanced the current implementation of TodoBR
by integrating three caching schemes. The first one imple-
ments a cache of query results, allowing the search engine
to answer recently repeated queries at a very low cost, since
it is not necessary to process those queries. The second one
implements a cache of the inverted lists of query terms, thus
improving the query processing time for the new queries
that include at least one term whose list is cached. The
third caching scheme combines the two previous approaches
and will be called two-level cache.

Each of the first two strategies presents advantages and
disadvantages. A hit in the cache of query results avoids
query processing, while a hit in the cache of inverted lists re-
duces the amount of I/O associated with answering a query,
but does not avoid the query processing costs. On the other
hand, the hit ratio associated with inverted lists is usually
higher than the hit ratio for whole queries, which may pay
off the query processing cost. The motivation behind the
third strategy is to exploit the advantages of the first two
strategies to improve even further the overall performance
and scalability of the search engines.

Our experimental evaluation yields some key results. The
two-level cache is superior and allows increasing the maxi-
mum throughput (the number of queries processed per sec-
ond) by a factor of three, relative to an implementation with
no cache. Furthermore, the throughput of the two-level
cache is up to 52% higher than the implementation using
just cache of inverted lists and up to 36% higher than the
cache of query results.

Our work is distinct from previous ones because it presents
experimental results on the effectiveness of different caching
strategies implemented on a real case search engine. Our
main contribution is the two-level caching scheme we pro-
posed which yields superior performance. Our results can



be replicated to other Web search engines since there is high
similarity between workload characteristics present in the
logs of TodoBR search engine and in the logs of other large
search engines [11, 16, 26].

2. RELATED WORK

The work in [16] has studied the problem of caching search
engine query results. The study uses a log containing one
million queries submitted to the search engine Excite [8]. It
proposes policies to cache query results that are based on the
reference locality observed in the Excite log. Our approach
is different from the work in [16] as follows. While their
work includes no implementation of the proposed cache poli-
cies, we implemented and thoroughly evaluated the cache for
query results on a real case search engine.

The problem of caching of inverted lists is studied in [5,
13]. The work in [13] is complementary to ours, since they
investigate other replacement policies and a modification
to the query processing that takes into consideration the
contents of the cache [21]. Their experiments were based
on query refinement workloads that they developed from
the TREC collection [10]. Our work differs from the works
in [5, 13] in the following aspects. First, they have studied
the use of cache of inverted lists alone, while we compare
the cache of inverted lists with two other different caching
schemes. Second, their work were based in a context where
the users commonly perform query refinements and most of
the queries are composed of many words. In our work we
are interested in study the impact of caching inverted lists
in the context of Web search engine workloads, where the
average query size is close to two words per query [26, 16]
and query refinement is not common.

The caching of inverted lists on distributed information
retrieval systems is studied in [27, 17]. In [27], the cache is
implemented in each client, and in [17] a cache for inverted
lists of a hypothetical search engine is placed in a Web proxy
server, exploiting the reference locality in the queries sub-
mitted by a community of users. In [29] the impact of a
cache of inverted lists on a distributed system implemented
on a network of workstations is evaluated. Nomne of these
works have studied the possibility of combining the cache of
inverted lists with a cache of query results.

A caching mechanism called semantic caching is presented
in [6, 7, 9]. It is based on the following assumptions: (a)
queries submitted to IR systems are boolean queries and
(b) answers of previous queries can be used to compose an-
swers of new queries by using boolean algebra. Semantic
caching produces better hit rate results than conventional
caching of query results since it can compose an answer for
a query not yet submitted to the system by using answers
of other related previous queries. A drawback of semantic
caching is that it changes the original ranking produced by
the search engine. As we are interested in improving the
scalability of real case Web search engines without changing
the original search engine ranking, we have not considered
semantic caching mechanisms in this work.

Another technique proposed to improve the performance
of large scale information retrieval systems is the partial
replica [14, 15]. A partial replica is a small database col-
lection composed by documents of queries previously sub-
mitted to the system. An algorithm called replica selector
examines each new query submitted to the system in or-
der to decide whether it can be answered by the partial
replica or not. In [15] it was shown that partial replica can

be combined with cached query results to obtain even bet-
ter results. The partial replica can also be combined with
cache of inverted lists since the system still needs to read
inverted lists from disk when partial replica is used. There-
fore, the caching mechanisms proposed in our work can be
used together with partial replica mechanisms to improve
the scalability of distributed information retrieval systems.

Most important, our work is distinct from the above re-
lated works due to the fact that we implement a two-level
caching scheme that simultaneously combines cached query
results and cached inverted lists on a real case search engine.

3. SEARCH ENGINE ARCHITECTURE

Web search engines are IR systems that take a query as
input and produce as a result a set of links to relevant Web
pages related to the query. Search engines seek, collect and
index Web pages on a massive scale. To speed up query pro-
cessing, all queries are answered using the index and without
accessing the text directly.

Efficient query evaluation requires specialized index tech-
niques when the text collection is large. Our search engine
server implementation uses an inverted file as index struc-
ture, a popular choice to implement large scale IR systems
[24, 2, 30]. An inverted file is typically composed of a vo-
cabulary, which contains the set of all distinct terms in the
collection, and an inverted list for each term of the vocabu-
lary. The inverted list of a term ¢ is a list of the identifiers
of the documents containing ¢ with the respective frequency
of occurrences of t on each document.

The ranking method used for the experiments is based on
the vector space model [23, 2]. In the vector space model,
the documents and the queries are represented as vectors
in a space with dimensions given by the size of the vocab-
ulary. The answers to the queries are the documents with
the highest similarity values, where the similarity is com-
puted by the cosine of the angle between the query vector
and each document vector. The inverted file is used during
query processing time to compute the similarities of each
document of the collection against the query.

For large document databases, the cost of evaluating the
cosine measure may be potentially high, because it assigns a
similarity measure to every document containing any of the
query terms, requiring a read and some processing on the
whole inverted list of each term of the query. This task may
be expensive since some of the terms can occur in a high
proportion of the documents present in the database.

An effective technique to compute an approximation of
the cosine measure without significant changes in the final
ranking for each query is proposed in [21]. We use it to
process the queries submitted to the search engine server.
This query evaluation technique uses early recognition of
which documents are likely to be highly ranked to reduce
costs of query processing. Queries are evaluated in 2% of
the memory of the standard cosine implementation without
degradation in retrieval effectiveness. Disk traffic and CPU
time are also reduced because the algorithm processes only
portions of the inverted lists which have information that
can change the ranking.

4. CACHE DESIGN

In this section, we describe in detail the strategies for
implementing the three caches in a search engine, that is,
caching of query results, caching of inverted lists, and a two-
level cache that combines both.



4.1 Cache of Query Results

Our strategy for caching query results is to keep in mem-
ory the list of documents associated with a given query.
For each document we store its URL, its title, and a 250-
character abstract. The very first implementation issue of
this caching strategy is determining the number of docu-
ment references that should be cached for each query. It
is remarkable that the number of documents that match
a given query is often huge (thousands or even millions).
However, the great majority of the users (86%) request at
most the first 30 references that match a query [11]. In
TodoBR. we also observe the same behavior, since most of
the users (70%) do not request more than 10 references, and
90% of the query requests are for at most the first 50 ref-
erences. Thus, we limited our cache of query results to 50
references, resulting in a storage requirement of 25 kilobytes
per query result cached. This implementation decision al-
lows our cache to satisfy most of the queries without wasting
memory, and also exploits the spatial locality among queries.

Figure 1 (a) shows the architecture of the search engine
including the cache of query results. Whenever a user sub-
mits a query to the search engine, it checks whether the
cache is storing the associated query results and the refer-
ence rank is below the caching threshold, in our case 50. If
there is a cache hit, the query result is immediately returned
to the user, at a very low cost, since the response only needs
to be formatted and sent to the user, a cost inherent to any
query. Otherwise, the search engine processes the query nor-
mally, occasionally caching it, whenever the reference rank
is below the threshold.

The second major issue is the replacement policy for the
query results, that is, how we determine which query re-
sults should be evicted from the cache whenever a new set
of results is to be cached and the cache is full. In this first
implementation we adopted LRU (least recently used) as re-
placement policy, since the TodoBR logs present a good tem-
poral locality, as discussed in Section 5. Markatos [16] has
proposed alternative cache replacement policies for caching
query results, such as SLRU (segmented LRU) and FBR
(frequency based replacement), but they did not improve
the cache hit ratio significantly. Furthermore, Markatos did
not exploit spatial locality in his work, in the sense that a
query result for the first ten documents is handled indepen-
dently from the result for the next ten documents of the
same query.

4.2 Cache of Inverted Lists

Our strategy for caching inverted lists is to keep in mem-
ory the list of Web documents associated with a given query
term. In practice, our enhanced search engine caches the
inverted lists for each term as they are accessed, and uses
these lists to answer further queries that contain the same
terms. In this case, the integration with the search engine is
straightforward, since it acts as a specialized buffer for the
index, which is usually stored in secondary memory. The
main motivation for caching inverted lists is the good ref-
erence locality that is usually observed among individual
search terms [17]. Since the term locality is even greater
than the query locality, and thus may attain a higher cache
hit ratio, caching inverted lists is a good strategy for improv-
ing the scalability of search engines. The implementation of
caches of inverted lists has to face two issues related to the
high variance in the size of the inverted lists: the size of
the cached lists and the internal organization of the cache.
These issues are discussed in the remaining of this section.

The size of the inverted lists is a function of both the
term popularity in the collection and the number of docu-
ments being indexed. For large collections, these lists may
also become very large, making cache of inverted lists to fail
in practice, since they require considerable cache space to
store the whole list. To address this problem, we turn to
an important characteristic of the filtered vector model pro-
cessing technique suggested in [21]. In this technique, the
inverted lists are sorted by the frequency of occurrence of
the term in each document, and the query processing ex-
ploits the frequency variance by using just the documents in
which the term is most frequent. As a consequence, the lists
are not fully traversed or are not traversed at all, depending
on the relevance of the term on the collection and on the
query itself. In summary, the vector model allows naturally
handling the problem associated with large inverted lists.

Since lists are almost always partially processed, we set
out to cache parts of lists. The frequency-sorted inverted
lists can be partitioned in different ways, with different trade-
offs. The lists are naturally divided into blocks of documents
in which the term appears with the same frequency, and
these are the smallest units of algorithm processing. These
blocks present interesting properties regarding their size and
access pattern. The first blocks of each list are small, con-
sisting of few documents, and are much more frequently ac-
cessed than the blocks at the end of the lists, which contain
the documents in which the term appears a few times. In
fact, the distribution of the sizes of the blocks is modeled as
a power law in [21]. In the model, given an inverted list of a
term ¢, for some integer v (usually 2 to 4), a fraction (v—1) /v
of the document identifiers have frequency 1 (f4,; = 1); of
the remainder a fraction (v —1)/v have fq; = 2, and so on.
If v is 2, for example, half of the list will correspond to the
block of documents in which the term appears only once.

Blocks could be the objects to be cached, but their size dis-
tribution spans several orders of magnitude, making caching
much more complex. This is shown in the Web caching lit-
erature [19], since the objects cached by a Web cache (html
files, images, etc), also present extremely high variable sizes.
Using blocks as cacheable objects presents some advantages,
but requires prefetching strategies and specific admission
and replacement policies. For example, the first blocks of
the lists tend to be very small and are generally accessed to-
gether. If no prefetching is done when the first block of a list
is requested by the cache to the disk, there is a large num-
ber of disk seek operations to retrieve several small objects.
Another issue arises when the cache requests the last block
of some large list. This is likely to be a large block, and its
admission into the cache could cause the eviction of several
other smaller but much more accessed blocks. These mech-
anisms and policies are certainly worthy of further study,
but in this work we conjecture that much of the advantages
of caching blocks can be attained by using a simpler alter-
native approach, namely to “page” the lists, i.e., to divide
them into equally sized pages (in terms of bytes). We should
observe that, based on the the aforementioned distribution
of sizes of blocks, the first pages of an inverted list may
contain several blocks, while the last blocks of the list may
span several pages. In this work we employed a page of 4
kilobytes which is also the disk block size.

In our implementation, the cache only has knowledge of
pages, and this makes for much simpler cache design. Fur-
thermore, by varying the size of the pages, we can balance
the tradeoff between the number of seek operations and the



volume of bytes transferred from the disk. At one extreme,
in which each byte of the inverted list is considered to be a
page, there will be at least as many misses in the cache as
the amount of bytes needed to answer a given workload of
queries. The number of seek operations is maximal, while
the volume of bytes transferred is minimal.

At the other extreme we consider a large page size, such
that each list requires at most one miss in the cache. In this
case, the number of seek operations is minimal, but the vol-
ume of bytes transferred is much larger than what is needed
to answer the queries. Large pages have an amortizing effect
on the disk seek time, and implicitly exploit spatial locality
among list blocks, but may, on the other hand, cause the
cache to store irrelevant parts of lists. Depending on the
combination of factors, such as the costs associated with a
disk seek operation and with the transferring of a byte, one
can find an optimal page size. Other factors that should be
taken into consideration are the disk block size, and some
operating system cache in effect.

Figure 1 (b) illustrates the architecture of a search en-
gine that embeds the cache of inverted lists. The query is
processed as in the implementation with no cache up to a
request to read a block, which is mapped to a page, from
the inverted list, when the cache is checked. The disk is
accessed only in the case of a miss in the cache of inverted
lists. Again, we employed LRU as replacement policy. Al-
though the cache of inverted lists avoids disk accesses, every
query submitted to the system must still be processed, and
gains in performance depend on the computational platform
where the search engine runs.

4.3 Two-Level Cache

As discussed in the previous sections, each of the two
cache architectures present advantages and disadvantages.
The cache of query results avoids processing queries which
are already in the cache, while a hit in the cache of inverted
lists only avoids disk accesses. On the other hand, the hit
ratios obtained for the query results are smaller than the hit
ratios obtained by the cache of inverted lists. These obser-
vations led us propose and test a third cache option, which
combines the two caching strategies. We call this option
two-level cache.

Figure 1 (c) shows the architecture of the search engine
with a two-level cache system. Each request for the search
engine is checked first in the cache of query results. If it is a
hit, the query is answered immediately, otherwise the query
is processed and the cache of inverted lists is used to reduce
the number of disk accesses.

5. WORKLOAD CHARACTERIZATION

In order to assess the behavior of the three cache imple-
mentations we consider in this paper, we perform an analysis
of a partial log of queries submitted to TodoBR, comprising
100,256 queries. There is a total of 37,450 unique queries,
and 23,751 unique terms in the log. We focus on aspects
relevant to both levels of caching we consider, namely the
characteristics of the stream of queries present in the log —
relevant to the cache of query results — and of the stream of
page references generated by the query processor — influenc-
ing the behavior of the cache of inverted lists.

In the case of the cache of inverted lists, we study its be-
havior under two different workloads, the first one with all
the queries (henceforth called ‘All Queries’), and the sec-
ond one with only the unique queries (henceforth referred

Clients Clients Clients
queries results queries results queries l T results
Cache of Cache of
query results query results
Query Query Query
processor processor processor
Cache of Cache of
inverted lists inverted lists
i i i
Index Index Index
database database database
@ (b) ©

Figure 1: Search engine cache implementations: (a)
query results, (b) inverted lists, and (c) two-level

to as ‘Unique Queries’). To understand the reasons for this
consideration, let us examine what happens to the cache of
inverted lists under different configurations of the cache of
query results (the first level). When used stand alone (see
Figure 1 (b)), the cache of inverted lists receives from the
query processor a page workload originated from all of the
queries received by the search engine. This is precisely the
workload represented by the ‘All Queries’ workload.

On the other hand, suppose a two-level implementation
(see Figure 1 (c¢)) in which the cache of query results is
large enough not to have any miss caused by eviction from
the cache, i.e., it can store the results of every query that it
receives. In this situation, the query processor, and thus the
cache of inverted lists, will only process the unique queries,
for all the repetitions will be handled by the cache of query
results. The workload the cache of inverted lists will be sub-
ject to is well represented by the ‘Unique Queries’ workload.
There will be a smooth transition from one workload to the
other for varying sizes of the cache of query results, meaning
that we can have valuable insight of the performance of the
cache of inverted lists for a wide range of situations. A very
small cache of query results will generate a workload at the
cache of inverted lists similar to the ‘All Queries’ workload,
while a large cache of query results will generate a workload
close to the ‘Unique Queries’ workload.

5.1 Popularity

We start our workload characterization by analyzing the
popularity of both queries and pages of the cache of inverted
lists. We define popularity of an object as the number of
references to the object, and the popularity rank as a list of
all objects sorted by decreasing popularity, that is, the most
popular object is the first in the rank.

For a reference stream to offer good opportunity for cach-
ing, it ought to exhibit temporal locality among its refer-
ences. In [12, 3] it was shown that there is a strong relation-
ship between long term popularity and inter-reference times
for a given reference stream. In fact, the authors conclude
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that popularity is the main source of locality, specially in
dealing with reasonably sized caches, and that a reference
stream whose objects popularity follow a Zipf-like distri-
bution exhibit a high degree of temporal locality. Zipf’s
law [31] relates the popularity rank p of an object, to the
probability P that it is requested, by P ~ 1/p, and has been
applied to several distinct contexts, such as words in natural
language and accesses to web pages. We call a Zipf-like pop-
ularity distribution the one in which the relation between P
and p is given by P ~ 1/p®. This is a generalization of
Zipf’s law and in a log-log plot of popularity versus rank
appears as a straight line with slope —a. The smaller « is,
the less skewed the distribution is, showing weaker temporal
locality and worse cacheability [12].

We verified that the references to queries follow a Zipf-
like distribution. In Figure 2 we plot the relative popular-
ity, i.e., the probability of accessing each query, versus the
popularity rank for the queries stream, together with a Zipf-
like distribution with an a parameter of 0.59, obtained by a
least-squares fitting of the data.

In Figure 3 we examine the popularity distribution for
both workloads of the cache of inverted lists. We can notice
a pair of similar curves, labelled ‘All Queries’ and ‘Unique
Queries’. There are two regions in these two curves, one
up to roughly the rank 2,500, with large flat segments, and
one after this point, which is approximately an straight line
in the log-log plot with inclination of —1. The flat region
occurs due to the page access pattern. The first pages of
each list are accessed in group, meaning that they should
have approximately the same probability of being accessed.
This suggests, for caching effects, that the pages making up
the flat region should necessarily be stored in the cache if it
is to have a good level of efficiency. The second region, which
comprises more than 90% of the pages (note the logarithmic
scale), exhibit a Zipf-like behavior, and is well fit by one such
distribution with @ = 1. This indicates that the distribution
is much more skewed than that of the queries’ popularities,
resulting in greater temporal locality.

The distribution does not vary much for both workloads,
meaning that there is opportunity for caching inverted lists
even if this caching is to be done after a fully efficient first
level cache of query results. In order to further investigate
this opportunity, we collected statistics of the number of
distinct queries in which each term appears. In the situation
of a fully effective cache of query results, resulting in the
‘Unique Queries’ workload to the cache of inverted lists, the
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Figure 3: Popularity versus rank for the stream of
pages generated by the query processor, for all the
queries and for unique queries only, relative to a
TodoBR log of roughly 100 thousand queries. Shown
also is the curves for a Zipf-like distribution with
a=1.

terms that appear in only one query shall not generate a hit,
because their pages will only be seen once by the cache of
inverted lists. We found out that approximately 40% of the
terms appear in more than one query, evidencing the extra
locality that can be exploited by the cache of inverted lists.

5.2 Cache Miss Ratios

To assess the behavior of a cache under a LRU replace-
ment policy, we generated the successive stack distances
from the log, based on the work in [1]. The marginal distri-
bution of stack distances can be used to determine the miss
ratio for a cache at different sizes. Let D be the random
variable corresponding to stack distance, and let Fp be the
cumulative distribution function for D. From [1], the miss
ratio m(z) for a cache holding z objects is given by

P[D>z]=1- Fp(z) = m(x)

Figure 4 shows the miss ratio at the cache of query results
as a function of the cache size. The first observation from
the graph is the minimum miss ratio we can obtain under
this query workload, which is around 40%. This is the miss
ratio that an infinite cache would exhibit, and is due to the
first occurrence of each query. The most important fact
the graph shows is how fast the miss ratio decreases as we
increase the capacity of the cache, relative to the TodoBR
log we considered. We can observe a 'knee’ in the curve close
to 10 megabytes, indicating that a relatively small fraction of
the queries accounts for a significant portion of the accesses.
This is a good indicator of the cache size that offers a good
compromise between space and hit ratio. After this point,
small decreases in the miss ratio come at the expense of large
increases in cache size.

It is with these considerations that we choose, for the
following experiments, a cache size of 20 megabytes for query
results. We point out that the fact that a cache of this size
holds most of the working set of the workload is much more
important than the size itself, which should be determined
in a case by case basis, by analyzing the miss ratio curve for
the workload.

In Figure 5 we can see similar miss ratio versus cache size
curves for the cache of inverted lists under the two workloads
considered. Onmne can notice that the cache size at which
there is a significant decrease in the miss ratio is much larger
than in the case of the cache of query results, suggesting
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that the working set of the pages requires more cache space.
However the asymptotic miss ratio observed is much lower
in the case of the cache of inverted lists, even for the ‘Unique
Queries’ workload. This shows the greater temporal locality
present in the reference to pages, as was inferred from the
popularity distributions. The miss ratio of the ‘All Queries’
workload is considerably lower than the one of the ‘Unique
Queries’ workload, because in the latter only the repetition
of terms across different queries do cause hits at the cache.
Still, a 250 megabytes cache of inverted lists subject to the
‘Unique Queries’ workload, i.e., the worst case workload for
the second level cache, can achieve hit ratios of 80% on top
of the misses at the first level.

We have a final word on the scalability of the character-
istics presented herein. As we increase the length of the
request stream submitted to the cache, the popularity dis-
tribution of queries and thus the marginal distribution of
stack distances tend not to change much, meaning that a
relatively small cache size should still be effective. Further-
more, the miss ratio tends to decrease as we increase the
length of the request stream. This can be verified if we take
the results from [26], in which a log of almost 1 billion re-
quests made to the Altavista search engine is analyzed. The
number of unique queries correspond to 26% of the total
number of queries submitted, and this is exactly the miss

ratio that an infinite cache of query results would achieve,
which is much better than the analogous metric in our case,
i.e, close to 40%. On the other hand, as the indexed base
grows in size, so should the lists, requiring a larger cache of
inverted lists. However, this should not affect the hit ratio
attained in the cache. We intend to verify these conjectures
in depth with larger document collections and longer request
streams.

6. EXPERIMENTAL RESULTS

We present in this section experimental results that show
the practical impact of the three caching schemes discussed
on the scalability and on the average response time of the
search engine as a whole.

The experimental environment comprises two machines
running Linux operating system version 2.2.16. The search
engine runs on a Pentium IIT 550 MHz machine with 512
megabytes of main memory, and a 36 gigabytes SCSI disk.
The client runs on a AMD K6 450 MHz machine with 256
megabytes of main memory. The two machines are con-
nected directly (using a cross cable) by an 100-megabit fast
Ethernet.

We employ the software Httperf [18] to read a log of
100,256 queries submitted to TodoBR and to generate work-
load to the various server implementations at controlled
rates. It measures the performance of the server from a
client perspective, reporting, among other information, the
average response time for the client to receive an answer, the
throughput of the server, and occasional error rates (when
the server is overloaded).

The overall amount of server main memory used for the
various cache implementations was set to 270 megabytes,
based on the results presented in Section 5. In the two-
level cache the memory was divided into two partitions: 20
megabytes for caching query results and 250 megabytes for
caching inverted lists. A cache of 270 megabytes shows to
be enough to achieve good performance in all cache schemes
studied in this work and accounts for only 6.5% of the overall
index size of TodoBR.

Table 1 shows the counts for submitted queries and in-
verted list pages retrieved from disk, as an indication of
CPU and disk demands for the four implementations. We
can observe that caching query results reduces significantly
(up to 62%) the number of queries that need to be processed.
On the other hand, caching inverted lists reduces the num-
ber of page reads by an order of magnitude. The two-level
cache shows to be a good compromise in terms of perfor-
mance, since it gets close to the best results, that is, the
number of queries processed increases by only 21% (when
compared to the cache of query results), and the number of
pages retrieved increases by only 3% (when compared to the
cache of inverted-lists).

Figure 6 shows the average query response time for the
client machine for the four implementations. At low re-
quest rates (up to 20 queries per second), the best perfor-
mance was achieved by the cache of query results, which
presents the lowest processing costs, closely followed by the
two-level implementation, while the cache of inverted lists
gives response times close to the implementation with no
cache. This result is explained by the overhead associated
with handling inverted lists and the gains inherent to the
file system cache provided by the Linux operating system,
which reduces the time to read a disk page.

At higher request rates (more than 20 queries per second),



. Processed | Fetched
Implementation
queries pages
No cache 100,256 | 4,508,684
Cache of inverted lists 100,256 346,267
Cache of query results 38,097 | 1,791,364
Two-level cache 46,118 356,267

Table 1: For a total of 100,256 submitted queries,
the number of queries that had to be processed and
the number of inverted list pages read from the disk
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Figure 6: Average response time when varying the
request rate

the disk throughput saturates and the cache of inverted lists
effectively improves the engine performance when compared
to the implementation with no cache. The differences in the
amount of disk operations also explain the better scalability
of the two-level cache. As shown in Table 1, the two-level
cache presented a miss ratio in terms of query results close
to the miss ratio of the cache of query results. On the other
hand, the total number of disk reads in the two-level cache
was only 20% of the total number of reads performed when
caching only query results.

An immediate consequence of the better performance pro-
vided by the two-level cache is a better overall throughput,
as can be seen in Figure 7, where we can see the throughput
of the four implementations of the search engine for varying
request rates. The maximum throughput obtained by the
two-level cache is 64 queries per second, while the maximum
for the system with no cache was 22 queries per second. For
the cache of inverted lists, the maximum throughput was
42 queries per second. For the cache of query results, the
maximum throughput was 47 queries per second.

7. CONCLUSIONS AND FUTURE WORK

In this paper we propose and evaluate experimentally an
efficient two-level caching scheme which improves search-
engine scalability without modifying the ranking of query
results.

We have implemented and evaluated three different caching
schemes on the search engine TodoBR, and compared the
performance of these implementations to the original en-
gine with no cache. The experiments show that the two-
level cache provides the maximum throughput among all
implementations, and that it is superior to the implementa-
tion with no cache by a factor of three. Furthermore, the
throughput of the two-level cache is up to 52% higher than
the implementation using just inverted lists and up to 36%
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Figure 7: Throughput obtained by the search engine
for the four implementations

higher than the cache of query results.

The analysis of the TodoBR logs indicates that the miss
ratios of both caches tend to decrease as we consider larger
request streams. Therefore, it is expected that the cache
performance obtained in the experiments will be even bet-
ter in real situations, where the number of query submis-
sions for the search engine is larger, as a consequence of its
continuous operation. Despite the good results obtained so
far, the replacement policies employed in both caches can
be enhanced in order to obtain even better results. Also,
the best page size for the cache of inverted lists should be
investigated, studies which we leave to future work.

We are also interested in studying the impact of caching in
search engines which are based on other ranking algorithms,
such as ranking based on link analysis [25]. The changes in
the ranking algorithm can affect the cache system because
the access pattern for the inverted lists may change and
extra information may have to be retrieved from other index
structures apart from the inverted lists.

Another future direction of research is to study how com-
pression of inverted lists [30, 20, 32] affects the behavior of
caching schemes. Finally, we also intend to study the im-
pact of two-level caching on distributed information retrieval
architectures, such as the ones described in [22] and in [4].
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