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ABSTRACT

Search engines are exceptionally important tools for access-
ing information in today’s world. In satisfying the informa-
tion needs of millions of users, the effectiveness (the quality
of the search results) and the efficiency (the speed at which
the results are returned to the users) of a search engine are
two goals that form a natural trade-off, as techniques that
improve the effectiveness of the search engine can also make
it less efficient. Meanwhile, search engines continue to rapidly
evolve, with larger indexes, more complex retrieval strate-
gies and growing query volumes. Hence, there is a need for
the development of efficient query processing infrastructures
that make appropriate sacrifices in effectiveness in order to
make gains in efficiency. This survey comprehensively re-
views the foundations of search engines, from index layouts
to basic term-at-a-time (TAAT) and document-at-a-time
(DAAT) query processing strategies, while also providing the
latest trends in the literature in efficient query processing,
including the coherent and systematic reviews of techniques
such as dynamic pruning and impact-sorted posting lists as
well as their variants and optimisations. Our explanations
of query processing strategies, for instance the WAND and

Nicola Tonellotto, Craig Macdonald and Iadh Ounis (2018), “Efficient Query Process-
ing for Scalable Web Search”, Foundations and Trends® in Information Retrieval:
Vol. 12, No. 4-5, pp 319-500. DOI: 10.1561/1500000057.
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BMW dynamic pruning algorithms, are presented with illus-
trative figures showing how the processing state changes as
the algorithms progress. Moreover, acknowledging the recent
trends in applying a cascading infrastructure within search
systems, this survey describes techniques for efficiently in-
tegrating effective learned models, such as those obtained
from learning-to-rank techniques. The survey also covers
the selective application of query processing techniques, of-
ten achieved by predicting the response times of the search
engine (known as query efficiency prediction), and making
per-query tradeoffs between efficiency and effectiveness to
ensure that the required retrieval speed targets can be met.
Finally, the survey concludes with a summary of open direc-
tions in efficient search infrastructures, namely the use of
signatures, real-time, energy-efficient and modern hardware
and software architectures.

Acronyms

Here we report the main acronyms used in this survey. Acronyms typeset
in Sans-serif pertain directly to information retrieval concepts that we
explain in this survey.

NDCG Normalised Discounted Cumulative Gain
MAP  Mean Average Precision

ERR  Expected Reciprocal Rank

MED Maximised Effectiveness Difference

RBP  Rank Biased Precision

IR Information Retrieval
QPS  Queries per second
IDF Inverse Document Frequency

FOR  Frame-Of-Reference

PFOR Patched FOR

Vbyte Variable Byte

EF Elias-Fano

PEF Paritioned EF

QMX  Quantities, Multiplier and eXtractor
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SIMD  Single Instruction Multiple Data

TAAT  Term-At-A-Time

DAAT  Document-At-A-Time

WAND Weighted AND or Weak AND

BMW  Block-Max WAND

BMM  Block-Max MaxScore

BMA  Block-Max AND

LBMW  Local BMW

VBMW  Variable BMW

QEP Query Efficiency Prediction/Predictor

QPP Query Performance Prediction/Predictor
SLA Service Level Agreement

PESOS Predictive Energy Saving Online Scheduling
DVFS Dynamic Voltage and Frequency Scaling
TFIDF  Term Frequency - Inverse Document Frequency
SAAT  Score-At-A-Time

LTR learning-to-rank

FPGA Field Programmable Gate Array

ToT Internet-of-Things

ISN index serving node

Notations

Here we only report the recurrent notation symbols used in this survey.
Fixed size text is used for pseudocode-related symbols.

R the number of replicas of a shard.

S the number of shards of an index.

K the number of top results returned by a search engine.

S speedup, used as a performance measure.

r reduction, used as a performance measure.

d a document, as indexed by an IR system.

q a query, as processed by an IR system, i.e., a set of terms.
N the number of documents indexed by the IR system.

t,t

b a term, as may exist within a query.

SCORE,(d) a generic query-document ranking function.

st(q, d) a generic term-document similarity function.

fi the document frequency of a term.

IDF; the inverse document frequency of a term.

faz the number of occurrences of a term in a document.

i special symbol to denote the end of a posting list.
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n number of terms in a query.

p,I,0 an array of posting lists.

q a priority queue of docids or (docid, score) pairs.
A an accumulators map from docids to scores.

A the size of an unordered window complex operator.
P parallelism degree, i.e., number of threads.

t(p) expected query processing time with p threads.
o¢(q) the term upper bound, a.k.a. its max score.

04(q), oa the document upper bound computed with
term upper bounds.

q a set of terms from query ¢ already processed.
0,6 a threshold, i.e., the smallest (partial) score
of the current top K documents.
L parameter of the Quit and Continue strategies.
Ny the number of documents indexed in a top candidates list.
o an array of term upper bounds.
ub an array of document upper bounds.
pivot a index of a posting list in p.
pivot_id the docid of the pivot posting list iterator.
F the aggressiveness tradeoff of a dynamic pruning strategy.
b an array of block lists.
Op a document upper bound computed with
block upper bounds.
s;(t) a QEP term statistic.
A; a QEP aggregation function, e.g., max, sum, variance.
fii (@) a QEP feature defined for query g.
T a posting list score threshold.

A(ty,t2)  size of the intersection of the posting lists of terms ¢; and ts.
d,€,3 small positive constants.

fins, fada filtering thresholds.

w a weight.

b the number of bits used to represent impacts.
g, h fitting parameters for estimation of b.

LU global lower and upper bounds on term scores.
Q a fidelity control knob.

P number of postings to process.

M a standard evaluation metric.

fi, £ a feature id.

F a feature id set.

X a feature vector.

T; a regression/decision tree.
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tid
mask
th
exit
scores

Q

a set of regression/decision trees.

the weight of a regression/decision tree.

the depth of tree T.

a tree score contribution.

a branching node of a regression/decision tree.
the exit leaf of a tree for a given feature vector.
the set of branching nodes of a tree.

the set of leaf nodes of a tree.

a threshold value.

a array of two elements.

an array of tree ids.

an array of mask bitvectors.

an array of threshold values.

an array of leaf bitvectors.

a lookup table of scores.

a set of queries.
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1

Introduction

Search engines are exceptionally important tools for accessing informa-
tion in today’s increasingly digital world. Classical commercial Web
search engines, such as those maintained by Google, Bing, Yandex,
Baidu, have processed billions if not trillions of Web documents, and
have kept maintaining these in continuously updated index data struc-
tures! requiring petabytes of storage space,? to ensure satisfying the
users of the search engine through billions of user queries received every
month?® (Bosch et al., 2016).

Satisfaction of the search engine users is a key metric for search
engine providers. Without drawing too broad a sweeping generalisation,
one of the fundamental goals of a search engine is to derive income from
advertising traffic, for instance from the ads that are often presented
next to the organic search results. Users that are not satisfied with the
search engine results may switch to a different engine (White, 2016),
and may not return. This is a loss of advertising revenue for the search

"https://www.google.com/insidesearch /howsearchworks/thestory /index.html

2https://www.google.com/insidesearch /howsearchworks/crawling-indexing.
html

3https://googleblog.blogspot.it/2010,/09/google-instant-behind-scenes.html
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engine. As a consequence, ensuring that their users are satisfied with
the results is of utmost importance to search engines.

There are various reasons why the result page for a search does
not satisfy a user (Diriye et al., 2012), but the primary causes are the
effectiveness — the quality of the returned results — and the efficiency
— the speed at which the results were returned. Indeed, search engines
that are slow to return results to users can negatively damage the user’s
perception of the quality of the results (Brutlag and Schuman, 2009).
Hence, a search engine needs to be both effective (deploying advanced
ranking mechanisms), while ensuring that its results are efficiently re-
turned to the user. A key contribution of this survey is to review both
the foundational background and the recent advances in search engine
infrastructures.

Fortunately, search is a parallelisable problem, and scaling can be
applied to the search engine computing infrastructure. Indeed, as shown
in Figure 1.1, a large index can be partitioned across multiple shards,
allowing each single search engine server to service a small portion of
the index in order to ensure fast retrieval. Each of the S index shards
can be replicated R times, allowing both resilience and scaling. When
user queries arrive, the broker routes queries to the less loaded replica
of each shard for processing (Freire et al., 2013; Freire et al., 2012).

Using such a distributed setting for a large search engine, R x .S
can be very large, covering potentially hundreds of thousands of servers.
All of the major search engines run exceedingly large data centres, each
often requiring capital investments of billions of dollars,* and consuming
vast quantities of energy. Data centres use 3% of the global electricity
supply and account for about 2% of the total greenhouse gas emissions;
this is expected to triple in the next decade, putting an enormous strain
on energy supplies and dealing a hefty blow to efforts to contain global
warming.®

*http://www.datacenterknowledge.com /archives/2014/07 /23 /
from-112-servers-to-5b-spent-on-google-data-centers-per-quarter

http://www.independent.co.uk/environment /global-warming-data-centres-
to-consume-three-times-as-much-energy-in-next-decade-experts-warn-a6830086.
html
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http://www.datacenterknowledge.com/archives/2014/07/23/from-112-servers-to-5b-spent-on-google-data-centers-per-quarter
http://www.independent.co.uk/environment/global-warming-data-centres-
 to-consume-three-times-as-much-energy-in-next-decade-experts-warn-a6830086.html
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Retrieval Q Q
etrieva uery | Shard uery | Shard

Query Server Strategy Server | Replica ||~ Server
|

n |
1 1 1 S Shards
I [ H
! L
Retrieval Q Q
etrieval uery | Shard uery | Shard
Query Server Strategy Server | Replica [}~~~ Server

R Replicas

=
S

Broker

Results
Merging

Figure 1.1: Distributed retrieval architecture.

Clearly, at such large scales, the efficiency of the search engine’s
operating internals are therefore key to the operating costs of such
companies. Efficiency improvements of 5% would allow a 5% reduction
in R replicas, potentially equating to significant power consumption
reductions, and providing a room for further growing the sizes of the
search engines’ indexes, or servicing growth in the user queries.

The distributed nature of a search engine infrastructure is not within
the scope of this survey. The interested reader can find a comprehensive
overview of distributed large-scale Web search engines in (Cambazoglu
and Baeza-Yates, 2015). Instead, this survey focuses on the general
architecture of a search infrastructure as might be deployed within a
single server. Our goal is to provide an accurate description of the basic
search components involved in the scoring of documents in response to
a query, together with a detailed and exhaustive review of the research
works aiming at boosting the efficiency of query processing without
negatively impacting the effectiveness performance of the system.

A key detail of the manner in which a search engine is designed to
operate is the “top-heavy nature” of results: since the users of search
engines typically focus on the top-ranked results (as can be measured
offline using test collections and metrics such as NDCG (Jérvelin and
Kekéldinen, 2002) and ERR (Chapelle et al., 2009)), the relevance of
those results is key to user satisfaction. This means that the search
engine should itself focus on getting the most relevant results at the top
of the ranking, at the possible detriment of mis-ranking other results.
In his SIGIR 2010 Industry Day talk, Pedersen (2010) described this
process as the use of cascading (illustrated in Figure 1.2). In response
to a query, each conceptual cascade aims to filter or rank documents,
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before passing onto the next cascade layer. At the bottom layer, the
documents to be retrieved are defined in terms of the subsets of terms
present in the query — being able to identify these subsets as quickly as
possible, without requiring to scan the contents of each document, is
a fundamental architecture decision of an Information Retrieval (IR)
system. The bottom layer may filter a collection of billions of documents
down to the millions, which should be scored. In the second layer, query
processing techniques define how the scoring of document weighting
models, such as language modelling or BM25 should be applied. In the
final layer (the top layer), various additional ranking features such as
PageRank, or URL information may be calculated and used within a
learned model to re-rank the documents, before presenting the final top
K high-scored documents to the user (usually K is small, e.g., 8 — 20,
as displayed on the first page of the search results).

Re-Reanking: Try really hard to get the top of the
. . . LEARNING TO RANK
ranking correct, using many signals (features)

1,000s of
documents

1,000,000,000s Boolean: Do query terms occur? e.g.,, AND/OR
of documents

Figure 1.2: Cascading nature of Web search, based on (Pedersen, 2010)

Simple Ranking: Identify a set most |:> e.g., BM25

likely to contain relevant documents

Different techniques are appropriate at different cascade levels, but
many are designed to make efficiency savings by avoiding the scoring
of documents, which cannot make the top-ranked results that will be
returned to the user. In this survey, we cover both the core algorithms
and data structures used for retrieval, as well as the optimisations (such
as dynamic pruning) that can be applied at a given cascade level. Of
course, not all queries are equal — some are easier for the search engine
to answer effectively, while, orthogonally, some may be less efficient,
i.e., take longer for the search engine to answer. Being able to know the
likely efficiency of a query, as might be obtained from a query efficiency
predictor, can allow the search engine to make on-the-fly decisions about
its configuration.
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Learned
. Features Lookup .
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Inverted Learning to Rank

ONLINE
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Repository

Technique

3
Training
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Indexer
Processor

Document

Document

Collection Collection

Figure 1.3: A conceptual architecture for a search engine.

Figure 1.3 provides the main infrastructure that is discussed in this

survey. We will focus on the “online” components, e.g., those responsible

for the cascading components of search, while referring to the “offline’

9

components whenever it is necessary. The remainder of this survey is

structured as follows:

e Chapter 2 provides an overview of the modern infrastructure
foundations within a search engine, covering the basic form of
the inverted index data structure, and the essentials of query
processing.

e Chapter 3 provides an introduction to approaches for increasing
the efficiency of query processing, namely the dynamic pruning
techniques.

e Chapter 4 describes query efficiency predictors — a new technique
to estimate the response time of queries — that is gaining attention
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for a number of applications involving efficient retrieval on a
per-query basis.

e Chapter 5 provides an overview of impact-sorted indexes, which
make offline changes to the layout of the inverted index in order
to improve the efficiency of query processing.

e Chapter 6 provides an overview of cascading search architectures,
and provides insights into how to efficiently deploy learning-to-
rank, a retrieval technique known to benefit the search engine’s
effectiveness by re-ranking a set of K documents.

e Chapter 7 gives an overview of the current open directions in
retrieval infrastructures, including the use of signature files instead
of inverted indexes, and provides concluding remarks.

Note on Efficiency Performance Measures

In this survey, we illustrate the efficiency measures reported in the cited
papers. Since this survey covers papers from over a period of 30 years,
comparing the reported results across different papers could lead to the
wrong conclusions. Hence, we will only report comparative performance
measures derived from single contributions.

The performances of the discussed strategies naturally depend on
several factors, such as the index and/or the query characteristics,
the inverted index compression, the similarity function adopted, the
number of documents returned, the actual underlying implementations,
the machine(s) used to perform the experiments and so on. In most
papers, when comparing the efficiency of different solution s, two main
quantities are typically reported: response times and/or number of
processed elements. In order to be as “implementation-independent” as
possible, we report the speedup of an optimisation w.r.t. the baseline,
in terms of mean response time, and/or its (work) reduction, defined as
the percentage of postings that are dynamically pruned, i.e., not scored,
w.r.t. the baseline.

When comparing two time quantities ¢; and to, with t; > to we
will always report their relative speedup s, defined as s = t1/ty (always
greater than 1). For example, if two strategies A and B have an average
response time of 20 ms and 8 ms, respectively, their speedup (of B
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w.r.t.to A)is s =t4/tp = 20/8 = 2.5x. When comparing two numbers
of processed elements n; and no, with n; > ne we will systematically
report the percentage reduction r, defined as r = 1—mny/n;. For example,
if strategy A processes 200 elements while strategy B processes just 150
elements, the reduction of B w.r.t. Aisr=1—np/ng =1—150/200 =
0.25 = 25%.

Finally, the throughput of a query processing node, as well as that of
more complex search systems, is measured in queries per second (QPS).

Intended Audience

This survey targets readers, researchers and engineers who possess a
basic knowledge in Information Retrieval (IR) or in other cognate topics
(e.g., databases, data mining). In particular, the survey is of utmost
interest to PhD students, researchers and practitioners working on
efficiency and system infrastructures in IR and Web search. Indeed,
anyone working on search and ranking on big data will benefit from
this manuscript. The survey is also particularly of interest to lecturers
and tutors looking for a concise and comprehensive textbook on state-
of-the-art query processing techniques to support their IR course.

Note on the Origins of the Material

This survey is a new piece of work, but builds upon our research
experience in this area. This survey also benefits from the authors’
experience acquired from presenting two related tutorials at ECIR 2017
and SIGIR 2018. We would like to thank the attendees of these tutorials
for their insightful questions and comments.
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