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Abstract

Database systems have been driving dynamic websites since the early
1990s; nowadays, even seemingly static websites employ a database
back-end for personalization and advertising purposes. In order to keep
up with the high demand fuelled by the rapid growth of the Internet, a
number of caching and materialization techniques have been proposed
for web databases over the years. The main goal of these techniques is to
improve performance, scalability, and manageability of database-driven
dynamic websites, in a way that the quality of data is not compromised.
Although caching and materialization are well-understood concepts in
the traditional database and networking/operating systems literature,
the Web and web databases bring forth unique characteristics that war-
rant new techniques and approaches.

Documents

Document Sharing Hub

Full document details: IEEE Caching and Materialization for Web Databases


http://www.avadocuments.com/doc/ieee-caching-and-materialization-for-web-databases
http://www.avadocuments.com/doc/ieee-caching-and-materialization-for-web-databases

In this monograph, we adopt a data management point of view
to describe the system architectures of web databases, and analyze
the research issues related to caching and materialization in such
architectures. We also present the state-of-the-art in caching and mate-
rialization for web databases and organize current approaches according
to the fundamental questions, namely how to store, how to use, and
how to maintain cached/materialized web data. Finally, we associate
work in caching and materialization for web databases to similar tech-
niques in other related areas, such as data warehousing, distributed
systems, and distributed databases.

Documents

Document Sharing Hub

Full document details: IEEE Caching and Materialization for Web Databases


http://www.avadocuments.com/doc/ieee-caching-and-materialization-for-web-databases
http://www.avadocuments.com/doc/ieee-caching-and-materialization-for-web-databases

Contents

1 Introduction 1
2 Typical Architecture 5
3 How are Data Cached/Materialized? 9
3.1 [Store] Location of Caching/Materialization 9
3.2 [Store] Unit of Caching/Materialization 12
3.3 [Store] Selecting Content for Caching/Materialization 12
4 Using Cached Content 15
4.1 [Use] Query Scheduling 15
4.2 [Use| Query Processing 17
5 Cache Maintenance 23
5.1 [Maintain] Cache Initialization: Proactive versus Reactive 23
5.2 [Maintain] Timing for Updates 25
5.3 [Maintain] Processing of Updates 31
5.4 [Maintain] Scheduling of Updates 34
5.5 [Maintain] Cache Replacement Policies 35
ix
Documents

Document Sharing Hub

Full document details: IEEE Caching and Materialization for Web Databases


http://www.avadocuments.com/doc/ieee-caching-and-materialization-for-web-databases
http://www.avadocuments.com/doc/ieee-caching-and-materialization-for-web-databases

6 Performance and Quality Metrics

6.1 [Metrics] QoS Metrics

6.2 [Metrics] QoD Metrics

6.3 [Metrics] Quality Contracts

6.4 [Metrics] Service Level Agreements
7 Projects

7.1 Browser Caches

7.2 Proxy Caches

7.3 Server-Side Caches

8 Related Work in Other Areas

8.1
8.2
8.3
8.4
8.5
8.6

General Web Caching

Database Caching and Materialized Views
Caching in Client—Server Databases
Caching in Distributed Databases
Caching in Distributed Systems

Industrial Products/Standards

9 Open Research Problems

9.1
9.2
9.3
9.4
9.5

Cloud Computing
User-Centric Computing
Mobile Computing
Green Computing
Non-technical Challenges

10 Summary

Acknowledgments

References

Full document details: IEEE Caching and Materialization for Web Databases

37

37
40
43
44

49

49
50
53

57

o7
61
67
69
71
78

81

81
82
83
84
85

87

89

91

Documents

Document Sharing Hub


http://www.avadocuments.com/doc/ieee-caching-and-materialization-for-web-databases
http://www.avadocuments.com/doc/ieee-caching-and-materialization-for-web-databases

1

Introduction

Database systems have been driving dynamic websites since the early
1990s, and caching and materialization have been the major techniques
to improve the performance, scalability, and manageability of such web
databases. Different from a traditional database environment, the soft-
ware components of a web database, including web servers, database
servers, application servers, and possibly additional middleware, are
largely independent from one another, even though they work together
as a holistic system (Figure 1.1). Caching and materialization tech-
niques for such web databases consider a number of issues at dif-
ferent parts of the system and they bring interesting challenges and
opportunities.

In addition to the inherent architectural uniqueness, web databases
also come with stringent demands for near-real-time performance (at
the speed of thought) and ability to withstand high request volumes
(e.g., due to flash crowds, giving caching and materialization techniques
a pivotal role in such environments.

In this monograph, we look at the entire process of caching
and materialization for web databases as a sequence of actions (or
verbs). For each action, we identify the possible options and present
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2 Introduction

Client (Web Browswer) Web Server(s)

Fig. 1.1 10,000-feet view of a typical web-database architecture.

representative techniques and papers for each one. Specifically, we look
into the following actions, as they relate to caching and materialization
for web databases:

e Store: How is data cached/materialized, including where
and at what granularity to cache/materialize data, and how
to select the data items to cache/materialize.

e Use: How do we use cached/materialized data items to
answer new requests?

® Maintain: How are caches maintained up-to-date, including
when and how to handle updates, how to organize the cache
to answer new requests efficiently, and how to perform cache
replacement as necessary.

When presenting existing techniques on these three actions, we focus on
the performance and quality aspect (in Section 6). In brief, we examine
the following three types of evaluation metrics: (1) Quality of Service
(QoS) metrics, including response time, throughput, and availability;
(2) Quality of Data (QoD) metrics, mainly about data freshness and
accuracy, and (3) user-centric metrics, usually in the form of quality
contracts.

Among the above evaluation metrics, throughput is a major one to
consider for web databases, and one way to achieve a high through-
put is through high-performance hardware configurations. However,
enhancing system throughput using high-end configurations is not
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always desirable; a major factor is the Total Cost of OQuwnership
(TCO) [44]. TCO is the direct and hidden lifetime IT cost of purchas-
ing, operating, managing, and maintaining a computing system [31].
Example cost items include hardware, software, network communica-
tion, administration, personnel training, and technical support. For a
database-backed website, an increase in the throughput through high-
end configurations may result in the increase of all those TCO cost
items and in turn the TCO itself. Therefore, system throughput should
be considered together with TCO. In particular, transparent and adap-
tive caches are often an ideal candidate to increase system throughput
automatically with little increase on TCO.

Note that an important factor to consider in any caching and mate-
rialization technique for web databases is whether the scheme supports
database transaction semantics, even though many web applications
today work well with a weaker consistency guarantee. Eric Brewer pro-
posed the CAP Theorem [23], which states that, for any distributed
computing system, only two out of the following three key requirements
can be satisfied: Consistency, Availability, and Partition tolerance. The
theorem was later formally proved by Gilbert and Lynch [61] for both
asynchronous and partially synchronous network models. As such, in
real-world distributed web databases, where availability and scalabil-
ity are crucial, it is unavoidable to make compromises on consistency.
Therefore, caching and materialization are a good match to such sys-
tems in that they can help on both availability and partition tolerance
and can benefit from the relaxed consistency requirement. In practice,
many commercial database-backed websites today have focused their
technical development, including deploying caches throughout all lev-
els of the system, on ensuring service availability and tolerance upon
data partitioning/distribution, while sacrificing consistency to various
degrees. Well-known examples of such websites include Amazon, EBay,
and Twitter.

Roadmap: The rest of this monograph is structured into four sep-
arate components as follows:

® Architecture — this part describes a typical web-database
architecture and discusses some of the complexities intrinsic
in such setups (Section 2).
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4 Introduction

e Taxonomy — this part presents the three “verbs” in detail,
along with the possible alternatives. We also give a detailed
description of a typical web-database architecture (Sec-
tions 3-5, followed by a discussion on metrics, in Section 6).

® Projects — this part describes some representative web-
database projects, while explaining the choices each project
adopted under the presented taxonomy (Section 7).

® Related work — this section presents related work from
other areas (Section 8).

We conclude this monograph with a short discussion on some open
problems and future directions.
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2

Typical Architecture

As we saw in the 10,000-feet view of the typical web-database architec-
ture (Figure 1.1), we can roughly partition the whole system into three
different components: the client, the Internet, and the server.

® The client component is essentially the end-user’s computer
and web browser, which may also contain a local cache.

e The Internet component contains a plethora of different,
interconnected cogs that make possible the connection of the
client to the server. A Domain Name Server (DNS) [51] is
typically used to decode the name of the web address into
an IP address. Given this IP address, routers are used for
the client to establish a connection with the server, using the
HTTP protocol [82]. It should be noted that the IP address
of a web server can be differentiated according to the end-
user’s IP address to take advantage of server proximity (when
there are alternatives due to replication). In this environ-
ment, there are of course multiple opportunities for caching
and materialization; we describe these later.

® The server component essentially includes multiple, differ-
ent servers that are collectively seen as the web server for

5
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6 Typical Architecture

the end-user. In particular, the entry point for a cluster of
servers would normally be a load balancer or web switch that
is routing incoming web traffic to the different web servers
available in the cluster. Of course, the entry point for a sin-
gle web server is the web server itself. The web server is
responsible for handling and responding to HTTP requests
and is typically connected to an application server, that is
used to capture the logic of the web application. The appli-
cation server typically connects to a database server, which
is used to store data. As Figure 2.1 indicates, there are mul-
tiple opportunities for caching within the server component;
we describe these later as well.

This description is roughly equivalent to that of a single, small-
scale data center operation. Many companies today go beyond such
architecture in one of the two ways:

1. By replicating operations over multiple (dedicated) data
centers that are distributed geographically to decrease
the effective network “distance” to the end-users, while

web switch
[wesens J§)

proxy

browser

/O

routers
D [ ]

o }G)
file data
cache cache

reverse
proxy db server [P @
Client Internet Server

Fig. 2.1 Typical web-database architecture ($ signs indicate possible location for caches at
the server).
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increasing availability and throughput. Routing to a specific
data center is performed by exploiting DNS resolution, as
explained earlier.

2. By utilizing a Content Distribution Network (CDN), such
as the one by Akamai, where content (but not necessarily
operations) is replicated and distributed geographically.

As web services become more prevailing, the server “lines” in the
above model become more blurred, usually spanning multiple organiza-
tions. These days, it is not uncommon for a single web page downloaded
at an end-user’s browser to involve requests to multiple, different web
servers performing different functionality. For example, if we consider
the main web page of an online newspaper, that single web page may,
in turn, invoke requests to multiple web servers, for the following types
of services:

® Banner advertising — a separate web server from which
a banner image (advertisement) is downloaded. A separate
server is crucial for third-party accuracy (and honesty) in
reporting the number of times a certain ad was placed on a
site’s web pages.

e Text advertising — an HTML fragment served from another
server that contains a textual advertisement which is targeted
to the specific page and/or audience. A separate server is typ-
ical in such cases, given the prevalence of a few major text-
based advertising networks (e.g., Google AdWords,! Yahoo
SearchMarketingm,? and Microsoft adCenter?) with propri-
etary algorithms driving ad selection and placement.

e Web Analytics — a separate request (typically made through
an embedded img request), that is used to record advanced
statistics about site visitors. A separate server for the major-
ity of websites is typical just because of the convenience it
provides to low-budget web server operators (e.g., Google

L http://adwords.google.com/
2http:/ /searchmarketing.yahoo.com/
3 https://adcenter.microsoft.com/
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8 Typical Architecture

Analytics*). Such services are essentially the natural exten-
sion of the hit counters from the early days of the Web.

® Media — a content distribution network is often used to serve
media files (e.g., images, audio, or video clips), because of
size and streaming requirements. In such settings, serving
the content from the server that is located the closest to the
end-user often has a big impact.

® Data from other sources — it is common for some of the
data presented on a web page to originate from other sources.
The popularity of AJAX [6] is leading to such data “import-
ing” being done in an online fashion, with the original page
including the code to import that data from the authorita-
tive source directly, instead of just including the data as part
of the page. A characteristic example of this is stock market
information, where an online newspaper (e.g., NY Times)
typically has a fragment of the web page devoted to a sum-
mary of the stock market; this fragment uses AJAX to import
the latest values from other sources (and to continually keep
them up-to-date while the stock market is open).

e (Other online properties — given the growing trend toward
syndication, it is common to include content from other
online “properties” and therefore different web servers. For
example, an online newspaper can include content from its
associated magazine or from a news network that it belongs,
e.g., the Pittsburgh Post-Gazette website® includes in its
main web page fragments from the Associated Press news
network. Although such content could be hosted in the same
web server, this is often not the case, because of organiza-
tional boundaries. This is sometimes taken to the extreme,
when all content on a web page is drawn from other sources,
for example in a personalized web portal (e.g., iGoogle).

4http://www.google.com/analytics/
5 http://www.post-gazette.com
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3

How are Data Cached/Materialized?

Having described the typical web-database architecture in detail, in
this section we address the question of where to cache/materialize
web data, at what granularity, and how to select appropriate data to
cache/materialize (Figure 3.1).

3.1 [Store] Location of Caching/Materialization

Web caching can be performed at one of the following four locations:
(i) server, (ii) reverse proxy, (iii) proxy, and (iv) client. The different

Caching / Materialization

N

Use | Maintain

Location Unlt Content
(where) (what granularity) (which data)

Fig. 3.1 Taxonomy for store question.

Documents

Document Sharing Hub

Full document details: IEEE Caching and Materialization for Web Databases


http://www.avadocuments.com/doc/ieee-caching-and-materialization-for-web-databases
http://www.avadocuments.com/doc/ieee-caching-and-materialization-for-web-databases

10 How are Data Cached/Materialized?

location options (i)—(iv) are ordered in increasing order of distance
between the cache and the database-backed website.

Figure 2.1 shows the different locations of web caching. As explained
in the previous section, a server denotes all machines “responsible” for
a database-backed website, including the database server, the applica-
tion server and the web server. We use the two terms “database-backed
website” and “database-driven website” interchangeably in this mono-
graph. A reverse prozy is set up by the server, or is owned by a Content
Delivery Network (CDN) and contracted to be used by the server. It is
also called a CDN cache or a web portal. A prozy is set up for a group
of Internet users, e.g., by an Internet Service Provider (ISP), and is
also called a forward proxy or an edge server. Finally, a client denotes
a machine where the user’s web browser is located. A client cache is
also called a browser cache. We discuss these options in detail in the
next paragraphs.

e Server Caches: Database-backed websites today often have
a multi-tier architecture to improve scalability. Based on this
architecture, we further classify a server-side cache into one
of the following three types: (i) a database cache, (ii) a mid-
tier cache, and (iii) a web server cache.

— Database Cache: A database cache contains material-
ized database views. These views are managed by the
same DBMS instance as the original database tables.

— Mid-Tier Cache: A mid-tier cache contains material-
ized views stored at the application server. This cache
is usually a DBMS with some extensions for caching
purposes. This DBMS can either be the same instance
or one different from the database server. For the pur-
poses of this monograph we are interested primarily
in the caching/materialization of data.

In addition to raw database data, web application
servers perform in-memory caching of program-
ming language-level objects, such as FEnterprise
JavaBeans (EJBs), that are derived from the back-
end database [79].
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3.1 [Store] Location of Caching/Materialization 11

— Web Server Cache: A web server cache contains web
pages or fragments. A web fragment is part of a
web page, e.g., an HTML segment wrapped around
database query results. A web page is also called a
document and a fragment called an object.

— Combination of Server-Side Caches: A multi-tier
server-side cache that combines all three types of the
server-side caches is possible.

e Reverse Proxy: We categorize existing approaches to
reverse proxy caching into single cache and multi-cache. The
former considers caching on an individual reverse proxy,
while the latter on multiple proxies as a group. The caches in
the group are usually reverse proxies that belong to the same
organization, e.g., a content delivery network. As a whole,
they serve the caching needs of one or more websites.

® Proxy: Proxy caches have been widely used throughout the
Internet to improve client response time and reduce server
workload.

e Client Caches: In comparison with the large number of
publications on server-side or proxy caching, there is less
existing work on client-side caching for web databases. One
reason is that client-side caching benefits only clients and
browser caches are already sufficient for the purpose.

Typically, the local client cache has been a file cache, which
has been used to store static files, usually images. Increas-
ingly, browser cases are being used for caching data, primarily
driven by the “AJAX effect”. AJAX! basically provides the
ability to update fragments of a web page without the need
to refresh the entire page. This, on the one hand, enables
interactive, data-driven web applications and, on the other
hand, opens up an entire spectrum of location caching and
materialization options, not previously available.

Lhttp://en.wikipedia.org/wiki/Ajax_(programming).
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12 How are Data Cached/Materialized?

3.2 [Store] Unit of Caching/Materialization

Data in a web cache are organized into logical units of certain granu-
larity. A cache unit is the finest granularity of cached data for cache
management. A web cache can contain four types of units: (i) raw data,
(ii) views, (iii) fragments, and (iv) pages.

e Raw Data: Raw data refers to the base data originally
stored as tables in a database. In other words, the whole
or a subset of tables in the original database is replicated in
the cache. This is called table-level caching.

® Views: Instead of storing raw data, another alternative is to
store the results of queries, in other words to store views. In
general, views include materialized views, query results, and
horizontal or vertical partitions of database tables. Caching
of views is often referred to as query-level caching. The type
of views stored has a big impact on reusability; we elaborate
this in the next section.

¢ Fragments (or WebViews [102]): Fragment-level caching
refers to the caching of dynamic web fragments. A fragment
is loosely defined as any part of an HTML page. We are typ-
ically interested in fragments that contain data which were
queried from a database, although other types of fragments
are also possible [131].

e Pages: Page-level caching refers to the caching of entire
web pages, no matter a page is dynamic or static. Most
multi-cache approaches to reverse proxy caching employ
page-level caching. Current browsers also typically employ
object-level caching, be it an entire page or embedded objects
within a page (i.e., an image, a video clip, etc.).

3.3 [Store] Selecting Content for Caching/Materialization

Traditional caching approaches will cache every query result and decide
when the cache is full on which item to evict using a cache replacement
algorithm; these are discussed in Section 5.5.
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3.3 [Store] Selecting Content for Caching/Materialization 13

Materialization goes a step beyond traditional caching, as it often
implies an additional commitment: the “promise” to keep the material-
ized results up-to-date, by refreshing the materialized version if updates
occur on the source data. In such a setting, it is important to select
which data to keep materialized: the main concern in this case is time
(to process the updates) and not space, as is the case with traditional
caching.

Labrinidis and Roussopoulos [105, 107] first studied the approach
of adaptively selecting WebViews to materialize, based on both perfor-
mance and freshness metrics. To address the online selection problem
(i.e., selecting which WebViews to materialize to strike the balance
between the performance and data freshness), Labrinidis and Rous-
sopoulos [107] propose an adaptive algorithm, OVIS(#). Given the user-
specified data freshness threshold 6, OVIS(#) operates in two modes:
passive and active. In the passive mode, OVIS(0) collects statistics and
monitors the freshness degree for the served data. When it periodically
goes into the active mode, it distinguishes between two cases based
upon the observed freshness value. When the observed freshness degree
is higher than the threshold 6, OVIS(0) identifies a freshness surplus
and materializes more WebViews to improve response time. On the
other hand, when the observed freshness degree is less than the thresh-
old €, the algorithm identifies a freshness deficit and stops materializing
WebViews to increase the freshness value. Which views are selected to
change the materialization policy is decided by greedy algorithms to
guarantee that OVIS(#) meets the response-time constraint.

In general, the selection problem is closely related to the mainte-
nance policy or policies available. For example, the OVIS(0) algorithm
assumes a recomputation-based update model, and as such it can allow
for some updates to be unapplied. This would not have been possible
with an incremental-based update model. For more details on these
options, see Section 5.
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4

Using Cached Content

In this section we deal with the “use” verb as it related to caching
and materialization for web databases. In particular, we first describe
query scheduling, i.e., how to determine the proper order of execut-
ing user requests, and then describe query processing, i.e., what alter-
natives existing when processing user requests in conjunction with
cached/materialized data (Figure 4.1).

4.1 [Use] Query Scheduling

For cases where caching or materialization cannot provide a (quick)
answer to a user request, the request often get “translated” to one ore
more queries submitted to the back-end database. Given the inherent
interactive nature of most web applications, there is significant pres-
sure for executing such queries in an efficient manner. As such, query
scheduling becomes an important issue.

Query scheduling has been studied extensively in the context of
traditional database systems and of real-time (database) systems [1, 77,
130]. In the context of web servers, in general, and web-databases, in

15
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| Caching / Materialization
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Fig. 4.1 Taxonomy for use question.

particular, there are two defining characteristics that scheduling policies
need to address:

® the need to handle overload — web traffic can exhibit
bursty behavior (e.g., flash crowds), so handling overload
gracefully is crucial.

® the need to consider updates — web databases need to be
online, handling both queries and updates, while respecting
the end-user’s desire for interactivity (i.e., real-time perfor-
mance).

A flash crowd on the Web, also referred to as the slashdot effect, is
used to describe the phenomenon when a website catches the attention
of a large number of people, and gets an unexpected and overload-
ing surge of traffic. The term originates from a 1973 English language
novella by science fiction author Larry Niven, one of a series about
the social consequence of inventing an instantaneous, practically free
transfer booth that could take one anywhere on Earth in milliseconds
(i.e., teleporting). One consequence not foreseen by the builders of the
system was that with the almost instantaneous reporting of newswor-
thy events, tens of thousands of people worldwide along with criminals
would flock to the scene of anything interesting, hoping to experience
or exploit the instant disorder and confusion so created. More info at
http://en.wikipedia.org/wiki/Flash_crowd.

Schroeder and Harchol-Balter’s work [147] is one of the first works
to identify smart scheduling as a way to alleviate the negative effects

Documents

Document Sharing Hub

Full document details: IEEE Caching and Materialization for Web Databases


http://www.avadocuments.com/doc/ieee-caching-and-materialization-for-web-databases
http://www.avadocuments.com/doc/ieee-caching-and-materialization-for-web-databases

4.2 [Use] Query Processing 17

of overload in web servers and propose using the Shortest-Remaining-
Processing-Time (SRPT) first policy as the solution. Recently, Guirguis
et al. [67] have proposed a parameter-free policy, called ASETS that
works best for scheduling web transactions (that have deadlines) under
any workload condition, including overload situations. The proposed
policy is essentially a hybrid between the SRPT policy (that is known
to work best under overload conditions) and the Earliest-Deadline-
First (EDF) policy (that is known to work best under low-utilization
conditions). Instead of setting a threshold in the system where the
scheduling policy switches from EDF to SRPT and vice versa, ASETS
essentially assigns a scheduling policy to each transaction in the sys-
tem. The authors also present extensions to handle the scheduling of
transactions that are part of a workflow (i.e., in the presence of depen-
dencies), which is more suited to the fragment hierarchies present in
the creation of web pages.

When considering both queries and updates, one has to worry about
timeliness of receiving query results, but also about the freshness of
those results. There is a significant amount of related work in the con-
text of real-time databases, which we cover in Section 8.2.4. In the
context of web databases, Qu and Labrinidis [74] propose a meta-
scheduling framework in order to fairly allocate processing of updates
and queries, according to user preferences. They propose keeping two
separate queues (one for queries and one for updates) and execute tasks
within each queue according to well-established policies, but allocate
resources between the two queues by taking into account user prefer-
ences on QoS and QoD (more on this in Section 6.3).

4.2 [Use] Query Processing

Depending on the unit of cached data, query processing (i.e., serving a
user request) can consider previously stored data (e.g., cached results).
In particular, a cache for web databases can be equipped with four types
of processing capabilities: (i) no query processing, (ii) containment-
based query processing, (iii) semantic query processing, and (iv) full-
fledged SQL query processing. Type (i) is also called passive caching,
whereas types (ii)—(iv) are called active caching [119, 120, 121, 122].
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Fig. 4.2 Applicability of query processing options to different units of caching.

The unit of caching (i.e., raw data, views, fragments of HTML
pages) determines what types of processing capability a cache may
have (Figure 4.2). Obviously, all caches can support the trivial, no
query processing option. Typically, all caches could also support the
query containment functionality (especially the exact match flavor); all
that is needed is a way to uniquely describe the cached data/object.
What we refer to as semantic query processing cannot be applied when
the unit of caching is entire pages, whereas full-fledged SQL processing
can only be supported by a cache if the unit of caching is either views
or raw data.

In the next paragraphs we describe the different alternatives,
after first discussing the fundamental driver behind content reuse via
caching/materialization, namely the existence of a relationship between
the results of two queries.

The relationship between the results of two SQL queries, in short,
the relationship of two queries, can be of four types: exact match, con-
tainment, overlapping, and disjoint [37, 42, 121]. Ezact match means
the results of the two queries are equivalent. Containment means the
result of one query is a proper subset of that of the other query.
Owerlapping means that the results of two queries have a non-empty
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Fig. 4.3 Illustration of query relationships.

intersection and the two queries are neither an exact match nor satisfy
the containment relationship. Disjoint means the intersection of the
two query results is empty.

Figure 4.3 shows an illustration of the four types of query relation-
ships. In the figure, the relationships between the pairs of queries (Q1,
Q2), (Q1, Q3), (Q1, Q4) and (Q3, Q4) are exact match, containment,
overlapping, and disjoint, correspondingly. The predicates of the queries
are all denoted in the figure. Given these query relationships, we say
that Q2 and Q1 are equivalent, Q3 is contained in Q1, Q4 overlaps Q1,
and Q3 and Q4 are disjoint.

For the four types of processing capabilities, no query processing
only checks the exact match relationship between the cached queries
and a new query while containment-based query processing checks con-
tainment as well as exact match. Both semantic query processing and
full-fledged SQL query processing check all four types of relationships.
The difference is the former uses a special-purpose query processing
module, whereas the latter uses a general-purpose DBMS product to
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20 Using Cached Content

handle query processing in the cache. We present representative works
from each of the four categories next.

4.2.1 [Use::QueryProcessing] No Query Processing

This option represents the traditional, exact match-based passive
caching. FEach web page is stored with its URL, possibly tagged with the
query parameters for a dynamic page, in the cache [12, 29, 139, 140, 141,
151, 157, 172]. When the cache sees an HTTP request, it returns the
cached page of the corresponding URL. Alternatively, a web page, often
a dynamic web page, can be divided into individual fragments and these
fragments are stored separately [26, 43, 104, 105, 106, 107, 136, 138].
When the cache composes a dynamic web page, missing fragments of
the page are fetched from the server [43].

A query result is regarded as a fragment in this option, similar to
an image or a video file. The cache returns a cached query result only if
the new query in an HTTP request is an exact match with the cached
query [119, 121].

4.2.2 [Use::QueryProcessing] Containment-Based
Query Processing

This option answers a new query locally in the cache if the result of the
new query is completely contained in the cached result of a previous
query. Otherwise, the new query is forwarded to the server without any
local processing and the query result returned by the server is merged
into the cache.

4.2.3 [Use::QueryProcessing] Semantic Query Processing

This option answers a new query locally in the cache, if the query result
partially overlaps the cached results of previous queries. The new query
is decomposed into a probe query that is evaluated in the cache and
a remainder query that is transmitted to and evaluated at the server.
The result of the remainder query is then merged into the cache. Com-
pared to the containment-based processing, semantic query processing
requires a stronger server cooperation capability for the server to handle
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4.2 [Use] Query Processing 21

remainder queries and more complex cache management techniques to
evaluate queries whose results overlap the cached results.

4.2.4 [Use::QueryProcessing] Full-Fledged SQL
Query Processing

This option uses a full-fledged DBMS as the cache in order to be able
to optimize and execute queries at the cache. A distributed evaluation
plan is generated for a query and is optimized in a way similar to that
in distributed databases. The plan efficiently utilizes both data in the
local cache and data at the remote server. Of course, such an option
introduces complications if transactional consistency is required (and
there are updates).
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Cache Maintenance

In this section of our taxonomy, we present the different issues stem-
ming out of the “maintain” verb of caching materialization in web
databases (Figure 5.1).

5.1 [Maintain] Cache Initialization: Proactive
versus Reactive

The timing of the initialization of a web cache can be either proactive
or reactive. Essentially, reactive caching is done as a response to user
queries, whereas proactive caching is performed in anticipation of user

Caching / Materialization

. Store | [ ouse Maintain

Update Update Update Cache
Timing Scheduling Prc ing Repl.

Fig. 5.1 Taxonomy for maintain question.

Proactive
vs Reactive
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24 Cache Maintenance

queries. With reactive caching, the cache is initially empty and data
are inserted/deleted from the cache during its operation. With proac-
tive caching, the cache is essentially pre-populated with data during
initialization and actively maintained during its operation. We often
refer to proactive caching as materialization, whereas reactive caching
maps to the “traditional” notion of caching.

To better understand the differences between the two flavors of
caching, we look into the operation of the cache when a user query
arrives (at the cache) and when an update arrives (at the server) in
Figure 5.2. In the case of pure reactive caching, any decisions on how
to handle cached data get triggered by incoming user queries (Q1). If
there is a cache miss (e.g., because of an expired TTL, which we explain
in the next section), then the cache issues a request to the server (Q2).
The server’s reply (Q3) is usually stored in the cache and returned to
the user (Q4). In case of a cache hit, the answer is given back to the user
immediately (Q1 — Q4). In the case of pure proactive caching, updates
also trigger changes in the cache contents, for example, to update
cached data that are expected to be accessed again in the near future.
As such, an incoming update (U1) could generate an update to be prop-
agated to the cache (U2), in order for the cache contents to be fresh.

Of course, there are many variations along the spectrum between
pure proactive caching and pure reactive caching, as identified from the
answers to the following questions:

e What are the options for the server to communicate with
the cache? We discuss this further in the next section
(Section 5.2).

Query Qi Q2 —
_ Cache _ " Source
Result Q4 _ Q3
_ U2 V)]
Cache Source ] Update

Fig. 5.2 Query processing under proactive and reactive caching.
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